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A Fully Digital, Energy-Efficient,
Adaptive Power-Supply Regulator

Gu-Yeon Wei and Mark Horowitz

Abstract—A voltage scaling technique for energy-efficient oper- 1.0 -
ation requires an adaptive power-supply regulator to significantty Fixed Vdd _,.—"
reduce dynamic power consumption in synchronous digital cir- - — Variable Vdd R

. . . . Q -
cuits. A digitally controlled power converter that dynamically 2 o8t R
tracks circuit performance with a ring oscillator and regulates the & o
supply voltage to the minimum required to operate at a desired o 06 -
frequency is presented. This paper investigates the issues involved EO°r Lo
in designing a fully digital power converter and describes a design s 1
fabricated in a MOSIS 0.8um process. A variable-frequency ?, 04l e Power
digital controller design takes advantage of the power savings & e Savings
available through adaptive supply-voltage scaling and demon- ® e
strates converter efficiency greater than 90% over a dynamic g 02} e
range of regulated voltage levels. 4 R

Index Terms—Adaptive control, dc—dc power conversion, fre- 0.0 L= N s 2
quency-locked loops, power supplies. 0.0 0.2 0.4 0.6 0.8 1.0

Normalized Frequency

I. INTRODUCTION Fig. 1. Normalized power versus frequency.

EDUCING power dissipation in digital integrated circuits o _

is a key design constraint, and proliferation of batteryoltage, and an efficient power converter. The following
operated, portable applications further emphasizes the né&§tion investigates how well the critical path of digital circuits
to reduce power consumption [1]-[4]. Power dissipation iffacks the delay of a simple inverter, which is used as an
synchronous digital circuits is dominated %2 f dynamic indicator of circuit performance. Then, we discuss efficient
power, so reducing the clock frequency of a synchronoB§Wer-regulator design and explore control-loop issues in
digital circuit proportionally reduces the power, as shown ?daptl\_/e_ly scaling supply voltage. Section IV describes a
the dotted line in Fig. 1. Simply lowering frequency linearlyully digital implementation of an adaptive supply-regulator
reduces power but does not affect the energy consunféfitroller, and Section V analyzes measured results from
per cycle of operation. Since the delay of digital circuitifPricated test chips. Measured data show that a digitally
is nominally related to the inverse of voltage, significarfiontrolled adaptive supply regulator holds promise for low-
power and energy savings are possible if the supply voltaBeWer applications that require energy-efficient operation.
were to scale down with frequency [5]. The solid curve in
Fig. 1 illustrates this optimal potential for reducing energy [I. DELAY MATCHING
consumption. Adaptively regulating the supply voltage realizes 4 qynamically measure digital circuit performance, a num-
this potential savings without sacrificing peak performancge, of researchers have proposed using an inverter-based delay
This technique requires a feedback loop and supply.-v_oltagﬁain or ring oscillator to model the critical path of a circuit
regulator to dynamically set the supply voltage to the minimugg; _rg) |y gigital CMOS circuits, the basic unit circuit element
required for any desired frequency of operation. This papgr s, ‘inverter. A fanout-of-4 (FO4) inverter, which uses an

discusses a fully digital implementation of such an adaptiygina) fanout ratio to minimize delay for driving large loads

power-supply regulator. o . [9], can be the basis for measuring the delay of various circuits.
For a digital system to operate with high energy efficienc¥;, jated delays of various logic circuit elements and of

and achi_eve the power_savings discu;sed, threg ?OmF’,O”%”%S4-bit adder’s self-bypass path, presented in FO4 inverter
are required: a mechanism for dynamically predicting circ

X Lfﬂ)telays, are plotted against voltage and temperature variations
perfo'r.mance yvlth respect to supply voltage andIOther operatlmg,:igs_ 2 and 3, respectively. These plots reveal that basic
condition variations, a control loop to adaptively regulatgaiic and dynamic digital circuits track well with the delay

Manuscript received February 16, 1998; revised August 20, 1998. TI@J an FC_)4 inverter. The'refore’_the oscillation frequency of
work was supported by the Advanced Research Project Agency under Contedat FO4 inverter-based ring oscillator should accurately track

