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Abstract—A system is proposed to convert ambient mechanical Il. ENERGY CONVERSION
vibration into electrical energy for use in powering autonomous . . .
low power electronic systems. The energy is transduced through 1€ method proposed to convert ambient mechanical vibra-
the use of a variable capacitor. Using microelectromechanical sys- tion into electrical energy is to use a MEMS variable capacitor.
tems (MEMS) technology, such a device has been designed for theBy placing charge on the capacitor plates and then moving the
system. A low-power controller IC has been fabricated ina0.em  pjates apart, mechanical energy can be converted into electrical

CMOS process and has been tested and measured for losses. Base : s
on the tests, the system is expected to produce BW of usable 8nergy which can then be stored and utilized by a load. The

power. In addition to the fabricated programmable controller, an ~ SyStémis depicted in Fig. 1. The mechanical system is modeled
ultra low-power delay locked loop (DLL)-based system capable of as a vibration source which couples into the electrical system
autonomously achieving a steady-state lock to the vibration fre- through the MEMS transducer. A low-power controller directs

quency is described. energy conversion and supplies power to the load. The controller
Index Terms—Delay-locked-loop, low-power design, low-power consists of a power electronics subsystem which is responsible
dissipation, mixed signal, performance tradeoffs. for exciting the transducer through its energy conversion cycle,

and has been optimized to minimize losses, and a digital control
core which generates the timing pulses which drive the gates of
the power FETS in the power electronics subsystem.

HE trend in modern VLSI design toward low-power DSP There are two possible energy conversion cycles in the

and remote sensing applications creates an opportunity érarge-voltage plane for the MEMS transducer as shown in
the exploitation of novel energy sources. The extremely loRig. 2. Path A-B-D-A depicts charge constrained conversion,
duty cycle of such systems pushes power requirements ofvhile path A-C-D-A depicts voltage constrained conversion.
source into the:W range [1]-[3]. Self-powered systems basedhe name of the path depicts which property is held constant
on harvesting ambient energy become viable alternatives, eliduring the conversion process while the other changes in
inating the need for batteries and creating low-maintenance, agsponse to a varying capacitance. One basic constraint for
tonomous systems. Several different ambient sources havebaith cycles is that there is some maximum allowable voltage,
ready been exploited. These include solar, electromagnetic, Rk.x, Which is set by some process or system requirement.
[4], and mechanical vibration [5]-[7] sources. With advances fror example, the power switches which are employed in the
microelectromechanical (MEMS) technology, it is possible teonverter will have some oxide or channel breakdown limit
imp|ementase|f-powered system with the MEMS device actirvy']iCh must be considered. Also, the MEMS device itself will
as an electromechanical transducer in the form of a variable 8ave a maximum field limit which it can withstand when its
pacitor, with conversion governed by employing low power dig?lates are closest together.
ital control techniques. This paper presents the design of such &0 the voltage constrained case, the cycle starts when the
system, with emphasis on the controller IC. capacitor is chayged up 16,,.x from a reservoir. _This is dope

The energy conversion process will be derived in Sectionfhen the capacitance of the MEMS transducer is at a maximum

from a generic model of a variable capacitor. Section 11l wilfCmax)- During this time, the value of’vimvs is taken to be
offer backround information into the MEMS transducer. Se€onstant, and so segment A-C is a straight line. This is a valid
tions IV and V describe the power and digital electronics th@SSumption since the charge-up time to traverse path A-C (and
make up the fabricated controller IC. Measured data from tHfScharge path D-A) is an electrical time near 600 ns, while

chip in an emulated physical MEMS environment are present@ﬂth segment C-D, which corresponds to the plates moving, is

télaversed over a mechanical time near 480It is evident from

. INTRODUCTION

in Section VI. Based on this intial success, a more robust con-

troller is proposed and described in Section VII. Finally, overali c flgur_e that during this step in the conversion process, _the
. . : voltage is held constant. (Hence the name voltage constained
conclusions are drawn in Section VIII.

conversion.) As the plates move and the capacitance decreases,
path segment C-D is traversed, where the capacitance is at a
minimum. The mechanical force does work by causing charge
Manuscript received May 11, 2000; revised September 7, 2000. This wd® mQV? from the capac_ltor back into the reservoir. The charge
was supported in part by the ARL Advanced Sensors Federated Lab Progi@fnaining on the plates is then recovered wbllgrnis = Chuin

under Contract DAAL01-96-2-001 and by the Charles Stark DraperLabInterrf@j“OWing path D-A. The net energy gainedyoicons, IS the
Research and Development Program Contract DL-H-513218. . .
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Fig. 1. System block diagram.
Q CMEMS the transition from point B to D, the MEMS device is isolated

