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ABSTRACT
A MICROMACHINED PRESSURE SENSOR

Hasan Karaca
M.Sc. in Electrical and Electronics Engineering
Advisor: Abdullah Atalar
September 2017

Capacitive Micromachined Ultrasonic Transducer (CMUT) is a microelectrome-
chanical device that is basically formed by a moving top electrode, a stable bottom
electrode and a gap in between. In spite of its this simple mass-spring construc-
tion, CMUT is a nonlinear device and its working principles have been formulated.
According to these studies, the top electrode can be set in motion by the applied
pressure on it and by depending on the amount of that pressure, the resonant
frequency of the CMUT can be altered. Therefore, it is possible to use CMUT to
obtain a pressure sensor. In this respect, what we have to do is keep tracking of
its resonant frequency to deduce the pressure. The most effective way of doing
it, on the other hand, is using an oscillator circuit which also provides us the
capability of tracking the resonant frequency in real time. Also, to design an
integrated circuit that works with the CMUT, the best way is utilizing a Colpitts
oscillator. In this thesis, we design a pressure sensor with CMUT based Colpitts
oscillator.

In order to achieve our design, first of all, we examine the small signal equiv-
alent circuit model of an uncollapsed mode CMUT and investigate the related
analytical equations that models the behavior of it. To simplify the equations, we
liken the small signal equivalent circuit model to a crystal oscillator by making
necessary transformations. After that, we investigate the “feedback system ap-
proach” and “negative resistance concept” methods that help us to analyze the
oscillator circuits; and we determine the Colpitts oscillator circuit as the oscilla-
tor circuit part of our device. We evaluate the CMUT based Colpitts oscillator
circuit and derive the limitations on the circuit parameters for achieving a power
efficient device. In addition to that, we discuss the dc biasing of the oscillator
circuit that does not cause any loading effect on the oscillator circuit and design a
ring oscillator and a charge pump circuit which help us to obtain bias voltage on
the CMUT. Finally, we calculate the sensitivity (in Hz/Pa) and the temperature
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sensitivity of a CMUT in addition to the Quality factor of our circuit; and by
being based on these calculations, we obtain the optimum CMUT parameters for
the best available sensitivity and conclude the design.

At the end, we design a CMUT based Colpitts oscillator that works as a
pressure sensor which measures pressure between zero atm and one atm with
sensitivity of 14.6 Hz/Pa at 1 atm. The selected CMUT parameters, on the other
hand, for the radius of the CMUT cell, the gap height of the CMUT cell, the
thickness of the insulator layer and the thickness of the top plate are 44 um,
100 nm, 100 nm and 3 pm respectively. The Quality factor of the circuit is 5 and
the inherent Quality factor of the CMUT is 432.

Keywords: CMUT, Capacitive Micromachined Ultrasonic Transducer, uncol-

lapsed mode, Oscillator, Colpitts Oscillator, Pressure Sensor.



OZET
MIKROISLENMIS BASINC SENSORU

Hasan Karaca
Elektrik ve Elektronik Miihendisligi, Yiiksek Lisans
Tez Danmigmani: Abdullah Atalar
Eylil 2017

Kapasitif mikroiglenmis ultrasonik gevirici (CMUT), basitce, aralarinda bogluk
bulunan hareket eden bir tist elektrot ile sabit bir alt elektrottan olugsan mikroelek-
tromekanik bir cihazdir. Bu sade kiitle-yay yapisina ragmen, CMUT lineer ol-
mayan bir cihazdir ve galisma prensipleri son zamanlarda formiile edilmistir.
Bu caligmalara gore, tizerine uygulanan basing ile iist elektrot hareket ettir-
ilebilir ve basincin miktaria gore de CMUT 1n rezonans frekansi degistirilebilir.
Dolayisiyla, CMUT"1 bir basing sensorii elde etmek i¢in kullanmak miimkiindiir.
Bu acidan, basinci ortaya cikarmak icin yapmamiz gereken sey CMUT1n rezo-
nans frekansinmi takip etmektir. Bunun en etkin yolu ise, bize CMUT 1n rezonans
frekansini gercek zamanh takip etme kabiliyetini de saglayan osilator kullanimidir.
Ayrica, CMUT ile calisan entegre devreler dizayni iginse en iyi yol Colpitts os-
ilatorden yararlanmaktr. Bu tezde biz entegre devre (IC) diizeyinde bir dizayn
hedefledigimizden, CMUT tabanli Colpitts osilator ile bir basing sensorii dizayn
ediyoruz.