J-FBI-92-194. _ _the delay of the load circuit. Notice, however, that for this
The authors are with the Computer Systems Laboratory, Stanford Univer- l . h il f d | h
sity, Stanford, CA 94305 USA. app |cat|_on, the oscillator requency nee nc.>'§ exactly matc
Publisher Item Identifier S 0018-9200(99)02430-0. the desired frequency of operation. The critical path delay
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Power Supply (V) circuit components. While _thls chip successfu!ly demonstra_lted
_ _ a voltage-reduction technique for energy-efficient operation,
Fig. 2. Normalized gate delay versiiga. overall efficiency for this type of implementation was lim-
ited by the poor converter efficiency of linear regulators
11.4 and the static power invariably consumed by the analog
: % circuits. Therefore, other power-conversion techniques must
ader be investigated in order to achieve higher overall conversion
7z 84] efficiency.
-
a 0
g e lll. POWER-REGULATOR DESIGN
1d - . . . B
% 2 i —— e ] 6% Design of efficient power converters has been investi-
z gated by many researchers, and various methods for energy-
2 T T efficient operation have been introduced [11], [12]. Conven-
1.4} domino-and2e - == 77 N 1173% tional power-supply design concentrates on minimizing losses
domingorzs B i in order to efficiently deliver a fixed voltage over a wide
range of load conditions. Furthermore, feedback loops are
0 B remperature(ey 0 1 mainly employed to minimize output transients due to sudden
Fa3 N lized del load changes [13]. Different from fixed voltage regulation,
'g. 3. Normalized gate delay versus temperature. however, adaptive voltage regulation requires a mechanism for

detecting circuit delay variations due to variations in operating

must simply be proportional to the delay through the ringonditions and also for using that information to dynamically
A gain factor can tune the output frequency to the frequenéggulate the power-supply voltage. Since an inverter-chain
desired, and this factor can include enough overhead to accoiiiig oscillator demonstrates the ability to dynamically predict
for any mismatches over temperature and voltage that meigcuit performance, by placing it in the negative feedback
exist. path of a control loop that controls a power converter, adaptive

By fabricating the ring oscillator on the same die as theupply-voltage scaling is achievable. The following subsection
circuit it is intended to model, oscillator delay closely trackBriefly reviews the switching power-supply converter used and
the chip’s critical path across process, temperature, and volt&g@sequently explores loop-control design issues.
variations. In the case of some memory circuits, dummy cell
and delay paths, which are used for self-timing, may also Be Synchronous Buck Converter
used to predict performance [10]. Examples of using tracking An integral component of adaptive power-supply design is
cells that replicate the gates, wires, and loading to constrgge mechanism used to regulate the desired supply voltage.
local-clock generators have also been demonstrated in [7] anhile linear regulators have been demonstrated in adaptive
[8]. Although a replica of the functional unit's critical pathsupply scaling applications, poor voltage regulation efficiency
most accurately models its delay, an exact match of the delays a major limitation. Switching power-supply designs, how-
can be cumbersome and is not necessary. Rather, a mecharigsr, exhibit exceptionally good efficiencies (greater than
for tracking delay variation with operating conditions is alp0%) [13], [14]. Therefore, we employ a synchronous buck
that is required. converter circuit shown in Fig. 4 for efficient power con-

The principles of an adaptive voltage regulation techniquersion. The regulated output of this type of converter is
were first demonstrated with a phase-locked loop (PLL) strusimply the average voltage of a pulse-width modulated (PWM)
ture as described in [6]. A ring oscillator modeled the criticaquare wave at nodg,. Since ideally lossless reactive circuit
path delay. Since a linear regulator was used, a simple loopmponents (L and C) acting as a low-pass filter do the
filter was sufficient for a stable configuration. Furthermoraveraging, power delivered to the load is close to the power
since linear voltage regulation principally operates in theulled from the external supply (Vdd). The cutoff frequency
analog voltage domain, the loop utilized predominantly analdg. ) of the LC filter is chosen sufficiently below the switching
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the loop’s transient response. The proportional and deriva-
free ™ — Loop Buck tive control blocks introduce compensation zeros that push
Controller || Converter unity-gain crossing beyond the resonant peak and eliminate
the bandwidth limitation otherwise imposed by the resonant
nature of the buck converter. The open-loop frequency-domain
transfer function of the overall control is as follows:

«

-
PR}
[}

IAH VCO

~
~

K, )
Hopen-loop = KoscHLc <Kp + ?l + sKD> /7 (1)

Fig. 5. Control-loop block diagram. ) ] )
where the buck converter’'s transfer function (HLC) is given

by the following equation:

