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ABSTRACT

PROGRAMMABLE AND RECONFIGURABLE STRAIN-POWERED
MICRO-DATA-LOGGERS BASED ON LINEAR PIEZO-FLOATING-GATE | NJECTORS

By

Pikul Sarkar

This thesis describes the design, implementation andtesfi self-powered, large dynamic-
range, micro-data-logger that can be used for sensing, etingpand non-volatile data storage of
mechanical-strain statistics. At the core of the proposesiigph is a linear floating-gate injector that
can achieve more than 13 bits of precision and are self-pivMey the piezoelectric transducers
that convert mechanical energy from strain-variationg &lectrical energy. The first fundamental
contribution of this thesis is a novel differential injectopology that is used to measure static-
strain by integrating the difference between the L1 meastitke piezoelectric signal generated
during the positive and negative strain-cycles. The sedondamental contribution of this thesis
is a novel compressive self-powering technique that oveesothe input threshold effect of most
self-powered sensors. By using a non-linear impedancaitgt the output of the piezoelectric
transducer and by using programmable level-crossing itiatwl offset cancelation circuits, the
thesis demonstrates an extended self-powering rangeegteah 40dB. A system-on-chip solution
has been designed that integrates the linear floating-gjetstors with high-voltage charge-pumps,
digital calibration and digital programming circuits. ERrsive experiments with the system-on-
chip prototypes fabricated in a Ui standard CMOS process and piezoelectric material (PZT)
have been performed using a bench-top mechanical test sAtuputomated programming and
calibration of the sensor has been developed and the réswisbeen calibrated against standard

strain-gauge measurements.
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Chapter 1

Introduction

This chapter begins with the applications of strain-galyes$ a brief survey of existing strain-
gauge technologies. The motivation of self-powered stgainges has been discussed next fol-
lowed by the problems of using piezoelectric self-poweteairs-gauges by conventional methods
and also by a sensor previously proposed by us. This is wher@ark in the thesis comes in and

the chapter finishes with a list of the contributions of thiedis.

1.1 Application of Strain Gauge

Measurement of mechanical strain is extremely importaioith civil structures and also inside

the human body as it indicates the degradation and healttedttucture.

1.1.1 In Structural Health Monitoring

A good example of the usage of strain-gauge in Structuralthl&onitoring(SHM) is the Seikan
tunnel, which is a 33.46 mi railway tunnel in Japan, with &b1#i long portion under the seabed

and it is 460 ft below seabed and 790 ft below sea level. It eotmthe islands of Honshu and

1
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Figure 1.1: The Seikan Tunnel:(a)Strain gauges on tunmieldj (b)Location and Depth.
(Fig Sources:(a)http://www.jsaat.org/civil_engineering/1997/LongeSunnel/FOREWORD.htm,
(b)http://letzwave.blogspot.com/2010/03/seikan-elamorlds-longest-under-sea.html) (For in-
terpretation of the references to color in this and all offigures, the reader is referred to the
electronic version of this thesis.)

Hokkaido, carrying a total of about 100 scheduled communer facight trains daily. At four
locations, selected from among tunnel sections which gra¥@cult during construction or where
bad geological conditions were noted, strains at severtpoirthe longitudinal direction and at
14 points in the circumferential direction are measuredmatically using high sensitivity strain
gauges as shown in Fig. 1.1(a). There are over 600,000 lsridgbe United States and almost
13% have some sort of structural damage. Thus it is impottanse strain-gauge to monitor the
health of the bridges. Tragedies can be avoided by its usagenstance, the six-lane, 2.9 km (2
mile) Charilaos Trikoupis Bridge (Rion-Antirion Bridge) (Greece has 100 sensors (300 channels)
that monitor its condition. Soon after opening in 2004, thesors detected abnormal vibrations in
the cables holding the bridge, which led engineers to irsdalitional weight to dampen the cables.
The Tsing Ma Bridge in Hong Kong, the world’s seventh longastpension bridge, is equipped
with more than 350 sensor channels which includes acceltrys) strain gauges, anemometers,
weigh-in-motion devices, and temperature sensors. [29pliégtions of strain-gauge can be also
be seen in the field of aerospace. Fig. 1.3 shows one such tese strain gages are attached to

the propeller blades to find out the optimal direction to pldeem.

2



Figure 1.2: St. Anthony Falls Bridge: Structural deforroat are measured by 195 vibrating wire
strain gauges(VWSGSs), 24 resistive strain gauges, and é2djitic displacement sensors.
(Fig source:http://buildipedia.com/operations/puldfifrastructure/innovative-infrastructure-
smart-bridges)

Figure 1.3: Fiber-composite propeller blades with LY4358 strain gages from HBM, with tele-
metric data transmission.
(Fig Source:http://www.hbm.com/)



Figure 1.4: Experimental investigations on a railway traskng encapsulated SG series HBM
strain gauge.
(Fig Source:www.hbm.com)

Figure 1.5: Tensile force measurement using C series HBAInsgauge at low temperatures.
(Fig Source:www.hbm.com)

1.1.2 Biomedical Applications

In-vivo monitoring of mechanical strain is important in biedical experiments related to the study

of osteoporosis or muscular dystrophy where the objecsive understand the progressive failure

4



and degradation mechanisms of biomechanical structlebdines, muscles or ligaments [1, 2, 3,
4]. For example, repetitive strains greater than approteind 50Que can lead to fatigue damage
and possible stress-fractures in bone [5]. Converselginstiower than 500¢ are thought to

increase the risk of bone absorption and osteoporosis [BhinSmeasurement is also important
for rehabilitative studies in ACL injuries. Thus some kirfdstrain sensor is needed to monitor the

strain levels.

Typical strain levels experienced in biomechanical strreg are summarized in Table 1.1.

Figure 1.6: Gauges on Bones.
(Fig source:W. Brent Edwards et.al)

Archives of oral biology

Figure 1.7: Gauges on Teeth and Eyes.
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Table 1.1: Strain Levels in Biomechanical Structures.

Structures Strain Levels
Nerves | 1000— 200 000ue [3]
Bones 400— 1,600u¢e [1]

Ligaments | 1000—40,000ue [2]

Muscles | 1000—50,000ue [4]

1.2 Brief Survey of existing Strain gauge technologies

There are multiple existing technologies to measure strdihe most popular among them is
the resistive strain-gauge. Resistive strain gauge canduke rof three types of material-metal,
semiconductor and vapor deposited(thin film). Strain gawge also be capacitive where strain is
measured by the change in the capacitance due to the chaplgéaiseparation distance. Another
type of strain measurement is Fibre Bragg grating(FBG) dbagemedical pressure sensors which
measures spectroscopic changes due to mechanical disygacef an implanted optical fiber.

Piezoelectric strain gauges are also popular in which teegomaterial generates voltage from a
strain input and this voltage is measured to estimate tlanstSelection of a particular type of

strain gauge depends on the application.

1.2.1 Resistive

This type of strain-gauge depends on the change in resestiue to the change in length(l) and
width(cross sectional area A) when it is deformed due tarstras we know the relation between

resistance(R) of a metal wire and its dimensions is given by,

|
R=pZ (1.1)

6



wherep is the resistivity. To get the maximum resistance change usually laid out in a con-
certina pattern. The gauge is placed in such a way that tha st in its longitudinal direction.
They are generally made of thin metal-foil grids that can dleesively bonded to a surface. Dif-
ferent metals and alloys such as constantan, advance, kaicheome, and germanium are used.
The resistance change is measured using a wheatstone badgpwn in Fig. 1.8(a). To cancel
out temperature effects another static strain gauge is aseshother branch of the bridge. The
change in voltage is often too small and thus it has to be d&exblusing a differential amplifier.

One important parameter is the Gauge Factor(GF) which enddy the following expression,

AR
GF = R
£

™M™

, (1.2)

. . . : . AR . .
wheree is the strainARis the change in resistance gbe- R GF relates the change in resistance

to the strain. From Fig. 1.8(a) it can be seen that

R R+AR
VAB - Vref~(ﬁl - Rl

), (1.3)

When there is a positive or negati®dR present due to straiviag would be non zero too and it
would be amplified by the amplifier gain G. From this readi®jcan be calculated and then strain

can be calculated from eq. 1.2.

Metal-foil strain gauges are the most popular as they havéipteuadvantages. First of all,
they are of very small size(size of a postage stamp or eveliesmget quite rugged and bonds
excellently to most surfaces. They can be also wrapped drounved surfaces. As they are metal
they readily dissipate heat. Other good qualities are higgatity, minimal sensitivity to transverse

strain (perpendicular to intended direction) and goodiapagsolution (measure strain at a point).

7
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Figure 1.8: (a) Balanced bridge circuit to measure stréymétal-foil strain gauges.
But there are some disadvantages too. Firstly, the resmstelmanges with temperature and
thus the gage factor changes with temperature too. Alsmgeme grid expands and contracts at
a different rate than the surface it is attached. It has aflyizery low gage factor(in the order of

2) and thus has lower sensitivity to strain. So very smadlistvariation cannot be measured by it.

1.2.2 Piezoresistive(Silicon)

The resistance of silicon changes with strain due to the gidam its resistivityp). Resistivity

is related to mobility which depends on the mean free timavéen collisions and that depends
on the interatomic distances which change due to the stifdirs could be either silicon crystal
moderately doped or polycrystalline in MEMS piezoresis{@7]. They have gauge factors more

than that of metal gauges.

1.2.3 Capacitive

Capacitive strain sensors have advantages in temperatfiresdnsitivity, noise, and dynamic
range, as compared to metal foil and piezoresistive sen€drne such capacitive mems based

strain gauge was reported in [28].



Ctop Deflection direction

.> AX Cbottom

Figure 1.9: Mems capacitive sensor.
(Fig source:[28])

The sensor is a linear differential comb capacitor. The ciéiga comb based structure is
shown in figure 1.9. The strain applied to the structure atbiegX axis, causes the arms to move
in the Y direction. The net displacement of the arms can bamedd by appropriately designing
the length and angle of the arms. The two outer electrodesrothe positive Y direction,
while the central electrode moves in the opposite directibhis increases the overlap area and
hence capacitance, between the lower pair of combs andesdie overlap area and capacitance
between the upper pair. This double differential mechariigther increases the sensitivity of the
sensor. The maximum measurable strain is limited by thetlheafjthe fingers and the required
finger overlap area. At the limiting strain, the fingers ofaadjnt comb will touch the support
beam or there will be no overlap area between adjacent coffifiis.is an intrinsic limitation of

this design. For this kind of sensor, gauge factor(GF) isgivy

GF = (1.4)

™ ‘O%
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Figure 1.10: Working principle of FBG
(Fig Source:http://lwww.fbgs.com/technology/fbg-pipie/)

1.2.4 Fibre Optic

This kind of sensor measures the change in wavelength oepfdght and them corresponding

strain in calculated accordingly.([9, 23, 24, 25])

Fiber Bragg Gratings are made by laterally exposing the obeesingle-mode fiber to a pe-
riodic pattern of intense ultraviolet light. The exposum@dguces a permanent increase in the
refractive index of the fiber’'s core, creating a fixed indexdmation according to the exposure

pattern. This fixed index modulation is called a grating.

At each periodic refraction change a small amount of ligliefected. All the reflected light
signals combine coherently to one large reflection at a qdai wavelength when the grating
period is approximately half the input light’'s wavelengtihis is referred to as the Bragg condition,

and the wavelength at which this reflection occurs is caledBragg wavelength. This principle

10



Figure 1.11: A HBM made FBG sensor.
(Fig source:www.hbm.com)

is shown in Fig. 1.10.

The central wavelength of the reflected component satidfie8tagg relationAes = 2nv,
with n the index of refraction and the period of the index of refraction variation of the FBG.eDu
to strain dependence of the parameters nwaniles; will also change as function of strain. This

dependency allows determining the strain from the refleE®@ wavelength.

Though FBG cannot fully compete with metal strain gaugesindigg price and precision
it has certain advantages: 1. They match very well with cagnpanaterials and thus can be
integrated on the surface of test objects like airplanesoaregp plants; 2.Can measure very high
strain(> 10,000u¢); 3. Lightweight; 4. Immune to EMI or lighting interferenceé. FBG signals

not distance dependent; 6. High long term stability.