Dizaynimiz1 elde etmek icin, ilk once, ¢cokmemis modda CMUT 1n kiiciik sinyal
esdeger devre modelini inceliyor ve davranigini modelleyen ilgili analitik denklem-
leri tahkik ediyoruz. Daha sonra, denklemleri sadelestirmek i¢in kiiciik sinyal
esdeger devre modelini gerekli dontigiimleri yaparak kristal osilatore benzetiy-
oruz. Bundan sonra ise, osilatorleri analiz etmemize yardim eden “geri-besleme
sistemi yaklagimi” ve “negatif diren¢ kavrami” metodlarini inceliyor ve Col-
pitts osilatoriinii cihazimizin osilator kismi olarak tespit ediyoruz. Sonra da, bu
metodlara dayanarak CMUT tabanli Colpitts osilatortimiizii degerlendirip, giic
agisindan verimli bir cihaz elde etmemiz i¢in devre parametreleri tizerinde bulunan
sinirlamalar1 ortaya gikartiyoruz. Colpitts osilatorle ilgili olarak ayrica, osilator
tizerinde higbir yiikleme etkisine sebep olmayan dc bayaslamay1 miizakere ediyor
ve CMUT iizerindeki bayas voltajini elde etmemize yardim eden bir halka osi-
latori ve bir de sarj pompasi devresi dizayn ediyoruz. Nihayet, devremizin kalite
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faktoriiniin yamisira, bir CMUT igin duyarhihk (Hz/Pa) ve sicaklik duyarlihigim
hesapliyor ve elde edilebilir en iyi duyarlilik degeri i¢in en uygun CMUT parame-
trelerini elde ediyor ve dizayni sonuclandiriyoruz.

En sonunda, sifir atm ve bir atm arasindaki basmci 1 atmde 14.6 Hz/Pa du-
yarlilik ile 6l¢en ve basing sensorii olarak caligan CMUT tabanli Colpitts osilatori
dizayn ediyoruz. Secilmis CMUT parametreleri ise CMUT hiicresinin yarigapi,
CMUT hiicresisin bosluk yiiksekligi, yalitici tabakanin kalinligi ve iist plakanin
kalinhg igin sirayla 44 pm, 100 nm, 100 nm ve 3 pm. Devrenin ve CMUT 1n igsel
kalite faktorleri ise 5 ve 432.

Anahtar sozcikler:  CMUT, Kapasitif Mikroiglenmis Ultrasonik Cevirici,
¢okmemis mod, Osilator, Colpitts Osilator, Basing Sensori.
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Chapter 1

Introduction

Capacitive Micromachined Ultrasonic Ttransducer (CMUT) is a microelectrome-
chanical structure that consists of two electrodes and a vacuum gap in between.
Top electrode stays within a suspended membrane and bottom electrode lies on
the substrate. By depending on the formed electric field or any other mechanical
disturbance among electrodes, membrane is deflected by resulting in a change in

the value of capacitance.

CMUT has recently been commercialized for medical ultrasound imaging pur-
poses [8, 9]. In addition to that, it has several other applications such as acoustic
signal source [10, 11], chemical gas sensor [12, 13, 14, 15, 16, 17] and pressure
sensor [18, 19].

CMUT is a nonlinear device and its properties are affected by the materials
used in membrane formation, geometry of the device, pressure around, voltage
on it and surrounding environment such as liquid or air. Due to its compli-
cated structure, many efforts have been performed to accurately simulate the
device. Some researchers tried to model it by basing on the experimental ob-
servations [12, 14, 15, 17] and some researchers benefited from energy equivalent
method [20]. Recently, an effort have been expended on this subject and the an-

alytical expressions for a circular CMUT membrane profile was derived for both



collapsed and uncollapsed modes [21, 22]. In this work, SPICE is used as circuit
simulator and finite element method (FEM) is utilized to test the accuracy of the
model. With these simulations, the model achieved to predict CMUT with an
accuracy rate of better than 3%. Oguz developed a circuit theory based CMUT
model for uncollapsed mode [1, 23] and Aydogdu achieved a lumped element
model for collapsed mode [24, 25]. An explanatory study was also conducted [2, 3]
for the nonlinear lumped element circuit model of a circular uncollapsed mode
CMUT cell.

In this thesis, we have designed a pressure sensor with CMUT based oscillator
at integrated circuit design level. The CMUT is in uncollapsed mode and devel-
oped in MATLAB by combining proper equations from references [1, 2, 3, 23].
For oscillator design, we have benefited from Razavi’s book: “Design of Analog
CMOS Integrated circuits” [6] and developed the circuit with CADENCE. Since
we have planned to combine CMUT and oscillator circuit with wire bonding
method, we used Colpitts oscillator among any other design models. Therefore,
at oscillation frequency CMUT behaved like a lossy inductor and provided us
with connecting one side of CMUT to its bias voltage while other side is con-
nected to the oscillation circuit by wire bonding. In addition to that, with this
design, we were able to develop CMUT and oscillator circuit separately. The most
important parameters during the design process were breakdown voltage of MOS-
FETs, practicability of CMUT with desired geometry parameters and sensitivity
of circuit against pressure. We are designing a pressure sensor; therefore, against
the change in pressure, we need to keep change of oscillation frequency in the
structure at maximum to have best sensitivity. Our device has a sensitivity of
14.6 Hz/Pa at 1 atm. In this respect, it has a comparable sensitivity performance

with respect to other pressure sensors as indicated in Table 1.1 [18, 19, 26, 27, 28].