Kp Buck
Converter Hic = Avaa/LC L ©
fret > + Kys + Hicls)FrV 2, (1 1 1 Bs
o St T Yge) e\ TR,
fosc sKp All the resistive loss components (e.g., power transistor’s “on”
resistance) in series with the inductor are lumped together as
R, and R, is the effective parallel resistance of the load
Kose € circuit and the nonideal resistance of the filter capacitor. A

gain factor Ayyq models the effect of the buck converter's
external supply voltage variations on the loop’s overall gain.
The loop parameters are carefully designed with enough phase
frequency of the input pulses in order to keep the ripplargin to account for the negative phase shift caused by delay
on the regulated output below an acceptable level (less thar) through the loop, as indicated by the exponential term in
5%). Since this type of converter’'s performance has beéh), and a wide range ok, values to account for different
thoroughly documented in [11]-[16], the reader is referred toad environments.
these references for detailed description and analysis of thisSince the external supply is not always a fixed value, but
and other power-converter designs. can vary over time in many applications, it is important to
briefly comment on howAyy, affects loop dynamics. The
external input voltage to the buck converter has a 1:1 corre-
. . . spondence to overall loop gain and therefore can constrain loop
A voltage-controlled oscillator (VCO) in the negative feeds o ation. As external supply diminishes, the loop gain can
back path of a closed loop monitors variations in CircUfiroan to 4 point where bandwidth falls below the converter's
performance and adaptively scales the regulated voltage of {agqnant peak and significantly slows down transient response.
buck converter via a loop controller. A block diagram of th%requency-response analysis in MATLAB shows the lower
control loop is presented in Fig. 5. The feedback loop matChﬁéund of Avaa at 0.65, 65% being the nominal external
the oscillator frequency to the input reference frequency @(Jpply setting. While this lower limit constrains operating
adjusting the r_egulated supply voltage,_the level required f86nditions, the loop can tolerate up to and beyofidyg
the load circuit to operate at the desired frequerigir). _ 5 7o guarantee functionality, we can either require the
The loop controller compares the frequency of the VCO witlyerna) supply to always fall within tolerable limits or employ
the reference. If the frequencies differ, the controller uses th&yatection circuit to monitor this gain factor and compensate
detected error to appropriately adjust the input to the bugki, another gain stage incorporated into the loop.
converter. The loop compensates for variations in temperaturg,, ~onventional voltage regulators, feedback loops are im-
and voltage in order to guarantee proper functionality of ﬂ}ﬁemented with analog circuit blocks, which may take advan-
load circuit. Loop stability can be verified by analyzing th?age of micropower techniques to minimize power consump-
Ioop’s. f_requency rgsponsg. o . tion and achieve high conversion efficiency [13], [14]. The
A difficulty associated with designing this type of controllefy, qescribed above for adaptive supply regulation could also
arises from the LC resonance of_the bgc_k converter. An opgj)s fully implemented in analog, but would require a frequency-
loop frequency-response analysis exhibits a resonant peak@foitage converter. Since the inputs to the controller arrive
the cutoff frequency of the LC filter. A sharp peak, quantifieds gjgital signals, however, a digital implementation is pos-
by the quality factor(@), is desirable for efficient power 1o “\Wwe decided to explore this digital approach to better
conversion. For simple integral control, this resonant peafyjerstand the tradeoffs in building a fully digital controller.

must be kept below unity gain in the open-loop frequencyage design tradeoffs are described next.
response to ensure stability. Such a controller configuration

has a low loop bandwidth and leads to slow transient response
characteristics. A more complicated proportional, integral, and
derivative (PID) control shown in Fig. 6, however, provides Since the reference and feedback signals come into the con-
loop stability without sacrificing bandwidth and improvedroller as variable frequency clocks, both feed into counters,

Fig. 6. Control-loop frequency-domain model.

B. Control Loop

IV. DIGITAL CONTROL
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and the number of transitions are counted for a fixed period t_switching
of time. Since the ring oscillator used to sense variations in vco

circuit delay generates digital pulses with varying frequency,
counting the pulses out of the oscillator over a known periddg- 8. Digital fixed-frequency-loop block diagram.

results in a sampled average of the oscillation frequency. The

difference between the outputs of the two counters corresporRggirol equations:

to the error difference between the reference and oscillator

frequencies in digital form. Since this adaptive regulator is yp(n) = Kpx(n) (3)
intended for a digital system, the controller may be integrated 1

on the same die as the load circuit and ideally also powered vi(n) =yr(n — 1)+ Ex(n) ()

off the adaptively regulated supply in order to minimize its yp(n) = Kplz(n) — x(n — 1)]. (5)
power consumption.