Its weaknesses are: 1. High temperature dependence(efféctCelsius temperature is of
8ue); 2. Gage factor is quite low(0.77-0.81); 3. Stiffness ighar than that of foil strain gages
causing higher parallel force to specimen; 4. Sensing fibre s positioned at a greater distance
from specimen causing errors; 5. Radiw$0mm. Therefore quite large; 6. Bulky optics for

conditioning and controlling the light beam.

11
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Figure 1.12: Charge Amplifier with piezo.
[26]

1.2.5 Piezoelectric

Piezoelectric elements can be used as strain sensors [2&h S measured in terms of the charge
generated by the element. Piezo materials cannot be iso@sghen it would not generate any

electrical polarization when force is applied.

Piezo materials are of mainly two types-piezoceramics angnpers. The most commonly
used piezoceramics, PZT(Lead Zirconate Titanate) ard solutions of lead Zirconate and lead
Titanate with other dopings. They exhibit properties likghhelastic modulus, brittleness and low
tensile strength. PVDF is a polymer(Polyvinylidene Flde)i. The Young’s modulus of PVDF is
approximately 1/12th of PZT. So it is more suited to sensipgliaations as it is more likely to
adjust in the host structure. But the problem is the piezbdetecoefficient is 1/10th of PZT and

also highly temperature dependent.
It is important to pass the output of the piezoelectric settsmugh some signal conditioning
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as the piezo output impedance is very high. One way is to atrthe outputs to a high vauled
resistor and measure the current through it using a curneplifeer. Another way is to use a charge
amplifier to measure the charge generated by the sensoly vghequivalent to the strain as shown

in Fig. 1.12.

1.3 Motivation for Self-Powered Sensor

Even though all these techniques can precisely measusntaseous strain-levels down to a few
UE, they are passive in nature and do not provide any histanéatmation about the strain sig-
nal which could be used for understanding progression otham@cal degradation. An example
of the historical information could be some measure of tharstenergy dissipated through the
bio-mechanical structure or could be the running averadbe$train signal during the entire ob-
servation period. Without historical information, thesstrmeasurement could be prone to ageing
artifacts of the gauge and also prone to the degradatioreimterface between the gauge and the
bio-mechanical structure being monitored. In principlasgve strain-gauges could be comple-
mented with additional circuitry that continuously reathgess and store the desired information.
Continuous operation of the add-on circuitry could be agkihrough powering by implanted en-
ergy storage devices (batteries or super-capacitors¢tidd be periodically replenished remotely
or using energy-scavenging, in-vivo. However, small vaduaquirements of the sensor severely
limits the capacity of energy storage and in-vivo energwésting devices. An ideal solution
would be an asynchronous self-powering approach wheretthie-gauge harvests its operating
power directly from strain variations, compute the pararsebf interest and store the parameters

till they are retrieved or read-out.

13
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Figure 1.13: Asynchronous Self-Powered Sensor(a)Pteic{p)An example using the interface
physics between piezoelectric material and floating-gasv

1.4 Challenges in Piezo-based self-powered strain gauges

Piezoelectric strain gauges described before can be patgmhade self-powered if the sensor is
powered by the electrical power generated. But that wouldnrtbe load seen by the piezo is
not infinite now, it will draw current which would lead to pr@ons in strain measurement. This

problem is discussed below.

1.4.1 Piezoelectric Model

In literature, piezoelectricity based mechanical-tczleal conversion has been extensively mod-

eled and Fig. 1.14(a) [15, 17, 16, 18] shows a widely accepkectrical model that is valid over

14



a wide frequency range. The model maps all the mechanicahpeers into its equivalent coun-
terpart which simplifies the analysis of any electrical it¢hat is driven by a piezoelectric trans-
ducer. For instance, the inductgy models the effect of the mass of the transducer and the ieffect
mass of the substrate to which the transducer is attachedcdpacitanc€, models the mechan-
ical stiffness of the transducer and tRg models the mechanical damping of the transducer. The
voltage source models the mechanical stmggsnduced by strain variations and the mechanical-
to-electrical transformer (with transformation ratipreflects the transformation of the mechanical
variables into electrical variables (voltages and cugker®n the electrical side of the transformer,
the electrical load connected to the transducer is modsgléuddoad capacitand® of the material

and the load resistané¢® .

Based on the electrical model in Fig. 1.14(a), the frequersponse of a piezoelectric trans-
ducer is shown in Fig. 1.14(b). The series inductance andai@nce leads to the resonance at a
frequencyfg = 1/271\/@. Below the resonant frequency, the response of the traesikicap-
tured by simple capacitively coupled voltage source whichmk a high-pass R-C circuit, as shown
in Fig. 1.14(b). This simple R-C model is sufficient to capttire dynamics of the transducer under

guasi-static operating conditions or frequency of operaielow 20Hz.

1.4.2 Problem in quasi-static Strain Measurement

For a piezoelectric cantilever with dimensidns b x h, the open-load voltage((t)) generated

across the transducer as a function of a perpendicular meethéorceF (t) is given by [12]:

F(t t)YEds;h
() =~ g(t)yEngs, — SVl

(1.5)
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Figure 1.14: Model of a piezoelectric transducer: (a) Catgklectrical model; (b)Frequency
response and model for low frequencies.

wheregs; andds; are piezoelectric constant) is the time-varying mechanical stra is the
short circuit elastic modulus ardis the electrical permittivity. Based on the simple R-C mpde
the cut-off frequencyf, will be equal to ¥2nR_.(Cp +CL), whereR_ is the load resistanc€y is

the load capacitance af is the output capacitance of the transducer given by

cp—stL. (1.6)
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According to the high-pass R-C model, the output voltageggted by the piezoelectric transducer

at a particular frequency is given by

f/f
Vo (F) = Vin( 1) —— 12 a7)
1+(f/fp)
which based on equation 1.5 leads to
f)YEdaih f/f
Vout(f):S( JYZdaah /To (1.8)

¢ 1+ (f/fp)?

whereS(f) denotes the Fourier transform of the strain-signal. It caeden from equation 1.8 that
the piezoelectric output voltagé. (f) is negligible at frequencies << fp and is only propor-
tional toS(f) whenf > f,. This highlights the difficulty of measuring static straiov{-frequency
strain) using piezoelectric transducers. However, gstaie strain (with frequency less than 20
Hz) can be measured ff, can be made lower than 20 Hz, which would imply increasipgCp

andR,.

1.4.3 Previous Work& Problem

Earlier in [10] we had proposed and successfully demorestran asynchronous self-powered
sensor based on the integration of piezoelectric transdaecel floating-gate injectors. The piezo-
electric transducer was used for sensing strain-varigtéord the same sensing signal was used
for powering the computation and non-volatile storage fioms implemented by the floating-gate
injectors. In [11, 12] we used the self-powering approachdsign mechanical usage monitors
and event detectors.

There were two major disadvantages which obviates the usieeofnethod in [13, 14], for
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Figure 1.15: Mechanical deformation of a cantilever beamh te corresponding positive and
negative voltage cycles generated by a piezoelectricdrares attached to the cantilever.

designing self-powered strain-gauges: (a) the respongedfoating-gate injector in [10] is log-

linear with a dynamic range less than 100mV; and (b) the uwisol of the sensor was measured
to be less than 5 bits. At such low-resolutions and low dyammnge, measurement of quasi-
static strain variations using a piezoelectric transdigdifficult. Another challenge in measuring
guasi-static-strain using piezoelectric transducer & #t ultra-low-frequency (less than 20Hz)
the output of the transducer is capacitively coupled, assaltref which the signals of interest
get filtered out. To address both the challenges while emggelf-powered operation, in this
thesis, we show how a constant current loading in conjunatith a differential operation could

surmount these challenges.
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1.5 List of Contributions of the thesis

The contributions of this thesis are the following:

e The use of an ultra-linear floating-gate injector for qustatic strain measurements. The
injector which was first reported in [13, 14] and was showndiieve a resolution greater

than 13 bits and a dynamic range greater than 4V.

e The use of a differential configuration of the linear injeatorcuit which measures quasi-
static-strain by integrating the difference between thergy content of the piezoelectric
signal generated during the positive and negative strgifes. The principle of operation
is shown in Fig. 1.15 for a piezoelectric cantilever beamalhs subjected to mechanical
strain variations. The positive and negative cycles of teetacal signal correspond to the
deformation of the cantilever in each direction about thetrad-axis or the resting state.
If the cantilever returns back to its resting state (no stgretential energy), the energy
transduced during the positive strain-cycle should be leiguhe energy transduced during
negative strain-cycle. However, if the transducer is sttbgkto deformation (or subjected
to static-strain), there will be a difference between thsifpee and negative signal cycles

which if integrated should measure the magnitude of stdtain.

e A system-on-chip solution has been designed that integtiaédinear floating-gate injectors
with high-voltage charge-pumps, analog references, raaglator and digital programming

circuits.

e Extensive experiments with the system-on-chip prototyfpbgcated in a 0.am standard
CMOS process and piezoelectric material (PZT) have bedarpsed using a bench-top me-

chanical test setup and the results have been calibrat@égsagtandard strain-gauge mea-
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surements.

e Another fundamental contribution of this thesis is a now@hpressive self-powering tech-
nique that overcomes the input threshold effect of mostsaifered sensors. By using a
non-linear impedance circuit at the output of the piezdaletransducer and by using pro-
grammable level-crossing circuit and offset cancellatwouits, the thesis demonstrates an

extended self-powering range greater than 40dB.

e An automated programming and calibration of the sensor éas Heveloped comprising of
an FPGA and MATLAB interface. This test platform is also ug&br long-term, automated

reliability testing of the self-powered piezo-floatingtgaensors.

The thesis is organized as follows: Chapter 2 describesrtigtacture of the piezo-floating-
gate linear injector and the usage of it as a differentialistgauge with its underlying mathemat-
ical model. Also a simulation model to simulate the linegeator in cadence has been provided.
Chapter 3 presents a complete system-on-chip which inesgythe linear injectors with high-
voltage charge-pumps and digital command and control itigcun Chapter 4 the test results of
the self-powered strain-gauge with piezoelectric maltend commercial strain-gauge have been
discussed. Chapter 5 describes the non-linear impedarcét cprogrammable level-crossing cir-
cuit and offset cancellation circuits. Calibration and filog gate programming algorithms have
been discussed in Chapter 6. Finally, chapter 7 summaheethésis and discusses about future

research directions.
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Chapter 2

Linear Floating gate Injector based strain

gauge system

As mentioned in Chapter 1, here the operational principkaedifferential strain-gauge has been
discussed in details. In the next section the linear floagiatg injector, which is the key element
of the strain-gauge, has been described. Then a simulatimelnto simulate the floating-gate

injectors has been provided.

2.1 Differential strain-gauge Architecture

The first-order analysis presented here is based on the Eigugng the quasi-static model given
by the equation 1.5. The voltage generated by the piezoeleditageV (t) can be written in its
differential form as

V() =VT({t)-V (1) (2.2)
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Figure 2.1: Differential current load connected to a fulwe rectifier and a piezoelectric trans-
ducer.

whereV ' (t) (V~(t)) denote the source voltages(assuming zero diode dropisigdine positive
(negative) strain-cycles (see Fig. 1.15). Thus,(t),V—(t) > 0 andV ' (t)V_(t) = 0,vt. Based
on equation 1.8, the differential voltages are related todiiferential strainsS™(t),S (t) > 0

according to

_eVE(t) _EVT(t)
where the instantaneous stré&ft) is given by
St)=S"(t)-S (t). (2.3)



The quasi-static strain (average strain) computed overasurement period is then given by

S(T) = %/OT S(t)dt (2.4)

which using equation 2.2 leads to

£ T T
Ty—_% v+tdt—/v—tdt. 25
ST) = yegr |, V0= [V 0 25)

Equation 2.5 can be reformulated using the piezoelectpac&anceCy as

£ 1 /7 1T
S(T):m{?/o CpV+(t)dt—?/0 oxY, (t)dt]. (2.6)

Thus, measurement of the quasi-static strain could beathiéthe differential charges

i
QM = 7/ ovime 2.7)

]
QM = [ v (2.8)

could be directly measured. Note thaf(‘)(T) represents the average charge transferred by the
piezoelectric transducer to the load, and becalisg) > 0 with V¥ (t)V(t) = 0,vt, QT()(T)

can be used to estimate thenorm of the strain-signa|S(T)||1 given by

Isil=7 [ isola=1 ["(s'0+s m)a @9)

The measure df; norm of the strain-signal is important because it is an iaicof the strain-

energy dissipated through the structure, and hence couldsde for understanding progression
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of mechanical damage. The quantit'@é(‘)(T) could be measured in a self-powered manner
using the circuit shown in Fig. 2.1. It consists of a half-eaectifier for producingy ¥~ (t) and

a constant current-sinky for measuringQ+(‘)(T). For the sake of simplicity, we will neglect
the threshold voltage of the diode and the minimum voltaggired for the current-sink to be
operational. This is a valid assumption as many piezoéteitemsducers can generate open-load

voltages much larger than the threshold voltage of the didderefore

lo.TH(T) = %/OTcpvﬂt)dt (2.10)

)
lo.T(T) = %/O CoV ()t (2.11)

where r*H(T) is the total discharge time. Combining equations 2.11 agdttze following

relationship is obtained:

o €lo
ST = YEd3;hCp

[T7(T)—1(T)] (2.12)
The self-powered differential strain-gauge continuoesiyputes the parametars(T) andt ™ (T)
and continuously stores them in a non-volatile memory fahimga floating-gate transistor. In the

next section we briefly describe the principle of operatibaroultra-linear floating-gate injector

which was first reported in [13].