(open-circuited) with respect to the rest of the system so that
no current path exists. It is forced to hold its charge, an@'as
decreasesy” must increase to satisty = CV'. The charge is
then returned to the reservoir along path D-A. The net energy
out is the shaded area ABD. It is immediately obvious that this
energy is less than what is possible with the voltage constrained
conversion cycle. This energy may be expressed as

A

QO - Echrgcons = %(Cma.x - Cmin)‘/max‘/start- (2)
s Vv Comparing (1) to (2), it is clear that the energy available from
A Veart (VE ) the charge constrained case is less than that available from the
[ Voluge Constrained max voltage constrained case by a factohdf..; /Vimax. The advan-
7] Charge Constrained tage of this approach is that now only a single charge source is
needed to begin the process, and its value can be much less than
Fig. 2. Conversion cycles. Vinax-

Fig. 3 depicts a hybrid alternative. Here, a second capacitor

. : - . of constant valuel’,,,;, has been added in parallel to the MEMS
This method sets a maximum limit on the conversion process, . . .
gvice. Path a-b-d-a represents conversion witl{dt and

The major obstacle for this approach is that some method must . b-d-a includesC,,... The energy converted in shaded

be employed to hold the voltage across the MEMS device equals the converted energy of shaded area

. . . area aCdaE(,oltcons
constant during the conversion process, which would requgg,d,a, so no benefit for the voltage constrained cycle has been
ained by incorporating’,,,. However, if the energy converted

another source of valu&,,... This is an additional source to
that of the conversion charge reservoir, which is of a low . - .
or charge constrained cycles abda and ab’d’a are compared, itis

voltage and is also used to power the control electronics. It Is. y : . o
desirable to perform the conversion with a single source. T%\S/Ident that more energg,, .., is converted in area ab'd’a.
o omparing charge and voltage constrained energies@gth
means that there are two relevant voltage rails in the system. )
The first is V4, which supplies the control electronics Withpresent, we find
power and is a constant rail at 1.5 V in this application. It is ) : (AQ)?
represented in the circuit diagram of Fig. 6 €y, the charge chrgcons — Lvoltcons — W 3)
reservior. The second rail is equal ¥ = Vyu + Views, bat e
where Vivems is the voltage across the MEMS capacitor and Equation (3) shows that in the limit &S,,,, approaches in-
changes during a conversion cycle. This voltage is also depicfetty, the charge constrained energy approaches that available
in Fig. 6. through voltage constraint. Therefore, it is desirable to have a
In the charge constrained caseyigns IS charged to some parallel capacitor to, in effect, “hold” the voltage across the
initial voltage while its capacitance is at a maximum, whicMEMS device constant, mimicking the behavior of the voltage
corresponds to path segment A-B in Fig. 2. As the capacitoonstrained condition. The disadvantage to addipg. is that
separates, the voltage increases as capacitance decreasesnomtimore initial charge is required for the conversion process.
the plate displacement is at a maxim@@hrms = Cmin) at - This means that the losses associated with the reactive energy
point D. The amount of charge initially placed on the plateffow in the system will be increased. The tradeoff between in-
was precalculated such that wh€xirng reaches its minimum, creasing the capacitance ©f.. and the increase in losses will
the value of the voltage across the capacitoVjjs.. During be discussed in detail in Section IV. An added benefit of this
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Fig. 4. MEMS device side view (not to scale).

final analysis is that the parallel capacitor may be included in theA plan view of the MEMS capacitor is shown in Fig. 5. It
design essentially for free by exploiting the parastics that witlonsists of three basic parts: a floating mass, a folded spring
exist between the MEMS device and its substrate. By tailorifigne per side), and two sets of interdigitated combs, one per
the bonding oxide thickness between the two wafers making side. Each spring consists of four spring bars, a free rigid beam,
the MEMS device, as will be dscribed in Section Hl,,. can and a rigid anchor. The spring bars are connected to both the
be set to the desired value. anchor and the free beam, limiting the motion of the mass to
one dimension, as indicated in the figure.