This digital controller approach takes an inherently analeg”) represents the erra¥. between the reference and oscil-
loop and implements a sampled-data system with fully digitktor frequencies. To reduce hardware complexity and power,
components that closely mimic the functionality of the undeg@ll coefficientsKp, Ky, and Kp are binary factors and are
|y|ng ana|og |00p_ In doing so, a genera| approach to adaptiif@p'emented with shifters. Thus, a series of shifters, adders,
supply scaling is achievable. Other digital approaches us&@d latches implement each of the above equations. The sum
specifically for digital signal-processing (DSP) applicationgf (3)—(5) corresponds to the binary digit equivalent of the duty
have also been demonstrated [17], [18]. The digital controllgycle for the PWM square wave input to the buck converter
described in [18] uses an open-loop approach to coarsely 8eime stepn.
the regulated voltage to discrete voltage levels optimized for The system clock frequency, callefglo, clocks the digital
the DSP core. It employs one feedback loop to adjust fepntroller and sets the time base for the overall system. Over
variations in the operating conditions and another to damp@rPeriod of fieop, counters count the reference and oscillator
out the output voltage transients that result from suddé&kpck pulses to generate_th_e equwale_ntnumerlc representations
changes in performance and frequency requirements. TAfsthe frequency, and it is over this same period that the
approach for adaptive supply-voltage scaling, however, do_\é%naple duty cyF;Ie square wave pulse into the buck converter
not provide a continuous range of regulated voltage levdfs Switched. Acting as a time base for the controll_er, the loop
and requires analog blocks to implement the damping circup@rameters of the digital PID blocks are proportlona_ll to the
To target general-purpose processor applications, the offfgP frequency. The cutoff frequency for the LC filter of
assumption made on the functionality of the load circuit is thii€ buck converter, however, is fixed independent of loop
it requires a granular variable-frequency clock and operates §ffauency. Therefore, in order to maintain a stable control
the adaptively regulated supply. Ipop over the dynamlc range of regulated volj[age levels, a

A block diagram of a control-loop architecture for sucfixed oop frequency is required. The most obvious approach
a general-purpose system that can regulate voltage with flig® Use @ fixed frequency controller. As we will see in the

resolution and be implemented completely in digital is iiludollowing subsection, this results in significant power over-

trated in Fig. 7. A binary equivalent of the error between tHafad- Although a simple approach to reducing this overhead
reference and oscillator frequencies,, feeds into the PID IS 0 reduce the resolution and operating frequency, only

control block, which in turn uses the error value to makBroPortional savings is achievable. An interesting approach
appropriate corrections to the output. The output of the bu jat uses a variable-frequency controller is then described that

converter is therefore adaptively regulated to the requiré%qUireS a frequency-shifting technique in order for overhead

voltage for the load circuit to operate at the desired refereng@Ve" O track frequency and significantly improves overall

frequency. The ring oscillator in the feedback path operatggwer conversion efficiency.

off the regulated supply voltage and generates a frequency

that predicts circuit performance variations due to chang®s Fixed-Frequency Control

in operating conditions to complete the loop. The digital An external frequency generates the loop frequency through
implementation of the PID blocks mimics equivalent analothe system counter as shown by the block diagram in Fig. 8.
blocks with the following proportional, integral, and derivativelhe output and reference voltages are converted to equivalent
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Fig. 9. Fixed-frequency controller power breakdown. Fig. 10. Variable-bit counter frequency.