2.2 Linear Floating-gate Injector

The circuit level schematic and the principle of operatidrithe linear floating-gate injector is
shown in Fig. 2.2(a). The circuit consists of a floating-ga#OS transistoM¢y whose source is
driven by a constant current sourgg which is powered by either a piezoelectric transducer or by

some other energy sourbggy,. Note that both the energy sources are isolated by a diodehwhi
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Figure 2.2: Linear Injector circuit : (a) Sensor mode whegepipower is available; (b)Read-out
mode using different power source.

allowsVyga to supersede the signal generated by the piezoelectredwaer. The polysilicon gate
of the pMOS transistor is electrically insulated by siliedioxide (hence the name “floating-gate”),
therefore, any electron injected onto the gate is retaioed fong period of time (8 bits precision
for 8 years) [19, 20]. Electrons are injected onto the flaggate using an impact-ionized hot-
electron injection (IHEI) process which involves applymg > 4.2V (in 0.5um CMOS process)

across the source and the drain terminal. The large eldatct near the drain of the pMOS

transistor creates impact-ionized hot-electrons whoseggrwhen exceeds the gate-oxide potential

25



barrier &3.2eV) can get injected onto the floating-gate. IHEI currgpt in a pMOS transistor is
dependent on the transistor source curtgrthe source-to-drain voltagéy and the gate-to-drain

voltageVyq across the transistor. This dependence can be expressettiohal form as
linj = f (I, Vs, Viga) » (2.13)

wheref (-) is an arbitrary function that could be empirically deteredrj20]. However, the circuit
in Fig. 2.2 achieves stable and ultra-linear injection gamegative feedback loop formed by the
opampA and the floating-gate transistbly. The source current is held constantl gt which
ensures that the source-to-gate voltaggremains constant during injection. When switgh

is open,the feedback is enabled and opaxensures that the source-to-drain voltdggis held
constant td/f. Thus, according to equation 2.13 the injection curtgntemains constant. The
amount of charge injected onto the floating-gate and herecgdbrease in floating-gate voltadgg

is proportional to the duration for which the source curigig activated an&e is open. This can
be expressed as

1 T | i
AVig = C—T/O gt = S 7(T) (2.14)

wherert is the duration of injection an@y is the total floating-gate capacitance. The change in
floating-gate voltagéVt4 could be measured by closing the switghwhich breaks the feedback
loop by shorting the other terminal G4 to ground. Because the source currggtis constant,
AVs = AVig Which is read-out through a unity-gain buffer. Figure. h8ws the measured response
of a linear injector where the source voltageis first initialized to 4.3V (using FN tunneling),
Viet = 4.8V andle = 30nA. The piezoelectric transducer is emulated by applying asblamg

pulse signal (amplitud€yq = 6.5V) after which the switclsp is turned ON and the source voltage
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Figure 2.3: Measured output range for linear injectionugitc

Vs is measured. Figure. 2.3 shows that the changé is linear with respect to the number of
applied pulses. The deviation from the linear injection elookccurs at the end points of the
operating voltage and is due to the finite operating rangéefimplifierA. This shows that the

linear injector has a linear range of almost 4V. Also, in [1{# resolution of the linear injector

was measured to be greater than 13 bits.

2.3 Linear Injector Based Differential Strain-Gauge

Fig. 2.4 shows the architecture of the differential strgauge using the linear floating-gate injec-
tors. Half-wave rectifiers formed by diodes extract the fasiand negative voltage cyclast

andV ™~ and the differential injectors estimate the quasi-stsitiain according to equations 2.12
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and 2.14. The differential outpMt; in Fig. 2.4 can be expressed as

Vou (T) = Vou(T) = Vou (T) (2.15)
Vi (T) = aS™(T) (2.16)
Vo (T) = aS (T). (2.17)

where the gain of the strain-gauges given by

q— YEd31hCp lin;
n & |0CT'

(2.18)

Note that the single ended outpits; andV,,; are historical indicators of strain-energy which are
stored in a non-volatile fashion on the floating-gate igext The gainx in 2.18 is a product of

two terms; the first term is determined by the property of tlegqelectric transducer; the second
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Figure 2.5: Linear Injector Simulation model.

term represents the electrical parameters that can beiedigacontrolled.

2.4 Linear Injector Simulation Model

Normal BSIM MOS models do not have injection or tunneling misd To simulate the linear
injector in cadence, they have been modeled in Verilog-Agigmpirical relations as voltage
dependent current sources. Fig. 2.5 shows the cadence foodeé linear injector.ljy; is the

injection current source modeled in verilog-A accordingite equation
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where a, b and k are empirical parameters obtained from merasat results. In our case the
values have been taken ax30 23, b=5x 10° and k=6.55Vy; is the source to drain voltage and
Is is the source current of the PMOS. There would be injectianecit only whenlg is non-zero

and wherVg > 4.3V. At all other conditiondjnj = 0. Similarly tunneling has been modeled too

according to the following relation

ltun = C.&Xp(—d.(Mun — Vig)) (2.20)

where c=935x 1% and d=800 in our modeM,, is the tunneling voltage andq the floating
gate voltage. The verilog-A models have been provided inefyoip<. C. Gy, is the tunneling
capacitor which is a small overlap capacitarct{f). R¢q is a very high valued resistancef?Q)
to provide a dc path to ground from the floating node. This esssthat the simulation converges
and yet the charge remains there for a long time. The initatithg gate voltage is specified as
the initial condition(.ic) of the capacitor. ResistancesRaivery small resistor(Q) to create a
branch betweeNs andVsin: to measuréyes for lin;.  To verify the model, the simulation results
were compared with measured results. Fikgt,was kept fixed at 50nA andes was varied from
4.65V to 5V. The results are shown in Fig. 2.6. Theps was kept fixed at 4.9V anlles was
varied from 30nA to 100nA. The results are shown in Fig. 2.7.

This model has been proved useful specially for complexugsanvolving floating-gates. In

each case we have got a close match with the measured results.
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Figure 2.6: (a)Measured injector output varyWgs keepingl;e;=50nA; (b)Simulation result with
same condition.
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Chapter 3

System Architecture

This chapter describes a complete strain-gauge systeremepited in standard CMOSHp tech-
nology. Earlier version of the sensor system was with a RFiBeld wireless read-out. The con-
tribution of the thesis work from circuit design point of wiavas to separate the sensor system
from the RFID system and make it an independent system. Thiesthe sensor much more
dynamic from application point of view as it can be interfe@th a commercial RFID system.
A major improvement has been done on the reliability pointietv by not making the tunneling
node an external pin and controlling the tunneling voltageavcontrol loop. This has increased

the life-time of the sensor dramatically.

3.1 Top View

Fig. 3.1 shows the architecture of the self-powered stgainge where the injector is powered in
two ways: (a) when the strain-gauge sensor is in self-pagariode, it is powered directly using
the signal generated by the piezoelectric transducer;@nal{en the sensor is being interrogated

or programmed, the sensor module is powered by an externalipfly via a high-voltage charge-
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Figure 3.1: Full system architecture.

pump. Note that this demarcation in powering is necessarguse self-powering can only support
continuous monitoring and data-logging. However, the poweiot enough to energize digital
control circuits. The external DC power used for prograngndigital command and control could
be supplied by a telemetry interface. For example in [10]reyorted an RFID based telemetry

interface that could provide a 2V regulated supply.

3.2 Power On Reset

The system-on-chip architecture includes a POR(Power GetiRenodule as shown in Fig. 3.2
that generates a reset (initialization) signal (RST) tkatsed for zeroing all the internal register

states of the digital modules, once the input supply hasesha sufficient value. The POR module
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also ensures that the strain-gauge sensor does not loagtémaad supply unless enough energy
can be scavenged to generate the DC voltage. The POR ataohgtesed is based on the charging
of a capacitor C by a constant current source. The curreataete starts only when the supply
reaches above 1.5V. When the voltage across the capa@ssas a threshold, POR becomes high.
Typical on time is 3@s.

The ON time depends on the current that is charging the dapattie capacitor size and the
threshold of the inverter following it. The current is gestexd by a supply-independent reference
like the one shown in Fig. 3.1. The resistance R is kept tnakternally in case we want to

change the ON time.

3.3 Digital Processor

The sensor IC has been designed to process commands ensatedammands. There have been
two versions of the digital processor. For version-1 the m@mds are 8-bit words. For version-
2, they are 24 bit words. Decoding of the commands is achies@ty an externally supplied

clock signal §ync/ENVP) and a data signaDg@ta) which encodes the PIE encoded commands.
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Table 3.1: Commands supported by the strain-gauge sen@derkion-9).

Command | Opcode(Ver-1)(Bin)| Opcode(Ver-2)(Hex Function
Cmd1-RST 1100-001-0 C95-222 Resets the shift register to chl
Cmd2-SHIFT 1100-010-0 C95-481 Shifts to the next channel
Cmd3-TUN 1100-011-1 C95-6A3 Controls Tunneling
Cmd4-INJ 1100-100-0 C95-814 Controls injection
50us
<>

ENVP

DATA

CMD4(INJ)

CMD3(TUN)

CMD2(SHIFT)

CMDL(RST)

Figure 3.3: Timing diagram for the DATA and ENVP(Sync) forsen-1.

Table 3.1 summarizes the commands used for programmingnerdagating the sensor IC and the

table also provides a brief functional description of thenozands. In Fig. 3.3 the timing diagram

for all the 4 commands in version-1 with the synchronizabetween th®ata signal and th&ync

signal and their frequency requirements are shown. @ata s latched into a command register,

a digital state-machine determines the validity of the c@ndhand synchronizes different digital

control signals as shown in Fig. 3.4. The internal synclzatmon clock operates at 200 KHz and

is generated using an on-chip three-stage current-stairvgascillator.

The change from version-1 to version-2 was made to make thenand interface more robust.

In version-1 each command has 3 parts-4 bits preamble(13®Xs command(001/010/011/100)

and an odd parity bit. In version-2 the command is of 24 bithwhe first 12 bits preamble and

the rest 12 bits command. Each 12 bits have 3 parts in whichibwlobd have been sent thrice
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changing the order of the bits(3210 2013 0312). The comm#ordshich at least 2 out of 3 is
received correctly is accepted as a valid preamble. For pbartine preamble 1100 is now sent as

1100 1001 0101(C95). The same goes for the commands 1-4.