This thesis consists of six chapters. In chapter two, we investigate the small
signal equivalent circuit model of an uncollapsed mode CMUT and examine the
related analytical equations that models the behavior of it. Also, in the same
chapter, we liken the CMUT to a crystal oscillator for simplification purposes.
In chapter three, we discuss the analytical methods of the “feedback system

approach” and the “negative resistance concept” that help us to comprehend
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Comparison of our device with other pressure sensors
Devices Sensitivity Pressure range DC bias voltage
Our device 14.6 Hz/Pa 0-1 atm 125V
Li, 2015 [18] 68 Hz/Pa 0-100 Pa 16 V
Li, 2014 [19] 30 Hz/Pa 0-120 Pa 4275V
Southworth, 15 Hz/Pa 0-1 atm -
2009 [26]
Stedman, 0.06 Hz/Pa 0-1 atm -
2016 [27]
Fonseca, 1.41 Hz/Pa 0-7 atm -
2002 [28]

Table 1.1: Comparison of our device with other pressure sensors

whether an oscillator circuit works or not. Then, by depending on the certain
criteria, we select the Colpitts oscillator circuit as the oscillator part of the design.
In chapter four, we design a Colpitts oscillator circuit; and then, by depending on
the analytical methods above, we derive the restrictions on the circuit parameters
to achieve a power efficient device. In this chapter, we discuss the dc biasing
of the oscillator circuit that does not cause any loading effect on the oscillator
circuit and design a ring oscillator and a charge pump circuit to obtain the bias
voltage on the CMUT. In chapter five, we calculate the sensitivity (in Hz/Pa)
and the temperature sensitivity of a CMUT in addition to the Quality factor of

our circuit. Then, by depending on these calculations, we choose the optimum

CMUT. Finally, in chapter six, we conclude our study.




Chapter 2

CMUT

In this chapter, we investigate the small signal equivalent circuit model and the
related analytical equations which models the behavior of a CMUT in uncollapsed

mode. The equations are taken or derived from previous studies [1, 2, 3, 23].

2.1 CMUT Small Signal Equivalent Circuit
Model and Analytical Equations

The geometrical parameters of a circular capacitive micromachined ultrasound
transducer (CMUT) in two dimensional view is shown in Fig. 2.1. In the fig-
ure, aperture radius, radial position, displacement profile, gap height of the cell,
thickness of the insulator layer and thickness of the top plate are symbolized as

a, r, z(r), ty, t; and t,,, respectively.



Top Electrode

Bottom EleCtrode

Figure 2.1: Geometrical parameters of a circular capacitive micromachined ultra-
sound transducer (CMUT) in two dimensional view [1, 2, 3]

The corresponding small signal equivalent circuit model for a circular uncoll-
pased mode CMUT can be observed in Fig. 2.2. In this figure, the capacitance
between electrodes including impact of the top plate deflection, the turns ratio
of electromechanical transformer, the effect of spring softening factor, the com-
pliance of the top plate, the effective mass of the top plate and the radiation

impedance are represented by Coq, nr, Crs, Crm, Lrm and Zrg, respectively.

1 nR 1

d CH Lem | |2
m
_C()d Rm RR
o

Figure 2.2: Small signal equivalent circuit model for a capacitive micromachined
ultrasound transducer (CMUT) [1, 2, 3]

The circuit parameter Cyy arises due to capacitance between top and bottom
electrode structures, and effect of deflection at the top plate is also included in

it. Thus, its value is calculated as

Coa = Cy g(XP> (2.1)

Lge




where Cj is the capacitance between top and bottom electrodes, and it is found

as

7T(l2

00:450

(2.2)
ge
where a is the radius of a circular CMUT cell and ¢4 in both Eqgs. 2.1 and 2.2 is
the effective gap height. The value of ¢, is
t;
tge == tg -+ 6— (23)
where t, is the gap height of a CMUT cell whereas ¢; and ¢, are thickness and

relative permitivity of the insulator, respectively.

The function ¢() in Eq. 2.1 adds the effect of top plate deflection to the
capacitance and it is given as

gl = L0 24

The last unknown term in Eq. 2.1, Xp is the deflection of the top plate at the

center of it and it is derived from the equation

3Xp 5ma’PyChrm ( Xp Voe'\?
— —2g =0

v (2.5)

where P, is the ambient pressure, Vpe is the DC bias voltage on CMUT and V.

tge Lge Lge

is the collapse voltage in the case of no ambient pressure. The calculation of V.

is also as follows
Vo glmter” Yy
T a2 27¢p(1 — 0?)

where t,,, Yy and o are thickness, Young’s modulus and Poisson’s ratio of the top

(2.6)

plate, respectively. Another unknown Cg,, in Eq. 2.5 is also a circuit parameter
in the small signal equivalent model and stems from the compliance of the top
plate [1, 2, 29]. Its value decreases as the top plate gets stiffer [1] and it is obtained
from the equation of

9(1—0%a?

Crm = ————"— 2.7
5 16mYot3, 27)

Finally, the function ¢/() in Eq. 2.5 is given as

1( 1 _tanhl(\/ﬂ)) 2.8)

g/(u):% 1—u ﬁ
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Another circuit parameter in Fig. 2.2, ng is the turns ratio of the electrome-

chanical transformer and it is found from the formula of

nR=:¢€Gﬂ%Cj(A}) (2.9)

tge Lge

Crs arises from the spring-softening effect [1, 2, 29] and it behaves in a way to
reduce the mechanical stiffness of the top plate. That is why C'rg is shown with
a negative sign in the small signal equivalent circuit model. The value of Cgg is
calculated as in the following equation

2t%,

Crs =
s ()

(2.10)

where

70 = 5 (=~ 30w .11

1—u

The circuit parameter Lg,, in the small signal equivalent circuit model comes

due to mass of the top plate and it is found as
Lpm = pra*t, (2.12)

where p is density of the top plate.