The interdigitated combs form two variable capacitors by
connecting one terminal to the moving mass at the anchors and

The variable capacitor will be implemented using MEM$he others to each of the stationary combs. Since the charac-
technology, as shown in Figs. 4 and 5. The capacitor has beenstics of the variable capacitors are identical, the analysis in
analyzed and designed, and is now in fabrication. It will consititis paper will focus on one of the variable capacitors and only
of a 1.5 cm-by-0.5 cm silicon structure etched in a wafer of 5aihe set of interdigitated combs. Note that the output power for
pm thickness through a deep-reactive-ion etching process [9]aee device can be doubled by taking into account the power
shown in Fig. 4. The device wafer will be supported by an ideiwbtained from the two variable capacitors.
tical silicon handle wafer. The two wafers will be separated by The spring-mass system is designed to resonate with a me-
a thin layer of silicon dioxide. The silicon will be heavily dopecthanical vibration source applied to the casing to whom the an-
so that it acts as a very good conductor. The silicon dioxide actsors are attached. The converter described here is designed for
as an insulator, thus forming a parasitic capacitor between tamechanical vibration of 2520 Hz. The source is the well-estab-
device and the handle wafer. The width of the silicon dioxidéshed harmonic of an engine’s vibration spectra. The transfer of
layer can be controlled to set the value of this parasitic capaergy from the source to the spring-mass system is maximized
itance as desired. The advantages of this parasitic capacitamgeéuning the resonant frequency of the spring-mass system to
were explained in Section Il that of the vibration source. This can be achieved by varying the

lll. MEMS DEVICE
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Fig. 5. MEMS device plan view (not to scale).

dimensions of the spring in order to change its effective spriig be 1cm by 0.3 cm. Given the previous constraints of gap size
constant, or by changing the mass of the moving element. and comb finger width, each comb structure can have about 400
As the mass oscillates, the interdigitated combs move tiadividual comb fingers.
gether and apart, effectively varying the area of the variable ca-An analysis of the capacitance with the comb structure fully
pacitor, and, thus, its capacitance. The transfer of energy fratosed yields a value of 260 pF. Similarly, the value of the capac-
the spring-mass system to the electrical circuit is governed ibgnce with the comb structure fully open is approximately 2 pF.
the change in capacitance of the interdigitated combs, as vievildt analysis and design of the control and power electronics is
from their electric terminals. In order to maximize this energgased in these two values with a maximum gap voltage of 8 V.
transfer, the change of capacitance must be maximized given
constraints of space and structural soundness. In fact, one of the
fundamental challenges in the design of the MEMS device is to
provide a large enough change of capacitance given the desigkig. 6 shows the implementation of the converter and ac-
constraints. A large change of capacitance can be obtained tympanying waveforms associated with timing and system state
1) reducing the gap between the opposing elements of the covalbiables. This represents one phase of the conversion process,
structure; 2) increasing the height of the device; 3) elongatiag described in Section Ill. The complete circuit would simply
the fingers of the comb structure; and 4) increasing the lendik Fig. 6, with a counterpart mirrored about the load and control
of the comb structure. electronics. For all discussions of its operation, we will recall
The minimal gap is limited by device fabrication technologythat the resonant LC time constant is much shorter than the vi-
The current state-of-the-art sets this limit at arouneh?. This bration period. This is represented by the break on the time axis.
minimal gap limits the height of the device. As the height of the At startup, the capacitor combination 6f,,; and Cyems
device increases, the minimal gap increases. It is expected thas$ no voltage across it, $@- = Vpp. (Note that all voltages
a 7.um gap may be etched as deep as 00 Spring travel and in Fig. 6 are referred to ground.) At this point, the power elec-
structural resonance limit the length of the fingers in the conttonics are waiting for the controller to determine whén=
structure. Note that as the length of the combs is increased, thg.,. to begin the conversion process. Currently, this is an ex-
travel of the spring must also increase. Also, the combs’ natutatnal signal input to the controller. This trigger occurs at the be-
resonant frequency decreases as they become longer. Givgmaing oft;. Duringt;, SW2 is on, SW1 is off, and the inductor
minimal width for each comb finger of #m, a length of 512 currentincreases. At, SW2 is off, SW1is on, and the inductor
pm is required in order to keep the combs’ natural frequentsansfers energy to the capacitor. Durifyg both switches are
ten times larger than the mechanical vibration frequency to esff and the variable capacitor plates move. This time constant is
sure the physical integrity and proper operation of the device.n®ar 40Q:s while the resonant on time of the switches is approx-
spring with a peak-to-peak travel of 512n appears feasible. imately 600 nS. Itis therefore a reasonable approximation to say
The length of the comb structure is constrained by the dimetirat the MEMS capacitor value is constant during-, ¢4, and
sions of the spring and the overall device. As the length of thie. During ¢5 the plates move from their minimum separation
comb structure is increased, so does the moving mass. In or8f,... + Cpar) to their maximum separatiof,,in + Cpar)-
to keep the spring-mass system tuned to the desired frequefidye mechanical energy has moved the plates apart and caused
the spring must be stiffened accordingly. However, the stiffneiee voltage across the capacitor combination to reach a max-
of the spring is limited by the length of the spring. As the springnum, and the energy harvesting is performed. Dutin§W1
gets longer, other undesirable modes of vibration are introducedon, SW2 is off, and the capacitor combination transfers energy
Furthermore, the dimensions of the device are specified to fit ite the inductor. Note that this LC time constant is smaller than
side a 1.5 cm-by-1.5 cm square, including the springs. After Because the overall capacitor value has decreased. Once the ca-
optimization is performed, the optimal size for the mass is founmhcitor voltage reaches zero, corresponding to one-quarter of the

