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A laser micro-machined bulk-piezoelectric PZT-4 (Lead Zirconate Titanate)
based lateral bimorph transducer with differential drive and sense capability is
demonstrated. Unlike conventional bimorph designs, the approach here does
not require adhesive and/or non-piezoelectric layers. The monolithic fabrica-
tion makes arrays of bimorphs suitable for micro-systems integration. The in-
plane bimorph transducer relies predominantly on the d3; coefficient for trans-
duction. A bimorph transducer with length 6.25mm, width 0.45mm and thick-
ness 0.5mm is characterized to demonstrate DC actuation and resonance current
to displacement sensitivities of 23nm/V and 1.1uA/um, respectively. Nonlinear
effects in the transducer characteristics owing to nonlinear electrical and me-
chanical properties of PZT-4H is also investigated. The ratio of voltage ampli-
tudes of the first harmonic (2f) to fundamental (f) for drive voltage amplitude
V, is found to be ~ 1.74 x 1075¢%8V1, The sense current noise of transducer is
5nA/VHz and the sensor tip displacement measurement resolution at resonance
is ~ 0.9nm for small time scales (7 < 10s).

A bulk-piezoelectric PZT actuator based ultrasonic motor in which the sta-
tor is an array of X-motion PZT bimorphs is demonstrated. X-motion signifies

moving diagonally in the XZ plane. The bimorphs have three electrodes that are



designed to produce a bimorph tip trajectory consisting of diagonal motion in
two orthogonal axes, mimicking "X’, hence the name X-motion planar bimorphs.
The X-motion lateral bimorphs apply forces onto the rotor to induce rotation.
The PZT bimorphs are fabricated using a laser-micromachining process result-
ing in monolithically integrated bimorphs to form the stator. Unlike previously
reported approaches for ultrasonic motors using piezoelectric bimorphs, the
fabrication process used here eliminates the need for manual bonding and se-
lective arrangement of PZT corresponding to different poling orientations. The
planar integration of the motor elements helps one to envision many co-located
motor elements for multi motor systems. Three combinations of rotors and sta-
tors were tested to verify the physical model of the motor, with rotation rates of
up to 400 — 600rpm. One combination of stator and rotor operates with stator
resonance of 32.6kHz and can withstand a load of 4.1g for 60V, drive at res-
onance. One of the stators is used to drive a 3D-printed plastic fan blades that
produced maximum air flow rate of 160mm/sec at 60V, drive voltage.

A piezoelectric multi-modal mechanical (X,Y,6,) stimuli stage is demon-
strated, which is capable of ~ 50ppm precision in-situ calibration of MEMS gy-
roscopes packaged on the stage. The calibration system is capable of extracting
instantaneous scale factor, bias drifts and cross axis sensitivities of MEMS Cori-
olis force gyroscopes. The bulk PZT calibration stage is capable of non-resonant
sinusoidal angular rates of 0 — 300deg/s for scale factor and bias measurements
and X-Y in-plane acceleration stimulus of 0 — 90m/s* to extract the gyroscope in-
plane acceleration sensitivities at 100V, 0-250Hz drive voltage and frequencies.
The stage has < 5ppm/V undesirable out-of-plane motion while actuating in-
plane for applying desired mechanical stimuli for calibration of the gyroscope.

The calibration system consumes ~ 400mWatts when the gyroscope is in op-



eration at baseband while the gyroscope is calibrated at higher frequencies. To
achieve a long term stable calibration stage, an optical metrology system is used
to calibrate the motion stage. The optical metrology system can ensure 10ppm
stable stage metrology, to enable long term stable gyroscope calibration. The
optical system uses an atomically stable laser source and a CMOS imager that
can be potentially integrated into the same package as the calibration system,
for closed loop control of the calibration stage.

A piezoelectric bulk-PZT Z-axis Coriolis force gyroscope is demonstrated,
which utilizes spring-mass resonances of the in-plane PZT bimorphs and a PZT
proof-mass. The design exploits the large piezoelectric coefficients and high
mass density of bulk-PZT to obtain a sensitivity of 1.7uV/deg/s, for 10V . drive
under mode-mismatched operation and quality factor (Q) of 100—150. The gyro-
scope is capable of high dynamic range owing to the elimination of micro-gaps
that are associated with electrostatic gyroscopes. Nonlinearity in the elastic-
ity properties and piezoelectric coupling in PZT is leveraged for frequency and
quadrature tuning, with a DC voltage applied to control electrodes for a po-
tential closed loop operation. Resonance and quadrature tuning of 10ppm/V,,
and 20deg/sec/V,. respectively were achieved using nonlinear operation of PZT
drive and sense resonators at 10V, drive at a resonance frequency of 108kHz
drive. The gyroscope is monolithically integrated within a PZT calibration stage
to enable in-situ gyroscope self-calibration. The monolithic device also im-
proved the Q of the gyroscope by a factor of 10 leading to the improvement
in sensitivity to 3.4mV/deg/sec at 1V .4 drive.

A 2-axis (X — Y) piezoelectric energy harvester is reported, whose sensitive
axis in-plane is rotationally invariant, a result achieved by spiral in-place bi-

morph, which can be modeled as a cascade of lateral bimorphs. This is different



than conventional piezoelectric energy harvesters that are sensitive only along
one axis or can realize multi-axis sensitivity through package level assembly of
multiple devices at different orientations. Rotational invariance of the sensitive
axis is useful when deployed in applications where the device orientation with
respect to the vibration is stochastic in nature. At 1g applied acceleration, the
vibration energy harvester generates maximum differential voltages of +6.8V,,
across a 1MQ load, at a resonance frequency of 163.5Hz. The energy harvester
has a Q-factor of 129.5 and electromechanical coupling coefficient k, of > 15%
for the fundamental lateral mode and a peak normalized output power density

of 0.89uWatt/mm?>g=2.
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CHAPTER 1
MONOLITHIC LATERAL PIEZOELECTRIC BIMORPH TRANSDUCER
FOR MICRO-SCALE SYSTEMS

1.1 Introduction

Integrated micro-systems with actuators and sensors can be used in robotics [1-
3] and Internet-of-things [4] (IoT) to address the requirements of interfacing
of micro-systems with the physical world. There is a need for a technology
comprising of micrometer to millimeter scale components such as precision ac-
tuators, sensors powered by limited energy sources for building autonomous
micro-systems. There are many choices of transduction mechanisms that are
available via micro and nano fabrication. Comb drives have been an integral
elemental building block for MEMS sensors and actuators for applications such
as micro-optic platforms, energy harvesters, inertial sensors etc. Comb drive
devices use electrostatic transduction for actuation and sensing. Electrome-
chanical coupling for electrostatic devices is the ratio of mechanical energy to
electrical energy (k%) scales as o 1/g*, where g is the electrostatic gap. Hence,
electrostatic transduction relies on micro to nanometer gaps to achieve suffi-
cient electromechanical transduction efficiency. Piezoelectric transduction has
been an attractive choice for micro-systems owing to their high electromechan-
ical coupling coefficients. For example in PZT, the k3; which is the electrome-
chanical coupling coefficient for electric fields applied in the thickness direction
resulting in longitudinal vibrations in the X — Y directions is 20% [5]. Further-
more, piezoelectric transduction eliminates the need for precision micro and

nano gaps. Eliminating the gaps reduces variations in device performance due



to lithography errors and also minimizes the effect of dust particles collecting in

air gaps, reducing the possibility of actuator failure by blocking gap motion.

Piezoelectric unimorph and bimorph transducers have often been used for
many MEMS and mechatronics applications. They have been used for wings
in centimeter scale insect inspired robots [1, 6], RF switches and mechanical
logic [3], ultrasonic motors and motion stages [3] etc. Precision piezoelectric
stages for linear and rotary motion have proven to be of great value in areas that
require accurate positioning and calibration. Ultrasonic motors and piezoelec-
tric actuators such as bimorphs, unimorphs, and shear tubes are key elements
of these systems. Some of the best reported energy density for vibrational en-
ergy harvesters are piezoelectric bimorph-based transducers [7]. The bimorph
configurations that have been studied extensively in literature often rely on
manual assembly of macro/meso scale individually fabricated structures. They
also involve assembly of other additional layers such as metals and adhesives
for achieving the bimorph configuration. Most piezoelectric bimorphs are rela-
tively large, millimeters in thickness, and centimeters in width and length, mak-
ing them unsuitable for integration in microsystems. Alternatively, thin film
MEMS piezoelectric unimorphs and bimorphs [8-10] use a limited thickness of a
few microns of piezoelectric material (e.g. sol-gel PZT, AIN, ZnO, etc.) that gen-
erally do not compare favorably to the high piezoelectric coefficients found in
bulk PZT [5]. There are exceptions when the thin films can be deposited in crys-
talline form [11] using MBE or MOCVD, however they have stringent process
requirements. Additionally, thin film piezoelectric devices often have issues of
stress mismatches between layers in fabrication which causes them to be curved

at uncontrolled and unpredictable angles upon release [12]. Transducer configu-



rations that are not monolithic have significant problems with delamination and
self-cracking which often lead to non-idealities and mismatches [12,13]. Also,
thin film piezoelectric materials can be deposited only up to several microns in

thickness.

Bulk PZT ceramics have large piezoelectric coupling (k;;) than most other
piezoelectric materials [5]. PZT has higher fatigue resistance and stability of its
piezoelectric properties over time [14] is superior to some of its thin film coun-
terparts. Additionally, the hybrid integration aspect does not impose thermal
budget constraints during fabrication on the devices to be attached to the trans-
ducers. A microsystem technology enabling monolithic integration of precision
actuators and sensors all fabricated with one material (with electrodes) would
eliminate problems of manual assembly, stress mismatches and thermal expan-
sion based deformations. However, a micron-millimeter scale bimorph technol-
ogy that enables many bimorph transducers with single direction of polariza-
tion to be placed precisely with respect to each other without manual assembly,
without adhesive layers while providing in-plane motion control with mini-
mal cross axis motion has not been available. In this work, a monolithic bulk-
PZT in-plane bimorph transducer technology is presented to fulfill this void. A
PZT bimorphs with minimum dimension of 150um for 500um thick substrates is
demonstrated. The high aspect ratio (thickness/width > 1) minimizes out-of-
plane motion. The laser micromachined in-plane bimorph transducers evalu-
ated here has a potential to be a fundamental building block of monolithically
integrated microsystem components such as multi-axis motion stages [15, 16],
gyroscopes [17], low power accelerometers, magnetometers, switches [18], en-

ergy harvesters [19], etc.



While laser micromachining is used here to create bimorph transducers,
other direct-write (i.e, maskless) micromachining techniques such as water-jet
drilling, ultrasonic drilling, electrical discharge machining, laser-assisted etch-
ing, [20,21] and micro-CNC technologies can also be used to create transducers
of arbitrary shape. The laser micromachining process used here is subtractive
with no additional deposition necessary. By using direct-write micro patterning
technique, precision removal of PZT and/or electrode material, with double-
side (top-bottom) alignment capability can be achieved. Transducers formed
monolithically with additional grooves provide both in-plane and out-of-plane
sensitivity. The technology here can be compared to some of the recent de-
velopment of piezoelectric actuators such as PZT-on-silicon actuators [22] and
the T-beam actuator described in [13]. Table.1.1 summarizes and compares this
technology with existing and some of the other recent approaches for integrat-

ing many transducers together on one substrate.

Table 1.1: PZT transducer technology comparison

Parameter / Technology Thickness/Width DOF Monolithic Limitation
Commercial Bimorphs (Piezo Systems Inc) > 1072 Mostly out-of-plane | No (Adhesive+other layers) Not suitable for micro-systems
Thin film bimorph [8,10] <1072 Mostly single axis | No (Multi-layer stacking) -Relatively poor piezo properties
-Fabrication complexities
PZT-on-Si [22] <1 Multi-axis No (Si/PZT bonding) Complex fabrication
T-beam [13] <1 Multi-axis Yes Lower Q than piezo-on-Si transducers
This work >1 Multi-axis Yes Lower Q than piezo-on-Si transducers

1.2 Lateral PZT Bimorph Transducer

Fig.1.1 shows the conceptually simple monolithic in-plane bimorph transducer.
The transducer can be designed with different dimensions (L, W, H) and shapes

to achieve a desired resonance frequency, sensitivity to applied forces and me-



Figure 1.1: Schematic of the Lateral bulk PZT bimorph transducer. P indi-
cates the polarization axis of the PZT4 plate

Vand E

Cross section distribution

Figure 1.2: Configuration of lateral bimorph transducer with sketch of the
cross section and COMSOL"" simulation of electric field distri-
bution showing electric field lines across the thickness for the
configuration.

chanical forces generated for applied electric fields. The electrodes are opti-
mized for coupling to in-plane motion for actuation and sensing. The trans-

ducer is fabricated using a 500um thick PZT-4H ceramic substrate with silver or



nickel electrodes on top and bottom surfaces and is poled along the plate thick-
ness. The top side of the bimorph has two electrodes (port 1 and 2) that are
separated by a region with electrode removed extending along the length of the
bimorph. The bottom side can either have similar electrode pattern as top (con-
tiguration A) or serve as a common ground for top electrodes (configuration B)
as shown in Fig.1.2. The electrodes are connected to bond pads on the anchor.
The size of the bond pads effect the input capacitance the voltage source has to
drive in the actuator applications. For the sensor application, the bond pad size

and placement effects the voltage sensitivity which are discussed subsequently.

1.2.1 PZT lateral bimorph as an actuator

The induced strain tensor for bulk PZT-4 under the influence of electric field (E;)

when there are no external mechanical forces is written as,

S 0 0 dj
Sy 0 0 ds
E,
S 0 0 dx
S = = E2
Yyz 0 dlS 0
E;
Yax d15 0 0
yy| [0 0 0]

(1.1)

where, § represents the principle strains and y represents shear strains in PZT.
With the electrode patterning here, the electrodes on either sides are separated
by removing electrode at the center. Therefore the charge ¢ = 0 in this region.
As shown in Fig. 1.2 the two non-zero electric fields in the transducer are E,

and E;. The applied electric field E; along the the thickness causes in-plane



bending due S ,, and S, strains induced due to d3;(—1.23 x 107'°C/N) coefficient.
An out-of-plane deformation is caused due to strain S, induced by ds3(2.89 x
107'°C/N) coefficient. Additionally, electric field E, causes shear strain y,, owing

to d,5(4.96 x 107'°C/N) coefficient.

In-plane actuation due to £; and d3,

When a voltage +V and -V is applied on top electrodes and a common ground
on the bottom, a compression is formed along the length for regions 1 and ten-
sion for region 2 along x-axis, owing to the d3; coefficient of the PZT beam. This
causes in-plane bending along Y in the X — Y plane of the beam as shown in the
sketch in Fig.1.3. Configuration A allows for higher displacement compared to
configuration B for the same applied voltage due to higher electric field E5 [16].

Configuration B is discussed in detail henceforth.

== Tensile strain
0.45mm == Compressive strain

> -
-5y
+Vs Vs
ez ]

Cross section of lateral bimorphs

0.5Smm

Top View

Figure 1.3: Sketch of cross section and top view of in-plane bending of
bulk PZT piezoelectric bimorph transducer, operated as an ac-
tuator with differential voltage drive. P indicates the polariza-
tion

Analytical models for a conventional bimorph and other configurations with
additional metal and adhesive layers have been developed by other investiga-
tors to address the non-idealities and mismatches [6,23,24]. The approach taken

here eliminates the need for additional layers, and the analytical models are



hence simplified and is a special case of previously reported models.

Consider the lateral bimorph configuration as shown in schematic in Fig.1.4.
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Figure 1.4: Schematic showing neutral axis, curvature, electrodes and
boundary conditions.

For the piezoelectric layers with electrodes,

T,=YnS £ YndsE;5 (1.2)

For the piezoelectric layer without electrode (g = 0)

T, =Yus$, (1.3)

From geometrical consideration of the beam, one can show that the curva-

ture k is,
dv

K= — (1.4)

(1+(2))"



Since the square of the slope (dv/dx) is small, the curvature can be approxi-
mated as,
d?v

k=3 (1.5)

With the assumptions of an Euler Bernoulli beam bending for the lateral

bimorph, with an in-plane displacement v of the mid-plane, the strain is,

L'-L (R+y0-Ré
= =Ky

51:
L RO

(1.6)

where, y is the distance from the neutral axis (bimorph mid-plane) From (1)

and (4), the bending moment of the lateral bimorph actuator can be derived as,

-+

- o
M = f (Yniky — Y1d31 E3)hydy +f (Y11ky)hydy
_([p+”7") _m

4

t’%*”p
+f (Yniky + Y11d31 E3)hydy (1.7)

Im

2

Wty o 2 by
M = Yy 1kh 7 + tmtp + ? + YUKhE

—hY 1d3 E5 (tmtp + tlz))) (18)

For a free lateral bimorph actuator, when no external moment is applied,

M = 0, we can obtain the curvature of the actuator,

12d31E3(tmlp + tlz))
2GR, + 61,2+ 40) + L,

(1.9)



Therefore, from equation (3) the lateral bimorph in-plane defection can be

written as,
2

(x) = % (1.10)
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Figure 1.5: Comparison of the analytical solution with COMSOL™ simu-
lation for (a) In-plane tip displacement of the bulk PZT piezo-
electric bimorph transducer, operated as a differential drive in-
plane actuator (Configuration B). (b) In-plane bending of bulk
PZT piezoelectric bimorph transducer along the length, oper-
ated as a differential drive lateral in-plane actuator (Configu-
ration B). Picture in the inset shows the COMS OL™ simulated
in-plane displacement profile for differential voltage drive.

Further, results from the analytical model is compared with finite element
mode as shown in Fig.1.5.Fig.1.5(a) shows the tip displacement as a function of
applied DC voltages. Fig.1.5(b) shows the displacement profile of the lateral bi-
morph along the length. Picture in the inset shows the COMSOL" simulation

of the beam deflection. As expected, the displacement profile is parabolic and is

10



Figure 1.6: Out of plane displacement of the transducer for configuration
B. (a) Shows the COMS OL™ simulation of the out-of-plane
displacement w distribution in the transducer during in-plane
bending (b) Shows the cross section showing strain S of the
transducer along the thickness and the shear y,.

in close agreement with FEA model. The simulation result is in agreement with
analytical solution, with a maximum deviation of ~ 0.083% in the nm/V scale
factor. This deviation is potentially due to the analytical model not including the
Poisson’s effect, shear strains and nonlinearities in curvature as shown in equa-
tion (4). Poisson’s effect and shear strains causes additional transverse (along Y)
strains caused due to axial tensile and compressive (along X) strains leading to
anticlastic curvatures. The COMSOL™ model includes such effects and hence
estimates higher displacements as shown in Fig.1.5. For a lateral PZT-4 bimorph
transducer of L = 6.25mm, w = 0.45mm and h = 0.5mm, the expected actuation
sensitivity is around 30nm/V,.. Since most of the actuation and sense are pre-
dominately due to in-plane strain and d5; coefficient, the design investigated in

detail here is an in-plane lateral bimorph transducer.
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Out-of-plane actuation due to E; and shear due to E;

As seen earlier in equation (1) due to Ej, there is a out-of-plane deformation
profile w along the length. This can be seen in Fig.1.6 for configuration B. The

peak deformation along Z-axis can be written as,
w = d33E3h (111)

the deformation is as shown in the cross section in Fig.1.6(b). Since w =
0.29nm/V,. << 30nm/Vy., for in-plane bending, and the contributions of S, for
the overall bimorph action can be ignored. The effect due to E, causes shear in
the Y, plane as shown in Fig.1.6(b). The peak deflections caused by shear (y,.)
is,

0, = disExw (1.12)
For the bimorph ¢, = 0.457m/V and hence its contributions are also negligible

compared to in-plane motion.