9-bit binary values by counting the pulses out of the ringeference frequency, and the number of bits up to which the
oscillators over a fixed sampling period set fiy.,,. A fixed counter counts is also variable. A system counter that can
external clockf.,. feeds into the synchronous counter whergount up to a maximum of seven to ten bits, determined by
the highest order bit sets the loop sampling frequency aadfrequency-detect circuit and a variable-frequency clock, is
the switching frequency of the square wave input to thgsed. Fig. 10 plots the variable ring-oscillator frequency and
converter. An effective digital-to-analog (D/A) conversion igesulting loop frequency generated by the counter in order to
implemented by comparing the numerical value of the dugtaphically illustrate frequency shifting. The controller moni-
cycle, calculated by the PID block, to the output of the fregors the system counter’s input clock frequency and adaptively
running synchronous counter. The comparator generategiedermines the number of bits up to which the counter needs
fixed-frequency square wave, and the constantly updated R count in order to maintain a switching frequency that
block output proportionally modulates the duty cycle of thghaximally varies by a factor of two. For example, when the
square wave input to the buck converter. oscillator frequency is half the maximum rate, the counter
A detailed analysis of the fixed-frequency controller’s pefgill only use nine bits, restoring the loop switching frequency
formance can be found in [15], but results are best summarizgdthe maximum rate. To further limit the loop parameters’
by Fig. 9. A decomposition of different components of powesxcursions with frequency, the PID blocks’ gain coefficients,
consumed as a percentage of the total power is showfplemented with shifters and adders, dynamically adjust
The graph illustrates that the percentage of overhead poWgthin this factor-of-two variation in loop frequency. By
consumption increases and conversion efficiency degradesig®rporating these two methods into the controller, a stable
regulated voltagegVy) decreases. The largest component Qfnfiguration for the loop can be achieved. The simulated
overhead power is due to the controller. While parts of thgyen-loop frequency response of Fig. 11 verifies stability. The
controller operating at the slower loop frequency COU'Q b0 curves show that even at the extreme ends of the frequency
powered off the regulated voltage, components operatinggcursion, the loop exhibits sufficient margin for stability.
a high fixed frequency (syslk) require a fixed voltage and As mentioned in Section Ill, reducingyaqa shifts down the
consume a fixed amount @V#f power. Reducing counter magnitude plots, and the lower bound at 0.65 corresponds to
resolution and utilizing a slower system clock proportionallyhen open-loop magnitude crosses unity gain at a frequency
reduces the controller’s power, but some fixed power overhegg,er than the resonant peak. Fig. 12 presents the resulting

is unavoidable. With variable frequency and voltage operatiofshavioral-model simulation of the loop’s transient response
however, this power can be significantly reduced to be only;a step changes in the reference.

small fixed percentage of the load's power. Given a variable frequency controller powered off the
) regulated supply, it is possible to keep the controller’'s power-
B. Variable-Frequency Control consumption overhead at a fixed percentage of the total power

The key to improving efficiency while maintaining loopconsumed. Components of the controller that operate at the
stability is to allow the internal frequency and voltage o$witching frequency can also be powered off the regulated
the controller to change while keeping the controller's loopupply as long as the timing requirements of this much slower
parameters relatively constant. Since these parameters fegguency can be met at the lowest regulated voltage level.
proportional to the update rate (or loop frequency) of th8ince this controller's power is nominally proportionalig f,
controller, it must be kept relatively constant (within a factothe power consumed should be on the order of 1 mW at 1.5 V
of two). To accomplish this, a frequency detection circuit iand should no longer be the dominant limitation for efficiency
required. In the previous design, the switching frequency wese to fixed overhead power observed in the fixed-frequency
set by the binary ramp wave, generated by a 9-bit synchronaogplementation.
system counter, which was clocked with an external fixed Using a ring-oscillator and counter combination has been
frequency. In a variable-frequency implementation, the systahe prevalent method for measuring variations in circuit de-
counter is clocked by the variable frequency of the VCO day performance in the presence of variations in operating
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Fig. 11. Variable-frequency control open-loop frequency response.
delay line matches the switching period, and the digital number
4.0 that corresponds to the pulse width sets the fractional delay
through the tapped delay line. A set-reset flip-flop constructs
N\ a square wave with the desired duty cycle by using the
s 3.0p k appropriate tap digitally selected along the delay line. This
2 technique significantly reduces power consumption since it
obviates the need for the highly active system counter and
2.0} . . i
\‘ comparator operating at high frequencies. The tapped delay
line still requires a digital value for the duty cycle, and so this
1.0 . : . method can be utilized with the rest of the digital controller
Oe+00 2e+03 4e+03 6e+03

described thus far. Since reducing power consumption is the
key design goal, other digital techniques that further improve
converter efficiency are investigated next.