3.4 Ring Oscillator

A 3 stage current starved ring oscillator generates a 1 MBek¢CIkCP) needed for the charge
pumps. This clock is also divided by 8 to get the low frequedogck(CIkDig) for running the
digital processor. The circuit of the ring oscillator is shoin Fig. 3.5. The sizing of the com-
ponents are given in the Table. 3.2. The oscillator is a 3estagrent starved one with 3 buffer
stages following it to bring the signal to the full swing. Tascillator works for a wide supply
range of 1.5V-3V and consumes low current. The simulatiahrapasurement results are shown
in Table. 3.3. The design target was deliberately done faoglaeh frequency as the parasitic capac-
itances would bring the frequency down which has happent#dsitase. One example simulation

result has been shown in Fig. 3.6 where the oscillator statime is about 50s.
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Figure 3.5: Circuit Diagram for Ring Oscillator.
Table 3.2: Sizing for Ring Oscillator.
Component Size
M1 40u /5u
Mz,M3,M4 | 20u/5u
Ms 40u /5u
Mn, Mn3 15”/0.6“
|\/|n17 Mn2 SU/O‘GU
Mg, M7 200u /54
R 450k
Table 3.3: Specifications for Ring Oscillator with R=450Kk.
Supply | CIKCP Freq(Sim) CIKCP Freq(Measurement)Current(Sim)
2V 1.83 MHz 1.11MHz 2.6 LA
3V 2.07 MHz 1.12MHz 12.25uA
1.5V 1.75 MHz 1.16MHz 1.64uA

3.5 Charge Pumps

The sensor IC also integrates two high-voltage charge-guifipel njection Charge Pump gener-
ates supply voltage,q, > 6V and is used for powering the linear-injectors in the intgatton and
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Figure 3.6: Simulation of Ring Oscillator showing CIkCP wfjy=1.8V.

programming mode. The architecture of the charge pump whahfirst reported in [30] and was
also implemented in [10], is shown in Fig. 3.7 and is actigatden the RST signal is logic high.
The second charge pump referred to as the Tunneling Charge Ruactivated wheiun goes
high and generates tunneling-voltage, > 16V. The architecture and functioning of the charge

pumps are briefly described here.

For each stage of charge pump, four pMOS transistors witlpaat@r form the equivalent
diode to replace the diode in Dickson’s charge pump. Thectmiatlk technique is used to make
sure the bulk potential is always the higher one betweencsoamd drain, which eliminates the
latch up from the parasitic pnp transistor. The functiontedrge pump requires four clock signals
shown in Fig. 3.7. CIk1 and CIk2 are non-overlapping cloakscharging capacitdC, and Clk3
and Clk4 are auxiliary clocks to reduce forward voltage dimpeach stage. The function of

the second stage is described which is similar to the otlagiest For the second stage, the bulk
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voltage is connected ¥, when CIk1 is zero and Clk2 Myq. SinceV; is higher tharV,, the gate

of conducting pMOS transistor is also connecte®¥/favhich turns off the transistor and thus no
current is flowing fromV, to V1. When CIlk1 isVyg and CIk2 is zero, the conducting transistor is
turned on and starts to charGg fromVy to V,. Without the top capacitor, the charging procedure
will stop whenV, = V; — Vi, which gives avy, voltage drop for each stage. In the 4-phase charge
pump case, CIk3 goes to zero after Clkl stay¥qt Due to the capacitive coupling, the gate
voltage of conducting transistor becomés- kVyq wherek depends on the ratio of capacitoy

with parasitic capacitor. Therefore, the voltage at gatedraadditional drop from the original
value which compensaté4, and guaranteeg, to be charged t&; eventually. For an N-stage
charge pump, the output voltage can be expressed as

C I
Vout=Vin+N- [ —— .0 -Vgg— —— 1
out in+ (Cpar+Cp I - Vdd Cp-f)’ (3 )

whereCyy, is parasitic capacitancé, is loading currentf is the frequency of clock signals and
factor n comes from the energy loss when conducting transistor reetlion. So it can be seen
if we want more load curreri{. from the charge pump with the same voltage, eif@gor the
frequency f or both have to be increased. Because of the migtierhoutput voltage than the
injection charge pump, the tunneling charge pump uses &&ekdontrol loop, shown in Fig. 3.7,
to externally set the output voltage which also optimizesgrodissipation of the charge pump.
A reference voltag®,es is set to 5% of the desired tunneling voltagg,. The comparator in
the feedback loop ensures that whenever value of the tungnebltageVry, is higher than the
target value 2& V,ef, the charge-pump clock is disabled causifg, to decrease. Similarly, the
feedback loop ensurd4, increases when it is lower than 20/¢. Fig. 3.7 illustrates this in a

simulation result, wher¥t,, oscillates about the target value. We have verified that astd@e
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charge pump can be used to reliably generate up to 25V. RBgt®ws measured results where
Vrun is applied at the tunneling-node of the linear injectorse dhtput voltage increases as more
electrons are removed from the floating-gate and hence dauldsed to erase the contents of the
sensor.

Both the charge pumps have same architecture and sizingh8utjection charge pump does
not have a control loop as we did not want to add any extraeippl the sensor supply. It had
two taps, one of which was connected@,. A 10pF capacitance was connected to this node to
remove the ripple and give a stable supply to the sensor. &llsddiodes chain was connected for

high voltage protection. So this node would be clipped offragimately at 07 x 12= 8.4V.

3.6 Sensor

The sensor block contains an array of linear injectorsyesiees to generatgs andV,es and level
crossing block which generates control signals to turn OMDBF an injector depending on the

supply value.

3.6.1 Reference

The references used are resistor based supply independesitcreference. They are well cas-
coded to tolerate the high supply voltage. There are tworagpaeferences to generdtgs and
Vief. The reference to generaigs is shown in the inset of Fig. 3.1. The current is in the order
of 40nA which is further divided by half to be used lag. The expression for curreiy in the

reference is given by,

lg = —In(k) (3.2)



Table 3.4: Reference \Voltage for Sensor at 6V Supply.

Reference| Simulation| Measurement
Vief1 4.68V 4.45V
Viet2 5.02Vv 4.8V
Viefs 5.48V 5.24V
Viefa 5.83V 5.57V

where, k is the ratio of sizes of the MOS in two branches, Rag#sistance andy is the thermal
voltage=.026V.

Vet IS also generated using another similar reference showigir8P. But this reference have
5 staged{ls — M14) of NMOS cascode instead of two. The two highest NMOS gattagebVi;
andVqy are then level shifted using pmos level shiftslg to M, 4 to generate 4 reference voltages
Vref1 t0 Vier4. One of these 4 taps is connected externally to the opampVhgu But in this case
multiple taps from 4.7-5.5V have been kept in order to take od process variations and also to
control the injector gain. Each tap is obtained by using agpsource follower as a level-shifter of
the previous tap. In the level-shifters there are pmos diddg@rotect them from injection due to
high supply. Also the current in the level shifters is onlgrtf of the main reference. The table
below(3.4) provide results from simulation and measurdmBmere are differences between them
as the circuits are in sub-threshold. But the resistance?Ri)lis tunable externally adding a pot

with it in series. The total current consumption for thisddan simulation is about 122nA.

3.6.2 Injector Array

The injector array shares the saiigs. Their outputs are multiplexed to get one single output
Vout- One injector circuit is shown in Fig. 3.Mp; andMp, forms the current sourdges. My is

switch S. The shifting and selection of channels is controlled bydigital processor via a level
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shifter. When the external suppWqp is available, only one channel can be selected and injected
at a time. But wheWygp becomes zero and piezo power is available, all the chanreelsapable

of injecting provided the level crossing switches are ONe Tével-crossing switches(not shown
in Fig) are betweeifyet andM¢g. They are pmos switches which get turned ON when the control

from the level-crossing block goes low. This is describethanext section.

3.6.3 Level Crossing

One of the specific architectures that is amenable to asgnobs self-powered signal processing
is for computing level-crossing statistics. Level-cragsstatistics refers to the number of occur-
rence of the event when an attribute of the signal exceeds-dgfmed threshold.

When the sensor supply ‘Vdd’' crosses certain thresholdsyweus different injectors to be
turned ON so that they can be used for event detection. Tbeitcior one such threshold detector
is shown in Fig. 5.9(a)M¢1 — M5 are cascoded current sources. There is a chain of N pmossdiode
connected to one current source. When the supply rises,idkde dhain works like a resistance
until all the diodes are turned ON fully. So the voltagerises with the supply(with a different
slope according to the resistance of the chain) and becaabéesit one diode drop. Depending
on the slopey, crosses the threshold of the MQ&, at a certain supply voltage and turns it ON
makingVsy goes to zeroVyy is the level crossing switch and it can be controlled by civamdy,
the number of diodes in the diode chain.

The simulation result for 7 such level-crossing threshdgg to Vg7 has been shown in

Fig. 5.9(b) when ‘VddSensor’ is a sinewave of 10Hz and amgétof 10V.
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Chapter 4

Testing of the strain-gauge

4.1 Introduction

The self-powered strain-gauge IC has been prototyped ib-afd. standard CMOS process and
Fig. 4.1 shows the micrograph of the prototype which occupie area of 14Q0mx180Qum.
Table 4.1 summarizes some of the high-level specificatibas have been measured using the
fabricated prototypes. The measurement results presentieid section are sub-divided into four
categories: (a) DC characteristics which validates thaigthin of the proposed strain-sensor can
be controlled; (b) Dynamic response which validates thasthain-sensor can measure the charge
generated by a piezoelectric transducer during positicereagative strain-cycles; (c) Response
of the differential strain-sensor using an emulated mode piezoelectric transducer; and (d)
Response of the differential strain-sensor using a PZTsthacer and calibrated using a metallic
strain-gauge. For the differential measurements lingaciars from two sensor prototypes have

been used.
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4.2 Strain gauge gain control

The first set of experiments measured the gain of the stiaugg under different user-defined
linj YEd31hC
[oCr

proportional to the injection curreihj which in turn is controlled byt andVier. Fig. 4.2 shows

Pis directly

settings. As shown in equation 2.18, the gain of the propgaadea =

the response of a single injector when the paramétgiendV,¢s are varied. In Fig. 4.2(aYef was

fixed at 4.4V andes was varied from 20nA to 50nA. For each configuration, the sewoltage

VOLTAGE
REFERENCES

200pm

Figure 4.1: The micrograph of the chip.

Table 4.1: Sensor specifications.

Fabrication process 0.5-um standard CMOS
Die size 1.4mmx1.8mm
Current Consumption (Piezo) < 400nA
Current consumption (Programming) < 100uA
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was first initialized back to 3V and a 1-Hz pulse signal wadliadmtVyq until the sensor output

voltage decreased by 1-V. The results show that the gagduces as the currehs reduces with

3% I I
—o— Iref =20nA
IR : N = - |ref =30nA i
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Figure 4.2: Measured injector gain for differangs: (a) 4.4V, (b) 5.0V.
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Figure 4.3: Experiment to measure charge for differentufesqy and amplitude inputs.

a minimum gain was calculated to be 26\ cycle. Similarly, Fig. 4.2(b) shows results wh¥gs
was fixed at 5.0V andes was varied by the same level as the previous experiment. dhetr

shows that compared to Fig. 4.2(a), the gain of the injecicneiases for all currents in Fig. 4.2(b).

The ability to control the gain of the sensor is importantdaese it allows the user to trade-
off sensitivity of of strain-measurements with the opeadil life of the sensor before it has to be

erased and re-calibrated.

For example, for long-term in-vivo applications the sensoght have to operational for over
10° mechanical activity cycles. In such cases, smaller valfidcpand|cs are preferred. Con-
sidering the operation range shown in Fig. 2.3, the sens@atCprocess over.4 x 10° loading
cycles for the minimum injection rate. On the other hand dtin@in-sensor could also be used for

short-term measurements, where larger valudspandl et (larger gain) might be desirable.
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Figure 4.5: Measured response when the frequency of the¢ imparied.

4.3 Calculating energy difference between inputs

The next set of experiments to validate the ability of thedininjector to measure the charge

generated during the positive cycles. We emulate the outptzige of the piezoelectric transducer
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as an AC sourc¥, shown in Fig. 4.3 which drives a half-wave rectifier and a &rigear injector.
The amplitude of the AC source was set to 8V, 8.5V, 9V and 9.84the frequency of the source
was set to 40 Hz. For each amplitude, the sensor output wasdest at five intervals which are
plotted in Fig. 4.4. The measured result shows that for eagplitude level, the sensor voltage
decreases linearly with each measurement interval. Itlsarb& noted that the gain of the injector

increases with the increase in the amplitude, as expeatedtfre results in section 2.2.