Top view
yut

+V

C

Figure 1.7: Sensor schematic showing tip deflection ¢ and surface potential
+Vout, —Vour induced due to strain distribution
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1.2.2 PZT lateral bimorph as a sensor

When the tip of the lateral bimorph is deflected by in-plane forces, for pure
bending case (Euler-Bernoulli beam assumption), there is compressive and ten-
sile strain distribution, on either sides of the beam, along the length of the beam,
with the strain magnitude being maximum at the anchor. From inverse piezo-
electric effect, there is a charge accumulation on the electrodes due to strain,
which can be read out. The sense signal can be current or voltage from the

electrodes.

We can expect a differential voltage output on port 1 and 2 of the bimorph
when an external force is applied (Fig.1.7). The electrical constitutive equation

for the piezoelectric material can be written as,

D; = e Ez + d31 T (113)

With the assumptions of an Euler Bernoulli beam bending for the lateral

bimorph, the curvature can be written as,

M

K

where M is the moment, I is the moment of inertia and Y is the Young’s modu-

lus.

When the lateral bimorph experiences in-plane deflection ¢, form (6) the

strain can be written as

13



_ kgp6(L — x)y

1.15
= (115)
where, k), is the spring constant of the cantilever beam, given by,
3Y111 Ylth3
ksp = I3 = A3 (116)
Substituting in (13),
ky,O(L —
D; = €€.E5 + ds M - Yids Es (1.17)
3d3 Y 16(L —
Ds = qe(1 — K)E; + 22! ”Lg Xy (1.18)
Y1 d?
K?= —2 (1.19)
€€y

where K? is the electromechanical coupling coefficient. The total charge on

L o,
q= f f Dsdxdy (1.20)
0 JE

the electrode is,

Solving for g,

3dy Y1120
g = eoe,(1 — K¥)Lt,Es + Z% (1.21)

Using I = dq/dt we get,

dy Y1126
I= jw (eoer(l — K)Lt,E5 + Z%) (1.22)
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We can derive the output voltage of the bimorph by integrating the induced

electric field E;

1 3d3 Y1126
Vou =— | Ezdz = - + = b 1.23
! f e JwCos 4 LCyqy (123)

Where Cy, is the device capacitance given by,

e (1 — Kz)Ltp

C()d = h (124)

The overall capacitance of the device is,
Co = Coa + Cpaa (1.25)

where, C,,, is the capacitance of the bond pads on the anchors, connected to the

top electrodes as shown in Fig.1.1.
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induced charge
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Figure 1.8: Comparison of analytical and simulation result for charge on
electrodes as a function of in-plane tip displacement for a
lateral bimorph transducer operated as a sensor. Picture in
the inset shows the COMSOL™™ simulated differential surface
charge distribution for in-plane tip deflections.

Fig.1.8 shows the comparison of surface charge obtained from the analytical
model and COMSOL" model. From simulation and analytical solutions, we

expect the sensor sensitivity to in plane deflections to be around 50pC/um. This
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result is for a lateral PZT-4 bimorph transducer of L = 6.25mm, w = 0.45mm and
h = 0.5mm The error between simulation and analytical result is potentially due
to the analytical model not including the Poisson’s effect, shear strains and non-
linearities in curvature. Since the voltage from the PZT bimorph V,,, = ¢/Co,
the output voltage can be maximized by optimal electrode placement. By hav-
ing electrodes in the regions of maximum induced charge while removing the
electrodes in regions with low induced charge we can minimize capacitance.
As seen in the COMSOL™ simulation result in the inset of Fig.1.8, it is desir-
able to have electrodes near the anchor and no electrodes close to the tip of the

bimorph.

1.3 Lateral Bimorph Resonator

For the same transducer, using port1 to actuate and porr2 to sense the response,
the transducer can be tested to track sense resonator parameters such as elec-
trical impedance, sensitivity (displacement (mV/um) or velocity (mA/um)), res-
onance frequency, insertion loss etc. The frequency response of this transducer
can be measured experimentally by driving on port1 and sensing the resonator

response on port2

1.3.1 Frequency response

The resonance frequencies of the bimorph can be written as [23]
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F,= Z—’i’% (1.26)
where, F, is the resonance frequency, p, is mass per unit area of the bimorph and
a, is the coefficient associated with each mode defined in [23]. The fundamental
mode of the bimorph is in plane motion. The second mode is the out-of-plane
motion with frequencies close to the fundamental mode. For the electrode con-
tiguration B as shown in Fig.1.2, the in-plane mode has the highest coupling
compared to any other modes such as the out-of-plane and torsional modes.

Further, the second order mechanical response of the lateral PZT bimorph can

be expressed as,
_ v(x)
1-(E2M+ 25

where, quality factor Q models for all the loss mechanisms viz., anchor, viscous,

v(x, w)

(1.27)

material losses. In a single ended drive case discussed here on port1, we can ex-
pect the lateral bimorph to displace by ”’%("”) where, vppa(w) is the displacement

for symmetrical differential voltage drive.

1.3.2 Transducer nonlinearity

Various kinds of non-linearities for PZT have been explored in literature [25,26].
Some of them are due to nonlinearity in damping forces, non-linear spring
constants. These can lead to Duffing non-linearities [27], parametric oscilla-
tors and noise squeezing. Parametric resonators have proven to be useful in
sensing applications to reduce the parasitic coupling into the sense from the
drive electrodes [28]. Thermal noise squeezing help improve SNR and improve
sensor resolution [29]. In PZT, material properties such as Young’s modulus,

d-coefficients, dielectric constants and mechanical loss factor have non-linear
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dependence to stress, strain and electric fields [30-33].

A simple model of a spring-mass resonator can be expressed as,

V+ av + wjy = Feos(Qt) (1.28)

Where, a is the mass normalized viscous damping, F is the amplitude of the
force, Q is the frequency of the applied force and wy is the natural frequency of
the resonator. Resonant frequency of a cantilever resonator is proportional to

the Youngs modulus (Y) is given by,

) Ywh
w; o«
0" 413m

(1.29)

Where, m is the mass. The nonlinearity in ¥ due to stress in PZT can be

expressed as [12],

Y = Yo + BYoT?2 + (higher order terms) (1.30)

where, 8 = % and T, is the stress.The stress caused due to applied AC and

DC voltages on the bimorph is,

T, = Tocos(Qt + @) + Ty, (1.31)

Here, both 7)) and 7. are proportional to £ and applied AC and DC voltages

respectively

Substituting (31) in (30) and (29) and simplifying (28), an approximate model

of the non-linear resonator can be expressed as,

T2
1 +,8(70 + ch)]v

i}+a/\>+w(2)
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2
+wyp v

2
B (ZTdCTocos(Qt + @) + %cos(ZQt + 2¢) + )

= Fcos(Qt) (1.32)

Nonlinearity in the elastic constants can be leveraged by operating the res-
onator at high stress regions (stresses > 107 Pa) [30]. As shown in (32), the
nonlinearity in E also leads to higher order harmonics in the resonator re-
sponse. Similar harmonics due to resonator nonlinearity were observed in [34—
36]. Stress dependent non-linearities in Young’s modulus in PZT can be lever-
aged for applications in non-linear resonators with frequency tuning and driv-
ing parametric oscillations. Additionally, from (2) and (13) it can be seen that
stress dependent non-linearities in d coefficient and dielectric constants also
leads to nonlinearities in the resonator sensitivity with respect to drive voltage.

20
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Figure 1.9: COMSOL™ simulation of anchor stress as a function of drive
voltage at in-plane resonance mode.

Using finite element analysis software (COMSOL’"), we simulated the
stress as a function of drive voltage at in-plane resonance frequency in the piezo-
electric transducer. The Q factor of the resonator model is 1000, which is the

mechanical quality factor (Q,,) of PZT4 as reported by the vendor (APC Inter-
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national Ltd.) . This is done to calculate the drive voltage required to operate
in the non-linear region. COMSOL™ simulation in Fig.1.9 shows the stress dis-
tribution for the device. Simulation predicts that for this design, the Von-Mises
stress at the anchor is 2.05MPa/V,. With stress higher than 10’ Pa for >= 5V,
drive at resonance(<yield stress 500 MPa for PZT [5]) we can be certain that

nonlinearity can be achieved.

Figure 1.10: Laser micromachined lateral bimoprh transducer and SEM

images.

1.4 Fabrication

The actuators were fabricated using a commercial laser tool (LPKF ProtoLaser

U). A process flow is developed to create structures and electrode patterns on
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bulk PZT by effective control of laser power, beam scan speed and scan lines
(hatching) density. Direct laser patterning of PZT is mask-free and monolithic.
A CAD file generated by commercial software (L-Edit from Tanner Tools) is fed
to the control software of the laser. Here each process step is assigned a recipe,
where the laser parameters, namely, laser power, frequency, scan speed, hatch
density and the z-offset of the 3D stage are optimized to perform each of the
steps. The fabrication steps involved are: a) Through cut of PZT plate by way of
repetitive hatching on the PZT, to define the beams. b) Partial hatch through the
thickness of top nickel or silver layer, so as to have electrical isolation between
the two electrodes. c) Manual reversal of PZT plate for bottom side processing
d) Alignment using optics and image processing associated with commercial
laser tool with the help of fiducial marks created in the first step. e) Laser etching

to define the bottom electrodes.

Typical cut rates for PZT are 16.6um/min in thickness, leading to a linear cut
rate for beams corresponding to a minimum cut width of 150um. After laser-
micromachining, the PZT structures were cleaned with IPA (Iso-propyl alcohol)
to clear the debris formed due to laser cutting and scribing process. Several
batches of bimorphs were fabricated for testing the reliability and repeatability
of this process. In this process the laser can be used to locally depolarize the PZT
material due to heat, if used at high enough pattern density around a small PZT
region. The smallest PZT feature successfully fabricated with this process flow
is & 70um. This limitation is a result of many factors such as laser beam size
(specified to be 25um at FWHM), material thickness and thermal conductance
along with other recipe parameters such as beam hatching density, power, and
pulsing frequency of the laser tool. Fig.1.10 shows the fabricated PZT lateral

bimorph transducer with SEM images in the inset showing the top surface and
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the side wall of the bimorph. More details of the process flow are discussed in

the work in [15,16].

1.5 Experimental Results

All the characterization work is done for a lateral PZT-4 bimorph transducer
designed for L = 6.25mm, w = 0.45mm and h = 0.5mm with the two top electrodes
separated by a 0.15mm wide region with electrode removed along the length of

the lateral bimorph.

1.5.1 Characterization of PZT bimorph actuator

In order to characterize the the tip displacement sensitivity as a function of drive
voltage, an in-plane optical stroboscopy technique is used. A sinusoidal drive
voltage near DC (10Hz) is applied and the device displacement amplitude is
measured optically using the Polytec MSA400. In this approach, a 20X lens
and CMOS imager in the Polytec tool is used and the displacement noise in the
measurements is ~ 300nm. Fig.1.11(a) shows measured tip displacement as a
function of applied differential voltages on portl and 2. The actuation sensitiv-
ity is measured to be 23nm/V, which is within 10% to the simulation and the
analytical result. The error can can attributed to measurement noise and the the
fabrication tolerances. Since the laser spot size is 25um one can expect tolerances
in w and L to be = +25um corresponding to worst case variations of ~ +13% in
ks, (equation (16)). On sweeping the frequency for the applied voltage of 1V,

in configuration 2 (Fig. 1.2), the in-plane resonance response with peak tip dis-
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Figure 1.11: Optical charaterization of lateral bimorph actuator using
Polytec in-plane stroboscope. (a) shows the amplitude of tip
in-plane displacement as a function of applied differential
voltage near DC (10Hz). (b) shows the in-plane tip displace-
ment frequency response for 1V, differential drive.

placement of 7.3um at resonance frequency is measured optically Fig.1.11(b).

The impedance response of the bimorph transducer is measured using
HP4194A as shown in Fig.3.9. An equivalent RLC circuit model fit (Butterworth
Van-Dyke model) for the linear resonator case is obtained using the measured
impedance response. The parameters from the equivalent circuit model for lin-
ear resonator case with drive voltages of < 100mV, are summarized in Table.1.2.
It is observed that the resonator has a non-linear response for higher drive volt-
ages (>= 0.5V,). There is spring softening effect in the PZT bimorph resonator

as the drive voltage is increased, as shown in Fig.1.11(b) and Fig.3.9. Since the
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Figure 1.12: Impedance response of the bimorph transducer as a function
of drive voltage, measured using HP4194A impedance ana-
lyzer. Sketch in the inset shows the equivalent circuit model
for the linear resonator at drive voltage of < 100mV,

impedance analyzer used can drive a maximum voltage of 1V, the non-linear
behavior of the bimorph transducer as a function of higher voltages is inves-
tigated using high speed ADC and function generators which is discussed in

section V.C.

1.5.2 Characterization of PZT bimorph sensor

As discussed in III.A, on driving the transducer on port1 and sensing the voltage
or current response on port2 we can characterize the transducer sensor charac-
teristics. In this configuration we can expect half the tip displacement for the
same drive voltages at resonance as seen in Fig.1.11. On sweeping drive fre-

quency for 1V, drive on port1 the frequency response on port2 of the lateral bi-
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Table 1.2: Parameters from equivalent circuit model of the linear bimorph
transducer for drive voltages < 100mV,

Parameter Value
Co 62.1pF
R, 47.2kC)
G, 605.7fF
L, 91H
Q =2nf.L./R, 850
f+(resonance) 6.49kHz
fa (anti-resonance) | 6.52kHz
ki =(%) -1 12%

morph sensor is measured (Fig.1.13). The peak voltage response was measured
to be around 6.5kHz. As shown in Fig.1.13 both the voltage and the current
from sense port2 are measured for 1V, drive as a function of frequency. Using
results from Fig.1.11, the peak displacement at resonance for driving just port1
can be estimated to be 3.65um at resonance. The peak voltage and current on
sense port for this configuration are 125mV and 4uA respectively, from Fig.1.13.
So the the lateral bimorph sensor sensitivity at resonance are ~ 38.5mV /um and
~ 1.1uA [um respectively. The result is in agreement with the analytical result
of 1.02uA/um at resonance for the single-ended drive case (section /1.B) (Charge
sensitivity x resonance frequency = 25pC/um X 2 X © X 6500Hz). The sensitivity
is only applicable for strains below yield (< 0.5%). As observed in Fig.1.11 and
Fig.3.9, we again see the spring softening effect in the output current response

of the bimorph resonator for 1V, drive (Fig.1.13(b)).
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Figure 1.13: Electrical Frequency response characteristics of bimorph
transducer. (a) Sense voltage response on port2 as a func-
tion of frequency for 1V, drive on portl (b) Sense current fre-
quency response on port2 for 1V, drive on port1.

1.5.3 Characterization of resonator nonlinearity

On measuring the output spectrum of the transducer’s porr2 on driving port1
at resonance frequency (Fig.1.14(a)), we see a peak response at the resonance
frequency as expected. Additionally, higher order harmonics of the resonance
frequency with lower amplitudes are observed as predicted by equation (32).
This is observed only at resonance, when the stress criterion for nonlinearity is
met, as discussed earlier. Further, the dependence of amplitude of the harmonic

response to applied drive voltage stress is characterized. The frequency spec-
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trum for different drive voltages at resonance are are as shown in Fig.1.14(b). It
can be seen that the the amplitude of the harmonic components increase with
drive voltage. This is because of increase in stress leading the resonator to be
more non-linear as described by equation (32). The ratio of voltage amplitudes
of the first harmonic (2f) to fundamental (f) is found to be 1.74 x 1075e%8V1,

where V is the amplitude of the drive voltage on portl

1.5.4 PZT bimorph sensor performance

In order to validate the performance of the lateral bimorph transducer as a sen-
sor, the different noise sources prevalent in the sensor are measured. Due to the
pyroelectric and temperature dependent properties of PZT (d-coefficients and
dielectric constants), one can expect voltage and current noise on the sense port.
Also, there is noise induced by frequency drift in the resonator. Additionally,
one can expect errors arising from resonator aging [14] and self-heating over
time [37,38]. To alleviate the noise from parasitic capacitances and 60Hz noise,
the current from the bimorph transducer is sensed using a transimpedance am-
plifier circuit. Assuming the noise sources are uncorrelated, the sense current

i, ON sense port2 can be expressed as,

2T, jw) = 2t jw) +i2,(T, jw) + i, (T, jw) + if,ym(T)
+i§f(z, T) + ifqickw (1.33)

Further, for the bimorph the fundamental noise sources can be calculated as

follows, with Table.1.3 describing all the parameters and design specifications,
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PZT electrical-thermal noise can be expressed as [39],

kT
= 1.34
O (134)

PZT mechanical-thermal noise from [39],

f4kBTw0q2

Contributions from current induced by pyroelectric effect in PZT owing to

resonator self heating can be estimated as [40,41]

dT

ipyro = /lpAeE

(1.36)
Where 4, is the pyroelectric coefficient. The thermal time constant 7, =
R Cu, Ry having contributions from conduction through metal, air and con-

vection components R, R., and R, respectively.

— == 1.37
Rth Rc ¥ Rca " Rconv ( )
h 1 1
Rc = Rca = > Rconv = 1.38
KPZTA 4Kairr hcAe ( )
where r = LA/
Ci = ppzrVe, (1.39)

For experimental validation of different noise contributions prevalent in the
sensing system, Allan deviation of bimorph port2 current is measured for 1V,
voltage drive . Allan deviation in Fig.1.15 shows these different noise sources
and their dominance over different time scale and averaging times. The current

from port2 is measured using a tranimpedance amplifier SR570 for no drive and
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Table 1.3: Parameters and design specifications

Parameter Value
charge sensitivity gr 10783C/m/ s*
pyroelectric coefficient 4, 1074C /m?* |°C
T 300K
0 850
C 24pF
Electrode area A, 2.81 x107%m?
bandwidth 225Hz, 50Q termination
Ine 0.56nA
Inm 0.34 nA
i yro 0.937nA /(°C /s)
Acquisition circuit noise ~ 3.2nA
Kqir(room temperature) 0.026 W/m K
KpzT 1.1W/mK
¢, (PZT) 420 KJ/Kg K
h. 20 W/m*K
(convective heat transfer coefficient)
R 1.089 x10° K/W
Cu 4.5 %107 J/K
Tih 49s

drive at resonance cases as shown in Fig.1.15. From the analytical calculations
and Allan deviation measurement in Fig.1.15, it can be seen that for a no drive
case (broad band measurement, blue curve), we are limited by acquisition cir-

cuit noise. However, for the 1V, drive case at resonance, the Allan deviation of
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demodulated voltage with a 10Hz low pass filter stage for port2 current (narrow
band measurement, red curve) is limited by fundamental noise sources such as
the mechanical-thermal noise and electrical thermal noise as calculated. Further,
with increase in the resonator operation cycles (7 > 1s) the noise arising from
self heating effect dominates and causes sensor noise due to frequency drift
(Af), and probably noise induced by pyroelectric effect (i), = 0.937nA /(°C /s)).
It has been shown in [37] that the self-heating origin is probably interaction be-
tween the domain and defects. The heating rate can be visualized as the heat
generated by friction of the domains moving in a viscous medium. This in-turn
effects the polarization of PZT and effect the dielectric constant, d-coefficients
and Young’s modulus leading to current noise.