As it is explained in [1] and [30], radiation impedance for a CMUT, Zgg, is the
ratio of total radiated power from acoustic terminals to the square of the absolute
value of the CMUT’s nonzero reference velocity. The related formula is given as

2o — 2 [ P(r)v*(r)rdr _ Prorar
ViV Vil?

When the rms value of the velocity is selected as the value of the velocity, the

(2.13)

formula becomes

2 A a ' a
Zan = e 1= Fas [Fu(2h0) + i Fuf2h)] (2.14)

where pg and c are density of the immersion medium and speed of sound in the

immersion medium, respectively. In addition to that, k& is the wave number and

Fi(y) = (y* — 91y* 4 504) J (y) + 14y(y* — 18)Jo(y)
—y°/16 — y" /768 (2.15)



and

Fy(y) = —(y* — 9137 + 504) Hy (y) — 14y(y* — 18) Ho(y)
+ 14y* /157 — 168y* /7 (2.16)

where J,, is the nth order Bessel function and H,, is the nth order Struve func-

tion. Radiation impedance represents mechanical power lost to the immersium

medium [13, 17, 31, 32].
2.2 Simplification for the CMUT Small Signal
Equivalent Circuit Model

In order to make calculations easier, the small signal equivalent circuit model in
Fig. 2.2 can be simplified by transforming parameters at the secondary side of

the electromechanical transformer to the primary side. The simplified model can

be observed in Fig. 2.3.

)

Figure 2.3: Simplified CMUT model [4]



In there, Cyq is the same parameter as in small signal equivalent circuit and

Req = n% RG{ZRR} (217)
_ 2 ( _(=Crs)(Crn)
Cea = R((_CRS) + (CRm)> (2.18)
1
Leq = % (LRm + ]Im{ZRR}) (219)

where Im{Zgr} is negligible compared to Lg,.

In addition to that, equivalent impedance of CMUT (Zcypr) is

(Req + jWLeq + @) (jwé‘od)
Reg+ jwLeg + (2= + 5=))

(2.20)

ZCMUT =5 (

and Quality Factor (Q), series resonant frequency (fs) and parallel resonant fre-

quency (f,) are

Q — ﬁ (221)

fs= L (2.22)
o 27/ LeqCeq '

fp = ! (2.23)

CeqCod
27T Leq (Ceq+00d)

In the series resonant frequency, L., resonates with C, and results in a min-
imum impedance value. On the other hand, in the parallel resonant frequency,

. -1
Leq resonates with (g + —Ctd) .
eq

The simplified CMUT small signal equivalent circuit looks like the equivalent
circuit of a crystal. Therefore, their reactance versus frequency relation are also

similar to each other. The relation is shown in Fig. 2.4.



15 x 10° Reactance(X) versus frequency(f)
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Figure 2.4: Reactance versus frequency relation of a CMUT [5]

As it is indicated in the Fig. 2.4, the reactance is only inductive between
series and parallel resonant frequencies. Hence, CMUT can be used in place of

the inductor in a Colpitts oscillator in this frequency interval.
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Chapter 3

OSCILLATOR

The resonant frequency of the CMUT can be obtained via an oscillator circuit
so that we can track the resonant frequency in real time. In this chapter, we

describe the oscillator circuit.

3.1 Oscillator

Basically, an oscillator transforms DC power into an AC waveform. Although
many distinct signal forms such as rectangular, triangular and sawtooth can be

produced with oscillators, they are mostly used to obtain sinusoidal outputs.

There exist actually two distinct analytical methods for the analysis of the
oscillators: feedback system approach and negative resistance concept. In the
first method, we make a closed loop analysis and by being based on some certain
criteria we decide whether an oscillator circuit oscillates or not. In the second
method, however, we benefit from the “negative resistance” phenomenon and use

the oscillator circuit as the source of negative resistance.

11



3.1.1 Feedback System Approach

Conceptually, how a sinusoidal oscillator operates can be portrayed with a linear

feedback circuit as in Fig. 3.1.

Vi(w) I (i)

V(W)

A

- H(w)

Figure 3.1: Sinusoidal oscillator block diagram

In this figure, an amplifier which has a voltage gain A(jw) gives an output
voltage V,(jw). Then, through a feedback network which has a frequency de-
pendent transfer function H(jw), this voltage passes and merges with the input

Vi(jw). Therefore, the output voltage can be written in terms of input voltage as

Vi) = =30 s i) @.1)

In Eq. 3.1, at a particular frequency, if the denominator becomes zero, a
nonzero output voltage can be achieved for a zero input voltage. Hence, it forms
an oscillator. This condition is also known as “Barkhausen criteria”. Barkhausen
criteria says that for an oscillator circuit to oscillate at a certain frequency w,,
loop gain should be equal to unity and phase must be an integer multiple of 27.

These conditions are also formulated as
|A(jwo) H (jw,)| = 1 (3.2)

Z(A(jw,)H (jw,)) = 2nm  where n € 0,1,2,... (3.3)

These conditions are actually necessary but not sufficient [33]. In the case
of existence of process and temperature variations, oscillation may not start.
Therefore, so as to ensure oscillation, in practice, loop gain should be at least two

or three times higher than the value in criteria.

12



3.1.2 Negative Resistance Concept

Negative resistance is a behavior that voltage and current are inversely propor-
tional to each other. In the case of the negative resistance for instance, an increase
in voltage value results in a decrease in the current. Negative resistance can be
obtained by using passive components like tunnel diodes and active devices like

transistors.