Next, the frequency of the source is varied while keepingaimplitude fixed. The energy
content of the signal was kept constant by doubling the fsaqy. Thus it is expected that the
output of the injectors will be equal. The measured resuhi@wn in Fig. 4.5 showing a small
difference between the response of the injectors. Thidnbatted to the mismatch between each

of the injectors which can be calibrated post-measurement.
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Figure 4.6: The test setup with piezo emulator.
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4.4 Differential Measurements using a Piezoelectric Emutar

In the next set of experiments, the response of the diffexenfector circuit is validated using a
circuit that emulates a low-frequency piezoelectric tduter model as shown in Fig. 1.14. The
emulator circuit has been designed using amplifiers cord@yur an inverting and a non-inverting
mode, as shown in Fig. 4.6. The output of the amplifier is ciipaty coupled to thEVJezo and
Viien inputs of the sensor IC (see Fig. 3.1). The circuit configarathus generates a floating,
differential and capacitively coupled output, similar tpiazoelectric transducer operating at sub-
resonance frequencies. The advantage of using an emukatpposed to a real piezoelectric

transducer is that the electrical parameters of the cifeaiulating piezoelectric parameters) can

be varied at ease by changing the resistance and capaciznes.

The emulator was configured to generate AC signals with pragrable positive and negative
cycle amplitudes. A control experiment consisted of apygyan AC signal with equal positive
and negative cycle amplitudes. The sensor response is shdvig. 4.7 where the output of each
injector is measured after a certain number of voltage sy@enoted by a run) have been applied.
The results show a linear monotonic response for both tleetojs, however, the difference be-
tween the output voltages is attributed to the mismatch éetvthe two injectors. This mismatch

is measured and used for calibration.

In the next experiment, the emulator was configured to gémeréarge amplitude during the
positive cycle as opposed to the negative cycle. The medsesponse is shown in Fig. 4.8 which
clearly shows a larger difference in the injector outputagés when compared to the control
experiment. This experimental result verifies that the @eoan self-power, record and measure

the difference in energy between the positive and negatitage cycles.
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Figure 4.7: Sensor output with symmetrical positive andatigg cycles
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Figure 4.8: Sensor output with asymmetrical positive arghtiee cycles

4.5 Measurements using a Piezoelectric Transducer

In the last set of experiments, the sensor IC was interfadgddapiezoelectric transducer and was

attached to a mechanical phantom that was designed to abt@sechanical structure. The piezo-
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electric transducer chosen for this experiment was a cocial€ZT ceramic available from Piezo
Systems Inc. as shown in Fig. 4.9(a). Note that due to leapa@tiient, PZT transducers are gen-
erally considered bioincompatible. However, the transdigused in this work to demonstrate the
proposed proof-of-concept, even though the design coukhldy translated to a polymer based
piezoelectric transducer. Also, appropriate packagirysdmelding ensures that PZT transducers
can be used in biomechanical studies as has been reportae [&f]. Table 4.2 summarizes the
mechanical and electrical specification of the PZT transedusing which the parameters of the
low-frequency model in Fig. 1.14(b) can be readily derived.

As a biomechanical phantom, we used a plexi-glass beam tohvthe PZT transducer was
attached as shown in Fig. 4.10. A programmable servo-maismused to apply stress on the beam
and the induced strain was measured/calibrated using dlimstain-gauge as shown in the figure.
The dynamics of the servo-motor was controlled using a PWiMs@Width Modulated) signal
generated by a field-programmable gate array (FPGA). Bystidgithe number of PWM cycles,
the forward and backward movement of the motor shaft can terately controlled. The output
of the PZT transducer is directly connected to the sensorit@no additional power-sources.

The mechanical calibration of the set up was performed usi8g0 Ohm(R) general purpose
resistance strain-gauge from ‘Micro-Measurements’ (#i§(b)). The strain-gauge was connected

to a wheatstone bridge as shown in Fig. 4.10 and the circuipoment values are shown in Ta-

(b)
Figure 4.9: (a)Piezo Material Used, (b)Static Strain-gaegpunted on a surface.
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Figure 4.10: The schematic and photograph of the experisgtap with piezo material and strain-
gauge attached to a plexi-glass beam which is put under meetatrain using a servomotor
controlled shaft. Also shown is the balanced bridge stnadinimeasure the strain using the strain-
gauge.

ble 4.3. Fig. 4.10 also shows a calibration strain-gaugel uisehe Wheatstone bridge, which
was used to compensate for temperature variations in straasurements. A commercial, fully

differential instrumentation amplifier was used to amplife difference in voltages across the

Wheatstone bridge.

Fig. 4.11 shows the plots of time-varying strain (of differe@mplitudes) that is induced in
the plexi-glass beam and Fig. 4.13 shows the output acresBZii transducer for one specific
case. It can be clearly seen in Fig. 4.13 that the output geltd the transducer shows positive

and negative voltage cycles that correspond to the directiadhe deformation of the beam. For
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all the experiments, the nominal strain-levels were chdedre consistent with the strain levels
summarized in Table 1.1. The output of the sensor was mehsifter every 10 loading cycles.
The measured results are shown in Fig. 4.12 and Fig. 4.1dsmonding to both the injectors. The
result shows that the response of the both the injectorsiuitas indicating that the energy in
the positive and negative strain cycles are similar. Thixjgected since the plexi-glass beam is
allowed to return to its resting state (zero static straateyt However, unlike conventional strain-
gauges, the self-powered gauge provides a historicalataliof thel; norm that is proportional to
the energy dissipated through the PZT and hence the plagsd¢leam. The energy is proportional
to the average of the output generated by both the injecitis historical information could be
more useful for determining progression of damage in a g8tradhan just a passive static-strain

measurement.

Table 4.2: Piezo Material specifications [22].

Length(l) 2.5inch
Width(w) 1.25inch
Thickness(h) .02 inch
Material Lead Zirconate Titanate(PZT)
Electrodes Nickel
Capacitance 73nF
Strain/Field(ds1) —190x 10 2 m/v
Field/stress@z1) —11.6x 10 3 V-m/N
coupling(ks1) 0.35
Elastic Modulus(YF) 5.2 x 10N /n?

Table 4.3: Strain-gauge specifications.

R 350Q

R1 1kQ

Gauge Factor(GF)| 2.11
Vet oV
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Figure 4.11: Strain levels from strain gauge measuremémtddaximum strain value of 13QfE;
(b) 150Que; (c) 160Que.

To demonstrate that the proposed sensor IC can indeed reegsasi-static strain using a
real piezoelectric transducer, the following experimeaswlesigned. The servo-motor was pro-
grammed to generate strain-levels according to the wavedsrshown in Fig. 4.15. The waveform
shows that the plexi-glass beam is not allowed to returrsteeting-state, implying that the mea-
sured strain at the start of the experimental run is not etutle measured strain at the end of
the experimental run. After each run, the output of the itgescare measured before the beam is

subjected to a similar strain-cycle. Fig. 4.16 shows d#ifee between the output of the injectors
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Figure 4.12: Response of the positive cycle injector for3ls¢rain levels.
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Figure 4.13: Oscilloscope capture of the piezo outputsrietioe rectifier for one of the strain
values.

decreases with each run, which is proportional to the lel#He@quasi-static strain. Also the first
injector measures a larger decrease in the output voltagenagared to the second injector. When
the same experiment is repeated, however, after swappimplut terminals of the sensor, the
second injector measures a larger decrease in the outgageolafter calibrating for mismatch

effects) as shown in Fig. 4.17 , which is consistent with tkgeeted results.
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Figure 4.14: Response of the negative cycle injector fo8teain levels.
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Figure 4.15: Strain Gauge measurement for one cycle ot strain.
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Figure 4.17: Sensor Output when InjN has more strain tha Inj
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Chapter 5

Compressive Piezo-Floating-Gate

Event-Counters

A significant disadvantage of the asynchronous self-podveeasor presented is tHeeshold ef-
fect as illustrated in Fig. 5.1(a). The electronics being powddrethe transducer typically requires
a minimum threshold voltage(5V at a load of 1QYito activate the non-volatile storage functions.
On the other hand, the electronics also determines a maxiiminon the magnitude of the sensor
signal and this limit is determined by the breakdown voltsageactive components on-chip. For
example, the maximum voltage of the strain-powered seeparted in [10] is 9V which is deter-
mined by the reverse break-down voltage of the protectiodel. The lower and upper threshold
in the sensor signal severely limits the operating and sgnsinge of the sensor as is illustrated in
Fig. 5.1(a). The lower voltage threshold determines thamum strain that needs to be applied
before the sensor becomes operational, and the highegedhaeshold determines the maximum
strain-level can be sensed. The effect remains unchangetigh-gain piezoelectric transducer

(as shown in Fig. 5.1(b)) is used, which even though lowezsitnimum strain-level required for
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Figure 5.1: Sensor Operating Region : (a) Without any Cosgive Gain; (b)With the Non-Linear

Compressive Gain.

powering the sensor but significantly reduces the maximuwel l&f strain that can be sensed.

In this chapter we present the design of a compressivesselered strain-sensor that alleviates

the threshold effect for self-powering and in the procegsicantly enhances the powering/sens-

ing range. The approach is illustrated in Fig. 5.1(b), wheerggh-gain piezoelectric transducer

is used to reach the powering-threshold at low-levels @iiistwhere as the gain is progressively
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reduced such that the sensing-threshold is reached atleugls of strain. This compressive re-
sponse can be achieved by using a non-linear resistive luéavdl be discussed in section 5.1.
The use of a compressive response, however, requires thairthuits computing the statistics of
the strain signal can be tuned or calibrated to process thgEssed input signal. Also, the com-
pressive input requires precision calibration of any mimaue to the analog components. In
sections 5.2 and 5.4, floating-gate circuits that can be ts@decisely program our previously
reported strain-level crossing circuits [11] and our poei reported linear floating-gate injec-
tors [31] have been presented. Also to reduce power consamatdaisy chain level crossing

scheme has been implemented in sec 5.3.

5.1 Non-linear Compressive Circuit for Protection and Rang
Mapping

So, the requirement on the piezo would be that it should geaearvoltage higher than the threshold
for the lowest strain and a voltage lower than the breakdowsltage for the maximum strain we
need to monitor. Thus, we need some kind of compressive gdardothe piezo outputs are fed to
the sensor. The structure described below and shown in Agreésforms this task.

R:1, R» andRs with multiple diode chains in parallel make a voltage dividEhe main work-
ing principle is that for low voltage levels, the diode cha@sistance is quite high and most of
the voltage drop happens acrd&sand the sensor. But when voltage increases, the diode chain
resistance decreases non-linearly and the major voltamges drappen a@; andR,. We have used
R1=R3=1M and R3=99M. Dr1, Dr2, Drs and Dr4 form a full-wave rectifier. The diode chains

consist of three conduction paths formed by diodedX), D11-D1g and Dyg-D2o. Note that the
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Figure 5.2: Non-linear compressive circuit.

voltageVy =~ Vot /10. WhenVy < Vi, with Vi, being the threshold voltage of the nMOS transistor
N1, the diode chain B-D1g is OFF.V, is floating and it followsvy roughly. So the diode chains
D11-Dig and Dig-D2g turn ON almost together. Whem P D1 g starts conducting, it will load more
current and try to turn ON all the 8 diodes. When they are fuliyned ON, Vour — Vp) would
remain almost constant(increase logarithmically to beipeg. WhernVy increasesy, would in-
crease too and this would make transistgrddnduct more current which would bring dowg;.

ThusVy: would be clipped off or increase with a very small slope.
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Figure 5.3: Simulation setup for Non-linear compressivetst.

This circuit was simulated using the test setup shown in%:[§). Here it is used as a half-wave
rectifier and the low frequency piezo model is made of volsmgeceVi, and capacitandép. Vi, is
a sine voltage source of frequency 1 Hz whose amplitude isdvam 4 runsCp has been taken as
200nF.R_ is the load resistance equal to 28MVy; was observed witki,. The results have been
shown in Fig. 5.6. It shows that f&, amplitude of 5V, there have been only 1V compression, but
for 20V the compression is almost 11V. It has been seen far aVig of 100V, Vg remains below

10V.

Fig. 5.5 shows the measurement result from silicon. Thisltrés without the capacitor and
the load is a multimeter. The inpMt, is through a keithley from 0 to 21V in steps of 0.5V. For
each step/y: was observed and has been plotted. It shows that there aigticct slopes in the
response. From about 9V tMg; rises with a different slope which is due to turning ON of the

first diode chain.