Therefore, sensor current measurements for small averaging times (1s) is prefer-
able. In order to reduce voltage/current noise, additional controls such as auto-
matic gain control PID loops and phased lock loops (PLL) on the drive are nec-
essary to lock to stable drive displacement amplitude and resonance frequency
respectively. However, active temperature compensation or dedicated design
considerations are necessary to suppress the temperature induced noises. From
the Allan deviation measurements in Fig.1.15, the sensor tip displacement mea-
surement resolution at resonance is estimated to be ~ 0.9nm for small time scales

(t < 10s).

1.6 Conclusion

A monolithic piezoelectric bimorph transducer was designed, fabricated and
tested. The applications of the lateral bimorph to actuators and sensors are were

evaluated. An in-plane resonator and its stress dependent non-linear properties
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Figure 1.15: Allan deviation of current from lateral PZT bimorph trans-
ducer. Plot shows the comparison of a broad band measure-
ment (1kHz) of sensor noise under no drive condition and a
narrow band sensor noise with 1V, drive to isolate different
noise sources. Sketch in the inset shows the measurement
setup

was also explored. Further, different noise sources prevalent in the lateral bim-
roph sensor were characterized to measure sensitivity of actuator, sensor and

sensor resolution.

32



CHAPTER 2
LASER MICROMACHINED SINGLE-PHASE ULTRASONIC MOTOR
UTILIZING A PLANAR X-MOTION PZT BIMORPH STATOR

2.1 Introduction

Ultrasonic motors have found widespread applications in systems such as cam-
era focusing assemblies, micro positioning devices, automation and biomedi-
cal instruments [42—44]. Ultrasonic piezoelectric motors transform electrical en-
ergy into mechanical motion using the inverse piezoelectric effect. The stator
comprises of piezoelectric transducers which is actuated by applying suitable
voltages, generating forces which are transferred through frictional coupling
to a rotor [43]. Ultrasonic motors offer many advantages including high drive
and hold torques and small displacements enabling precise position control of
loads [42]. Because the motors are made of piezoelectric materials, without the
need of magnetic materials, the motors can operate without interference from

external magnetic fields.

Ultrasonic motors have been made with size scales ranging from mm to 10’s
of cm, with different vibrational modes, and different mechanisms of momen-
tum transfer to the rotor. These include direct contact and viscous drag through
air bearing [45,46]. The conventional piezoelectric motors are traveling wave
ultrasonic motors, which consist of composite piezoelectric actuators arranged
in a circular configuration. The actuators generate circular traveling vibration
modes in which the clock-wise and counter-clockwise traveling waves result in
standing waves with elliptical trajectories on the stator. The stator forms fric-

tional contact point to the rotor [47,48] applying normal and tangential forces to
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move the rotor. In hybrid-mode piezoelectric motors, the piezo-ceramic plates
are arranged such that different phase signals excite, (i) longitudinal and bend-
ing modes [49-51], (ii) or two orthogonal longitudinal modes [52,53], (iii) or two
orthogonal bending modes [54,55] simultaneously and imparts motion onto the
rotor via frictional coupling. Ultrasonic motors with piezoelectric bimorph as
the driving elements also exist in literature. Piezo-ceramic plates are bonded,
electrically isolated, and are controlled independently such that the excited sig-

nal pattern actuates the tip of the bimorph [56-60].

In many existing ultrasonic motors, the stator is manually assembled by ad-
hesive bonding of the piezo-ceramics. The stator designed using this technique
have been shown to have significant problems such as delamination and self-
cracking [61]. Stress mismatch between layers of PZT- adhesive composites of-
ten causes stress gradients leading to deflected structures after fabrication. This
makes the stator prone to fatigue under conditions of high electric field drive,
which can lead to failure of the motor [44]. The additional adhesive layer leads
to complexity of the ultrasonic motor analytical/FEM model as the adhesive
thickness can vary across the motor making stator to rotor coupling hard to be
uniform and are device specific. The adhesive layer can also add to damping
and generate heat during operation. Many different techniques have been in-
vestigated to overcome these problems [60, 62] through complex assembly pro-

cesses, which increases cost and size of the device and limit performance.

In this work, an ultrasonic motor with PZT bimorph actuators that does not
require manual bonding of the bimorphs is demonstrated. Bulk PZT ceramics
are important for motor as PZT has larger piezoelectric coupling (k;), and piezo-

electric coefficient (d3;) than many other piezoelectric materials. In this motor,
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the stator is a monolithically integrated, circularly arranged array of PZT bi-
morphs [63] with multi-axis actuation capabilities. The design is planar and is
realized through direct-write, single step laser-micromachining process, which
is suitable for miniaturization with 100um minimum feature size. This process
enables fabrication of mm scale bulk PZT ultrasonic motors which are currently
realized at 10’s of mm. Also, this approach allows for decoupling of process
flows for the fabrication of stator, rotor and substrate housing the stator. Since
each layer (substrate, stator and rotor) are fabricated independent of each other,
various applications can be possible. One such example is a 3D printed plastic
blade fan rotor using the laser micromachined monolithic PZT bimorph stator.
The design and working principle is introduced in Section 2, along with FEM
and analytical results. Device fabrication is explained in Section 3. This is fol-
lowed by experimental results and a discussion in Section 4. The operation of
a 3D printed ABS plastic fan shaped rotor as well as a baseline, minimal-load
rotor is also presented. Finally, Section 5 gives a summary of results along with

concluding remarks.

2.2 The Basic Building Block: X-Motion PZT Bimorph

2.2.1 Design

The piezoelectric beam design shown in Fig.2.1 is used as a fundamental build-
ing block in the stator design. The PZT-4 beam actuator consist of silver elec-
trodes on top and bottom and is poled along the thickness of the plate. The top

side of the beam actuator has two electrodes, A1 and B1, which are separated by
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Figure 2.2: Motion trajectory of the tip of deflected beam when voltage
applied to (a)electrode Al and (b)electrode B1.

arectangular groove that extends along the length of the beam. The electrode at
the bottom serves as a common ground for the top electrodes. When a voltage
+V is applied on Al and -V is applied to Bl electrodes, a compression is formed
along the length of A1, and tension along B1, owing to the piezoelectric coupling
due to ds;(~1.23 x 107'°C/N for PZT — 4). Hence, this structure can be called a

lateral bimorph, as most of the motion can occur in the plane of the plate. Such
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bimorphs are used for realizing dither stages and piezoelectric sensors [17,64].
In addition to the lateral bimorph motion, an out-of-plane tip motion can be

generated by applying voltages with different phases on Al and B1 electrodes.

The region of the beam under the influence of applied electric field can be
considered as active and the remaining region as passive. The drive configura-
tion is as shown in Fig.2.2 where AC signal is applied between electrode Al (or
B1) and bottom electrode and while keeping the other top electrode B1 (or Al)
grounded. The drive scheme enables for 2 orthogonal applied electric fields E;
(along thickness) and E; (along width) as shown in Fig.2.1 The lateral bending
is due to strains generated owing to ds; coefficient in PZT when electric field
is applied along the poling direction in the active part of piezoelectric beam.
The cross field E, along the width of the bimorph causes shear owing to d;s.
Additionally, the groove cut in between A and B electrode reduces the moment
of inertia along the thickness of the bimorph and moves the centroid closer to
the ground electrode (plane of neutral axis as per Euler-Bernoulli Beam equa-
tions), improving the out-of-plane displacements. This results in both in and
out of plane motion with trajectory as described in Fig.2.2. The beam will fol-
low trajectory A — A" [shown in Fig.2.2(a)], when AC voltage is applied between
electrode Al and the common ground. It will bend long path B — B’ [shown in
Fig.2.2(b)], when the AC voltage is applied to electrode B1.

This actuator is similar to the T-beam actuator presented in [60]. In this work
laser micro-machining is used to fabricate a U-beam actuator with aspect ratio

(thickness/width) <= 1 compared to the T-beam with aspect ratio 0.5.
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2.2.2 Analytical model of the lateral PZT bimorph

To predict the tip deflection and blocking force of the piezoelectric motor, an-
alytical model previously developed for piezoelectric T-beam actuator [61], for
a general asymmetric piezoelectric actuator, is modified for this design. The
governing equation is derived using the principle of virtual work with the as-
sumptions of Euler-Bernoulli beam conditions [61]. From the constitutive equa-
tions, the resultant maximum in-plane (v/) and out-of-plane displacement (wy)
are shown. For the asymmetric configuration of designed piezoelectric beam,
neutral axis will lie at a location e. Here w represents width of piezoelectric
beam, s is separation between two electrodes,  is the overall thickness of beam,

(h — 1) is the depth of PZT hatched region [Fig.2.4(a)].

_ 12wht = 2sht + sh? + st* — wh?

= 2.1
¢ 2 wh — hs + ts 2.1)
. asA szZV 22)
f 2Ep(1p2 + Ib2) ’
a,A,L*V
wp = ) (2.3)

" 2Qayl s + 2a3A, + E, i)

Here, E, represents Young’s modulus of the piezoelectric material, L is
length of beam and V is the applied voltage between one of the top and bottom
electrode. The blocking forces for individual beam, F»;, in longitudinal direction

and F3, in transverse direction can be represented as follows,

FZb = (3618Ap2 V)/ZL (24)

ng = —(3a4ApV)/2L (25)
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The actuator is divided into an active (volume with non-zero electric field)
and passive parts (volume with no electric field). The coefficients in the expres-
sions are tabulated below (Table.2.1). Subscript b and p represent coefficients
for passive and active parts of the actuator respectively. The results obtained
from the analytical model of PZT bimorph is compared with COMSOL’™ FEA
simulation in Fig. 2.3. The analytical model of the bimorph does not include
Poisson’s effect and shear from d,5 strain coefficient. Therefore, for the out-of-
plane (Z) actuation, there exists a deviation of 0.4nm/V between the analytical

and FEA simulation result.
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with 250um cut in between two electrodes for (a) out-of-plane
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Table 2.1: Derived Constants Used in Model

Coefficient Single Electrode Both Electrode
a LE+ a2y
2 2 €3
—e2,Qe+h-21%)
as 8e33
-}, (2e+h-21)
aa 2h
—e3l
ds o
(2t—h)b+sh
A, bt T
—b)h
A, h(s - b) =
h(s*~b%)
Apz 0 T
bt Qt=h)b>+s3h
12 7 24
he3_ 13 hedd _ 13
1,2 5(s7 = b%) 2 (s7 = b%)
br? 2 ? 2
1,3 L +Ae- D) 1,3+ 55 +bt(e = %)
(s=b)* hy2 | (s=bi? hy2
1,3 - tAe—t+3) | St Ale—1+3)

2.3 Stator Design And Motor Operation

The stator of the ultrasonic motor consists of a circular arrangement of twelve
PZT lateral bimorphs, each of length L, placed at equal angles away from each
other (shown in Fig.2.4(b)). The bimorphs are formed from one PZT plate. Each
beam is patterned with two separate electrodes (4, and B,). On each individual
bimorph, PZT has been partially removed in between the two electrodes and the
cross-section view of beam is shown in Fig. 2.4(a), to form a U-shaped beam.

The stator can produce two orthogonal motions, where the tip of the actuator

40




PZT hatched
region

Figure 2.4: (a) Cross-section view of individual PZT bimorph and (b) Lay-
out of designed stator.
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Figure 2.5: COMSOL™ simulation of PZT stator with beam length of
3mm, for an applied sinusoidal voltage signal of 100Vp — p at
25.03kHz between A, set of electrodes and bottom electrode .
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approximately follows straight line trajectories in Y — Z plane along trajectory
a or b (Fig.2.2). The motion trajectories facilitates to rotate the rotor that is in
contact with the stator, in clockwise or counter clockwise direction due to the

applied normal and tangential force from the bimorph.

2.3.1 FEM modeling of stator

In order to obtain the resonance frequencies of the bimorphs, eigen-frequency
analysis is carried out using finite element analysis in COMSOL" Multiphysics
modeling tool. For the beam length of 3mm, the predominant modes were,
bending lateral motion mode at frequency of 25kHz and the next mode being
an out-of-plane bending mode at 26.6kHz. Stationary analysis in COMSOL™
is used to capture actuator trajectories at different time instants. The stator is
excited with voltage signal on electrodes A, while the other electrode set B, is
grounded. At = 0, rotor will be at static position because the stator does not
produce any deformation at this instant. From 0 to 7/4 (T is the period of ap-
plied sinusoidal signal), the active part of the PZT beam expands longitudinally
and contract in transverse direction; therefore, the beam tip moves toward the
up and right direction as shown in Fig.2.5. At ¢ = T/4 corresponds to maximum
deflection. From t = T'/4 to t = T/2, the expanding deformation decreases grad-
ually and at + = T/2, it goes back to the initial point. From ¢t = T/2 to 3T /4,
due to negative electric field, stress direction will get reversed and the bimorph
moves down and left direction as show in Fig.2.5 with maximum deflection at
t = 3T /4. Then, the contracting deformation of the stator decreases gradually
and the beam finally goes back to its initial point (¢ = 7). During one cycle, the

beam tip produces an 'X’-shaped motion in in ¥ — Z plane, which can be used to
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rotate a rotor in clockwise and counter-clockwise direction.
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Figure 2.6: (a) 3D sketch of the motor (b) Photograph of the assembled
ultrasonic piezoelectric motor (c) Sketch of the cross section of
the prototype.

2.3.2 Motor assembly and operation

The piezoelectric stator is bonded using silver acrylic adhesive onto the base
PCB to ensure bottom PZT electrode contact. The stator is aligned to the PCB
along a laser cut alignment mark. The patterned electrodes on anchors are wire
bonded to bond pads on custom PCB as shown in Fig.2.7. A miniature ball
bearing (Dynaroll 440C) is bonded at center of the PCB rotor using cyanoacry-
late adhesive. The rotor is then assembled on to the stator using miniature nut
and bolt, that applies compression of the rotor against the tips of the PZT bi-

morphs.The sketch and the photograph of assembled motor is shown in Fig.2.6.

Each motor has three input terminals, A and B terminals that are connected
to the top electrodes of piezoelectric stator and a bottom electrode which is the
common ground. Operating the motor requires a single AC voltage source to
actuate one set of electrode. On applying voltage on terminal A we observe

clockwise rotor motion voltage, and voltage on terminal B for counter clock-
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wise rotor motion (Fig.2.2). When an AC voltage is applied to the A terminal
and common ground, during positive voltage, active part of PZT will expand
longitudinally and also undergo shear whereas the inactive part resists motion
which leads to beam bending sideways and upwards as described in Fig.2.2.
This results in contact and a lateral force between rotor and stator, causing the
rotor to move. During negative voltage, the beams will bend in opposite di-
rection causing loss of frictional coupling with the rotor. The rotor continues

rotating for the non-contact time span due to the rotor inertia.

Table 2.2: Dimension of fabricated stators

Length of Beam (L) | Diameter of Stator | Labeled

2mm 14mm Typel
2.5mm 15mm Type 2
3mm 16mm Type 3

Figure 2.7: Fabricated three different ultrasonic motor stators with (a)
2mm, (b) 2.5mm and (c) 3mm bimorph lengths bonded onto base
PCB

2.4 Fabrication Of Stator And Rotor

Ultrasonic stators of three different diameters with varying beam length were

fabricated (Table 2.2). The stator PZT bimorph arrays were fabricated out of
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commercially available piezoelectric PZT plates, 0.5mm thick, and with silver
electrodes (APC International, Ltd.). The rotor and the base substrates for the
stator were fabricated using laser cutting a 1.5mm thick metalized FR4 (PCB ma-
terial) sheet where the metal is also selectively removed using the laser. The sta-
tor and rotor were fabricated using a laser micro-machining process, discussed
in detail in [63]. The laser-cutting process enables us to create structures and
electrode patterns on bulk PZT by controlling the laser power, beam scan speed,
and (hatching) density. The laser patterning of PZT described here is direct-
write and monolithic. The laser is also used for partial removal through the
thickness of top silver/copper layer, so as to have electrical isolation between
the two electrodes. Typical cut rates for PZT are 25um/min along the PZT thick-
ness. This rate is a result of many factors such as laser beam size (specified to be
25um at FWHM), material cutting properties, with other recipe parameters such
as beam hatching density, power, and pulsing frequency of the laser tool. After
laser-micromachining, the PZT structures were cleaned with IPA (Iso-propanol

alcohol) to remove the debris formed during laser cutting [63].

2.5 Experimental Results

2.5.1 Stator bimorph characterization

To operate the motor at its fundamental resonance frequency, first the elec-
trical impedance response of the stator at low voltage is measured using an
impedance analyzer (HP 4194A). The measured resonance frequency from

impedance characteristics for Type 1, Type 2, and Type 3 stator are 47.5kHz,
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Figure 2.8: Electrical impedance response of Type 3 stator for 0.5V, excita-
tion (a) magnitude response (b) phase response
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Figure 2.9: Frequency response for the Type 3 stator with in-plane and out-
of-plane resonances measured an excitation voltage of 2Vp — p
measured using Polytec MSA400

32.6kHz and 24.1kHz respectively, which is in close agreement with FEM modal

analysis. The impedance magnitude and phase spectrum were measured for
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Figure 2.10: Out of plane motion of piezoelectric bimorph measured us-
ing Polytec MSA400 at 2Vp — p at frequency 23.9kHz, applied
across one top electrode and bottom

different dimensions of the fabricated stator (Table.2.2) and the results for Type

3 motor is shown in Fig.2.8.

The mechanical frequency response is measured using Polytec MSA400
Laser Doppler Vibrometer. The in-plane motion at the tip of piezoelectric beam
is measured by stroboscopic technique and out-of-plane motion is measured
using Laser Doppler technique. The measurement is done by applying a sinu-
soidal voltage between one of the top electrode terminal (4, or B,) and bottom
electrode of piezoelectric stator. The frequency response of Type 3 stator for in-
plane and out-of-plane bending mode is shown in Fig.2.9. The vibration mode
shape of beam tip is obtained using Laser Doppler vibrometer at 23.9kHz for
3mm beam length motor, shown in Fig. 2.10. The out-of-plane bending mode
shape is in close agreement to COMSOL"" modal analysis. The resonance fre-
quencies for dominant in-plane and out of plane bending modes are 24kHz and
24.3kHz. We observe an out-of-plane mode due to the groove and shear strains
excited by electric field E,, as predicted by FEA. In this motor, the "X’ mode
of the stator bimorph generate frictional coupling to the rotor and the in-plane

motion provides the lateral momentum to the rotor.
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Figure 2.11: Rotor speed and stator bimorph tip velocity versus the ap-
plied voltage for different dimension beam length motor.

2.5.2 Ultrasonic motor output characteristics

To measure the rotational speed of each motor, the motors were driven by a
sinusoidal voltage signal at their respective fundamental resonance frequencies
of the stators. For Type 1, Type 2 and Type 3 stator, the resonance frequencies
are 47.5kHz, 32.6kHz and 23.85kHz respectively. The rotary motion is observed
at 8V e for Type 3 motor. The rotational speed is measured by recording videos
of the rotor at varying amplitude of applied AC signal for both clockwise and
counter-clockwise motion of the rotor. The velocity for one of the bimorphs of
the actuated stator has been measured using in-plane stroboscopic capability of
the Polytec MSA400. For different dimension stators, rotor speed and bimorph

tip deflection velocity as a function of applied voltage is shown in Fig. 2.11.

The speed of the rotor and tip velocity of piezoelectric beam on the stator
increased with the increase in driving voltage at resonance frequency. The min-
imum speed of 148rpm, 142rpm and 107rpm for Type 1, Type 2, Type 3 stator
respectively, for a drive voltage of 8V, The motor output performance is

nearly the same in both CW and CCW direction with repeatable response for
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Figure 2.12: Speed vs. excitation frequency at driving voltage of 40V ..
for: (a) Type 1 motor, (b) Type 2 motor and (c) Type 3 motor.

the resonant drive configuration. The speed of the rotor increased linearly with
increase in applied voltage at resonant frequency due to increased strain and
actuation velocity of piezoelectric bimorph. A maximum rotation of 545rpm is

achieved at a drive voltage and frequency of 60V, 47.5kHz for the 2mm beam
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length motor.