Now, consider the circuit in Fig. 3.2. In there, R; and X represents the
circuit with positive resistance whereas R, and X, symbolizes the active device

with negative resistance.

L

X Xy E Negative
| resistance
R R, 1 device

Figure 3.2: Negative resistance oscillator

For this circuit to oscillate, active circuit resistance (R,) not only should be
negative but also its magnitude must be greater than the magnitude of R;. In
addition to that, the reactance of the active circuit should be such that, these

two reactances will cancel each other. These conditions can be formulated as
|Ra| > Ry, (34)

and
-X, =X, (3.5)

Once these equations are satisfied at a certain frequency, the net resistance of
the overall system will be negative. It means that the circuit is acting like a source
of energy at that particular frequency. Therefore, when the system operates at a
frequency at which overall resistance is negative and whole reactance is zero, we

observe oscillations.
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In practice, as the oscillator power increases, R, becomes less negative. Thus,
in order to ensure oscillation, a practical value of

R,
3

Ry ~ (3.6)

is typically used.

3.2 Oscillator Selection Criteria

There are many kind of oscillators to use for different purposes. In this thesis,
however, we will not discuss the types of oscillators in detail. Therefore, under this
title, we will just give information about our selection criteria and among many
types of oscillator designs, we will choose the one that meets our requirements,

directly.

In our system, we want to the design oscillator circuit and CMUT separately
and then connect them with wire bonding. In addition to that, we want one
side of CMUT to be connected to oscillator circuit whereas other side of it has
a connection to its bias voltage. The best selection under these considerations
is Colpitts oscillator. Colpitts oscillator allows us to connect one side of the
CMUT to the gate of its common-drain transistor while other side of the CMUT

is connected to its bias voltage.

As we have discussed at the end of the chapter 2, the reactance of a CMUT
is inductive between its parallel and series resonant frequencies, f, and f;, re-
spectively. Again as it is shown in chapter 2, a CMUT has always a positive
resistance due to radiation impedance on it. Therefore, a CMUT behaves like a
lossy inductor between its parallel and series resonant frequencies. On the other
hand, Colpitts oscillator acts like an active circuit and shows a negative resistance
in addition to its capacitance. Therefore, by combining these two parts, we can
obtain an CMUT based oscillator. This configuration can be represented as the

following figure for the illustration purposes.

14



CMUT side Oscillator side

% |:QOSC

_:COSC

RCMUT

I-CMUT

Figure 3.3: Illustration of CMUT between its series and parallel resonant fre-
quencies and representation of Colpitts oscillator

In there, at a certain frequency (w,) which is between the series and parallel

resonant, frequencies of the CMUT, we can achieve the conditions of

|Rosc| > RCMUT (37)

and
1

ijCOSC

| = |jwo,Lemur| (3.8)

and have oscillation.
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Chapter 4

CIRCUIT DESIGN

In this chapter, we will design a CMUT based Colpitts oscillator by depending

on our previous discussions and investigate trade-offs associated with it.

4.1 CMUT based Colpitts Oscillator

As we have already explained at the end of chapter 3, we can obtain a CMUT
based oscillator by connecting a CMUT with a Colpitts oscillator. This configu-

ration can be portrayed as in Fig. 4.1.

In this circuitry, for Colpitts oscillator, it can be observed that we have a
MOSFET as source follower and two capacitors. Therefore, the small signal

equivalent circuit for Colpitts oscillator can be obtained as in Fig. 4.2.
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ZCMUT ZColpitts o

- —
HIRS
CMUT —[ =TTC,
Vbias ::C
2
i ZCMUT i i ZColpitts i
i RCMUT i i %RCOIpitts :
' Lemur i ' T Ccolpitts i

P — RPN L. — — .

Figure 4.1: CMUT and Colpitts Oscillator

The impedance of this circuit (Zcopitts) which is seen by CMUT is

1 (JwCh Vs + ngQS)jw;cQ

ZColpitts = jwcl + jwclngg
1 juCitgn
N jU)Cl w20102 (41)
___9m n 1 n 1
w20102 ]wC’l ijQ
Im 1 C1C5
Rene: * JwChg where  Cnk = Cy + Oy

As it can be seen from Eq. 4.1, real part of the impedance of the Colpitts
oscillator is negative whereas imaginary part is capacitive. Thus, by combining
Fig. 4.1 and Eq. 4.1, we can state that,

9Im
Reooipitts = ———— 4.2
Colpitt U}20102 ( )
and o
Clomitts = ———2— 4.3
Colpitt 01+02 ( )

17



j— :C2

Figure 4.2: Small signal equivalent circuit for Colpitts oscillator

Now the questions are how are we going to choose C; and C5 capacitance
values, how our device can be more power efficient and what is the effect of C}

and Cy capacitance values on power efficiency.

Since we are designing a pressure sensor, we may want it to be portable and to
work for long hours. In this respect, in order to achieve low power consumption,
we have to minimize g,, of the transistor at the resonant frequency. As it can
be observed in Eq. 4.2, on the other hand, negative resistance of the Colpitts
oscillator depends on g, and the product of C; and C5. Therefore, in order to
achieve minimum g¢,,, we have to minimize this product. In this respect, we have
to select the right capacitance values and the right capacitance ratios that will

help us to reduce the power consumption.