As it is difficult to generate very high voltages for testitige circuit has been simulated in
cadence. In this simulatioW;, has been applied as a linear function of strain(S). For apieztric
cantilever with dimensionis x b x h, the open-load voltageg(t)) generated across the transducer

as a function of a perpendicular mechanical fdfge) is given by [12]:

Vin(t) = F 882 _ gpyyepg, — SOY"daih

; . (5.1)
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Figure 5.4: Non-linear compression simulation result : Ka) a max amplitude of 5V; (b)For a
max amplitude of 15V, (c)For a max amplitude of 20V.

wheregs; andds; are piezoelectric constantS(t) is the time-varying mechanical straiic is
the short circuit elastic modulus agds the electrical permittivity. In this example our minimum
strain level of interest was 1@ and the maximum was #f1e. Thus if the piezo properties are
such thatYEhgslz.O58 in eq. 5.1, the¥,=5.8V andVy;=5V after one diode drop(acroBs)for

100ue. A dc simulation was performed varying S and the result haslsdown in Fig. 5.6.

It can be seen thak, =13V for 10*ue strain. If the figure is zoomed in till fe strain, then

the response is very similar to the measurement result sirowig. 5.5. This figure also shows

68



Vout(v)

Vin(v)
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Figure 5.6: Simulation result showing the compressiveudir@lowing the sensor to operate from
strain values of 100 to T@ue. Also 5 level crossing detectors covering the whole regipipito-
gramming the charge in the floating-gate.

69



that the whole strain-voltage range can be covered by lenessing detectors to use the sensor as

event counter. This is explained in the next section.

5.2 Programmable Level-Crossing Detector

Level-crossing detectors are needed to determine theysugpye. There are multiple detectors
that gets turned ON for different supply levels. Each detetiggers a separate injector. In
chapter 3 a ordinary level crossing detector was descriBetldue to the compressive response
we need more level-crossing detectors whose thresholdsesyelose to each other. This cannot
be achieved by just changing the number of diodes in the ciiins floating-gate MOS was used
to tune the thresholds. This can also take care of the mismatthresholds between different
detectors.

Fig. 5.7 shows a programmable level-crossing detedlgr.andMc3 form a cascoded current
source that feeds current to a diode chain of N diode-coeddeMOS. The source of the bottom-
most diodelly), V is used as the control signal. Whégy rises )V, rises too and ultimately settles
to a voltage required for fully turning ddy. The slope of the voltage rise depends on the resistance
of the diode chain which depends on the number of diodes. Whenhigh enough to make the
current throughMg higher than the current souréé., and My, the switchVg, goes low. Thus,
Vv goes low at a particular supply voltage. Similar kinds ofddéiacchains are kept changing the
number of diodes to achieve coarse programming of levedsong thresholds.

For fine tuning,My has been made a floating-gate MOS instead of a regular MO&nIbe
programmed using a linear injectidl g, amplifierA and switchess, andSyy. In normal modeS,
will be closed ands,, open makingVly a MOS whose gate it connected to ground via a capacitor

which has some charge in it. Depending on the floating gategehéhe threshold dfly will be
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changed. Thudl, can also be turned ON at a differeviy. To program the floating gaté 4, Sp
has to be opened argj, closed. There is also a tunneling capacitor(not shown ipteigrogram.
The amplifier A can be easily shared between multiple detectt is to be noted that during
normal operation only the amplifier would consume a mininxiaepower.

The simulation results can be seen in Fig. 5.6. This simaratias done with the non-linear
gain and level-crossing detector circuits. There were élievossing detectors with different num-
ber of diodes. Multiple runs were done with different amoointharge in the floating-gates which
shows that the entire voltage range can be covered.

The programmability was tested in silicon with one detecidre result is shown in Fig. 5.8.
Vyq Is ramped from 0 to 9W, andVy, have been observed for four runs with different amount of

charge inVig. It can be seen thals, turns ON at different points dfyq. The programmability
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Figure 5.8: Measurement result for the level-crossingaete

is more efficient whew, is less than the normal MOS threshold voltage, which m&aphas a

negative voltage.

5.3 Daisy Chain based Level Crossing Detector

When multiple injector channels are used for detectingagdtlevels, the power consumption
adds up. Daisy chain based injector ensures that only omseha ON at a time. For example,

in Fig. 5.9 the three levels ak¥, V>, V3. In normal level crossing detector, the first channel would
be ON for time(tg —t1) when voltage- V1, 2nd channel fo(ts —t2) when voltage- V> and third
channel for(ty — t3) when voltage- V3. So there is a overlap between the channels. All the three
channels are ON betweé¢n —t3). In daisy chain system, the first channel would be ON when the
voltage is betweeN; andV,, 2nd channel betweéry, andVs and the third channel when voltage

is abovevs. So there will be no repetition of information.
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For implementing this function the normal level crossingedeor described earlier was fol-
lowed by an extra logic block. The logic is the channels stidutn ON one by one and when
the next channel is ON the previous channel should turn ORIS i§ shown in Fig. 5.10 using

two consecutive level crossing switch®s < i > andSwv < i+ 1 >. It can be easily seen that

Vdd =
— —
Vi1
— —
Vb2
| E\otrki>
Sw< i>_|
_>
Sw<i+1>
_»
i

Figure 5.10: Daisy Chain Level crossing.
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Figure 5.11: Results of Daisy Chain Level Crossing for 3 Bntr(a) Simulation; (b)From the
chip.

Cntrl <i >=0(ON) only whenSw < i >= 0(ON) butSw < i +1 >=1(OFF). This logic was added
after eachSwv < i > to ensure that no two channels are ON at the same time. The égic is

current starved with few nanoampere so that the loading @rogiloes not increase too much.
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Figure 5.12: Offset cancelation Circuit.

5.4 FG based Opamp Offset cancellation in Linear injectors.

Multiple injector channels are used in the sensor that geetll ON for different supply levels.
It is important that the injector slopes are similar. Butréhis always a slope difference between
them due to mismatches Ipps and opamp offset. This changes the injection rate and asul res
the slope. A circuit block was designed to overcome this lerolusing floating gate MOS to tune

Vref and make the slopes equal. This concept was applied to twmelsin a testchip.

In Fig. 5.12 one such channel has been shdvy is the primary linear injector with amplifier
Ay, control capacitoCsg and current sourcies. This injector injects when switchey and &,
are open. S is there to switch between injection mode and read-out mdalels to select or
deselect a particular channel from injectioNl,¢s is another linear injector with amplifieko,
control capacitoCres and current sourcies to program floating nod¥g;, which acts like a
reference voltag¥er to Mtg. SwitchesS, andS; are complimentary which connects one plate of

Cref to either amplified; output(injection mode fol,ef) or to another referendges2, which can
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be either OV(FomMyet) or 7V(ForM¢g) according to requiremen¥zq; is given by the following

relation,

Cgs Cref Q
Vigt =Vr.— +Viei2. — 5.2
fgl r Cr + Vref2 Cr +CT ( )

where Cgys is the gate to source capacitancéwis, Cr is the total capacitance connected to node
Vig1 and Q is the charge stored in the floating-gate. Mygi is programmed to change Q. But to
inject inMzg, Vig1 has to be around 5V. M is kept turned ON, it would also inject and change
Vig1. Thus it has to be made injection-safe. The way that has beemid to close switcBs. Thus

Vg of Mres=0 and there would be no injection. But whénis made zerdysq; also decreases. So
Vref2 has to be high enough to compensate for that. Also, the aerihas to be well cascoded

so that the input stage MO%y does not cross 4.3V and starts to inject.

FirstVig; is programmed. To read-out froMe, S is open, S is closed andet, = 0. To
start injection,S is closed andss is opened. AlsoS=0 in the channel we want to program and
"1’ in the channel we don’t. During injection cyclg; = Vief1 and during read-out phase would
give the floating gate voltage. There is also a tunneling (mateshown in fig) to increasésg:.
is programmed to a voltage close to 4V in both the channelsaieo havevig > 5V so that it
can enable injection iM¢g. But we cannot prograg; to that value directly abl,es would start

to inject beyond 4.3V. So we need a second refer®ge in addition to the floating-gate voltage.

Now to useVig as a constant reference we orand closess in both the channels and make
Vief2=7V. FirstS, is closed and/;g is read through/s. ThenS, is opened andy is also kept
opened to inject iM¢g. It was seen from both simulation and measurements that Wheras
programmed to 3.9V, we would g¥tg; to be around a 5.2V reference. The requirementgb
can be brought down by increasi@gs as that would enable more ®fqs» to be transferred to
Vig1-
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Figure 5.13: Measured result of Offset cancelation Cirshibwing the difference in response
between the two channels for 3 runs.

V; of both channels were programmed to a value close to each atldethen injection was
performed inM¢q. It was seen that channel2 had a higher reference and thioerhigection rate
as shown in Fig. 5.13 as 'Runl’ . Th&pwas programmed again so that both the channel injection
rate were exactly same. This is called 'Run2’. To show cdestyy in 'Run3’ the reference of
channell was made higher and it showed higher injectiorteateT he three conditions are shown

in table 5.1.

Thus this circuit could be used to remove mismatch betwgentiors. It can not only take care

of the opamp offset, but also the mismatcH,y as by programming the floating gate reference

Table 5.1: Values o, andV;g; of the 2 channels in the 3 runs.

Run Number | V;-Ch1(V) [ Vig-Ch1(V) [ V;-Ch2(V) [ Vtg1-Ch2(V)
1 3.77 5.2 3.83 5.25
2 3.67 5.12 3.67 5.14
3 3.63 5.1 3.58 5.08
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we can get any injection slope. As can be seen in table 5.1G02R/tg are not same but the

injection rate is exactly same. This is due to the compemsatil,ef mismatch.
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Chapter 6

Programming, Calibration and Reliability

of Injectors

The floating gate injectors need to be initialized to produes so that they can utilize their full
linear range. Also there would be slope differences betwidérent injector channels due to mis-
match and offset of analog components. To solve these twagns an automated initialization
and calibration methodology was implemented. This chagisErusses the algorithms, programs

and test setup in details.

6.1 Initialization

The injector voltages have to be programmed by repeated fusgeotion and tunneling. As
discussed before they are activated in the sensor throgggaldiontrol commands. The control
commands are send through an Xilinx spartan-3 FPGA. The s is to read the sensor voltage
from the chip and then send necessary trigger to the FPGAt@teeither injection or tunneling

as required. This procedure has to be repeated for all thenetguntil the voltages are between
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the specified limits. The algorithm used has been shown ing=ig

The algorithm takes care of few important points:

e Tunneling is global. So it is activated for very small timedaadl the channel voltages are
checked repeatedly so that they do not go too high. Wheneslaranel voltage goes beyond

3.5V itis first brought down using injection.

e If initially all the channels are above 3.5V, all of them angected to 3V. If one or more of
them are below 2.5V and some are more than 3.5V, the higheraneefirst injected to 3V

and then tunneled.

The MATLAB program to implement the algorithm shown in Figl@s provided in Ap-

pendix. A.

6.2 Calibration

The injection slopes varies from channel to channel due snaich inlef and due to opamp
offset. Thus it is important to calculate the slope for eaththem and then use them later to
calibrate the sensor response. There would be variationdails to temperature but this has been
ignored for this work. A test algorithm was devised to cadtelthe slopes which is shown in

Fig 6.2.The MATLAB program to implement the algorithm shoismprovided in Appendix. A.

6.3 Testsetup

For testing purpose, we need to provide the sensor protatybethe supplies and inputs. The

sensor needs two suppli¥gqp which is 1.8-2V and a suppMyq Which is used to power the test
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buffers internal to the chip. These buffers are used to readh@ sensor output and also other
debug analog signals. The buffers are basically opampsiin gain loop strong enough to drive
the pin capacitances. The bias voltage for the opamp whitl is also provided externallWygq

can be anything more than 5.8¥{;4) as that is the highest voltage we wanted to read. The other
inputs are the 'Sync’(ENVP) and 'Data’ signals through whibhe commands are send.

All the inputs were controlled through MATLAB. A low-cost drportable test environment
developed in our lab was used to provide the biasing to the. cfihe test board DACs were
accessed through National Instrument DAQCard-6024E.c9¢NVP) and 'Data’ signals were
sent from a Spartan-1ll FPGA board. A state machine was impfged in the FPGA that takes in
the triggers and send out the commands to the chip. The FP@&isgrovided in Appendix. B.
The triggers to control the FPGA was controlled by MATLAB atheé test-station send them to
the FPGA. A schematic diagram of the test setup is shown in@=8jand a photo of the setup is

shown in Fig. 6.4.