Switching Periods

Fig. 12. Variable-frequency control closed-loop transient response.

condition of digital adaptive voltage-scaling controllers. The
ring oscillator and counter, however, exhibit a high activit§:'
factor such that power consumption can be considerable. AAlthough variable frequency control yields an energy-
ring-oscillator and counter pair also requires additional logefficient digital controller, overhead associated with the buck
to detect the error between the desired and regulated voltagaverter losses and buffer drivers limits efficiency. Since the
levels. Therefore, other methods of predicting and compariogtimal sizing for the power transistors of the buck converter
performance should be considered. Techniques that compadepends on the power’'s being delivered to the load, on-
the input and output pulses through a delay chain as descrilohip segmented power transistors have been implemented.
in [19] and [20] may potentially reduce power. ReferencAssuming a cubed dependence of load power on voltage,
[19] has the advantage of utilizing fewer circuit elements arny progressively turning off sections of the power transistor
less dynamic power, but requires analog circuit blocks andftr lower levels of regulated voltage, the transistor width
not suitable for a fully digital implementation. Reference [20F adaptively set closer to the optimum, and the switched
implements a simple bang-bang control that uses a critical patipacitances of the buck converter’s power transistors and
replica to determine the actual performance of the RISC cofmiffers also adaptively vary. Thus, power consumed by the
This requires the replica path to accurately represent the wdrstk converter is no longer fixed, but decreases for lower
case delay across all possible data, processing, and operdtngls of regulated voltage and further improves efficiency.
conditions. To efficiently generate the PWM control signaks a result, high conversion efficiency is achievable over a
for the buck converter, [21] describes a clever technique thdithamic range of voltages.

utilizes a tapped delay line to implement the effective D/A Maintaining high conversion efficiency is especially chal-
conversion with low power overhead. Total delay through tHenging for low load current conditions, but additional op-

Minimizing Switching Losses
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Fig. 13. \Variable-frequency test chip die photo. 100 1400
1200
timizations further improve efficiency. The buck converter 1000 £
consumes a minimum energy each cycle set by ¢He* % £
energy required to switch the power transistors’ gates an§ 800 %
parasitic drain capacitances and the resistive losses dissipaggd 600 §
to support the average load and ripple filter currents. Under Io@ 85 T
load conditions, ripple current through the inductor cycles fron'! 400 S
the filter capacitor back to the supply and dissipates power as 80 e 200
it flows through the power transistor switches. This cycling et
current, however, does not contribute to the overall conversion 7slezz” )

1.5 2 2.5 3 3.5 4

effort to supply power to the load. Therefore, minimizing this Regulated voltage Vo, (V)

component of energy overhead improves efficiency. Taking
advantage of the relative ease with which nonlinear methofdg: 15. Power-conversion efficiency versus regulated voltage.
can be implemented in digital controllers, a pulse-squashing

technique eliminates this cycling current. Additional contrqk 5150 powered off the regulated voltage, the controller's
logic detects current circulating back to the supplies from tl’fﬁ)wer tracks the”'V2 f power of the load circuit and is no
filter capacitor and squashes subsequent pulses to the PoyREer the limiting component of the efficiency, even at low
transistors until the regu_Iated voltage faI_Is below a Spec'f'?ggulated voltage levels—the major limitation in the fixed-
tolerance. Current polarity through the inductor is detectgghqyency implementation. Although this controller’s absolute
at the end of each switching period by momentarlly tum'”ﬁower consumed can be considered high [18], the intended
off both NMOS and PMOS power transistor switches and et of having it track the load’s cubic dependence on
sensing the drain voltage. Under such low load conditiongy|iaqe has been met. Controller power is further reducible
the loop enters a nonlinear mode of operation and the b implementing a more power-efficient PWM generator

converter regulates discontinuously. In addition to eliminatirﬁl and by running the converter at a slower frequency
losses attributed to the circulating current, the buck converteps; o+ the cost of slower transient response. The digita;l

switching frequency effectively decreases and reduces i, gjier consumed 12 mw at 3 V with the configuration
overhead associated with switching the power transistors. jascribed above. For comparison, the controller's dynamic

power extrapolates down to 4.4 mW at 1.3 V for a converter
V. MEASUREMENT AND ANALYSIS implemented in a 0.2%m technology and powered off a 2.5-