At the resonant frequency, we know that reactances of CMUT and Colpitts
oscillator will be equal to each other. On the other hand, reactance of CMUT is
determined by its geometrical and structural parameters and so it is fixed. There-
fore, at resonant frequency Ceopires Will also be fixed. Under these consideration,

assume that

Cg =1m- Cl (44)
Then, from Eq. 4.3, c o
. m . 1
Clrolpitts = A 45
CE T O e m - ) (4.5)
and so
m

CColpitts - C(1 . (46)

m—+1
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Therefore,

m+1
Cl = CC’olpitts : T (47)

and
Cy = CColpitts . (m + 1) (48)
With these new 4 and Cs, the product C; - Cy is

(m+1)?

Cl ’ Cg = C%’olpitts ’ (49)

In there, since Ceopirts is constant, in order to minimize the product we have to

1 2
%. Hence, from

minimize
d (m+1)?2
AN ) ) 4.10
dm m ( )
we get
m=1 (4.11)
and so
Cy =0, (4.12)

Now, with Eq. 4.12, g,, in the Eq. 4.2 becomes
9m = _RColpitts : 'U)Q : Cl : Ol (413)

In addition to that, for oscillation to occur, | Reopitts| > Renmor must be achieved.
Thus,

9m > Ronur - w? - Cy - Gy (4.14)

Then, since
C1 = Cy =2 Ceolpitts (4.15)

Jm becomes
Gm >4+ Royor - w” - C%olm-tts (4.16)

At this point, it is also possible to simplify the Eq. 4.16 more by benefiting

the equation of
1

_— 4.17
w - Leyvor (4.17)

w - CColpitts =

19



Therefore, the Eq. 4.16 becomes

4 - Remur

Gm > (4.18)

2. 72
w? - Leyor

As it can be observed from the Eq. 4.18, there is a restriction on the minimum
value of g,,. It is directly and inversely proportional with the real part (Royur)
and the square of the imaginary part (w - Loypr) of the CMUT, respectively.
Although Eq. 4.18 shows the restriction on the minimum value of g,,, it is
arranged to be at least four times the minimum value required as the general rule

of thumb to assure oscillation in the real life.

Up to this point, as it is indicated in chapter 3, we have analyzed our CMUT
based Colpitts Oscillator design by depending on the negative resistance concept.
However, again from chapter 3, we know that there is another method analyze
oscillator circuits: feedback system approach. Therefore, now it is worth to
analyze our CMUT based Colpitts Oscillator circuit with this analysis method

and compare its results with what we have already obtained above.

4.2 Analysis of the Circuit based on Feedback
System Approach

Consider the circuit given in the Fig. 4.1 again. As we already know, the gain of
a source follower transistor is smaller than 1. Therefore, for oscillation to occur,
ratio of the signal at the gate of this transistor to the signal at the source of
the transistor must be greater than 1 so that total loop gain is greater than 1
(Barkhausen criteria). Another criterion is that the total phase of the loop have
to be an integer multiple of 27. The loop in the circuit can be represented as
in Fig. 4.3. In this figure, we did not include the DC biasing parts in order not
to deviate from the aim of this section and not to confuse the reader. The DC

biasing circuits will be discussed in the next section.

20



) | e
| (¢}
Cl pr— >
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CMUT oL € X,
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Vbias — p—

Figure 4.3: The loop in the CMUT based Colpitts oscillator circuit

In there,
1
X, = 4.19
! w - Cl ( )
X5 = L (4.20)
2T w - 02 .
and
Xemur = w - Lenmur (4.21)
Therefore, by basing on this figure, we can say that
es = I - (Romur + jXemur) (4.22)
and
e1 = I (Royur + jXemvr — jX1) (4.23)
Then, if we define A and [ as
A= and p=2 (4.24)
€2 €1
we can state that
g _ I(Romur + 3 Xemvr) — Rewmuvr + jXomur (4.25)
er  I(Romur + jXomur — jX1)  Remur + jXemvr — jXa '
Since at the resonant frequency,
Xemor = X1+ Xo (4.26)
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Eq. 4.25 becomes
_ Royor + 7 X0 + 7Xs _ Royvor + 7 X0 + 7Xs
Royur + X0 + 7 Xy — 73X, Reyvor + 3 Xo

(4.27)

Then, because the value of Ropypr is generally small compared to X; and Xo,

Eq. 4.27 simplifies to
X+ X

16 X (4.28)
At this point, from Barkhausen criteria we can derive that
A-p>1 (4.29)
and
AP =2nm where n=0,1,2,... (4.30)

Then, since the small signal gain for a source follower (common-drain) MOS-
FET is

ngL

“1+0.2, 4.31
1 +ngL ( )

we have to check whether

ngL X]_ + X2)
' >1 4.32
(1 + ngL) ( X2 - ( )
and
mZ. X+ X

4<1igmLZL> ( 1)—(: 2> =2nm where n=0,1,2, ... (4.33)

Now, look at the e; point in Fig. 4.3. Z shows the seen impedance from this
point. Therefore,