The rotor speed and bimorph tip velocity as a function of excitation fre-
quency at a constant drive voltage of 40V, is also measured, for the different
types of motor (Table.2.2). The speed of rotor and the vibrating bimorph veloc-
ity with different exciting frequencies are shown in Fig.2.12. The speeds of the
rotor and the velocities of the bimorph tip followed the same trend as expected
and were maximum at the resonance frequency of the motor.
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Figure 2.13: Speed vs load at driving voltage of 60V, for different dimen-
sion motor at their respective resonance frequency.

To measure the payload handling capacity of the ultrasonic motor, the speed
of the motor is measured on incrementally adding additional uniform loads on
the rotor. Response of the motor to mass loading is characterized by measur-
ing the speeds of the motor as a function of applied load for the three types of
devices (Fig.2.13). The motors were driven at their resonance frequencies with
an applied signal of 60V ... The load consisted of a 3D printed disc with cen-
ter orifice to be affixed to the rotor, similar to the assembly shown in Fig.2.6.
Additional masses were added on top to measure performance as a function of

load. The decrease in speed of motor with increase in payload is different for
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each motor. As the load increases the dynamic frictional force between the ro-
tor and stator increases such that the bimorph displacement is decreased for a
given drive voltage. Although the resonance frequency of the bimorph is likely

to change with loading, it is not measured during the data acquisition.

3 3D printed
= _ rotor

Figure 2.14: Prototype of 3D printer rotor used for operation of a fan ap-
plication.
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Figure 2.15: Air flow rate as a function of drive voltage of frequency
32.6kHz for Type 2 motor. Sketch of the experimental setup
is shown in the inset
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2.5.3 Application to operation of a fan

The fabricated motor can operate at low voltage of 8V, with speed in the 100
200rpm range. The motor has the potential of being used in a wide variety of
small scale applications which demand light, small and low profile motor. The
performance of the motor working as a mini fan is tested and can be potentially
used for heat dissipation in electronic cooling circuits and other applications.
The rotor used for this application is a 3D printed fan blade shown in Fig.2.14.
The mount and assembly is similar to the one shown in Fig.2.6 with the FR4

rotor replaced with 3D printed ABS plastic fan blades.

A single source voltage supply is used for driving the motor and a flow
sensor (FMA 902R- V1) is used to measure the air flow rate. The flow meter is
kept near to motor in an enclosed box and when external voltage is applied to
motor, the rotor will start rotating and will force air to move. Fig.2.15 shows
the air flow rate for 2.5mm beam length motor at different driving voltage and

achieved maximum flow rate of 165mm/sec at driving voltage of 60V ,.u.

2.6 Discussion And Conclusions

In this work, a piezoelectric ultrasonic motor was designed, fabricated and
tested and was designed using a monolithic lateral U-shaped bimorph. Three
different dimension motors were fabricated and their frequency response, speed
and payload capacity were characterized. A maximum speed of 550rpm was
demonstrated at 60V, for a 2mm beam length device, with its fundamen-

tal resonance frequency of 47.5kHz. A maximum payload capacity of 4.1g at
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60V ,eax was measured for 2.5mm beam length stator. The motor performance in
a mini fan application was also tested, and measured a maximum flow rate of
165mm/sec. In future designs, the operation voltage requirements for the mo-
tor can be reduced by a factor of 2 by double side electrode patterning of the

bimorphs on the stator [63].
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CHAPTER 3
MULTI MODAL PIEZOELECTRIC MECHANICAL STIMULI STAGE FOR
IN-SITU CALIBRATION OF MEMS GYROSCOPES

3.1 Introduction

MEMS Coriolis force gyroscopes have scale factor and bias errors that are in
the order of 10,000ppm [65]. The errors are a result of systematic and stochastic
noise sources, which limits their use in inertial navigation applications, under
GPS-denied conditions. Inertial sensors with bias and scale factor drifts that
are < 10ppm are needed for navigation applications [66]. MEMS gyroscopes
suffer from scale factor and bias drifts due to aging and environmental condi-
tions such as temperature fluctuations, shock and package stress etc. [67, 68].
Ongoing recent research efforts to enable the use of MEMS inertial sensors for
inertial navigation are broadly focused on two main approaches. One approach
relies on fabricating precision gyroscopes which are less susceptible to scale fac-
tor and bias drifts due to aging and temperature fluctuation [69,70]. The other
efforts have progressed towards in-situ calibration, where the scale factor and
bias drifts are extracted during operation while applying known stimuli to the
gyroscopes. The in-situ calibration approach can be further classified under the
kind of stimuli (electrical and/or mechanical) applied to the inertial sensors.
Electronic rate injection relies on applying electrostatic forces, additional control
loops, and dedicated electrodes in the gyroscope design for self-calibration [71-
73]. The mechanical stimuli approach [74] relies on applying rotation rates via
physical platform to the inertial sensor for calibration. This work focuses on

the latter approach of applying mechanical stimuli to the gyroscope under test
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to extract the scale factor and bias from the input-output characteristics of the
gyroscope. For accurate calibration of gyroscope, it is necessary to apply pure
mechanical stimulus to the gyroscope under test, ideally with no cross-axis mo-
tion coupling. Conventional inertial sensor characterization tools such as rate
tables and off the shelf precision motion stages [75,76] are capable of applying
pure mechanical stimuli. However, they are bulky and consume power much
greater than that of the MEMS sensor. This work introduces an inertial sensor
calibration system that is capable of being integrated within cubic-centimeter

package.

It is desirable to have precision millimeter scale motion stages, for in-situ
calibration of MEMS inertial sensors. A stage that can be used for gyroscope
calibration in a compact manner should be planar, have high angular dynamic
range, low power, and minimal cross axis coupling for accurate calibration.
Several actuators compatible for micrometer to millimeter length scales mo-
tion stages with different transduction schemes such as thermal, electrostatic
and piezoelectric have been reported [77,78]. However, conventional micro
electrostatic actuators such as comb drives yield smaller forces due to their
low electromechanical coupling coefficient (k3;). Additionally, surface micro-
machined electrostatic stages are limited in the dynamic range of motion due
to electrostatic gaps. For thermal actuators, the forces are considerably higher,
but the high temperatures and power consumption can make thermal actua-
tors impractical for portable applications. Piezoelectric actuators can generate
high forces and support high rigidity structures for a given displacement and
operate at low powers owing to their high electromechanical coupling efficien-

cies. Amongst the many piezoelectric materials, PZT (Lead Zirconate Titanate)
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is known to have high strain coefficient (d3;), which is crucial for the in-plane
actuation performance. A common method of fabricating macro-scale PZT ac-
tuators such as bimorphs and unimorphs is to bond multiple layers of piezo-
electric and elastic materials [79,80] in large sheets, and then cut the sheets into
millimeter to centimeter scale plates and beams. However, this approach is not
optimal for micro-millimeter scale PZT actuators. Thin film micro fabrication
techniques for piezoelectric actuators enable actuators only several microns in
thickness achieving small forces. Furthermore, micro-piezoelectric actuators of-
ten fail to match the piezoelectric properties and fatigue resistance of the bulk
PZT materials [13]. Also, thin film piezoelectric actuators suffer from delamina-
tion, non-uniformity, and issues such as stress mismatch between layers, which
can lead to deformed structures post-fabrication [81]. Hence, the ability to real-
ize bulk-PZT devices, but at the millimeter to micron scale is desired. Between
the bulk-PZT macro-scale actuators realized by bonding, and thin film actua-
tors, the domain of millimeter thick but 100’s-micron wide actuators has not
been explored for high speed actuation stages.

In this work a monolithic 6, X, Y bulk PZT motion stage for in-situ calibration
of a MEMS gyroscope is evaluated. For a proof of concept demonstration of
gyroscope calibration, a commercially available ADXRS646 Z-axis gyroscope
is calibrated after bonding it to the stimuli platform. Calibration is done by
extracting the scale factor, bias drifts and gyroscope acceleration sensitivities
to within 100ppm. The calibration stage does not add additional noise. It is
demonstrated by measuring the Allan deviation of the gyroscope when the cal-
ibration stage is active. The gyroscope calibrated rate output is also compared
to the 1ppm accurate rate applied by a commercial rate table. For long term sta-

bility of the calibration apparatus and to counter for errors from piezoelectric

56



stage creep and aging, a diffractive optics based stage metrology technique us-
ing, Nano Optical Ruler Imaging System (NORIS) [82] is implemented on the
stimuli stage. NORIS utilizes a atom stabilized laser wavelength that generates
a diffraction pattern that is used for in-situ metrology. Here, a portable, self-
contained Diffractive Optics Metrology Enabled Dithering Inertial Sensor Cali-
bration System (DOME-DISC) is demonstrated, which is capable of calibrating

MEMS gyroscope die mounted on the stage (Fig.3.1(a)).
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Figure 3.1: (a) 3D schematic of DOME-DISC consisting of a monolithic
bulk PZT multi-modal stage with integrated diffraction aper-
ture for optical metrology and a atomically stable laser source.
(b) The modes of operation of the stage controlled by changing
the polarities of the voltages on the 8 electrodes.
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Figure 3.2: The lateral PZT bimorph actuator which is the building block
of the coil displacement amplifier for actuation of the stage.

3.2 Multi Modal Piezoelectric X Y 6, Stage for Z-axis Gyroscope

Calibration

3.2.1 Stage design and operation

In order to achieve the stage constraints such as being planar, have high angular
dynamic range, low power consumption, and minimal cross axis coupling, one
approach is to monolithically integrate motion platform, planar flexures and
in plane actuators that have linear actuation as a function of applied voltages.
Fig.3.1(a) shows a monolithic mechanical stimuli stage that consists of bending
actuators, flexures and motion platform all fabricated out of a single 500um thick
PZT-4 plate using the laser micromachining process [16]. The stage has high
aspect ratio components (width to height of 1:5) with 100um minimum feature
size. The fundamental building block of the stage is an in-plane lateral bimorph
(Fig.4.2). The lateral bimorph provides linear in-plane motion as a function of
drive voltage, with low cross axis motion coupling. The details of the lateral

PZT bimorph are discussed in detail in [16]. The tip deflection of such a bimorph
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with length L, width w and thickness i with electrode width #, and width of the

region with no electrode t,, is given by,
§=— 3.1)

where « is the curvature of the bimorph, can be written as,

12d31E3(lmlp + l%)
K= 203821, + 6,12 + AL + 1

m

(3.2)

where E; = V,/h is the applied electric field, with drive voltage on PZT bi-
morph electrodes V, along the thickness h. Series and parallel combinations of
the lateral PZT bimorph actuators can be monolithically integrated to achieve
a displacement amplifier [83,84]. The coil/spiral shaped displacement ampli-
fiers with lateral in-plane bimorphs are connected such that they increase the
total actuation of the spiral. The motion of the sprial actuators are coupled to
a central rotor platform carrying the payload (inertial sensor) via planar, hinge-
like springs [85]. However, an out-of-plane motion is also generated due to the
shear stress along the thickness of the beams and the Poisson’s effect. S-shaped
springs were designed in order to maximize transmission of the displacement to
the central rotor from the spiral actuators, while also minimizing the undesired
out-of-plane motion. The S-shaped springs behave as planar hinges and facil-
itate in-plane rotation and translation while maintaining the stiffness to cross-
axis motion during the desired in-plane dither [86,87]. One of the undesired
consequences of the S-shaped springs is to reduce the rigidity and lower the
resonance frequency of the stage. The motion of the stage is a function of ap-
plied voltage and has multiple degrees of freedom (X, Y, 6,) owing to the several
control electrodes. The coil-shaped bimorph either bends right, left or expand-
s/contracts along its length causing different modes of bending possible. On

changing the polarities of the voltages on these 8 electrodes X, Y, 6, motions can
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be achieved as shown in Fig.3.1(b), Fig.4.2. The angular rate ({;) can be con-
trolled precisely by changing the frequency at a fixed voltage to circumvent the

strain hysteresis errors in PZT.

3.2.2 Insitu calibration approach

A typical gyroscope response, with and without applied rate is corrupted by er-
rors such as stochastic scale factor variation, bias drift, acceleration sensitivities

and flicker noise. The gyroscope rate can be can be modeled as,

ngro = m (VQ(t’ T)+ Vaging + Viias(, T) + Ve)

1 1

+m (Vac + Va[) + m(vae) (33)

where, Vj, is the voltage induced by the applied rate, V. models for stochas-
tic noise and flicker floor. A gyroscope is also sensitive to accelerations, which
include the external linear acceleration a,, centripetal and tangential accelera-
tions a. and a, experienced by gyroscope due to mount induced errors when the
gyroscope is mounted off axis of rotation in the package or the calibration stage.
Quantities S Fy, S F,, and S F,, are the gyroscope scale factors for rate, mount
induced acceleration and external acceleration along gyroscope sensitive axes
respectively. The acceleration sensitivity of the gyroscope causes undesirable
voltage signals V, , V,, and V,,. The scale factors vary with time ¢ and tempera-

ture T and have to be extracted along with the bias drift for in-run correction.

The goal of an ideal calibrator is to extract all of the above scale factors and

bias errors. The extraction procedure consists of the following steps. When
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Figure 3.3: Gyroscope calibration approach where the scale factor, bias
and acceleration sensitivities are extracted on applying dither
rates (€,) at high frequencies (50 — 500Hz), while the gyroscope
is in operation at lower bandwidths

a voltage V, is applied in the dither mode configuration (Fig.3.1(e)) at dither

frequency wy, the stage generates a dither angle 6, given by,

0,(t) = Gpcos(wyt) (3.4)

The corresponding angular dither rate is,

Q.(t) = —Opwysin(wyt) (3.5)

The angular acceleration experienced by the gyroscope is,

dw (1)

au(t) = —

= —Bpwicos(wat) (3.6)

Assuming that the gyroscope is placed off the center by an offset AR, the
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tangential acceleration experienced by the gyroscope is

a,(t) = a,AR = —GoszRcos(wdt) (3.7)

The centripetal acceleration experienced by the gyroscope is,

GgwfiAR
5 (1 = cosRuwgt)) (3.8)

a.(t) = QAR =

In this approach of in-run calibration, the gyroscope spectrum is divided into
gyroscope usable bandwidth near baseband (0 — 10Hz) and calibration spectral
space (20 — 400Hz). On applying mechanical dithering in the calibration fre-
quencies, known rates ( Q,(f;) ) are applied for calibration purposes, while the
gyroscope is functional at low frequencies for sensing external rate (Fig.3.3).
The piezoelectric stage applied rate is a function of frequency (f;) and voltage
(V4) to stage. On sweeping frequency f; of the sinusoidal voltage input to the
PZT stage, with a constant drive voltage (V,), rate (€,) is applied at different fre-
quencies as illustrated in Fig.3.3. The scale factor and acceleration sensitivity are
obtained from I-Q demodulation of gyroscope voltage at the dither frequencies
(Eqns(3),(5),(7)). Since the dither angles are small and 65 << 6, contributions
from a. on gyroscope output is negligible. Due to the phase relationship be-
tween acceleration and rate terms as shown in Eqns(5)-(7), the acceleration and

rate sensitivities are decoupled and the former is canceled.

The scale factor extracted from the dither-demodulation approach at differ-
ent frequencies is free from baseband noise sources such as flicker, earth rate
and slow varying bias. The scale factor measured in the calibration spectrum
is applicable for baseband measurements as the scale factor of the gyroscope
is typically independent of frequency before the first pole of the gyroscope re-
sponse (1kHz) (ADXRS646 datasheet). Also, on using the X — Y mode of the
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PZT calibration stage (Fig.3.1(b)) the gyroscope sensitivity to linear in-plane ac-
celerations can be measured. On sweeping the frequency f; at constant drive
voltages, the gyroscope response to applied in-plane accelerations (a,) along

the gyroscope sensitive axes can be measured.

3.3 Nano Optical Ruler Imaging System For PZT Stage Metrol-

ogy

In PZT actuators, strain as a function of applied voltage is non linear demon-
strating a hysteretic behavior [88]. The hysteresis can cause rate and acceler-
ation repeatability errors in the PZT calibration stage. In order to minimize
this error, the bimorph actuators are operated at fixed electric field and the fre-
quency of the applied voltage is varied for stage rate and acceleration control.
Additionally, PZT suffers from creep and polarization aging when operated for
long term at constant electric fields [88,89]. Some dipoles in PZT will continue
to move slowly by a displacement Ax and reorient differently from the original

position Axy under applied electric fields at long time ¢, expressed as,

Ax(t) = Axg (1 + 7logt£) (3.9)
0

where v is the creep factor. For example, Ax can be = 0.5 — 1% after several days

of operation. This systematic aging requires correction.

To be able to calibrate the errors in gyroscope, the calibration apparatus
should not age or drift in the short term timescales of the gyroscope. It is de-

sirable to have a long term stable calibrator which can correct for short term
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gyroscopic errors for stable short term (30 minutes) operations. An atomically
stable laser whose wavelength () is locked to an atomic transition that does not
age with time and temperature [82]. One way of using such an atomically stable
system is to form an optical ruler, like the ones used in optical encoders, but here
with a square diffractive aperture of side d formed on the stage. The diffraction
pattern obtained on an imager by reflection or transmission (Fig.3.1(a),(d)) can
be used to measure motion. A laser beam of intensity / can undergo diffraction
through a square aperture can produce a diffraction pattern that can be written

as,

I(x,y) = Iysinc? (i—:) sinc? (%) (3.10)

The pattern consists of maxima and minima of intensities. The separation of the

orders (maxima) of the diffraction pattern k can be approximated as,

k== (3.11)

In the expression above, I, is the peak intensity of the 0" order and z is the
distance between the imager and the grating. A square aperture is formed on
the stage using laser micromachining, which is used as a transmission grating as
shown in Fig.3.1(a),(d). To the first order it is essential to have stable wavelength
to cancel the temperature induced errors in the diffraction pattern image due to
thermal expansion and contraction of aperture and other optical components.
Temperature induced errors alter the separation of the orders (k + Ak). Since the
diffraction pattern for the square aperture is a known function given by Eqn(10),
any deviation from the known pattern can be detected using image processing

and can be compensated. In-plane stage motion corresponds to translation of
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the entire diffraction pattern which can be detected using sub-pixel image regis-
tration algorithms [90] applied to the diffraction pattern images. The algorithm
compares each image frame of the diffraction pattern off the stage with the ini-
tial pattern before motion to calculate the stage position, angular rate and accel-
eration. The subpixel interpolation algorithm computes the upsampled cross-
correlation of the diffraction pattern images, by zero padding the and FFT (Fast
Fourier Transforms) to detect shift in the peaks (orders of diffraction pattern)
during translation and rotation. With subpixel interpolation, shifts correspond-
ing to 1/N™ (N <= 100) of a pixel can be determined. This accuracy is a result
of cross correlation algorithm applied to the highly correlated images during
dithering. This technique has been used to resolve motion upto 1/100" of a

pixel (~ 20nm) [82].