IV. POWER ELECTRONICS



68 IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLSI) SYSTEMS, VOL. 9, NO. 1, FEBRUARY 2001

cparJ_ 7"{ Cnems SW1

o<
—<

| =Y

Load &
Control Electronics

Vpp_—— Cres SW2

- -

.

“““ + === Vmax+* Vdd

Vdd

SW2 SW1
ON ON SwW! Swe

Note: Timing waveforms denote when a switch is "on". If switch is not
denoted as "on", then it is "off".

Fig. 6. System implementation and timing waveforms.

resonant period of the LC, SW1 is turned off, SW2 is turned ogpectively, and this will limit the maximum value of current that
and the energy putinto the inductor is transferred to the reservibie inductor will ramp to, and therefore the initial energy that
duringt;. This process repeats at the frequency of the mechaman be placed into the system. This maximum current will be
ical vibration, which corresponds to variationsGfrms. The  Irmax = Vop/(Rr,+Rps), whereVp i is the supply voltage.
overall system gains energy when the losses associated with$irece the main job of the inductor is to act as an energy source
conversion process are less than the harvested energy. Bectarsthe capacitor combinatiofChems + Cpar) this is taken
the values ofL, Cpin, Cruax, andCi,,: are known, the timing into account when sizing. The limits on the MEMS capacitor,
pulses can be set such that synchronous rectification may®@g;, andC,,. are fixed, so what really needs to be looked at
used, eliminating the need for diodes across SW1 and SW2. Tifiehe relationship betweeh and Cp,.. To do this, a mathe-
main loss mechanisms in the conversion are switching and camatical model of the system was used along with real inductor
duction losses associated with the power FETs and conductgpecifications. This is depicted in Fig. Z.was modeled as the
losses in the inductor. nominal values from the specifications, afig.. was varied to

As stated in Section Il, it is desirable to have a large valuedbserve performance. Fig. 8 shows optimization curve€ay
capacitor in parallel with the MEMS device to improve energfor three values of., as well as the case wheteand SW2 are
conversion. This requires that more charge be initially placed twssless.
the capacitor plates, as shown in Fig. 3. There is a practical limitThe peaking in the curves show that after some optimal value
to this charge due to the losses that occur in the inductor amitC;,,, the system gains less energy. This is due to the increased
SW2. They will have some series resistandésandR s, re- conduction losses in the inductor and power FETs (which are
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also included in the model). We arrive, thereforel’gf. = 180 for analysis of our converter but will offer better results if the
pF andL = 220 uH. The lossless case was included to verifpssumptions are modified to provide for a gate drive that varies
that asCy,,, Was allowed to go to infinity, the energy out equaledver the course of one conversion period. This modified model
that possible with a voltage constrained approach as discusseate accurately reflects our converter as shown in Fig. 6, where
in Section Il. This was used to validate the model. the PFET gate drive is given byV.. The power,F,;, dissi-

A straightforward approach to optimizing transistor width hgsated by a FET over the course of one switching period is given
been developed [10]. (In general it is assumed that the FEGw
will be sized to minimum or near minimum lengths and appro-
priate widths. The choice between minimum or nonminimum Piot = L2y Rps + fow (CasVis + CanVim)  (4)
gate length depends on the voltages in the system and whether or
not short channel effects are a concern.) This approach modelere the first term represents conduction loggés) and the
the FETs as being in the linear region during operation wigecond, lumped, term represents switching 108585 ). /;1s
some constant gate driv¢;s. This model forms a useful basisis the rms current through the devideps is the on resistance
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X107 NFET Width Optimization The values obtained from Fig. 9 ai€p = 538 ym and
25 ’ ' ? : — Wx = 1399 um. Unlike previous complementary switcher de-
= g\c/’vri]t?:lrjmicr:g?olsoss:s?s signs [1], [10] the PFET is actually smaller than the NFET for
ol 1. total losses | minimal power losses. This is due not only to the fact that the