Z, = —J Xy (RCMUT +jXCMUT — jX1) (4.34)
Remur + jXomur — X1 — 7 Xo
Then, since at the resonant frequency Xeppr = X1 + Xo, Z1, becomes
Z, = —jXo - (Romur + 3 X1 + 7 Xo — jX1)
Romur + X1+ jXo — j X1 — 5 Xo
—j Xy - (Remur + jXo)
Fowmvr (4.35)
—jXo - Remur + X3
Romur
Xy (—jRomur + X2)
B Remur
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Then, as it is stated before, since the value of Ryt is generally small compared
to Xy, Eq. 4.35 simplifies to
X3
Z =
Remur

(4.36)

At that point, by depending on Eq. 4.33 and Eq. 4.36, it can be declared that
at the frequency of oscillation we have no phase shift. Since we have satisfied
that the phase condition of the Barkhausen criteria, next we have to check the

gain criterion. For this purpose, if we put Z;, from Eq. 4.36 into Eq. 4.32, we get

( 9 (o) )) | (u) 4 (4.37)

1+ 9 (monr X
and
( g X3 2) . <_X1 +X2) > 1 (4.38)
Romur + gm X3 X
and
Gm - Xo - (X1 + X2) > Romur + Gm - Xa (4.39)
and so
Gm - X1 Xo+ gm - X3 > Romur + g - X3 (4.40)
and finally
Im - X1 - Xo > Reyur (4.41)

It can be easily observed that Eq. 4.18 and Eq. 4.41 are exactly the same
results. For Eq. 4.41, if we assume C) = Oy, €7 = Cy = 2 - Coopines and
, we obtain the same equations.

w - CColpitts = w-LonuT

Therefore, it can be concluded that our CMUT based Colpitts oscillator circuit
works according to the both analysis methods (negative resistance concept and

feedback system approach) under some certain conditions, as it is expected.

4.3 DC Biasing of the Colpitts Oscillator

DC biasing is very important in our design. We want our dc biasing circuit not

to cause loading effect on the loop. In our circuit there exist two DC biasing
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circuits. One of them biases the source follower (common-drain) transistor at its

source and other one biases the CMUT and gate of the source follower transistor.

The bias circuit at the source of the amplifier will be parallel to C2 capacitor
of the Colpitts oscillator. Therefore, by depending on the resistance, it will cause
loading on the resonator. To avoid it, we need to keep bias resistance seen by the

Colpitts oscillator as high as possible.

There are two possible ways of achieving biasing: using a resistor directly and
benefiting from a current mirror circuit. Among these methods, however, utilizing
a current mirror circuit is more logical because of the main two disadvantages of
using a resistor directly.

1) A high valued resistor will have a high voltage difference on it. Thus, it will
limit the oscillator swing.

2) Since we are designing an integrated circuit, we want our components to take a
small space. A high valued resistance, however, will take a lot of place compared

to a transistor.

Similarly, the bias circuit at the gate of the amplifier will cause loading on the
resonator by depending on the resistance. Therefore, we can again benefit from

current mirror circuits and construct a stabilized bias circuit with transistors.

Under these considerations, we can design the bias circuit with the Colpitts

oscillator as in Fig. 4.4.

In there, PMOS transistors (My, Ms) and NMOS transistors (M, M) are
for the stabilized bias circuit to bias the CMUT and the gate of the amplifier.
NMOS transistor (M), on the other hand, is for the current mirror circuit to bias
the source of the amplifier. In addition to that, the process name is C35B4C3,
transistor library is PRIMLIB and cellnames are pmosm4 for PMOS transistors
and nmosm4 for NMOS transistors. Beside these, breakdown voltage for the

transistors is 5.5 V.

As for the capacitors C and Cs, by depending on the Eqs. 4.2, 4.18 and 4.41,

it can be deduced that it is better to choose their values as small as possible.
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Figure 4.4: DC bias circuit with the Colpitts oscillator

However, in reality we will confront with some extra capacitances like stray par-
asitic capacitance and pad capacitance. Therefore, it is generally recommended
not to select them too low. With this consideration, we have decided to use 10

pF capacitors for C and Cj.

We have selected Vpe as the standard 5 V and; hence, we have obtained an
oscillating signal approximately between 5 V and 0 V at the gate of the transistor
My i.e. net7 as in Fig. 4.5. Beside all of these, V};.s has been obtained from the

charge pump circuit as 15 V.

Figure 4.5: Oscillating signal approximately between 5 V and 0 V
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4.4 Ring Oscillator

In order to obtain Vs voltage on the CMUT, we have decided to utilize a charge
pump circuit. In this respect, first of all, we have designed a ring oscillator circuit

to obtain oscillating signals for the charge pump circuit.

In the ring oscillators, in order not to cause latchup, the total number of
inverters in the loop must be odd. If the circuit latches up, it stucks in a state
and remains in there indefinitely instead of making oscillation. In addition to
that, due to inverter delay, adding too many inverters to the loop enhances the
total period of oscillation and so frequency of oscillation decreases. We want
high frequency oscillating signals in our charge pump circuit in order to use low
value capacitors as possible and to charge up these capacitors as fast as possible.
Therefore, so as to obtain highest possible frequency of oscillation, we have used

a three stage ring oscillator as in Fig. 4.6.

In this design, the transistor sizes are arranged to obtain the oscillating signals
between 5V and 0V as possible. In addition to that, again in there, the process
name is C35B4C3, transistor library is PRIMLIB and cellnames are pmosm4 for
PMOS transistors and nmosm4 for NMOS transistors. Beside these, breakdown

voltage for the transistors is 5.5 V.