Figure 3.4: Bulk PZT calibration stage fabricated using the laser micro-
maching process. The SEM images of the sidewalls are in the
inset
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Figure 3.5: Gyroscope calibration system (DOME-DISC) (a) Photograph of
the system (b) Picture focusing on the gyroscope (ADXRS646)
mounted on the stage and wire bonded (c) Control schematic
(d) Cross section of the custom DIP implementation for bulk
PZT stage and gyroscope under test

3.4 Fabrication, Assembly And System Implementation

The bulk PZT calibration stage is fabricated using a laser micromachining pro-
cess [16] on PZT4 Plate (PZT841) from American Piezo Ceramics. The process is
a subtractive process and by using direct-write micro patterning technique, pre-
cision removal of PZT and/or electrode material. Double-sided (top-bottom)

alignment is possible with front-back alignment marks. Actuators, flexures and
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displacement amplifiers are formed monolithically by patterning top and bot-
tom electrodes in addition to cutting through PZT. One can realize a wide vari-
ety of stages for desired stage motion. One of the fabricated stages is shown in
Fig.3.4 with SEM images in the insets imaging the side walls of the highlighted
regions. The stage is confined to a 25 x 25mm, 500um thick PZT-4 plate. The min-
imum feature that can be patterned through the 500um thick PZT is 70um. With
the laser beam size of 25um and the control of cutting parameters such as scan
speed and hatch density, limit through cuts to form features smaller than 70um,
but can be improved with a laser with smaller spot size. The typical linear cut
rates for PZT are 16.6um/min and each stage can be fabricated in ~ 2hrs. After
the laser cutting, the device is cleaned in iso-propyl alcohol and cleaned with

cotton swabs to clear off surface debris.

After fabrication, the stage is assembled and connected to a custom PCB as
shown in Fig.3.5(a). The the stage is bonded using silver acrylic onto a cus-
tom DIP package which is laser cut out of a PCB. The commercial gyroscope
die is mounted using an adhesive (3M CA-7) at the center of the stage, onto
laser defined alignment marks formed during stage fabrication. As illustrated
in Fig.3.5(b), the DIP package assembly has signal routing for wire-bonded gy-
roscope pins on the top layer and a separate bottom layer for routing PZT cali-
bration stage control electrodes. The two PCB layers are separated by a spacer
and the DIP package has standard pin headers which connect to the control
PCB. The control PCB houses high voltage amplifiers to drive the PZT actuators
generating up to 100V, sinusoids. Stage control, gyroscope signal acquisition,
and control are achieved by a Mbed microcontroller (NXP LPC1768). The PZT
stage control electronics also includes digital switch matrix for digital switching

control between X, Y and 6, modes. The power consumed by the bulk PZT stage
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can be written as,

Power = 2rfCtan(5)V3 (3.12)

For the bulk PZT-4 stage capacitance C is 1.1nF, the dissipation factor tan(5)
is 0.6. The PZT stage consumes a power of 13mWatts for drive voltage V, of
100V,. The overall system along with power amplifiers, DACs, microcontroller
and switches on custom PCB has dimension of 12.7x7.6x10cm and consumes
396mWatts power. The gyroscope filter capacitors were chosen to test the gyro-

scope at high system bandwidths of up to 800Hz.

3.5 Measurement Results

The components of DOME-DISC are characterized in this section. The unloaded
and gyroscope loaded stage performances are first evaluated. Next the stage
metrology using NORIS is demonstrated and its performance is compared with
a commercial tool from Polytec Inc. The gyroscope calibration using DOME-
DISC is discussed and the calibrated gyroscope rate output is compared to the
applied rate by a precision rate table. Lastly, the stability of DOME-DISC com-

ponents are measured.

3.5.1 Characterization Of bulk PZT calibration stage

Optical characterization of unloaded PZT stage at low operation frequencies

Using optical stroboscopy capability of Polytec MSA400, the unloaded stage

angular (6,) and in-plane (X — Y) motion is measured as a function of drive fre-
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quency, at a fixed drive voltage of 100V, Digitally controlled relays were used to

switch between different stage motion modes.The stage motion for each mode
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erated in dither mode (6;) as a function of drive frequency at
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is shown in Fig.3.6. For the gyroscope calibration, the stage is operated in the
0 - 200H7 frequency range, where the stage dither response is linear. The un-
loaded stage dither mode sensitivity is 0.89deg/s/Hz in the linear region. The
peak displacement in dither mode is measured to be 7.1um at low frequencies
with drive voltage of 100V,,. The dither response is non-linear at higher frequen-
cies as we approach the fundamental resonance mode of the stage. The in-plane
acceleration sensitivity is ~ 0.3x107°m/s*/Hz* for the frequency range 0—200Hz.
The peak linear (X-Y) displacement is measured to be 8.2um at low frequencies

with drive voltage of 100V,,.

Mechanical resonance response of the unloaded PZT stage

The PZT stage is operated in the 6, mode to measure the in-plane resonance. The
fundamental dither mode (6;) of the stage, measured using Polytec MSA400 is

shown in Fig.3.7. A maximum dither rate (6,) of ~ 11,000deg/s for 100V, at

70



the stage fundamental resonance frequency of 855Hz is measured. The in-plane
dither mode shape is simulated in COMSOL" and the resonance frequency of
the dither mode is in agreement with the results from the finite element model.
The stage fractured for 100V, drive at resonance due to excessive strain. A spu-

rious peak measured after resonance can be attributed to the fracture.

For a gyroscope calibration stage, cross-axis motion while operating in de-
sired in-plane dither motion has to be minimized. Any cross-axis stage motion
will contribute to the gyroscope output due to gyroscope sensitivities in the mo-
tion axis (Eqn(3)). Using a laser doppler vibrometer (Polytec MSA400) the stage
out-of-plane motion is measured during desired in-plane dither, as a function
of drive frequency at a fixed 100V, drive (Fig.3.8). For calibration of the gyro-
scope, the stage is operated in the frequency range of 0 to 200Hz to achieve the
dynamic range of ~ 200deg/s for the ADXRS646 gyroscope. In this frequency
range a maximum out-of-plane motion of 3nm for a desired in-plane motion of
7.1um is measured at 100V, drive. The cross-axis z motion error in the calibra-
tion frequencies for the stage is < 5ppm/V. Low z motion coupling is enabled
by the high out-of-plane spring constant of k, = 52kN/m. The maximum out-of-
plane (z) motion of 44nm is measured at the out-of-plane resonance frequency
of 742Hz (Fig.3.8 ). The z motion corresponding to ~ 1000ppm of undesirable
cross-axis motion. The COMSOL™ simulation of the out-of-plane tilt mode is

also shown.

Frequency response of bulk PZT calibration stage on loading the gyroscope

The gyroscope loading effect on the stage motion after adhesively mounting and

wire-bonding the gyroscope onto the stage is also measured. Fig.3.9 shows the
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Figure 3.9: Impedance response of the stage measured using HP4194A
impedance analyzer for unloaded and loaded (with gyroscope
mounted and wire bonded) cases

impedance response of the stage for the loaded and unloaded case. On load-
ing the stage with gyroscope die and wire bonding, the resonance frequency
of the stage shifted by 33Hz. An equivalent circuit model for the unloaded
stage is summarized in Table.3.1. Using optical stroboscopy capability of Poly-
tec MSA400, a reduction of 13.5% in dither rate sensitivity is measured due to
mass loading as shown in Fig.3.10. The loaded stage dither rate sensitivity is
0.77deg/sec/Hz. On loading the stage with the gyroscope, the stage still has
the desired linear stimuli response to the input frequency at a fixed drive volt-
age, enabling computationally less intensive approach for the in-situ high band-

width gyroscope calibration.
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Table 3.1: Parameters from equivalent circuit model of the unloaded stage
for drive voltage of 500mV,

Parameter Value
Co 361.9pF
R, 34.4kQ
C, 4.6pF
L, 6.45kH

Q =2nf,L./R, ~ 1000
f+(resonance) 925.2H7
fa (anti-resonance) | 931.5Hz

ks, = (Jf‘—)2 1 | 117%

200 ! ! ! !

Stage ditﬁer sensiti:\’ity with :
gyroscope loading = 0.77°%/sec/Hz

—
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Figure 3.10: Dither rate sensitivity (Q;) of bulk PZT stage after the gyro-

scope is mounted on stage and wirebonded, measured using
Polytec MSA400

3.5.2 NORIS results

For the gyroscope calibration, DOME-DISC is operated without NORIS, once

the PZT stage sensitivity is initially measured. To compensate for long term
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aging in the PZT calibration stage (over days - Eqn(9)), NORIS can be used

for optical metrology of the PZT calibration stage to extract the new stage sen-
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sitivity. To demonstrate the performance of the Nano Optical Ruler Imaging
system (NORIS), an experimental setup is assembled as shown in Fig.3.11(a).
The schematic of this setup is as illustrated in Fig.3.11(b). On shining the atom-
ically stable wavelength laser (from Microsemi) onto the laser cut square aper-
ture (50um side) on the stage a diffraction pattern is captured on the imager as
shown in Fig.3.12(a), (b). The spacing between the 0" and 1 order (Eqn(11)) is
measured to be 0.312mm when the imager is at a distance of ~ 23mm from the
square aperture. Using sub-pixel interpolation algorithm [90] on the acquired
diffraction pattern images, the stage motion as a function of applied frequency

can be measured. The algorithm is currently implemented in MATLAB. Using
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NORIS, w the stage dither rate (€2,;) and in-plane acceleration (a,) is character-
ized as a function of drive frequency for a constant 100V, drive voltage ampli-
tude. As shown in Fig.3.13 the NORIS measurement of Q. and q, are in close
agreement to Polytec MSA400 measurements for low frequencies of operation.
The deviation at higher frequencies can be attributed to image sensor and read-
out electronics noise. At imager frame rates > 20frames/sec to capture high
frequency dither motion, the ADC on the image sensor operates in 8 bit mode
(limited bits) with dark voltage ~ 50mv (Hamamatsu S9132 datasheet) which

adds to the intensity error in diffraction peaks
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Figure 3.14: Allan deviation of ADXRS646 gyroscope voltage measured at
different 1ppm accurate rates applied by Acutronics rate table

3.5.3 Gyroscope calibration results

Allan deviation of ADXRS646

The gyroscope under test (ADXRS646) has different error sources that are of-

ten characterized by the Allan deviation measurement [91]. The common noise

76



sources measured using the Allan deviation of the gyroscope output voltage
signal are white, flicker noise, and temperature or package stress induced rate
random walk at longer averaging times [92]. White noise in the gyroscope out-
put is reduced on averaging, until we are fundamentally limited by the flicker
noise for the gyroscope. Fig.3.14 is the measurement of Allan deviation of the
ADXRS646 gyroscope output voltage. The Allan deviation for zero rate output
(ZRO) condition as well as a the Allan deviation of gyroscope voltage is mea-
sured at constant applied rates from a 1 ppm accurate rate table (Acutronics). The
gyroscope white and flicker noise are nearly invariant to applied rate. The low-
est noise achievable from the gyroscope rate measurementis 51 ppm (= 40deg/hr)
at averaging time of 7 = 20s. The measurement precision is fundamentally lim-
ited by the bias instability of the gyroscope. However the Allan variance for
tau > 30s increases for certain applied rates. Therefore, all the rate measure-

ment henceforth are averaged for 20sec to achieve lowest possible noise.

Comparison of DOME-DISC with rate table

The scale factors obtained from DOME-DISC and a commercial rate table (Ideal
Aerosmith 1270VS) are compared. Fig. 3.15 show the scale factor match between
the dither-demodulation approach and the conventional rate table to within
1% error. This deviation is because the rate table has a rate repeatability error
of 1000ppm (Ideal Aerosmith 1270VS data sheet) and mount induced accelera-
tion errors in the gyroscopes were not compensated. As discussed in section
11.B, a Z-axis gyroscope is also responsive to external accelerations, as shown in
Eqn(3). The in-plane X-Y acceleration sensitivity of the gyroscope is measured

using the stage X-Y mode to apply different in-plane accelerations a, and a, to
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extract the gyroscope sensitivity to external accelerations. The sensitivity to a,
and a, is measured to be 0.44deg/s/g and 3.26deg/s/g respectively as shown in

Fig.3.16. The worst case in-plane cross-axis acceleration sensitivity is calculated

to be 13.64%.
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Figure 3.15: Comparison of scale factor (S F,) measurements from PZT cal-
ibration stage and a commercial rate table (Ideal Aerosmith
1270VS) Time domain response of gyroscope to PZT stage rate
sweep shown in the inset

To check for the repeatability of DOME-DISC calibration its performance is
compared with a 1 ppm accurate industry standard rate table (Acutronics BD122)
for 10 hours. The comparison is done by correcting the gyroscope rate error,
with the instantaneous scale factor, bias drift and acceleration sensitivities ob-
tained from DOME-DISC. While the rate table rates were applied to measure the
input-output response of the gyroscope near DC, dither tones is simultaneously
applied at higher frequencies using DOME-DISC. As shown in Fig.3.17(a), us-
ing the dither-demodulation approach, we were able to repeatedly extract the
scale factor (SF, ~ 8.9mV/deg/s), bias (2mV) and cancel the mount induced ac-
celeration errors by I-Q demodulation of the gyroscope response to dither tones
(Fig.3.3, Eqns(3),(5),(7)). Since the input-output responses of the gyroscope were

measured simultaneously using both the approaches, we can assume that the
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Figure 3.16: Gyroscope sensitivity to in-plane cross axis acceleration (a) a,
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tests were done under the same environmental conditions. Each rate is applied
for v = 30s for averaging the white noise to achieve lowest possible noise in
each measurement. The response of the gyroscope to rate table applied DC
rates were obtained by low pass filtering the gyroscope voltage to remove the
DOME-DISC calibration dither signals. Fig.3.17(b) shows the DOME-DISC cor-
rected gyroscope measured rate versus the 1ppm accurate rates applied by the
rate table. Ideally, we must measure the slope of to be one, when all the er-
rors are removed. However, the results match to within 100 — 400ppm and is
currently limited by gyroscope bias instability (50ppm Fig.3.14), stochastic am-
bient temperature induced fluctuations and the stage cross-axis actuation error

of = 100ppm for 100V, drive as discussed in section V.A.
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3.5.4 Stability and noise in calibration

The noise performance of DOME-DISC is characterized by comparing the Allan
deviation of gyroscope scale factor (S F,) obtained using DOME-DISC and the
rate table. The Allan deviation of the stage position is obtained using NORIS
when there is no drive voltage applied to the PZT stage. As shown in the
Allan deviation plot in Fig.3.18(a), the DOME-DISC approach can track the
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Figure 3.18: Stability measurements of DOME-DISC components in am-
bient conditions (a) Allan deviation of scale factor (S F,) of
ADXRS646 measured using DOME-DISC and Acutronics rate
table along with Allan deviation of NORIS position measure-
ment when the PZT stage is not driven (b) Comparison of
Allan deviation of gyroscope output voltage for different ap-
plied rates by DOME-DISC and comapred to the Allan devia-
tion of gyroscope voltage to rate table applied rates (Fig.3.14)

stability of gyroscope scale factor (S F,) as good as the commercial rate table
(Accutronics BD122). The stability of stage position measurement from NORIS
is ® 10ppm, which is better than the scale factor stability of the gyroscope under
test (> 5000ppm). Therefore, NORIS can be used for long term calibration of the
gyroscope. In order to measure the optimal averaging time for the gyroscope
output rates and measure the dither rate stability, the Allan deviation of the
gyroscope voltages for rate table applied rate is compared with the gyroscope
voltage for the demodulated dither rates (Q.(f,) : Fig.3.10) from DOME-DISC
(Fig.3.18(b)). Any additional errors from the DOME-DISC applied rates (€2.(f))
should show in the demodulated gyroscope voltage signal. Result shows the
that DOME-DISC has optimal noise performance at 7 = 30s with the Allan devi-
ation of ~ 50ppm, which is as good as the Allan deviation of gyroscope voltages

at different rate table applied rates. Also, this is the bias instability limit of the
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gyroscope under test (Fig.3.14). The dithering did not introduce any significant
noise to the gyroscope voltages. However, at low frequency dither (1 —2Hz), the
measurement is limited by flicker noise of the demodulation circuitry as seen in
the plot Fig.3.18(b). Frequencies < 10Hz is avoided for calibration purposes. The
additional +30ppm error is potentially from the frequency error in the thermally
uncompensated drive oscillator (+5ppm) and the the cross axis motion error of

the PZT stage which can be as high as 100ppm for 100V, drive (Fig.3.8).

3.6 Discussions

The gyroscope calibration precision of 50ppm demonstrated here is currently
limited by the flicker noise (bias instability) limit of the gyroscope. To achieve
< 10ppm accurate gyroscope for applications in GPS denied inertial naviga-
tion [66], a low short term noise gyroscope is essential. While active calibration
using DOME-DISC can correct for errors in timescales of minutes-hours, it is
necessary to have gyroscopes which are short term (10-100 seconds) stable and
low noise. Recent efforts in high Q, mode matched gyroscopes have shown
promise in achieving low short term noise performance, reaching < 5ppm
(~ ldeg/hr) [93]. However, they still suffer from scale factor and bias errors
which need correction. It is desirable to have high Q mode-matched gyroscopes
in DOME-DISC to achieve better MEMS sensor based inertial navigation sys-
tems. Some of the limitations in the current DOME-DISC implementation is
power, size and also aging in PZT. Implementing the stage, NORIS and gyro-
scope closed loop control in CMOS might help reduce size, power requirements

and also help achieve closed loop control of the stage.
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3.7 Conclusion And Future Work

A 50ppm bulk PZT calibration stage with < 5ppm/V cross axis motion cou-
pling is demonstrated for Z-axis MEMS gyroscope calibration. The dither-
demodulation approach enables in-situ calibration of the MEMS gyroscope at
higher frequencies while the gyroscope is operational in baseband. For long
term stable operation of the calibration apparatus, a 10ppm stable optical metrol-
ogy system, NORIS can be employed in closed loop and can be potentially in-
tegrated in the same package as the calibration system. The stage can further
be extended to operate for X,Y,Z,6.,6, and 6, to facilitate calibration of IMU
(inertial measurement unit). The IMU calibration approach can help identify
cross-talk and error correlation in the accelerometers and gyroscopes in the
package and help improve their performance to achieve compact north finder

using MEMS inertial sensor.
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CHAPTER 4
BULK PZT CORIOLIS VIBRATORY Z-AXIS GYROSCOPE WITH
INTEGRATED PZT STAGE FOR SELF CALIBRATION

4.1 Introduction

Gyroscope performance metrics such as sensitivity and rate resolution, rely
on large mass and high drive resonator velocity [94]. High electromechanical
transduction efficiency enables good drive velocities for low operation volt-
ages. High density materials allow for large mass for a small areas compared to
lower density materials. Piezoelectric transduction can be an attractive choice
for gyroscopes owing to the high electromechanical coupling coefficients (k)
and higher mass density of some piezoelectric materials compared to the elec-
trostatic silicon gyroscopes [95]. For example, ppzr > 4ps;. The rate resolution
of the gyroscope is fundamentally limited by the Brownian noise. The large
mass in gyroscope leads to lower Brownian noise. Piezoelectric gyroscopes of
different form factors, design and material choices have been explored before.
Although, some of the previous works have demonstrated good sensitivity and
quality factors [95,96] the solutions have often been large (centimeter scale) and
not planar in design. The quartz tuning fork gyroscope demonstrated in [95] re-
lies on side wall electrodes which could be difficult to fabricate at smaller scales.
Planar shear mode gyroscopes [97] and SAW gyroscopes [98] offer high shock
survivability, which is a desirable metric for inertial sensors in industrial and
automotive applications. However, they have suffered from low sensitivities
due to relatively low drive resonator velocity and effective mass. Recently, thin

film AIN on silicon BAW gyroscope in [99] demonstrated a planar design with
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good sensitivity and shock tolerance. Alternatively, a bulk-PZT gyroscope has a
potential to have high sensitivity owing to its high electromechanical coupling
coefficients compared to thin film AIN. The higher aspect ratio in bulk-PZT gy-
roscope enables gap-free sensors with high dynamic range and better shock tol-
erance. Additionally, the potential for monolithic integration of bulk-PZT gyro-
scope within the precision piezoelectric in-situ calibration platforms [100] using
the laser micromachining process, enables a pathway for long term stable gyro-

scopes.