PFET experiences higher gate drive for half of its switching du-
ties, but also because of the fact that the NFET passes higher rms
currents. One characteristic to note is that the curves, especially
for the NFET, exhibit shallow troughs. This means that a value
off of the optimum can be taken to save area at a very low power
cost. Also, some of the power that appears to be lost by going to
a shorter width is actually saved because the buffers needed to
drive the power FETS' gates, as depicted in Fig. 6 can become
smaller. (The buffer losses were notincluded in the optimization
algorithm because their sizing is dependent on the power FETS’
width.)

N
n

NFET Power Cosumption (watts)

@
tn

0 | 1 1 | L
1 2 3 4 5 6
NFET Channef Width (meters) %107 V. CONTROLLER ARCHITECTURE
gx10” PFET W'd}h Opt'm"zatw” ‘ _ In order to experimentally verify the validity of the proposed
: . method, a programmable controller was developed based on the
a5k \o o | =— conduction losses | | . . .

- - --- switching losses || mathematical model of Fig. 7. Because the important system
b s AU ] total losses ] parameters, Cpar, Crmax; Cmin, andf,,, are known, the timing

pulses can be realized through the use of a programmable delay
line. The block diagram for a single pulse generator is shown
in Fig. 10. This is a hybrid delay line design which combines
the area savings of a fast clocked counter approach with the
resolution flexibility of a tapped delay line. The counter acts
as a coarse adjust while the tapped delay line is used to fine
tune the pulsewidth. The delay time for the counter block is set
by comparing the count to some reference value. Once this has
occurred, a pulse is sent down the tapped delay line and is picked
off by a multiplexer. This sets the overall delay time. A simple
power saving technique is to use/\D gate tied to the MSB of

©
3

w

Power Consumption (watts)
- N
[ S

-

o
]

; 2 4 6 8 10 12 14 16 the multiplexer selects and placed in the middle of the delay line
Channel Width (meters) x10™  to decide whether the pulse propagates to the second half of the
line. In cases where the MSB is not selected, this prevents half
Fig. 9. Switch optimization curves. of the delay line buffers from needlessly switching. It would

_ o . be possible to gate all of the buffers in the delay line, but the
of the FET,f;., is the switching frequency,ss is the gate ca- additional overhead associated with decoding the multiplexer

pacitance} s is the gate drive voltage€;ay, is the capacitance selects to vary the delay line length may make this approach
of the switched dynamic drain or source node, &g, is the yndesirable.

voltage the dynamic node is switched at. It is possible as in [10]

to make some simplifications to the power loss optimization VI. EXPERIMENTAL DATA

problem. The first is to combine the gate and drain or source ca- _

pacitances if the drain and source extensions are roughly equiv! "€ Programmable controller and associated power elec-
alent to the gate area. Also, if a further restriction on the systdfinics have been implemented in a @6+ CMOS process.

is that the gate drive voltage is always the same and is rougfiilg- 11 Shows a photograph of the controller IC. This represents
equal to the switched voltage at the dynamic node, then the tfde-half of the total circuit. As stated in Section IlI there are
lumped switching terms in (4) may be linearly combined to préWo phases of conversion; the controller IC was designed for
duce a simpler equation. For our system, this is not true. If vdeSingle phase. In order to extend the design for both phases,
refer again to Fig. 6, we see that the PFET causes special cé& present layout may simply be duplicated and will fit in the
ditions to occur. For proper operation, it must be ensured ti&@&me area since the IC was pad, not area, limited. The system
during t3 the PFET is off. This requires that there be a levélas been tested for functionality and the controller measured
converter driving its gate since the dynamic capacitor voltad@r losses. At the time of this writing the MEMS device is
Ve will start off at Vi, 5 and increase to sonié,,... This means not available in the system, so a constant value capacitor
that the PFET has a much higher gate drive dutirthan during was used in its place to verify correct operation. To verify
t2. Fig. 9 shows optimization curves for the power switches withonbreakdown of the power switches, a dc source was switched
the difference in gate drive accounted for. in duringts of Fig. 6 to emulate the MEMS device’s behavior.
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- TABLE |
_r 1 rT H L _[-1 CONTROLLER SPECIFICATIONS (HALF CIRCUIT)
By -
1 L :il - Area 2163pm x 2554um
K| {# :' LA Transistor Count 2661
| I'. = Process 0.6um CMOS
:— B R Predicted Converted Energy 8.66uW
,._. :_" , Core Power 500nW (f,ip = 2.5kHz, Vgq = 1.5V)
Ly = | K Switch Loss Power 3.87uW (AVmEMms = 8.0V)
E__i : el ' 1 {1 Predicted Power Out 4.29uW (AVyerms = 8.0V)
1 | [
11 Conimol Cone AT
L |
y Fi i le=
L ol VIl. ENERGY FEEDBACK CONTROL
— '- Power Swilches| "' . __ ] -
eapt |l ey ey A (R EITL The fabricated controller does not have the ability to lock to
T the capacitor motion automatically. While this could be arequire-
'H H N E ment placed on the load electronics, itis desirable to give the con-