A digitally controlled power converter with variable-V external supply. Fig. 15 plots the conversion efficiency for
frequency operation was fabricated in a MOSIS (8- a configuration with &V?f load targeted to consume 1 W at
technology. A die photo of the prototype chip is presentetlV. Variable frequency control demonstrates high conversion
in Fig. 13. The controller was tested with a 15-stage ringfficiency over a wide range of regulated voltages. Improved
oscillator, which oscillates at a peak frequency of 116.5 MHarocess technology and other low-power circuit techniques can
at 5V, and the loop frequency maximally varied from 56.9 téurther reduce the power overhead so that digitally controlled
113.8 kHz. The converter's external LC-filter component sizgmwer converters with very high efficiencies are achievable.
were 701:H and 70u:F and powered off a 5-V external supply. High conversion efficiencies demonstrated over a dynamic
A cubic dependence of the controller's power consumptiogange of regulated voltages rely, however, on consistent and
on voltage is apparent from the plot of measured powappreciable load power consumption. Furthermore, due to
versus regulated voltage in Fig. 14. Since the digital controllsome fixed overhead power, high conversion efficiency is
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response to load current transients where dotted lines delineate
the step changes in the load current between 0 and 100 mA at
4 V. Minimizing the magnitude of the controller's response to
load transients is a key design constraint since performance
overhead margins incorporated into the model of the load
circuit’s critical path must account for these worst case voltage
deviations.

ref (

VI.
To achieve energy-efficient digital circuits operating at the

2ms CONCLUSION

Fig. 16. Measured voltage-transient response. highest speed-power point, a fully digital controller design
for adaptive supply-voltage regulation has been described
4.15 and measured results from test silicon presented. A digital
______ - 41 controller that can be embedded within the digital system to
I 4.05 which power is being supplied has the advantage of tracking its
own power consumption with that of the rest of the system.
m‘ The first test silicon demonstrated the feasibility of a fully
«—p Lmmm———————— 3.95 digital implementation, but the efficiency of fixed-frequency
41 100ps operation was limited by fixed overhead power consumption.
4.05 F———————— — — = To achieve high conversion efficiency over a wide range
: | of voltage and power, a variable-frequency controller was
4MW designed and fabricated. By dynamically adjusting the switch-
3.95 | ing frequency and gain coefficients to maintain relatively
qol — T~ T~ - constant loop parameters, a stable loop was achieved. Since
, _ the design is fully digital, the variable-frequency controller can
Fig. 17. Measured load-transient response.

also take advantage of the power-savings potential available

o _ through adaptive supply regulation. Thus, a digital controller
difficult to guarantee for extremely low-load power Cond't'on%hose power consumption is no longer fixed but nominally

One example is if the load circuit enters sleep mode; dtycks that of the load circuit has been demonstrated, and
consumes a negligible amount of power. Although diSCORjgh conversion efficiency over a dynamic range of regulated
tinuous operation with pulse squashing reduces switchiggiiage levels has been achieved. The measured controller’s
regulator power, the controller dissipates overhead powghyer is nonnegligible, however, and efficiency may degrade
Active control periodically supplies pac_kets of charge_tfb_r very low-load power usage. To improve efficiency under
compensate for leakage losses and monitors when the Cirgjiise conditions, implementing an additional power-saving
comes out of sleep mode. Again, the digital controller's poWgfgep mode is a viable solution. Other lower power techniques
limits ef_ﬁmency. To a}bate this condition, the load’s slegq—or generating the PWM signal can also further improve
mode signal could trigger the controlier to also enter inigficiency. Therefore, this fully digital technique holds promise
its own form of sleep mode. Since very low power consg 5 controller for adaptive supply-voltage regulation in fully

sumption is anticipated during sleep mode, the filter capacii@ita| system applications that present a hostile environment
discharges slowly and the controller can operate at a sloWgf oise-sensitive analog circuits.

rate. By waking periodically (one-tenth the normal operating
frequency), the controller can sustain the required voltage
level but consume significantly less power. Employing these _
low-power techniques leads to additional power savings andThe authors would like to thank B. Amrutur, K. Yang,
improves ||ght load converter efﬁciency. S. Sidiropoulos, R. Ho, D. Harris, and D. Weinlader for
The adaptive power supply’s response to voltage and lobtyaluable discussions and insight.
transients is shown in Figs. 16 and 17, respectively, which
plot data downloaded from a sampling digital oscilloscope
(HP54601A). To facilitate voltage-transient measurements, i) m. Horowitz, T. Indermaur, and R. Gonzalez, “Low-power digital
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