As in most Coriolis force gyroscopes, fabrication variations often lead to
non-ideal spring constants causing frequency mismatches and cross-axis stitf-
ness components between drive and sense resonators [101]. These errors have
proven to be detrimental for gyroscope operation as they lead to bias and
quadrature errors [101]. The resonance frequency is also known to drift with
temperature and time, especially in PZT [14, 95] leading to variability in scale-
factor and bias, which are sources of sensor inaccuracies. Operating under
closed loop control with mode-matched drive and sense resonances, along with
quadrature control is one of the pathways for high performance gyroscopes
[101]. Previous work on piezoelectric gyroscope tuning and controls have fo-
cused on electrostatic tuning mechanisms [102]. However, this technique relies
on micro-scale gaps, making it susceptible to failure under high shock condi-
tions and limited sensor dynamic range. Recent work in gap free piezoelectric
tuning schemes [99] has shown AC tuning of resonance frequency for piezoelec-
tric thin film AIN on silicon BAW gyroscopes. In this work, piezoelectric tuning
of frequency and quadrature error in bulk-PZT gyroscope with DC voltages is

presented. The DC tuning approach circumvents the problems of feedthrough
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and phase errors that arise in AC tuning methods. Also, the DC approach
does not require precision oscillators and additional loops as in the AC tun-

ing method, leading to simplification of the gyroscope tuning circuitry.

To compensate for fluctuations in scale factor and bias in PZT gyroscopes,
one approach is to have an in-run calibration platform. In general, inertial sen-
sors are calibrated on a rate table for their input-output characteristics, right
after packaging the device. For active calibration of gyroscopes, it is desirable
to have a miniature platform capable of applying rate stimulus with minimal
cross axis coupling or undesirable motion. PZT bimorph actuators are known
to have high force and good electro-mechanical transduction efficiency making
them a viable option for low power high precision micro stages for gyroscope
calibration [100, 103]. In this work the monolithic integration of bulk PZT gy-
roscope onto PZT dither stage is demonstrated. The PZT stage is capable of
in-situ gyroscope scale factor and bias measurements. The scale factor data can
be used to track drift and mismatches in the gyroscope for a potential close loop

correction.
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Figure 4.1: Generic Coriolis vibratory mass gyroscope schematic.

4.2 Bulk PZT Gyroscope

4.2.1 Design consideration

Generic model

A conventional Coriolis vibratory rate gyroscope can be represented as shown

in Fig.4.1. The model for such a gyroscope can be written as, [104]

mj+QQA+C)g+Kqg=F 4.1)

where, x is the drive and y is the sense axis. m is the mass, g = [x y]” are the axis
displacements, F = [F, F,]" is the force vector. K and C represents the stiffness
and damping terms of the resonator respectively. Ideally, K and C are diagonal

matrices, however due to non-idealities and mismatches they are often modeled
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as,

kye ky Cyx €y Q 0

The terms in the matrix are functions of 6;; and 6, which model for the

fabrication induced non-idealities. Q is the angular rate input [104,105].

The force vector and corresponding solution to (1) can be of the form

F d(t)ejqﬁp(t)
F@) = 4.2)
(F.(t) + jF(1))e/r®

X d(t)ej‘ﬁx(’)
q(t) = , (4.3)
(3e(®) + jy()e?
where, F; and ¢r is the drive force amplitude and phase. y. and y, are the
cosine and sine components (in-phase and quadrature) of displacements for the
y-axis resonator with x-resonator phase ¢,. On solving (1) with solutions (2),(3),

with the assumptions, ¢, = w,, y.,y; << x4 and w, >> Q. Q, and under the

mode-mismatch conditions (w, # wy) we can write [104,105],

1
xd = _,Bx-xa + (azQz - Qc)yc - Qkxys - FdSinA¢x (44)
2mw,
) 1
Ve = —Byye + Awpoys — (@ Q; + Qo )xg + . Fy, 4.5)
MW,
) 1
Vs = Byys — Awoye + Xy — 5 F,, (4.6)
MW,
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where resonant frequencies w,, w,, bandwidths g,, 8, along X,y axis are:

[k [ky Cx Cy
Wy = P wy = E’ﬁx_%’ﬁy—%

and bias errors due to damper and spring axis misalignment is Q,, Qy,.,) are:

o o _Llky o 1k

Q.= s Sékx = X s Seky = &
m 2w,m 2 wym

A(UO = ﬁ(wi - (1)3) and A¢x = ¢ — dF

Cross sectional view Top view
. . tp tp W
Compressive <+

stress

== Tensile
stress

Electrodes

Figure 4.2: Sketch of the bulk PZT bimorph transducer, which is a basic
building block for actuation and sensing in the X and Y res-
onator of the gyroscope. P denotes the polarization direction
for the PZT4 plate.

Drive transduction

The drive resonator dynamics is as described by (1), (2) and (3). The drive force

F, for this device is obtained by using piezoelectric in-plane actuators. In gen-

eral, for a piezoelectric actuators, the strain generated owing to ds; can be writ-

ten as
2
Vd k3 1€0€r

Sy =d31—, d3 =
3177 3l Yo,
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For a drive resonator with quality factor Q,, the force achieved can be written

as,

k2 €€ V.
S

F
d <X kax( Yll h

) (4.8)

where, V, is the applied drive voltage amplitude and where, & is the thickness
of the piezoelectric transducer, ), is the Young’s modulus for the in-plane actu-
ator. ks is the electromechanical coupling coefficient for electric fields applied
in the thickness direction resulting in longitudinal vibrations in the X — Y direc-
tions. As seen in Eq(8) it is desirable to have high k3, Q in the drive actuation. To
generate the desired in-plane forces, a previously demonstrated high aspect ra-
tio (1:3) 500um thick bulk PZT-4 lateral bimorph actuator is chosen, which has an
inherent differential voltage drive capability. When a voltage +V and -V is ap-
plied on top electrodes and a common ground on the bottom, compression and
tension is formed along the length, owing to the d3, coefficient of the PZT. This
causes in-plane bending in the beam as shown in the sketch in Fig.4.2. Owing to
large k3, OQ(> 100) (section 1.5.2, Table.1.2) in the lateral bimorph actuators, large
in-plane forces are possible (Eq(8)). The high aspect ratio and the predominant
piezoelectric coupling (d3;) ensures < 100ppm cross axis (out-of plane) coupling
in the actuators (section 1.2.1) . On constraining the lateral bimorph width to
450um, with 150um wide electrodes (limited by the fabrication tolerance and
laser beam diameter [16]) the in-plane tip deflection of a single lateral bimorph

actuator of length L can be shown as, (section 1.2.1)

7.29 x 1077L*V,
(1= (D) + 25

where, the Q for PZT bimorph actuator can range from 1000 — 1500.

04(jw) = (4.9)
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Sense transduction

Using the inverse piezoelectric effect, the lateral bimorph transducers can be
used as an in-plane Coriolis and drive force sensor along X and Y axis respec-
tively. The lateral bimorph is capable of generating differential output voltages
and currents due to the strains induced by the in-plane forces (section 1.2.2).

The current output of the lateral PZT bimorph is given by,

.. 3dnYunFuy
Iy o jo(7———

4.1
4 Lk (410)

Sensing the current allows for measuring of input-output characteristics and
electrical frequency response of X-Y resonators. When there is no external force

on the sense (y) resonator (F, = 0), Eq(1) can be rewritten as,

. wy . 2 2 .
Y+ ==y + () - Q))y = =23Q, (4.11)

y

Further, for resonance condition, under mode matched condition (w, = wy),
in an ideal case with no mismatches, from Eq(10) and Eq(11) the gyroscope scale
factor can be estimated as,

l'Y 3 fofrkglf?, Y111/2Qnymxd
SF, = — (= 4.12
¢S 0, T koL ) (412)

where, ¢, is the electrode width of interest (Fig.4.2), optimized to regions of

maximum strain to improve SNR of the sense signals (Fig.1.7, Fig.1.8).

The signal induced by mechanical noise in the sensor can be expressed as,

o« 1 [4kyTw,BW (4.13)

XaWy Qm
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Where, k; is the Boltzman constant and 7 is the temperature and BW is the
device bandwidth and the drive displacement amplitude x, = F4/k. (Eq(8)).
From Eq(8), (12) and (13) for high SNR, it is clear that we need to have large
k31 Om for the device. A monolithic bulk PZT based gyroscope design enables
higher mass for a given area than silicon (ppzr > 4ps;). Also, on having high
ks3; while relaxing on the Q requirements, we can increase the gyroscope band-
width (BW = w,/(2nQy)). The monolithic bulk PZT transducer based design
proposed here has higher k3,0 (> 100) for low Q than most existing capacitive
counterparts (< 1), which often rely on high Q for bandwidth tradeoff. Hence,
lateral bimorph transducer is a desirable building block for the drive and sense

in-plane (XY) resonator to achieve a bulk PZT Z-axis gyroscope.

4.2.2 Errors and noise sources

Like most MEMS gyroscopes, the bulk PZT gyroscope suffers from various error
sources and has a few errors similar to capacitive gyroscopes [106]. Although
there are many advantages in a piezoelectric gyroscope as discussed earlier, the
gyroscope suffers from bias and scale factor drifts due to fabrication induced
mismatches, temperature fluctuations and aging in the material [14]. Addition-
ally, in PZT there are error contributions from the pyroelectric effect, thermal
self heating with resonator cycles [107], which effects the long term stability of
gyroscope. Here their contributions are discussed and addressed with the miti-

gation steps taken in the design.
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Drive amplitude and frequency error

A stable drive resonator is essential for high performance gyroscope. As seen
in Eq(4), fluctuations in the drive velocity induces spurious current noise in the
sense resonator. In PZT it is known that material parameters change due to ag-
ing and thermal fluctuation from environment and self heating over resonator
cycles. While changes in d3;, € and Q effect the drive displacement amplitude
(Eq(4),(8)), spring softening due to thermal expansion and changes in Y;; would
change the resonance frequency of the resonator and the drive displacement ve-
locity (Eq(4)). A general approach to achieve stable resonance is to have closed
loop resonator control [108,109]. On sensing the currents from dedicated lateral
bimorphs in the drive resonator (drive pickoff), the drive velocity x,(¢) is mon-
itored. Assuming there is no thermal gradient across different elements in the
device, from Eq(8) and (10) we can see that by adjusting the drive amplitude
based on the current sensed from the drive resonator pickoff, to maintain a con-
stant drive velocity in automatic gain control (AGC) loop. The control loop also
accounts for fluctuation in the PZT material parameters (k3,¢€,,Y). As seen in
equation (4), by having a phased lock loop circuitry (PLL) maintaining A¢, at
90° (resonance condition) and a automatic gain control (AGC) loops with PID

control on the drive voltage one can achieve stable drive velocity.

Sense error

Due to the fabrication imperfections and spring non-idealities, often modeled
as off-diagnal elements in K and C (Eq(1)), the sense resonator sees additional
rate errors commonly referred to as quadrature and bias drift [101,104,105]. As-

suming perfect demodulation of the sense signal, these errors are modeled as €,
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and Q). Such errors can be mitigated by having additional tuning electrodes
applying external forces F,, at the resonance frequencies using the lateral PZT
bimorphs placed such that the forces are applied at 45° to the drive axis. Ad-
ditionally, the sense current has noise from pyroelectric effect and self heating,
at thermal time constant of the order of seconds as shown in [BIMROPH]. This
directly effects the scale factor of the gyroscope by changing the charge genera-
tion capabilities. Thermal compensation by means of thicker metal, packaging,

ovenization and insitu calibration may be necessary to mitigate such effects

Phase error

Due to the fabrication intolerance, non-idealities and the anisotropy in PZT, we
expect to see mode splits for the drive and sense mode even for a symmetric
design. Under mode mismatched conditions, we have to take into consideration

additional phase shift in the sense demodulation given by [110]

1w
Qy wyt+Af

1_( Wy 2

wxtAf

¢y = ¢, —90° — tan™ (4.14)

Since there are additional phase shift from traces, its better to extract this from

phase response plots obtained experimentally.

4.2.3 Design

The bulk-PZT gyroscope design demonstrated in this work is a Coriolis vibra-
tory yaw rate gyroscope. To improve the shock survivability the approach here
is a monolithic bulk micromachined gyroscope with high spring constants. The

design has the mass, suspension and the lateral bimorph transducer elements
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Figure 4.3: Sketch of the bulk PZT gyroscope showing the all the elec-
trodes and connections. the length of each bimorph transducer
element is L = 1.1mm, with width w = 450um and thickness
h = 500um

all made of PZT-4. Monolithic design ensures stiff suspension and also reduces
chances of failure compared to heterogeneous integration that has additional
layers such as adhesive layer and other structural materials. The device is a
single mass sensor with eight lateral PZT bimorph transducers, each with 2
electrodes for differential drive and sense. Fig.4.3 shows the device schematic
with all the lateral bimorph labelled. D3 and D4 are connected to have a fully-
differential piezoelectric drive (Drv). Additionally, they also allow for drive res-
onator frequency tuning when DC voltages are applied. Similarly, S1 and $2
are used to measure sense resonator characteristics (S drv). Coriolis signal is de-
tected on the differential sense bimorph S4 (Sns). Lateral bimorph (Dpf) is used
for sensing drive resonance characteristics. The differential signal from this
drive resonance pick-off bimorph (Dpf) is used in the feedback control of the
drive resonator frequency and amplitude. Using the combination of bimorphs

D2 and S3, we can tune for quadrature (k,,) errors using Qtnl and Qtn2. The
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tuning of k,, k, and k,, is possible by virtue of non-linear drive. As described
in [105], for a generic vibratory gyroscope, the errors in the gyroscope leading
to the mode split can be modelled as mismatches in the stiffness in the drive and
sense resonators (ky, k;). Additionally, cross-axis stiffness (k,,) arises from fabri-
cation intolerance and spring non-idealities. For mode-matching the gyroscope
one needs to tune for k,, k, and also k,,. Closed loop control of errors is neces-
sary as the frequency and damping mismatches are often changing with time
and temperature [99,111]. Ways to tune out such errors electronically, with ded-
icated loop controls for drive and sense resonators and quadrature control was
explored. Here, the sensitivities of frequency and quadrature tuning loops in a
bulk PZT yaw gyroscope are shown. In this design, the length of each bimorph

transducer element L = 1.1mm, t, = 150um w = 450um h = 500um.

Von Mises Stress (N/m .)

v

Max stress ~30MPa

L

Figure 4.4: COMSOL™ simulation for anchor stress in bulk PZT gyro-
scope for 10V, resonant drive

4.2.4 Nonlinear model of the resonator

The bulk PZT gyroscope utilizes the piezoelectric properties of PZT lateral bi-
morph for actuation and sensing. In PZT, material properties such as Young’s

modulus, d-coefficients, dielectric constants and mechanical loss factor have
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non-linear dependence to stress [112]. Therefore, a simple model of a spring-

mass piezoelectric resonator can be expressed as,

X+cx+ wéx = Fcos(wt) (4.15)

Resonant frequency of a resonator is proportional to the Young’s modulus of

interest in PZT (Y) and elasticity in general.

,  Ywh?
wpy

(4.16)

Where, m is the mass. The nonlinearity in Y due to stress in PZT can be

expressed as [112],
Y = Yo + BuYoT?2 + (higher order terms) (4.17)
where, B, = ATOY and 7,, is the stress The stress caused due to piezoelectric

drive is,

T, = Tocos(Qt + @) + Ty, (4.18)

d Vac
T()OC 3

(4.19)

Where, T, is the stress caused by DC voltage. Combining equations (15)-

(19), an approximate model of the non-linear resonator can be expressed as,

T2
K+ o + w? 1+ﬁm(70+T§C)]x

T2
+A B | 2T 4 Tocos(wt + o)+ —Ocos(Za)t +2¢)+ ...]| x
0 2

= Fcos(wt) (4.20)

97



Using finite element analysis software (COMSOL"), the stress as a func-
tion of drive voltage in the piezoelectric gyroscope is simulated. This is done
to estimate the drive voltage required to operate in the non-linear region. FEA
simulation in Fig.4.4 shows the stress distribution for the device. The model as-
sumes Q, = 1000. Simulation predicted that for this design, the Von-Mises stress
is > 107 Pa (<yield stress 500MPa for PZT) for 10V, drive at resonance. With
stress higher than 10’ Pa, we can be certain that nonlinearity can be achieved

for greater than 5V p drive

Nonlinearity in the elastic constants can also be leveraged by operating the
resonator at high stress regions (stresses > 10’ Pa) [112]. As shown in Eq(20), one
can use the stress induced by DC voltage to bias the resonator at different small
signal stiffness. The nonlinearity in Y also leads to higher order harmonics in the
resonator response. DC control of stress for bimorphs in the drive (D3, D4) and
sense resonator (S 1, S 2) tunes k,, k, for mode matching purposes. From equation

Eq(20) we can express the frequency tune sensitivity at resonant operation with

Awy Bnd31Y Ve
= 4.21
o0 v " (4.21)

Additionally, by having a DC control of stress on D2 and S 3 bimorphs, we can

DC tune voltage as,

tune for quadrature error by controlling off-diagonal spring constant of the res-
onator (k,,). Table.4.1 shows the design specification and parameters for the

bulk PZT gyroscope.
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Table 4.1: Design Specifications

Parameter Value
ky =k, 5.18 x 10° N/m
k. 4.84 % 10°N/m
PPZT 7600kg/ m’

m 10.34 x 10-°kg
=5 112.63kHz
Q.= 0, 1000

By 48.3Hz

X, (1V drive) 88.2nm

SF(mode-mismatch, 1V drive) ~ 26nA/deg/s

Bn (PZT) [112] 2x 1071
Frequency tune 8.3ppm/V
Dielectric dissipation factor (tan 6) [5] 0.4
Drive resonator capacitance C, 24.1pF
Device power (27r £.Catand Vj) 1V, drive 6.8uWatts

4.2.5 Gyroscope control circuitry

Closed loop control of drive and sense resonators are necessary to mitigate
many errors originating from structural imperfections, nonlinearity and envi-

ronmental effects.

Fig.4.5 shows the schematic of gyroscope control PCB used. Zurich Instru-
ment HF2LI is used for frequency response measurements, synchronous de-

modulation, PID and PLL control loops. The interface circuit for the gyro-
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Figure 4.5: Circuit schematic showing the control blocks for the operation
of bulk PZT gyroscope.

scope is designed using off the shelf components. The gyroscope drive circuit
has two high voltage operational amplifiers (Apex Microelectronics PA443DF).
High voltage amplifiers (PiezoDrive PDM200B) were used to amplify (x20) pre-
cision DC tune voltage (0 — 5V), up to £150V and added to the AC drive from
HF2LI. Similar drive is used for S drv while measuring sense resonator response.
For the sense circuit, TL082 JFET opamps with 1M resistors buffer output from
Dpf and Sns to HF2LI, to measure displacement. Since the drive and sense

electrodes are in close proximity and the respective signals are at the same fre-
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quency, parasitic coupling of the drive signals in the sense is seen. To mitigate
the effects parasitic capacitances and 60Hz noise, currents from from Dpf and
Sns are measured using a TIA (LTC6268) with 10kQ and 9pF as feedback resis-
tors and capacitors. Currents from Dpf is a measure of drive velocity and the
currents from sns is the rate signal. In the quadrature tuning, PA443DF ampli-
ties (x20) DC tune voltages, and provides bridge drive to Ol and Q2. An

external power source supplies +12V to the PCB.