troller the ability to determine when to initiate conversion. This
implies some method of feedback which the controller can use to
Fig. 1. Controller block diagram. lock its conversion process to the phase of the plate motion.
Since the energy available for conversion in the systemis lim-
ited to an ideal maximum value 6f /2)(Crax — Crnin) V2o =
42 W, the overhead associated with the controller feedback
must be minimized. In fact, as we have seen from Section VI,
even with the system optimized to provide for maximal energy
______________________________ output, the converted mechanical power is only on the order of
SV 10 W, so the restrictions on controller consumption are very
: Wowmrgom—s strict.
Sw1 fTﬂ i Iy = mL j The architecture for generating timing pulses used to drive the
i‘awzm ' u.t....l : power FETs has been discussed in Section V. It is now desired
1 to generate conversion initialization pulses which correspond to
Crems being at a maximum and at a minimum. The method
chosen to do this is to use a modified form of a delay locked
Fig. 12.  Experimental waveforms. loop (DLL), where a reference clock with a period equal to the
desired mechanical vibration frequen@ys,, is phase-locked
to the capacitor plate motion. A DLL architecture was chosen
Fig. 12 depicts the correct operation of the controller. Usingacause of its amenability to ultralow power implementation
this switched-supply test methodology allows for full chafhrough the use of appropriate delay line architecture. A block
acterization of the controller under circumstances equivalegihgram of the loop is shown in Fig. 13.
to the MEMS being present in the system and represents &\ tapped delay line delays the reference clock by an amount
more valid excercising of the controller than simulations alongt by the feedback mechanism. The feedback employed is to
would allow. Table | presents the relevant data taken durimgeasure the energy converted in a given period at a given delay
controller testing. All power values in the table may be doubleghd compare it to the energy converted over a period at a dif-
to account for both phases of the conversion period. Therefoierent delay. By using the delay value which corresponds to the
we may expect approximately 88N out of the system at a global maximum value of energy converted over a period, the
AVveMs = 8.0 V. system can attain phase lock.
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Fig. 14. Single period calibration circuit.

The length of the line is variable in two respects. First, thiie weighting is achieved by replicating unit delays. The de-
total number of taps in the line is calibrated at startup to jusbde logic is simple here, and in steady state no extra transi-
equal a reference clock period (or, in actual implementatiotigns will occur. A simple circuit trick to decrease the required
half-period), and second, once lock is attained, unused taps detay line length is to use axoR gate in series with the refer-
prevented from toggling. This is in order to save power duringnce clock. Th&or allows a modification to the lock algorithm.
both locking of the loop and steady-state operation. Now, a half-period of the reference period is sampled over with

Since the power budget for the system is low, analog tedte clock simply buffered by theor gate. After this half-period
nigues are not used to calibrate the total delay of the line to ttwndow is over, the clock polarity is flipped by asserting an In-
reference clock period. Fig. 14 shows a circuit that allows theol signal, which gives a half period phase shift “for free.” A
calibration of the delay line length to occur in one reference psecond half-period is sampled with this negative clock phase.
riod. The flip—flop combination creates a pulse of a duratioffter this window is over, a comparison is performed between
equal to one clock period (note that both flops must be clearttgk maximum counts of each clock polarity, and the overall max-
prior to calibration) which enables a ring oscillator. This oscikmum is chosen. This halves the required length of the delay
lator consists of a ring of inverters whose period equals one tipe.
of the delay line. The counter then tracks how many taps are re-
quired to equal one reference clock period. There will be steaBy Energy-Based Feedback

state error, but since the oscillator is enabled by the referencg, grder to attain phase lock between the reference clock and
clk, it is assured that the error will be some fraction of a S'”gl‘fapacitor motion, energy feedback is utilized. For the lossless

delay tap. The calibration_code qud is stored i_n a regigter, $8se, the relationship between energy out and phase delay be-
be used by the phase locking algorithm. The major benefit frofjeen the reference clock and vibration is

(periodic) calibration is that the effects of process, supply and

temperature variations may be eliminated. In addition, calibra- 1 Ci(tq) — Calta)
tion assures that when phase locking is performed, only a single Eou = 9 m
reference clock period is sampled over, saving power.