6.4 Measurement Results

To show the initialization and calibration algorithms ttdtgr a MATLAB program was written to
combine both of them. Repeated injection was performed loth@lchannels and their outputs
stored. The result of one channel is shown in Fig. 6.5(a). r&meere 10 runs and in each of
them there were 6 cycles of injection. After each run the sewmsltage was initialized back to
the reset range. Each injection cycle was of 10s\4gdused for this measurement was 5.57V. In
Fig. 6.5(b) the slopes of each run has been plotted. As caedretBe error in slopes between each
run is within a small band. The input DACs of the test statimmotigh which the sensor output is

read has a low resolution which has added up to the slope dings also shows the reliability of
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the linear injector and the sensor as the gain does not cHemmgecycle to cycle. In Fig. 6.5(c),
the difference between the real response with a linear ssgme curve has been shown which is

mostly within a+3% error band.
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Chapter 7

Conclusion and Discussions

The contributions of the thesis are summarised below.

First a novel self-powered static-strain sensor using ferdihtial configuration of a linear
p-IHEI(piezo-IHEI) circuit was proposed. The sensor is pogd directly from ambient strain-
variations and therefore does not require any batteriesthireason, the proposed sensor could
be miniaturized and used in in-vivo and embedded monitaaipylication. However, the sensor
has a drawback, that it requires a minimum voltage-leves{@in-level) for operation which in-
troduces dead-zones in its response which is unlike toawditistrain-gauges that can be used to
measure ultra-low levels of strain. There are also misnegttietween the injectors which results

in slope errors.

The second part of the thesis describes a novel compressiyaosvering technique that over-
comes the limited powering and sensing range of the senberpiioposed technique uses a non-
linear impedance circuit to dynamically load the output pfezoelectric transducer and in the pro-
cess reduce the magnitude of the output voltage at largkslemechanical strain. The approach,

however requires precise programming of level-crossingstiolds and precision mismatch com-
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pensation, both of which are achieved using different vasiaf a linear piezo-floating-gate injec-
tion circuit.

Measured results obtained from prototypes fabricated irbguéh standard CMOS process
validate the proposed techniques.

The third part is the reliability testing of the piezo-floagtgate injection circuit that demon-
strates repeatability of the results across multiple erpantal runs. This involves in automated
programming and calibration of the senor.

The thesis also presents a verilog-A and SPICE based motted dbating-gate transistor that

has been used for simulating the long-term dynamics of ti $#nsor circuits.

7.1 Future Research Directions

There are multiple research directions available basedtisrsénsor:

e Temperature Compensation

The current version of the p-IHEI self-powered sensor isg®e to temperature. The voltage
and current references depend on temperature, as aligsaltd the injector slope too. Also the
piezoelectric materials are also temperature dependemhake the sensor more robust it needs to
be made temperature independent.

e Post-processing of sensor output

The output of the sensor could be further processed to imgiem industry standard strain
measuring algorithm like the 'Rainflow Counting’([32]). iBrwould make the sensor more useful
and would be accepted more easily.

e Ultrasonic Powering

To power the sensor in programming mode piezoelectric niadggen resonant mode(ultrasonic
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frequencies) can be used. This would make the whole serrsomsich smaller than with the RFID
interface.

e Piece-wise linear compressive gain

The compressive response described would be more usdfabifiid be made piecewise linear
with two/three slopes without the non-linear part. This \domake the strain calibration of the

sensor much simpler.
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Appendix A
MATLAB Codes

A.1 Initialization:Decision.m

%°rograns 7 channels to a voltage between 3.5V-2.5V
%Wiles "Rst.m, "state.m and 'cnd. m needed.

%WWMHOAC Pin nunbers fromtest station%86

Del et eNi Car d;

InitializeN Card;

ri=3; r2=8; UReset

stl1=2; st2=2; YUbtate

cl=2; Cc2=6; % Conmmand
sel=2; se2=8; %Gend

v1=5; v2=5; %vddDi g

b1=5; b2=6; 9%8Buf Bi as

va=1; %v/dd

c=1, %Anal ogl nput from chip

%8Far anet er Val ues%80

vdddi g=2;

buf bi as=1;

vdd=7;

Set Anal ogQut put (va, vdd) ; %/dd

Set Speci fi cBi as(b1l, b2, buf bi as); %Buf Bi as
Set Speci fi cBi as(vl, v2, vdddi g); %vddDi g

Ch=[];
%8880880 heck Channel Vol t ages%8886

whi | e(1)
f 1 ag=0;
Rst(rl,r2); YReset

91



30
31
32
33
34
35
36
37
38
39
40
M
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73

state(stl,st2); Y%tate

cmd(cl,c2); %ndl(Rst to chl)

cnd(sel, se2); % ndlsend

cmd(cl, c2); %nd2(shift channel)

for i=1:1:7
t enp=0;
for j=1:1:40

dat a=Get Anal ogl nput (c);

i f(j>30)
t enp=t enp+dat a;
end
end
Ch(i)=tenp/ 10;

i f(Ch(i)<3.5 & Ch(i)>3.0 )

flag=fl ag+1;
end

cnd(sel, se2); %cnd2send

pause(. 01);
end

Ch

weesf all channels are within range

i f(flag==7)
br eak; end;

%8Meci si on%B
TunDec=0;
| nj Dec=0;
for j=1:1:7
i f(Ch(j)>3.5)
I'nj (j)=1;
Tun(j ) =0;
el sei f(Ch(])<2.5)
Tun(j ) =1;
I'nj (j)=0;
el se
I'nj (]
Tun(j
end
TunDec=TunDec+Tun(j ) ;
| nj Dec=Il nj Dec+l nj(j);
end

) =0;
) =0

TunDec
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74
75
76
e
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117

| nj Dec
%9888484-i ndi ng M ni nun?88886
i f(1njDec==7)
M n=3. 3;
el se
M n=Ch(1);
for j=1:1:6
if(Ch(j)<Mn)
M n=Ch(j);
el se
M n=M n;
end
end
end

i f(Mn<2.5)
Mn=2.7,

end

M n

i f(1njDec>0)
for j=1:1:7

J
if(Inj(j)==1)
Rst(r1,r2); Y%Reset
state(stl,st2); Y%tate
cmd(cl,c2); %ndl
cnd(sel, se2); % ndlsend
cnd(cl,c2); %nd2
for k=1:1:(j-1)
cnd(sel, se2); %end2send
k=k+1;
end
cmd(cl, c2);
cnmd(cl, c2); %Cnd4(Inj)

whi | e(Ch(j)>M n)
cnd(sel, se2); % nj EnB
pause(10);
cnd(sel, se2); % nj EnB
t enp=0;
for k=1:1:20
dat a=Get Anal ogl nput (c);
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118 i f(k>10)

119 t enp=t enp+dat a;
120 end

121 end

122 Ch(j)=tenp/10

123 end

124 end

125 end

126 end

127

128 i f (TunDec>0)

129 Rst(rl,r2); Y%eset

130 state(stl,st2); %tate

131 cmd(cl,c2); %ndl(Rst to chl)
132 cmd(cl,c2); %nd2(shift channel)
133 cmd(cl, c2); %unEn

134 cnd(sel, se2); % nmd3send

135 pause(.001); %Adj ust Tunneling tine
136 cnd(sel, se2); % nmd3send

137 el se

138 br eak;

139 end;

140 end

A.2 Associate files

A.2.1 Rst.m

function status = Rst (a,b)

Set Speci ficBi as(a, b, 3. 3);
Set Speci ficBi as(a, b, 0);

A W N P

A.2.2 Cmd.m

function status = cnd (a, b)

Set Speci ficBi as(a, b, 3. 3);
Set Speci ficBi as(a, b, 0);

A W N P
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A.2.3 State.m

function status = state (a,b)

I =1,

whi | e(i <3)
Set Speci ficBias(a, b, 3.3);
Set Speci ficBi as(a, b, 0);
i =i +1;

end

A.3 Calibration

%88&al cul ates the sl ope of 7 channels of the sensor %886
%WeFiles "Rst.m, ’"state.m and 'cnd.m needed. %%

%WDAC Pin nunbers fromtest station% 86
Del et eNi Car d;

InitializeN Card;

ri=3; r2=8; %Reset

st1=2; st2=2; Ubtate

cl=2; Cc2=6; %Comrand
sel=2; se2=8§; %Bend

v1=5; v2=5; %vddDi g

b1=5; b2=6; o8Buf Bi as

cal 1=3; cal 2=6;

va=1; %v/dd

c=1, %Anal ogl nput from chip

o98Far anet er Val ues% 8o
vdddi g=2;

buf bi as=1;

vdd=7;

Set Anal ogCQut put (va, vdd) ; %vdd

Set Speci fi cBi as(bl, b2, buf bi as) ; %Buf Bi as
Set Speci fi cBi as(vl, v2, vdddi g); %vddDi g

sl ope=[];
Rst(rl,r2); YReset
state(stl,st2); Y%tate
cmd(cl,c2); %ndl(Rst to chl)
cnd(sel, se2); %ndlsend
cmd(cl, c2);
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31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
a7
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69

cmd(cl, c2);
cnd(cl, c2); %nd4
for 1=1:1:7
sl ope_sun¥x0;
Ch_fin=[];
Ch_ini=[];
i sl ope=[];
for k=1:1:2
t enp=0;
for j=1:1:40

%-or 7 channels

9d-or

%-or

2 sl ope cal cul ations

10 Readi ngs to get

dat a=Cet Anal ogl nput (c);

i f(j >30)

t enp=t enp+dat a;

end
end
Ch_ini(k)=te
cnmd(cal 1, ca
t enp=0;
pause(11);
for j=1:1:40

np/ 10

2); %bends cnd4 twice in 10s

%-or

10 Readi ngs to get

dat a=Cet Anal ogl nput (c);

t enp=t enp+dat a;

i f(j>30)
end

end

Ch _fin(k)=te

np/ 10

i sl ope(k)=(Ch_fin(k)-Ch_ini(k))/9.5
sl ope_sun¥sl ope_sumti sl ope(k);

end
sl ope(i) =sl ope_s
Rst(rl,r2); %es
state(stl, st2);
cnmd(cl, c2);
cnmd(cl, c2);
cnd(sel, se2);
cnmd(cl, c2);
cnmd(cl, c2);

end

sl ope

um 2
et
Ust at e

% nd2send

%ecnd4
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Appendix B
FPGA Code

‘timescale 1ns / 1ps

FEETEELEEEEr bbb rr i rrrrrrrirr
/I Company:

I/l Engineer:

Il

/I Create Date: 11:11:21 07/17/2009

/] Design Name:

/' Module Name: Reader

/Il Project Name:

/I Target Devices:

/Il Tool versions:

/Il Description:

Il

/I Dependencies:

I

I/l Revision:

I/l Revision 0.01— File Created

Il Additional Comments:

/1

FEETEEEEEE b rrirrirrrr
module Reader(test, Calib, CIkCP ,MODB, Clkwave , Servoto@lk , Rst,
Mode , ComSel ,ComTx, MOSI,MISO, SS, DClk ,MOD, ASK, DataR&egDis ,
An3,An2,Anl,An0O, Dataln , DataOut, DataEvp);

input Clk,Rst,Mode, ComSel,ComTx, MISO;

input [7:0] DataOut;

input Calib;

/l'input servoRst;

output MOSI, SS, DClk ,MOD, ASK, DataRx ,An3,An2,Anl,An0,QdB, DataEvp;
output [6:0] SegDis;

output [7:0] Dataln;
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output test;

output CIKCP;
output Clkwave;
output Servocont;
reg Servocont;

reg [15:0] CIkCntl;
reg [15:0] CIkCnt2;
reg [15:0] CIkCnt4;
reg [15:0] servocnt;
reg Clkwave;

reg CIKCP;

reg [4:0] wavebak;
reg [4:0] wavefor;
reg servoRst,;

reg [7:0] Dataln;

reg [15:0] CIkCnt;

reg [7:0] BounceClkCnt;
reg ClkDiv,BounceClk;
reg ClkDiv4;

reg SS,ModeB,ComSelB,ComTxB;
reg CalibB;

reg [63:0] TxData;

reg [63:0] TxDatal;

reg [3:0] SubState ,Datal, Data2,Data3, Data4;
reg [7:0] Cnt;

reg [1:0] ModeState;

reg [19:0] iCnt;

reg flag;

reg iBTNO;

reg [3:0] Clk4;