Cross section

Silver epoxy

: '.': -
; P PCB PCB

Figure 4.6: Fabricated bulk PZT gyroscope bonded onto a custom PCB.
Cross section of the assembly is also shown.

.

PZT gyro

Gyro Control
PCB

Figure 4.7: Fabricated device bonded onto PCB with control electronics
and interface to Zurich Instruments HF2li.

4.3 Fabrication

The device is fabricated using the laser micromachining process described in

[16]. Bulk PZT plates (500 micron thick) with silver electrodes on both top and
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bottom were laser micro-machined. High aspect ratio (width: height of 3:10)
with reduced side wall angles were achieved by repetitive hatching of dense
laser scan lines. The laser micro-machining process is discussed in detail in [16].
Post fabrication, the device is bonded onto a custom PCB with a silver acrylic
and wire bonded (Fig.4.6). For further testing and characterization, an inter-
tace PCB is designed for controls. PZT-gyroscope is operated in air, packaged
on a custom PCB. The gyroscope is bonded on PCB using conductive acrylic
(GC electronics 22-023) for bottom electrode contact and the top electrodes are

wirebonded to interface electronics for characterization as shown in Fig.4.7.

_ ‘ f, = 112.4kHz

< 51 f,=111.4kHz
1o 111 112 113 114
88 Frequency (kHz)

Drv+

Phase (deg)

-92 AR Impedance
93+ Analyzer
_9i‘10 111 112 113 114

Frequency (kHz)

Figure 4.8: Impedance response of the drive resonator in the bulk PZT gy-
roscope measured for 1V, drive, using HP4194A. Sketch in the
inset shows the connections to the drive terminal Drv while the
other electrodes of the gyroscope are left floating.
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4.4 Measured Characteristics Of Bulk PZT Gyroscope

4.4.1 Bulk PZT gyroscope frequency response

The impedance response of the drive resonator of the gyroscope is measured
to estimate the electromechanical coupling coefficient k3;. Fig.4.8 shows the
impedance response of the Drv port of the drive resonator. The k3; = 14.7%

for the high frequency gyroscope mode is estimated from [113],

o \/( (v/2)ful Ftan1 /Do = S ) ) w2)

L+ (7/2)(fal ftan((7/2)((fa = f)] f)]

The phase response in Fig.4.8 does not show an expected phase shift of a second
order resonance system. This is due to the parasitic capacitance in the measure-
ment setup. To alleviate these effects, subsequent measurements were done

using a differential sensing, TIA and a lock-in amplifier.

Using the Zurich Instruments lock in amplifier (HF2Li), the frequency re-
sponse of the device is measured for 10V, differential drive on the Drv and Sdrv
electrodes. The resonator pickoff Dpf and Sns are buffered to measure the re-
spective voltages. The frequency response of the drive and sense resonator volt-
age (displacements) for the Y (drive) and X (sense) resonators is shown in Fig.4.9
with drive resonance frequency around 108kHz. From the frequency response

we can measure the quality factor, given by

_ wo d¢

0= 7%'&)0 (4.23)

where, ¢ is the phase. The resonator has a quality factor Q ~ 100.
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Frequency domain analysis in COMSOL", under symmetric meshing con-
ditions yielded the resonance mode to within 5% of the experimental results.
The mode shapes of the drive and sense simulated using COMSOL™ is as
shown in the inset of Fig.4.9. The model here does not include damping and
spring constant mismatches. Without any tuning, the device shown has a mode
split of < 80Hz. Several other devices were characterized for the as-fabricated
mode splits. Although the devices were symmetric in design, most devices had

< 100Hz mode split owing to the fabrication inaccuracies arising from the laser

micromachining process.

1. 2000~
£ 1.0000-] =8 Drive resonance
= i

v E ‘ Drive

120.‘000k

~108KkHz
Af<80Hz
Q~100

ke~12%

Phase (deg)

-25.000, !
100. 000k 120.000k
Frequency (Hz)

Figure 4.9: Measured frequency response of the drive and sense resonators
for 10V, drive. As-fabricated mode split < 80Hz. Inset shows
COMSOL mode simulations for drive and sense resonance.

4.4.2 Bulk PZT gyroscope sensitivity under mode-split opera-
tion
Initially, the gyroscope scale factor is measured under mode-split open loop

sense configuration. In this measurement, JFET buffers are used instead of tran-

simpedance amplifiers to measure sense voltages without gain stages. Fig.4.10
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Figure 4.10: Scale factor of the bulk PZT gyroscope for 10V, drive with
no gain stages on a commercial rate table (Ideal Aerosmith
1270VS). The gyroscope has < 1kHz mode-split between drive
and sense. Picture in the inset show the rate response of the
gyroscope as a function of time when different CW and CCW
rate were applied by the rate table for 4s intervals

shows the measured scale factor using a rate table. The scale factor of the gy-
roscope is 1.7uV/deg/sec. Bias drift of ~ 1deg/sec is measured for the gyroscope
with < 1kHz mode mismatch between drive and sense resonator. The bias drift
is as seen in the gyroscope voltage response as a function of time in the in-
set of Fig.4.10. Therefore, for each rate measurement the bias offset for the re-
ported sensitivity curve is subtracted in Fig.4.10. The bias drift measured in
the gyroscope is potentially due to the mode-split between drive and sense res-
onator reducing the effective Q [114]. Additionally, since there is no quadrature

compensation for this gyroscope, we can expect bias drift due to Q. and Q)

(Eq(6)).

105



24  Drive .
Harmonics

40 (resonance)

litude (dBV,us)
&

06,5k 0 100k 200k 300k 400k 500k 6415
Frequency (Hz)

Figure 4.11: Resonator nonlinearity: Frequency response of drive pick-off
electrode (Dpf) on 10V, drive (Drv) at resonance. Non-linear
dependence of elasticity to stress in PZT allows for tuning of
spring constants.

4.4.3 Nonlinear response of the bulk PZT resonator

In order to operate the gyroscope in the non-linear regime, the Drv electrodes are
driven at 10V, resonance. The tuning voltages were all set to zero for measuring
the non-linear response of the drive resonator. The gyroscope is operated under
closed loop drive conditions using phase locked loop (PLL) and fixed drive am-
plitude using proportional control for optimal operation. Fig.4.11 shows the fre-
quency response of differential signals obtained from Dpf bimorph. The mea-
sured the drive resonator response has higher order harmonics. Harmonics for
drive amplitudes < 10V, were not readily measurable. As suggested by the
simulation result in Fig.4.4, we see nonlinearity for drive >= 10V, at resonance,

when the high stress criterion is met.
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4.4.4 Frequency and quadrature tuning of bulk PZT gyroscope

The gyroscope is operated under closed loop non-linear drive conditions as ex-
plained before. The drive signals are frequency controlled using phased locked
loop to track the resonance frequency shifts. The phase lock loop tracks the
resonance frequency shifts while applying signals of frequencies correspond-
ing to 0° phase between reference drive oscillator and the signal from Dpf. An
additional DC voltage on the drive electrodes (Drv), changes the resonance fre-
quency of the drive resonator. Fig.4.12 shows the frequency shifts recorded us-
ing PLL for manual sweep of DC voltages on Drv electrodes. On applying 50V
DC, the drive resonator frequency shifted by 50Hz from its initial resonance fre-
quency of 108kHz. The frequency tune sensitivity of DC voltage is measured
to be 10ppm/Vpc. The measurement is in close agreement with estimated tune

sensitivity of 8.3ppm/V in Table.4.1

To demonstrate quadrature tuning sensitivity of DC voltages on QTn elec-
trodes, the gyroscope is operated under the closed loop drive condition as de-
scribed above. The sense resonator is operated under open loop and the output
is obtained by synchronous demodulation at the drive resonance frequency. The
gyroscope is operated under mode-mismatched condition with demodulation
phase correction due to the mode-split (Eq(14)). Initial quadrature is canceled
using AC voltages on Sdrv to record the effect of DC quadrature tune. Effect of
DC voltage on quadrature is shown in Fig.4.13 to demonstrate k,, compensation.
In the experiments, the DC voltages were swept manually, in 10V, increments
while recording the quadrature channel. For a scale factor of 1.3uV/deg/s, a

quadrature tuning sensitivity of 20deg/s/Vp¢ is measured.
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Figure 4.12: Frequency tuning sensitivity: Change in the drive resonance
frequency with DC voltages on Drv electrodes under 10V,
closed loop drive operation, measured by the HF2Ili lock-in
amplifier PLL
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Figure 4.13: DC voltage quadrature tune sensitivity: Initial quadrature
is removed using AC voltages at resonance on Sdrv elec-
trodes. Plot shows quadrature tuning sensitivity for DC volt-
age sweep on QTn electrodes under 10V, closed loop drive
operation

4.5 Monolithic Integration Of PZT Gyroscope Onto PZT

Dither Stage

A 50ppm precision PZT dither stage has been demonstrated to correct for

scale factor and drifts in commercial silicon gyroscopes [100]. One can use the
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Figure 4.14: Sketch showing monolithically integrated bulk PZT gyro-
scope on the bulk PZT dither stage

same bulk PZT stage for in-situ calibration of the bulk PZT gyroscope. Mono-
lithic integration of gyroscope and stage is possible as both are fabricated us-
ing the same base technology with the fundamental building block being the
lateral PZT bimorph transducer. The previous approaches for in-situ calibra-
tion have relied on manual assembly of inertial sensors onto the calibration
stage [100, 103]. Manual assembly of inertial sensors leads to errors and does
not allow for microsystem integration. Manual mount induced errors often lead
to cross axis and acceleration sensitivities [100]. Fig.4.14 shows the 3D sketch of
the monolithic device. Additionally, the monolithic integration improves the
anchoring to improve the Q of the resonators. Further, since the gyroscope on
stage is tethered on four PZT beams (Fig.4.14), the thermal resistance increases

and enables better thermal isolation of the device from ambient fluctuations.

The bulk PZT stage can apply in-plane dither (6;) as a function of applied
sinusoidal voltage. Yaw dither rates can be applied to the gyroscope under

test by varying the frequency of the input sinusoidal voltage while keeping the
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Figure 4.15: System implementation of the monolithic bulk PZT gyroscope
and PZT stage device interfaced using custom PCB (a) Shows
the system (b) Shows the schematic of the control circuit with
the gyroscope interface circuit elaborated in Fig.4.7 (c) Cus-
tom DIP implementation of the monolithic device that is de-
tachable from the control PCB (d) Sketch of the cross section
of the device on the DIP implementation

voltage constant. Alternatively, for a fixed frequency, the dither rates can also
be controlled by applied voltage amplitude. On applying different yaw rates
the scale factor is extracted for the gyroscope under test. Details of the PZT
calibration stage characteristics and controls are explained in [100,115]. Also,

sinusoidal rate dithering and demodulation of the gyroscope response enables
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in-situ quadrature measurement as a function of time, temperature and rate

which is useful in feedback control of quadrature.

4.6 Results For The Bulk PZT Monolithic Gyroscope And Stage

Device

Fig.4.15 shows the experimental setup for testing the monolithic device.
Fig.4.15(d) shows the cross section of the device along with the custom DIP
package onto which the device is adhesively bonded. The high frequency PZT
gyroscope signals are routed on a separate PCB from the high voltage PZT stage

signals.

4.6.1 Bulk PZT stage impedance response

The stage has its fundamental resonance wy, is around 903Hz with the
impedance response as shown in Fig.4.16. The picture in the inset shows the
in-plane dither mode (6,) of the stage at the fundamental resonance. The equiv-
alent circuit model for the stage is extracted from the impedance response. The
quality factor of the calibration stage is given by,

waLr

Qstage = R—r (424)

The measured Qg = 900. The stage resonance is much lower than the gy-
roscope resonance (112kHz). The electromechanical coupling coefficient for the

PZT stage is given by,

2
k31 = (%) -1 (425)
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Figure 4.16: Impedance response of bulk PZT calibration stage measured
using HP4194A impedance analyzer. Picture in the inset
shows the COMSOL™ simulated mode shape of the domi-
nant mode of the bulk PZT stage. An equivalent circuit model
is also shown

ks; is measured to be 12% for the bulk PZT calibration stage. For the purpose
of gyroscope calibration, the stage is operated near DC due to the limited band-

width (< 50Hz) of the bulk PZT gyroscope.

4.6.2 Bulk PZT stage sensitivity

The stage sensitivity to applied voltage is characterized using a Polytec
MSA400. Using the in-plane stroboscopic capabilities of the Polytec, the stage
in-plane dither for 1Hz sinusoidal excitation is measured as a function of PZT

stage drive voltage. The measured stage sensitivity is as shown in Fig.4.17.
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Figure 4.17: Dither stage sensitivity for 1Hz sinusoidal input as a func-
tion of voltage measured using in-plane stroboscopy capabil-
ity with Polytec MSA400

COMSOL™ simulation for in-plane dither is shown in the inset of Fig.4.17. The
bulk PZT stage has a in-plane Q. dither rate sensitivity of 8.9mdeg/sec/V at ap-
plied frequency of 1Hz. The stage has < 5ppm/V of out-of-plane motion while
operating in the in-plane dither mode. The details of the stage characteristics

are discussed in [100,115]

4.6.3 Frequency response of the monolithically integrated bulk

PZT gyroscope

Fig.4.18 shows the frequency response of the gyroscope drive and sense cur-
rent (velocity) for the monolithic device shown in Fig.4.15. Compared to the
gyroscope discussed in section IV.A, B, the Q improved by a factor of = 10 to
1250 due to the reduction in anchor loses. Additionally, the measured resonance

frequency for the monolithically integrated gyroscope is 112.1kHz compared to
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Figure 4.18: Frequency response of the monolithically integrated bulk PZT
gyroscope on PZT dither stage for 1V, differential drive of the
gyroscope.

previously measured 108kHz. The anchor loses reduced as the monolithic inte-
gration eliminated the need for conductive acrylic layer which is initially used
to bond the gyroscope onto PCB. The resonance frequency of the monolithically
integrated gyroscope is in agreement to the analytical calculations in Table.4.1

due to the improved anchor.

4.6.4 Sensitivity of the monolithically integrated bulk PZT gy-

roscope

As shown in frequency response of the monolithically integrated bulk PZT gy-
roscope on stage in Fig.4.18, the gyroscope in nearly mode-matched with a fre-
quency split of ~ 10Hz. Fig.4.19 shows the scale factor measurement of the
gyroscope using stage dither sweep. The measured scale factor and bias of the
gyroscope are 3.4mV/deg/s and 0.31mV respectively. Higher angular rates (£2,)

can be applied to the gyroscope by sweeping the dither frequency at a fixed
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Figure 4.19: PZT gyroscope response to dither: (a) Shows the gyroscope
response to dither rate on sweeping the dither stage input
voltage for constant 1Hz frequency. (b) Scale factor of the

gyroscope measured for 1V, gyroscope drive with TIA gain
10kQ

stage drive voltage. In the current operating configuration of closed loop drive
and open loop sense, the gyroscope bandwidth is limited to the 8, < 45Hz. Due
to the limited bandwidth of operation for this configuration, the dither stage
applied voltage is swept and operated at a constant 1Hz dither frequency. For
frequency based control of dither, one can operate the sense in closed loop in

force-to-rebalance mode [104, 109] for improving the gyroscope bandwidth.
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Compared to the gyroscope discussed in section /V.B (Fig.4.10), the mono-
lithically integrated gyroscope here has reduced quadrature error and mode
split due to tuning. Hence, we observe lower bias drift (< 0.2deg/s) in the time
domain response of the gyroscope (Fig.4.19). Here the gyroscope sense response
is measured using a TIA with gain of 10kQ. The unamplified gyroscope sensi-
tivity is 0.34uA/deg/s, which is = 13 times higher than analytical estimation in

Table.4.1 due to near mode-matching between the drive and sense mode.

4.7 Conclusion

In this work a bulk PZT Z-axis gyroscope was demonstrated and the non-linear
behavior of the resonator was explored. The sensitivities of gyroscope fre-
quency and quadrature tune loops to DC voltages was measured. The bulk PZT
gyroscope is also monolithically integrated into a bulk PZT calibration stage for
in-situ calibration of the gyroscope. The calibration stage system can extract the
gyroscope input-output characteristics such as in-run scale factor and bias etc.
Closed loop control of the drive and sense resonator ensuring mode matching
of drive and sense resonators, along with scale factor, bias and quadrature com-
pensations are necessary for long term stable gyroscopes. Low noise front end
electronics implemented on FPGA or custom ASIC for the control loops of the
gyroscope and PZT stage is necessary to measure the noise performance of the

bulk PZT gyroscope.
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CHAPTER 5
MONOLITHIC 2-AXIS IN-PLANE PZT LATERAL BIMORPH ENERGY
HARVESTER WITH DIFFERENTIAL OUTPUT

5.1 Introduction

One of the key challenges in energy harvesting is the ability to generate elec-
trical energy from vibration regardless of its direction. This can be achieved
in part by manual packaging of single axis harvesters oriented along different
directions or wafer-level integration of energy harvesters which are sensitive
along different axis [116]. While both approaches need additional circuitry to
combine the generated powers, manual assembly approach also suffers from

increased system volume and cost. For piezoelectric energy harvesters,

k3, Q*megpa®

Power(f,) « 7

(5.1)

where, a is the applied acceleration and f, the resonance frequency [117].
Recent work on thin film PZT harvesters such as sol-gel, sputtered AIN and
also thinned PZT on silicon [117], which have reported good quality factor O
(32 - 1800) and 3, (0.05 — 0.35), generally aim to reduce resonance frequen-
cies to improve Normalized Power Densities (NPD in uWartt/mm3g~?) [117]. Al-
though high values for NPD (6.309uWatt/mm’g~? [117]) are reported in the liter-
ature, most devices rely on resonant structures sensitive along a single sensitive
axis (generally out of plane) and are not monolithic. High NPD and low reso-
nance frequency is achieved by steps requiring die-level alignment and bonding
of high density materials, such as tungsten in [117], which leads to a multi-

step process flow. This work uses a single-step, laser-micro machined, spiral
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shaped beam structure to get around single-axis limitation while still achieving
high normalized power densities at low resonance frequencies. The energy har-
vester is fabricated using a laser micromachining process, which is a subtractive
process requiring no additional deposition. The entire device is fabricated us-
ing direct-write micro patterning technique involving precision removal of PZT
and/or electrode material [118]. The constraints considered for the energy har-
vester design are as summarized in Fig.5.1. The design aims to maximize power
output for a given volume for lower resonance frequency while being respon-
sive to any in-plane (X — Y) vibration. The operation of the key transducer ele-
ment of the 2-axis bulk-micro machined PZT harvester is sketched in Fig.5.2 The
design exploits lateral bimorphs [118], generating differential voltage from in-
plane motion at high efficiencies. The monolithic nature of the device eliminates
the need for additional circuitry to combine the outputs of multiple harvesters

for the purpose of multi-directional operation.

5.2 Design

The vibrational energy harvester has the lateral PZT bimorph as its fundamen-
tal building block [118]. The lateral bimorph generates differential voltages for
in-plane bending due to equal and opposite tensile and compressive strains as
shown in Fig.5.2 and owing to voltage coefficient g3;. The equal and opposite
polarity voltages generated on top electrodes due to compressive and tensile
stress can be useful, post rectification, in analog electronics that require symmet-
ric +V supply for operation, which is otherwise realized by having additional
capacitors and inductors. Here, two designs are tested. First, the performance

of a single bimorph element as energy harvester is characterized. For this pur-
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pose, a common design is chosen that includes lateral bimorph with mass on the
tip, as shown in Fig.5.3, all cut out from a single PZT substrate. The mass at the
tip is chosen so as to lower the resonance frequency while still maintaining the
fundamental resonance to be in-plane. Next, a second device structure with a
spiral design as shown in Fig.5.5 is explored. This design allows improvements
in performance and metrics described in Fig.5.4. PZT-4 used in both designs
is chosen for its higher coupling coefficients and Curie temperature (324C), the
latter of which is important to minimize any potential heat induced local depo-
larization of bulk PZT during laser micromachining. Furthermore, bulk PZT is
also a good choice as a tip mass to lower resonance frequency due to its high
density.