Li? (5)

max

whereC;(t4) andCs(t4) are the values of the MEMS capaci-

tance when the conversion process is started and completed as
A binarily weighted delay line was ultimately chosen for reagfunctions of delay timet,;, and ideallyC (t40m ) = Cinax and

sons discussed in [11] and is depicted in Fig. 15. In this instan€®,(tyom ) = Cmin Wheret o, is the optimal value. This rela-

binarily weighted delays are used to vary the line length, whetienship is depicted in Fig. 16. The rule here is that the values

A. Delay Line Architecture
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Fig. 15. Binary weighted delay line.

for ¢1,¢2,t3,t4, @ndt; are constant. These timing pulsewidth:
are dependent on the values of the inductor, external capaci
Cpar, and vibration frequency and are independent of phax
By moving this window of pulses in phase, different output er
ergies are obtained. In order to give a qualitative description
to how the energy output varies with delay, the value of cape
itance of the MEMS device has also been plotted. As expect
at integer multiples of delay equal to the vibration peribgl,,,

energy output is at a maximum, and at integer multiples
T,i,/2, energy output at a minimum. Fig. 16 shows that the|
is a windowW of delay values about the optimum value fo
which the energy out is still relatively large. This suggests th
if the system is initially locked to the maximum value, phas
and/or frequency drift can be tolerated in the reference cloc
Once the energy converted drifts out of the acceptable wind:
area, the system should be relocked. This eliminates the n

for continuous feedback. Ideally, if the reference clock match _

the vibration frequency exactly, the delay value will never nee
to be updated and feedback control is only implemented on:

Capacitance vs. time

T T T

2 4 6 8
-4
Output Energy vs. time delay (lossless) x 10

T T T

w

since storage of the lock control code for the delay line |_s
L . . Flg. 16. Energy out versus delay.

done digitally. In a practical system, the feedback update timé

will be dependent on the frequency difference and phase drift

between the reference clock and mechanical vibration. The From Inductor

/ Ring Oscillator

quirements on the controller for re-lock are discussed in grea
detail in [11]. Cmeas ] Counter
>
C. Energy Measurement /l,
The feedback variable used is the energy converted duri Digital Word

a period. The method proposed to measure this energy is ue-
picted in Fig. 17. During; of the energy conversion cycle asrig. 17. Energy measurement circuit.
described in Section Il, the inductor would normally return the
converted energy to the source. During the phase lock sequenggthe energy feedback using the MATLab Simulink package.
the converted energy is instead integrated onto a measurenr@gt 18 shows one possible approach. The top trace represents
CapacitorCeas- After ¢5 is over,Cpeas IS Used to power a ring the total value of the delay, the sinusoidal wave is the capac-
oscillator which in turn clocks a counter. The final value of th@or value, and the square wave is the reference clock. Here, a
count over a sampling window gives a measure of the energyunter is used to keep track of the desired delay. The amount
converted. This can then be used to lock to some maximwy which the delay is increased is dependent on the count output
value of energy converted, corresponding to the reference clggm the counter. When the count is below a certain threshold
being in phase with the mechanical vibration. value, a large increment is used. This is equivalent to a propor-
. tional (the gain control) plus integral (the delay counter) control

D. Feedback Algorithms method. Once the count is past the lower threshold, the gain is

Once the measurement technique has been established, deisreased until the count passes an upper threshold value, above
necessary to evaluate different methods for utilizing this infowhich the system is determined to be locked. The delay incre-
mation to achieve phase lock. Closed-loop response analysient was made large enough so that phase capture occurs over
was done by using the previously developed models for tfewv enough periods so as to be discernible. This approachis sen-
power electronics portion of the converter and including modedgtive to the value of the upper threshold. If it is chosen too low,
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Fig. 19. Locking based on a examining a full period.

the system will have to relock sooner for a given phase driftiter out local maxima as the period is sampled. Of course, the
because it will be just on the edge of acceptable energy conveegree to which the distortion filtering is effective (and therefore
sion. If the upper threshold is set too high, the system will nevdre amount of distortion allowed) is dependent on the resolution
lock and the delay line length will saturate. of the sampling process, which is determined by the delay line
Another approach is to measure the values of energy cdength and single delay duration.