/lreg temp;

assign test=Clk4[2];

DigitDisplay D1 (Datal, Data2,Data3, Data4
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, SegDis ,An3,An2,Anl,An0, Clk, Rst);

Buffer B1 (CIkDiv,Rst,ModeB,BTN2);
Buffer B2 (CIkDiv,Rst,ComSelB,BTN1);
Buffer B3 (CIkDiv,Rst,ComTxB,BTNO);
Buffer B4 (ClkDiv,Rst,CalibB,iCalibB);
Buffer B5 (ClkDiv, Rst,iBTNO,bBTNO);

assign DCIk "CIkDiv & (" SubState[1]&SubState[0]);

assign MOSI I(ModeState[1]&  ModeState[0]) & TxData[63]
//assign MOD = [!(SubState[1]&SubState[0]) TxData[63];
assign MOD = (SubState[l]& SubState[0]) & Clk4[3];

assign MODB= IMOD;

assign DataEvp= (SubState[l]& SubState[0]) & TxDatal[6&]CIkDiv;
//assign MOD = "MODn;

assign DataRx = MISO;

assign sBTNO=bBTNO| BTNO;

assign ASK = 1’'b0;

always @(posedge ClkDiv4 or posedge Rst)

begin
if (Rst == 1'bl)
begin
Clk4[3:0]<=4"b1100;
end
else
begin
Clk4[3:1]<=CIlk4[2:0];
Clk4[0]<=CIlk4[3];
end
end

//Command for calibration

always @(posedge ClkDiv or posedge Rst)
begin
if (Rst == 1'bl)
begin
IBTNO<=1"b0;
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iCnt<=20'd0;

flag <=1"b0;
end
else
begin
if(iCalibB==1"b1l)
begin
flag <=1'b1;
servoRst="servoRst;
end
if(flag==1'b1l)
begin
if (iICnt===20"d1)
begin
iBTNO<=1'b1;
iCnt<=iCnt+1;
end
else if(iCnt===20'd10)
begin
iBTNO<=1'b0;
iCnt<=iCnt+1;
end
else if(iCnt==20"'d50010)
begin
iBTNO<=1'b1;
iCnt<=iCnt+1;
end
else if(iCnt==20"d50020)
begin
iBTNO<=1'b0;
iCnt<=20'd0;
flag <=1'b0;
end
else
iCnt<=iCnt+1;
end
end
end

/I Generating Bounce Clk for latching input data

always @(posedge CIlkDiv or posedge Rst)
begin
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if (Rst == 1'bl)

begin
BounceClkCnt<= 8'dl;
BounceClk <= 1'b0;

end
else
begin
if (BounceClkCnt == 8°'d200)
begin
BounceClkCnt<= 8'd1;
BounceClk <= !'BounceClk;
end
else
begin
BounceClkCnt<= BounceClkCnt + 8'd1;
BounceClk <= BounceClk;
end
end
end

/I Latching input data
always @(posedge BounceClk or posedge Rst)
begin
if (Rst == 1'b1)
begin
ModeB <= 1'b0;
ComSelB <= 1'b0;
ComTxB <= 1'b0;
CalibB <= 1'b0;
end
else
begin
ModeB <= Mode;
ComSelB <= ComSel;
ComTxB <= ComTx;
CalibB <= Calib;
end
end

always @(negedge DCIlk or posedge Rst)
begin
if (Rst == 1'b1l)
Dataln <= 8'b0;
else
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begin
if (ModeState == 2’'b0)
begin
Dataln[7:1] <= Dataln[6:0];
Dataln[0] <= MISO;
end
end
end

/I Generating clock for internal state machine
always @(posedge Clk or posedge Rst)
begin
if (Rst == 1'b1)
begin
ClkCnt <= 16°'b0;
ClkDiv <= 1’'b0;

end
else
begin
if (ClkCnt == 16°d4800)//1500
begin
ClkCnt <= 16°'d1;
ClkDiv <= "CIkDiv;
end
else
begin
ClkCnt <= CIkCnt + 16'd1;
ClkDiv <= CIkDiv;
end
end
end

always @(posedge Clk or posedge Rst)
begin
if (Rst == 1'b1)
begin
ClkCnt4 <= 16'bO0;
ClkDiv4 <= 1'bO0;
end
else
begin
if (CIkCnt4 == 16'd1200)//1500
begin
ClkCnt4 <= 16'd1;
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ClkDiv4 <= "ClkDiv4;

end

else

begin
ClkCnt4 <= ClkCnt4 + 16°'d1;
ClkDiv4 <= CIlkDiv4;

end

end
end

/I Clock for running charge pump at 1MHz
always @(posedge Clk or posedge Rst)
begin
if (Rst == 1'bl)
begin
ClkCnt2 <= 16'b0;
CIKCP <= 1'b0;
end
else
begin
if (CIkCnt2 == 16°d20)
begin
ClkCnt2 <= 16'd1;
CIkCP <= "CIkCP;
end
else
begin
ClkCnt2 <= ClIkCnt2 + 16'd1l;
CIkCP <= CIkCP;
end
end
end

/l/ Clock for Servomotor control
always @(posedge Clk or posedge Rst)
begin
if (Rst == 1'b1)
begin
ClkCntl <= 16'b0;
Clkwave <= 1'b0;
end
else
begin
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if (CIkCntl == 16°'d25000) //f=50MHz/(225k)=1kHz, T=1ms

begin
ClkCntl <= 16'd1;
Clkwave <= "“Clkwave;

end

else

begin
ClkCntl <= CIkCntl + 16°'d1;
Clkwave <= Clkwave;

end

end
end

// Servomotor control

initial

begin
wavebak = 4'b1100; //2ms pulse width
wavefor = 4’b0100; /[I1ms pulse width
servocnt=16'dl;
servoRst=1'b1;

end

always @(posedge Clkwave or posedge servoRst)

begin
if (servoRst == 1'bl)
begin
Servocontc=1'b0;
servocnt<=16'd1;
end
else
begin
if(servocnt<=16'd8000) //stream of back pulses
begin

Servoconk=wavebak[4];
wavebak[4:2k=wavebak[3:1];
wavebak[lk=Servocont;
servocni=servocnt+16'dl;
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end

else
begin
Servoconk=wavefor[4]; //forward pulses
wavefor[4:2]<=wavefor[3:1];
wavefor[l]l<=Servocont;
if(servocnt==16'd15000)
servocnt<=16'd1;
else
servocnik=servocnt+16’'dl;
end
end

end

// Main state Machine

always @(posedge CIlkDiv or posedge Rst)
begin
if (Rst == 1'bl)
begin
ModeState<= 2'b0;
TxData <= 64'b0;
TxDatal <= 64'b0;
Datal <= 4’b0;
Data2 <= 4’'b0;
Data3 <= 4’'b1;
Data4 <= 4’'b0;
SubState<= 4’b0;

Cnt <= 8'b0;
SS <= 1'bl;
end
else
begin

Data2[0]<="servoRst;
Data4[Olk=flag;

if (BTN2 == 1’b1)

begin
if (ModeState == 2’'b0)
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begin
ModeState<= 2'd1;
Data3 <= 4'd2;
end
else if (ModeState == 2'dl)
begin
ModeState<= 2'd2;
Data3 <= 4'd3;
end
else if (ModeState == 2'd2)
begin
ModeState<= 2'dO;
Data3 <= 4'd1;
end

/[|[======Mode Shift 1. Read 2. Write 3. PIE
if (BTN1 == 1'bl)
if (Datal == 4°d15)
Datal <= 4'dO;
else
Datal <= Datal + 4'd1l;
/[|======Command Select
case (ModeState)
2'd0:
begin
case (SubState)
4°d0:
begin
if (sBTNO == 1'b1)
begin
SS <= 1'b0;
TxData[63:60] <= 4'b0100;
TxData[59:56] <= Datal,;
TxData[55:0] <= 56'b0;
SubState<= 4°'d1l;
end
end
4'd1:
begin
if (Cnt == 8'd15)
SubState<= 4'd2;
else
begin
Cnt <= Cnt + 8'd1;
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TxData[63:57] <= TxData[62:56];

TxData[56] <= 1'bO0;
end
end
4°'d2:
begin
SS <= 1'b1;
Cnt <= 8'dO;
TxData <= 64’'b0;
SubState<= 4'd0;
end
default: SubState<= 4'dO;
endcase
end

begin
case (SubState)
4°d0:
begin
if (sBTNO == 1'b1)
begin
SS <= 1'b0;
TxData[63:60] <= 4'b0000;
TxData[59:56] <= Datal;
TxData[55:48] <= DataOut;
TxData[47:0] <= 48’'b0;
SubState<= 4'd1;
end
end
4'dl:
begin
if (Cnt == 8'd15)
SubState<= 4'd2;
else
begin
Cnt <= Cnt + 8'd1;

TxData[63:49] <= TxData[62:48];

TxData[48] <= 1'b0;
end
end
4°d2:
begin
SS <= 1'b1;
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Cnt <= 8'd0;
TxData <= 64'b0;
SubState<= 4'd0;
end
default: SubState<= 4'dO;
endcase
end

begin
case (SubState)
4°d0:
begin
if (sBTNO == 1'b1)
begin
SubState<= 4°d3;
if (Datal == 4’dl)
begin
TxData[63:32] <= 24’hFFFFFF;
TxDatal[63:32] <= 24'hC95222;
end
else if (Datal == 4'd2)
begin
TxData[63:32] <= 24’hFFFFFF;
TxDatal[63:32] <= 24°'hC95481;
end
else if (Datal == 4'd3)
begin
TxData[63:32] <= 24’hFFFFFF;
TxDatal[63:32] <= 24'hC956A3,;
end
else if (Datal == 4'd4)
begin
TxData[63:32] <= 24’hFFFFFF;
TxDatal[63:32] <= 24°'hC95814;
end
else if (Datal == 4'd5)
begin
TxData[63:32] <= 24’'b0;
TxDatal[63:32] <= 24'b0;
end
else if (Datal == 4'd6)
begin
TxData[63:32] <= 24’'b0;
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TxDatal[63:32] <= 24'b0;
/1 servoRst="servoRst;
end
else
begin
TxData[63:32] <= 24’'b0;
TxDatal[63:32] <= 24'bO0;
end

end

end
4°d3:
begin
if (Cnt == 8'd40)
SubState<= 4'd4;
else
begin
Cnt <= Cnt + 8'd1;
TxData[63:32] <= TxData[62:31];
TxDatal[63:32] <= TxDatal[62:31];
TxData[31] <= 1'b1;
TxDatal[31l] <= 1'b0;
end
end
4'd4:
begin
Cnt <= 8'dO;
TxData <= 64’'h1111111111111111;
SubState<= 4'd0;
end
default: SubState<= 4'dO;
endcase
end

default: ModeState<= 2’'dO;
endcase
end
end
endmodule
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Appendix C
Verilog-A Model

C.1 Injection Model

‘include "constants.vams”
‘include "disciplines.vams”

module Inpmodel2(Vs, Vsl, Vd, plus, minus);
input Vs, Vsl, Vd;

inout plus, minus;

electrical Vs,Vsl, Vvd, plus, minus;

branch (plus,minus) cond;

branch (Vsl1,Vs) condl;

parameter real al=3€23;
parameter real k2=6.55;
parameter real k3=5e6;

analog begin

if ( I(condl)>0 & V(Vs)>4.3) begin
I (cond) <+ alxl(condl)x(1+k3xl(condl))xexp(V(Vs,Vd)xk2);
end

else I(cond)<+ O;
end

endmodule

C.2 Tunneling Model

‘include "constants.vams”

110



‘include "disciplines .vams”

module Tunnmodel2(Vt,Vfg, plus , minus);
input Vt,Vfg;

inout plus, minus;

electrical Vt,Vfg,plus,minus;

branch (plus,minus) cond;

parameter real a=9.38e8;
parameter real b=800;

analog begin
if ( V(Vt,vfg) >0) begin
| (cond) <+ axexp(—b/V(Vt,Vfg));
end
else
| (cond) <+ O;
end
endmodule
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