Constraints:

* Pom :f( ('!]., /‘—f‘ (.)' fl}
. aPuut —
a0
Design space :
Pout _ 9Pout )
Volume’ da,

Minimize{f,}

Maximize{

Figure 5.1: Metrics considered in the design of a 2-axis energy harvester
under arbitrary planar acceleration a,. k;: electromechanical
coupling coefficient, f,: resonance frequency, k: spring con-
stant.

5.3 Fabrication

The energy harvester is fabricated using laser micromachining, which involves
precision removal of PZT and/or electrode material [118], by repeated and se-
lective scanning of a 355nm UV laser (LPKF ProtoLaser U) on 0.5mm thick PZT-4

plates. The scan speeds are optimized for through cut of PZT and/or metal
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Figure 5.2: Basic building block of the harvester

without depoling piezoelectric regions that are part of the device. The process
can achieve an aspect ratio of 1:5 (0.1mm wide, 0.5mm thick) bulk PZT structures.
For the energy harvester, PZT-4 plates with silver as top and bottom electrodes
are laser-machined [118, 119] to form 0.45mmwide and 0.5mm thick lateral bi-
morphs, with electrode patterns as shown in Fig.5.2. Typical cut rates for PZT
are 16.6um/min in thickness, and 250mm/s laterally leading to beams with min-
imum width of 100um. After laser-micromachining, the PZT structures were
cleaned with acetone followed by IPA (Iso-Propyl Alcohol) to clear any debris
around the processed regions. Described process enables both the active energy

harvesting element and the mass to be cut out from single PZT substrate.
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Figure 5.3: A generic energy harvester design with lateral PZT bimorph
with tip mass. (a) Schematic of the device (b) Fabricated device
on PCB

5.4 Modeling And Experimental Results

5.4.1 Lateral bimorph with tip mass

Impedance analysis

For characterization, the device shown in Fig.5.3(b), which is adhered to PCB
with silver acrylic paint, is used. This also ensured electrical contact to bottom
electrode (ground). The two electrodes were then wire-bonded to pads on the
PCB. The impedance response of the device is shown in Fig.5.4. The device has a
resonance frequency of 626.5Hz and the mode is simulated to be in-plane using

COMSOL with a measured Q-factor of 45 with k? 3.55%.

Power output

The device is clamped on a shaker table to measure the peak power for 1g accel-
eration at its resonance. The device generates 4.5uWatts when connected across

a load resistor of 198k, which is found to be the optimal load for maximum
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Figure 5.4: Impedance response of the lateral bimorph with a tip mass.
Plot shows resonance at 626.5Hz measured using impedance
analyzer HP4194A. The Q factor is measured to be 45. The
mode is simulated to be in-plane using COMSOL™ with the
displacement contour shown in the inset.

power. The corresponding normalized power density is 0.305uWarts/mm’g™>.

5.4.2 Spiral energy harvester

Copper PCB
(ANCHOR)

1 Silver electrode
mm Electrode removed

10.5mm

10mm )
wirebond

@ (b)

Figure 5.5: Two axis spiral PZT energy harvester.(a) Schematic (b) Fabri-
cated device anchored to a PCB

For improvement in NPD, Q-factor and to achieve rotational invariance, the

122



spiral shaped energy harvester is pursued as shown in Fig.5.5. The lateral bi-
morphs were micromachined in the form of a rectangular spiral coil of volume
26mm*. Cascading of several such lateral bimorphs in a spiral fashion enables
the device to be sensitive to any in-plane vibrations, making the energy har-
vesters sensitive axis rotationally invariant.

500
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Impedance match for Ry=1MQ) '

25 &

400t
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low R
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Chosen design .
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Maximum Normalized Power Density (NPD)
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Number of coils (N)

Figure 5.6: Simulated relations between NPD, resonance frequency versus
number of coils N. Coils (N) is as shown in inset sketch

Design optimization

Near rotational symmetry of the spiral shaped beam structures allows the sen-
sitive axis of the harvester to be rotationally invariant in-plane. Fig.5.6 shows
the simulated curves for optimal spiral design as a function of number of coils,
N. Also for N < 2, it is seen from simulations that the fundamental mode is
no longer in-plane. N = 4 is chosen due to the trade-off between resonance

frequency and NPD.
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Impedance analysis

It is shown in [120] that the energy harvesters load, peak power and its fre-
quency is strongly dependent on K*>Q and is referred to as the coupling effi-
ciency figure of merit. This is evident from the expression for impedance of the
device, which is essential for calculating resonance frequency and the optimal
load to be connected to the energy harvester for maximum power transfer. The

impedance Z of the device can be expressed as, [120]

(S]

i+oi-2)
0

-J
wocg(f_erQ( _%2)+QK2)

wo \ Wo

Z(jw) =

(5.2)

where, wy is the resonance frequency, K is the generalized electromechan-
ical coupling coefficient (K = k3;,is experimentally determined to be 2.71%),
and C is the capacitance of the device 3nF. The measurements were done us-
ing impedance analyzer and further verified with lock-in amplifier frequency
sweeps which yielded an in-plane Q-factor of 129.5. Analytical expression for
Z is in close agreement to experimentally determined impedance curve shown
in Fig.5.7(a). Fig.5.7(b) shows the equivalent circuit which closely models the
device [120]. For maximum power transfer from the piezoelectric vibrational
energy harvester, load impedance must be the complex conjugate of the de-
vice impedance (Z = Zload+), which is purely real at resonance (163.5Hz) that
corresponds to zero phase. The impedance at this frequency is 1MQ as seen in
Fig.5.7(a). Hence the load resistance is chosen to be the same. The fabricated spi-
ral energy harvester here falls under the strongly coupled case [120] of K*Q > 2
(K*Q = 3.88), with two operation frequencies for maximum power, correspond-

ing to 163.5Hz and 165.5Hz, where impedance has zero phase for the tested de-
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vice. In-plane nature of the mode shape is verified by FEM in COMSOL™ as
seen in Fig.5.8, which shows the surface potential distribution for 1g acceler-
ation along the devices X axis. Similar results were obtained for acceleration
applied along any axis in X — Y plane. The differential strain due to equal and
opposite compression and tension during in-plane bending of the cascaded bi-
morphs generates differential voltages. The strain is maximum at the L-shaped
corners, which act as apparent anchors. This is shown in the zoomed picture at
the inset of Fig.5.8. It is seen in simulations that the contributions to strain/volt-
age from subsequent outer rings reduce, which is in agreement with the results

of Fig.5.6.
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Figure 5.7: Impedance response of the device. (a) Plot showing reso-
nance frequency of 163.5Hz measured using Impedance ana-
lyzer (HP4194A) and the analytical curve for Z with extracted
parameters. The measured Q factor for the mode is 129.5 (b)
Shows the equivalent circuit model of the device.
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Figure 5.8: COMSOL™ simulation of mode shape and the associated sur-
face potential profile. Simulation shows peak open circuit volt-
age is 7.7V for 1g acceleration along X-axis of the device at the
simulated device resonance frequency of 155.3Hz

Power output

The experimental setup to characterize the energy harvester is shown in Fig.5.9.
The device is clamped on a commercial shaker table from Vibrations Research
at varying angular orientations to measure output versus shaker frequency, am-
plitude, and harvester mounting angle. Experiments are performed for both
1MQload and at near infinite load by measuring open-circuit voltages using a
JFET buffer to cancel the effect of oscilloscope finite input impedance. Experi-
mental data show an average voltage of 6.4V, across 1MQ load. Table.5.1 lists
the relatively constant output (within +7.4%) and power as a function of the pla-
nar orientation with respect to vibration. The NPD of the device is measured to
be 0.89uWatt/mm*g~2. Compared to the simple bimorph energy harvester with
tip mass, the spiral energy harvester has 2.9 times higher NPD because of higher
Q and lower resonance frequency. The maximum power generated for 1MQ

load is 23.14uWatt for applied acceleration of 1g at 163.5Hz.

126



Device

Z-axis
Accelerometer

Figure 5.9: Experimental setup showing the device mounted vertically on
a Z-axis shaker table to excite the devices in-plane resonance.
The device is mounted at different angles about its XY plane to
test its dependence on vibration orientation.

Table 5.1: Measured voltages at resonance frequency for 1g applied accel-
eration for different mount angles about the XY plane of the de-
vice on the shaker table.*(Measurements were done with JFET
buffer to measure open circuit voltages generated for applied 1g
accelerations to compare with COMSOL model (Fig.5.8))

Metric | JFET buffer* V,,(V) | I1MQ]load V,,(V) | Power (uWatts)
X +8 +6.8 23.12
20° +7.8 +6.4 20.48
45° +7.6 +6.3 19.85
70° +7.6 +6.3 19.85
Y +7.6 +6.8 23.12

5.5 Conclusion

A piezoelectric vibration energy harvester whose sensitive axis is shown to be
rotationally symmetric with power output variations to within 7.4% is pre-
sented. Fabricated using only a single step laser micromachining of bulk
PZT, this harvester has a resonance frequency of 163.5Hz and an NPD of

0.89uWatt/mm’g=2. COMSOL™ simulation results for the in-plane mode fre-
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quency of 155.3Hz matches experimental data to within 5%. Such a power
harvester could be useful in applications where in-plane motion directionality
changes with time such as motion of a hovering aircraft or on top of a head

mounted helmet display.
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APPENDIX A
MATLAB CODE FOR NORIS

Y%pixel size 0.08"x0.12”7->3200x2400 pixels

%Output : 640x480 pixels (combining 5 pixels)

frames = length(I);
usfac = 100;
ref = fft2(I(:,:,1)); % Reference diffraction pattern

image

for k=2:1:frames-1
[output Greg] = dftregistration (ref, fft2(I(:,:,k)) , usfac);

imager_shift_Y (k) output(3);

imager_shift_X (k) output(4);

r(k) = sqrt(imager_shift Y (k)"2+imager_shift_X(k)"2);
end

r = r.xbe—6;

figure

plot(time (1:length(r)) ,r)

function [output Greg] = dftregistration(buflft,6 buf2ft,

usfac)

% function [output Greg] = dftregistration (buflft ,buf2ft,

usfac);
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% Efficient subpixel image registration by

crosscorrelation .

%This code gives the same precision as the FFT upsampled
cross correlation in a small fraction of the

computation time and with reduced memory requirements.

%It obtains an initial estimate of the crosscorrelation
peak by an FFT and then refines the shift estimation by
upsampling the DFT only in a small neighborhood of
that estimate by means of a matrix—multiply DFT. With
this procedure all the image points are used to %

compute the upsampled crosscorrelation.

% Manuel Guizar — Dec 13, 2007

% Portions of this code were taken from code written by
Ann M. Kowalczyk and James R. Fienup.

%] .R. Fienup and A.M. Kowalczyk, "Phase retrieval for a
complex—valued object by using a low—-resolution image

, 7 J. Opt. Soc. Am. A 7, 450-458 (1990).
% Citation for this algorithm:

%Manuel Guizar—Sicairos , Samuel T. Thurman, and James R.

Fienup, "Efficient subpixel image registration
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%

%

%

%

%

%

%

%

%

%

%
%o

%

algorithms ,” Opt. Lett. 33, 156-158 (2008).

Inputs

buflft Fourier transform of reference image,

DC in (1,1) [DO NOT FFTSHIFT]

buf2ft Fourier transform of image to register , DC in
(1,1) [DO NOT FFTSHIFT]

usfac Upsampling factor (integer). Images will be
registered to within 1/usfac of a pixel.

For example usfac = 20 means the images will be

registered within 1/20 of a pixel. (default = 1)

Outputs

output = [errvor ,diffphase ,net_row_shift ,net_col_shift]
error Translation invariant normalized RMS error between
f and g diffphase

Global phase difference between the two images (should

be zero if images are non—-negative).

net_row_shift net_col_shift Pixel shifts between images
Greg (Optional) Fourier transform of registered wversion

of buf2ft ,the global phase difference is compensated
for.

Default usfac to 1

if exist(’usfac’)"=1, usfac=1; end
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% Compute error for mno pixel shift
if usfac == 0,

CCmax = sum(sum(buflft.+xconj(buf2ft)));

rfzero = sum(abs(buflft(:))."2);

rgzero = sum(abs(buf2ft(:))."2);

error = 1.0 — CCmax.x* conj(CCmax) /(rgzeroxrfzero);
error = sqrt(abs(error));

diffphase=atan2 (imag(CCmax) , real (CCmax) ) ;

output=[error, diffphase];

% Whole—pixel shift — Compute crosscorrelation by an IFFT
and locate the peak
elseif usfac == 1,
[m,n]=size (buflft);
CC = ifft2 (buflft.xconj(buf2ft));

[max1,locl] = max(CC);

[max2,loc2] = max(maxl);

rloc=locl(loc2);

cloc=loc2;

CCmax=CC(rloc , cloc);

rfzero = sum(abs(buflft(:))."2) /(msn);

rgzero = sum(abs(buf2ft(:))."2) /(mxn);

error = 1.0 — CCmax.x* conj(CCmax) /(rgzero(1,1)*rfzero
(1,1));

error = sqrt(abs(error));

diffphase=atan2 (imag(CCmax) , real (CCmax) ) ;
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md2 = fix(m/2);
nd2 = fix(n/2);
if rloc > md2

rloc —-m - 1;

row_shift
else
row_shift = rloc - 1;

end

if cloc > nd2

col_shift cloc - n - 1;

else

col_shift

cloc - 1;
end

output=[error , diffphase ,row_shift, col_shift ];

% Partial —pixel shift

else

% First upsample by a factor of 2 to obtain initial
estimate
% Embed Fourier data in a 2x larger array
[m,n]=size (buflft);
mlarge=mx2;
nlarge=nx2;

CC=zeros (mlarge, nlarge);
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CCm+1-fix (m/2) m+l+fix ((m—=1)/2) ,n+1-fix (n/2) :n+1+fix
((n-1)/2)) =
fftshift (buflft).xconj(fftshift(buf2ft));

% Compute crosscorrelation and locate the peak
CC = ifft2(ifftshift(CC)); % Calculate cross-—

correlation

[max1,locl] max (CC) ;

max(maxl) ;

[max2,loc2 ]
rloc=locl(loc2);cloc=loc2;

CCmax=CC(rloc , cloc);

% Obtain shift in original pixel grid from the position of
the crosscorrelation peak
[m,n] = size(CC); md2 = fix(m/2); nd2 = fix(n/2);

if rloc > md2

row_shift = rloc —m - 1;
else

row_shift = rloc - 1;
end
if cloc > nd2

col_shift = cloc — n - 1;

else
col_shift = cloc - 1;
end

row_shift=row_shift /2;
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col_shift=col_shift /2;

% If upsampling > 2, then refine estimate with %matrix
multiply DFT
if usfac > 2,
%% DFT computation %%%

% Initial shift estimate in upsampled grid

row_shift round (row _shiftxusfac)/usfac;

col_shift round(col_shiftxusfac)/usfac;

dftshift = fix(ceil (usfacx*1.5)/2); %% Center of
output array at dftshift+1
% Matrix multiply DFT around the current shift estimate
CC = conj(dftups(buf2ft.xconj(buflft), ceil (usfac
x1.5) ,ceil (usfacx1.5) ,usfac, ...
dftshift —-row_shiftxusfac,dftshift —col_shiftx
usfac)) /(md2«+nd2xusfac”"2);

% Locate maximum and map back to original pixel grid

[max1,locl] max (CC) ;

[max2,loc2] max (maxl) ;

rloc = locl(loc2); cloc = loc2;

CCmax = CC(rloc,cloc);

rg00 = dftups(buflft.*xconj(buflft),1,1,usfac)/(md2
xnd2xusfac”2) ;

rf00 = dftups(buf2ft.+xconj(buf2ft),1,1,usfac)/(md2

xnd2xusfac”2) ;

rloc = rloc - dftshift - 1;
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cloc = cloc - dftshift - 1;
row_shift = row_shift + rloc/usfac;

col_shift = col_shift + cloc/usfac;

% If upsampling = 2, no additional pixel shift refinement
else

rg00 = sum(sum( buflft.+conj(buflft) ))/m/n;

rf00 sum(sum( buf2ft.xconj(buf2ft) ))/m/n;
end
error = 1.0 — CCmax.x* conj(CCmax) /(rg00xrf00);
error = sqrt(abs(error));
diffphase=atan2 (imag(CCmax) , real (CCmax) ) ;

% If its only one row or column the shift along that
dimension has no effect. We set to zero.

if md2 == 1,

row_shift = 0;

end

if nd2 == 1,
col_shift = 0;

end

output=[error ,diffphase ,row_shift, col_shift];

end
% Compute registered wversion of buf2ft

if (nargout > 1)&&(usfac > 0),

[nr,nc]=size (buf2ft);
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Nr = ifftshift([-fix(nr/2):ceil(nr/2)-1]);
Nc = ifftshift([-fix(nc/2):ceil(nc/2)-1]);
[Nc,Nr] = meshgrid (Nc,Nr) ;
Greg = buf2ft.xexp(i*2spix(—row_shift«Nr/nr—col_shiftx
Nc/nc));
Greg = Gregxexp(ixdiffphase);
elseif (nargout > 1)&&(usfac == 0)
Greg = buf2ftxexp(ixdiffphase);
end

return

function out=dftups(in,nor,noc,usfac,roff,b coff)

% function out=dftups(in, nor,noc,usfac,roff ,coff);

% Upsampled DFT by matrix multiplies , can compute an
upsampled DFT in just a small region.

% usfac Upsampling factor (default usfac = 1)

% [nor ,noc] Number of pixels in the output upsampled DFT,
in units of upsampled pixels (default = size(in))

% roff, coff Row and column offsets , allow to shift the

Q

output array to a region of interest %on the DFT (
default = 0)

% Recieves DC in upper left corner, image center must be
in (1,1)

% Manuel Guizar — Dec 13, 2007

% Modified from dftus, by J.R. Fienup 7/31/06
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% This code is intended to provide the same result as if
the following operations were performed
%  — Embed the array "in” in an array that is usfac times
larger in each dimension. ifftshift to bring the
center of the image to (1,1).
%  — Take the FFT of the larger array
% — Extract an [nor, noc] region of the result. Starting

with the [roff+1 coff+1] element.

% It achieves this result by computing the DFT in the
output array without the need to zeropad. £Much faster
and memory efficient than the

% zero—padded FFT approach if [nor noc] are much smaller

than [nrxusfac ncxusfac]

[nr,nc]=size(in);

% Set defaults

if exist(’roff’)™=1, roff=0; end

if exist(’coff’)™=1, coff=0; end

if exist(’usfac’)”=1, usfac=1; end

if exist(’noc’) =1, noc=nc; end

if exist(’'nor’)"=1, nor=nr; end

% Compute kernels and obtain DFT by matrix products

kernc=exp((—i*2xpi/(ncxusfac))x( ifftshift([0:nc-1])." -
floor(nc/2) )x( [0:noc-1] — coff ));
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kernr=exp((—i*2xpi/(nrxusfac))*( [0:nor—-1].” — roff )x(
ifftshift ([0:nr-1]) - floor(nr/2) ));
out=kernrxinxkernc;

return
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