verted at each possible delay and, after a period is over, choos&he best solution is to use a combination of the two ap-
the value of delay corresponding to the maximum energy cgoroaches. In order to allow for distortion in the plate motion
verted. This is shown in Fig. 19. The step down in the deland to attain optimal phase lock, the entire reference period
value trace denotes that the controller has sensed that a compteteampled over. In order to decrease the number of cycles
period has been sampled, so it switches to the stored valudmfaccomplish this, a lower threshold of count is set. When
delay matching to the maximum energy converted. Once agaime feedback counter output is below this value, the delay
the delay step size has been exaggerated to make the plot nimceement is made large. In this way, regions of low output
readable. This approach has several advantages. It is not depaergy may be rapidly stepped through, reducing lock time
dent ona priori knowledge of the count that will be producedand saving power. Finally, after the system has captured phase
under optimal lock, in order to obtain optimal lock, as the prdeck, the output energy is subsampled at a lower frequency
vious approach is. Also, because the entire period of the refidd compared to a lower bound of acceptable feedback count.
erence clock is sampled over, some distortion in the capacifdre value of the lower bound is based on the stored value of
plate motion can be filtered out. This is true because the canaximum count when phase lock was previously achieved. If
troller looks for aglobal maximum over a period and so will it is above this minimum upper bound, the system is allowed to
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continue at the set delay. If the value is below this threshol * Scott Meningerreceived the B.S. degree in electrical
the system undergoes the phase lock process again. In this v engineering and computer science from Boston Uni-
h drift df diff betw th f versity, Boston, MA, in 1996 and the S.M. degree
phase driit an requ_ency_ ! e.rences etween (he referer from the Massachusetts Institue of Technology, Cam-
clock and the mechanical vibration can be compensated for. bridge, in 1999.
Hspice simulations of worst case operation of the delay lir

From 1996 to 1997, he was employed by Vicor
. . Corporation, Andover, MA, where he worked on de-
(all nodes transitioning in steady state), and block level simul signing systems for clean room testing of integrated
tions of the control logic necessary to implement the feedba circuits and power devices. He is currently with the
algorithm suggest that closed loop control could be perform ’S‘f;t'g:;g'sieefz;;grg:ﬁttg: %r;‘e\g’qo:\'ﬁ Tﬁéé%aes\tlv%?s;
ataworst case power CQSt of approxmately_?Mi Giventhe on high-accurracy digital temperature sensors. His inter’ests’include low-power
performance of the fabricated controller, this would leave 5rfixed signal circuit design and the modeling of such systems for optimization.
W available for the load. Despite the need to generate longr- Meninger is a member of Tau Beta Pi and Sigma Xi.

delay times of hundreds of microseconds, this ultralow over-

head power cost is achieved through the extensive use of digital
calibration and all digital control techniques.

Jose Oscar Mur-Miranda was born in Barcelona,
Spain, on December 8, 1972. He received the S.B.
VIII. CONCLUSION and M.Eng. degrees in electrical engineering and
computer science from the Massachusetts Institute
A system has been presented to convert ambient mechan N of Technology (MIT), Cambridge, in 1995 and 1997,

vibration into electric energy. The conversion process has be . respectively. He is currently working toward the
i . I doctoral degree in electrical engineering at MIT.
modified through the use @}, to provide for maximal energy He held a NSF fellowship from 1996 to 1999
transfer. Several controller IC optimizations for low power, i and has held several Teaching Assistant positions.
cluding power switch sizing an@’,., capacitance, have bee His research interests include the analysis, design
I L. and control of microelectromechanical systems

performed. The controller has been verified to operate correctiy=ms), with an emphasis on energy conversion cycles and flexible structures,
and its losses have been measured. Based on predicted vadsi@sll as nonlinear systems analysis.

; Mr. Mur-Miranda is a member of Tau Beta Pi, Eta Kappa Nu, Sigma Xi. He
.Of capacitance from th.e MEMS transducer, g/ of poyver. is a cofounder and chairman of the IEEE Student Branch at MIT.
is expected to be available for use by a load, resulting in a
self-powered electronic system. An architecture for closing a
loop around the system by means of energy feedback which of-
fers more robust operation has been proposed. Under this new _ _ _ ) _
control scheme, it is estimated that the same system would p éi%‘l’;gtﬁ)?'”hara‘ah' photograph and biography not available at the time
duce approximately 5.6W of useable power. The maximum
energy producible can easily be increased by moving to pro-
cesses designed for higher voltage operation.
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