When we obtain oscillations from this circuit, we have 180 degree phase shift
between the gates of the transistor Mg and M7, and drains of the transistor M
and Mi; due to Barkhausen criteria. Therefore, there exists 60 degree phase
shift between each consecutive stage in addition to a signal inversion. With this
respect, the oscillating signal at each net can be observed as in Fig. 4.7. The

oscillation frequency of the circuit is 1.7 GHz.
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4.5 Charge Pump Circuit

Since from the ring oscillator circuit we have 3 nets that carry distinct oscillating
signals, in order to benefit all of them, we have decided to design a voltage

quadrupler circuit. Therefore, we have designed the circuit in Fig. 4.8.

In there, net4, netb and net6 are same with the Fig. 4.7. Therefore, with this
configuration, signals charge up capacitors C3, Cy, C5 and Cg by passing through
the diodes Dy, Dy, Dy and D3. However, the turn-on voltages of the diodes are
0.7 V and the oscillating signals do not oscillate exactly between 5 V and zero due
to resistors of diodes in the small signal equivalent circuit. In addition to that,
due to capacitances on the diodes, oscillation frequencies on the net4, net5 and
net6 a little bit slow down and becomes 150 MHz. With this respect, in order to
make ripple voltage on Vj;.s net minimum enough, we have chosen the values of

the capacitors C3, Cy, C5 and Cg as 50 pF.

As mentioned above, there are 60 degree phase difference between net4, netb
and net6 and it causes 0.9 V loss on C and C5 during their charging. Therefore,
after taking all these losses into account, we have obtained Vj;,s as 4-5 - 4-0.7 -
2:0.9 - 0.4 (due to not having oscillating signals exactly between 5 V and 0 V)
= 15 V. The simulation results for the charge pump circuit and voltages on each

net can be observed in Fig. 4.9.

4.6 Final Design

The final design for the CMUT based Colpitts oscillator and its layout in CA-
DENCE can be observed in Fig. 4.10 and Fig. 4.11, respectively. The total area
of the layout is 730 um - 840 pum = 0.6132 mm?.
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Figure 4.6: Design for the three stage ring oscillator [6]
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Figure 4.7: Oscillating signal at each stage of the three stage ring oscillator
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Figure 4.8: Voltage quadrupler circuit [7]
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Figure 4.9: Simulation results for the charge pump circuit and voltages on each

net
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Figure 4.10: Final design for the CMUT based Colpitts oscillator



Figure 4.11: Layout of the CMUT based Colpitts oscillator

The diode parameters are 3.0534e-10 m? for “device area” and 880.8 um for
“perimeter”. The breakdown voltages for the diodes are 9 V. Layout of the diodes
are same with the diodes in the pads. However, since the substrate is a p-type
substrate, diodes are put into a n-well in the layout. Two dimensional view

representation of the diodes is as in Fig. 4.12.

Two dimensional view representations of a NMOS transistor, a PMOS tran-
sistor and the resistor, on the other hand, are as in Fig. 4.13, Fig. 4.14 and Fig.
4.15, respectively.
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Figure 4.12: Two dimensional view representation of the diodes
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Figure 4.13: Two dimensional view representation of a NMOS transistor

With this section, we have concluded our CMUT based Colpitts oscillator

circuit design. Now, in the next chapter we will discuss how we have constructed

the optimum CMUT.
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Figure 4.14: Two dimensional view representation of a PMOS transistor
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Figure 4.15: Two dimensional view representation of the resistor
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Chapter 5

OPTIMUM CMUT

In order to obtain the optimum CMUT, first of all, we will calculate the
sensitivity. All of the MATLAB codes related to this chapter can be found
in Appendix A. The MATLAB version we have used is R2013a.

5.1 Calculation of Sensitivity

In Section 2.2, we have obtained simplified CMUT small signal equivalent circuit
and calculated its equivalent impedance (Zoypr). In addition to that in Sec-
tion 4.1, we have shown how to represent Colpitts oscillator with parameters of
Reopitts and Ceoppires- In this respect, by assuming that we meet the requirement
indicated by Eq. 3.7,

| Reoipitts| > Remur (5.1)

where
Reymur = Re{Zomur} (5.2)
At resonant frequency we have

1

jwo OColpitts

| = ljwoLemur| (5.3)
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where

Levur = ]Im{ZCMUT} (5-4)
Thus, the resonant frequency (fy) is
1
Jo= (5.5)
210/ LenvorCoopitts
From Eq. 2.20 we can deduce Roypr and Loypr. Since

Remur + jwoLemur = Zomur (5.6)

and so ( ’ ) ( . )

Reg + jwoleg + =5 —

Romur + jwoLemur = . B (5.7)

(Req + JwoLeq + 5 (G + 713))

we can find Loy as

—wiL? C? Coq + QUJ?LererQd + 'ngeqCQ ’ng2 (o Coq — Coq — Ceq

oeq™eq eq eq~—eq

<_w2RequqCOd)2 + <_ng€quqCOd + woCOd + 'woc’eq)2

Leyur =
(5.8)

and Roypyr as
ngequQq

R -
MU (Cw2R yCgCoq)? + (—w3 LagClyCoa + woCog + woClg)?

(5.9)

As it can be seen, Loypr already depends on f,; hence, finding f, from Eq.
5.5 is very tedious. In this respect, we need a simpler equation for resonant

frequency.

In section 2.2, we have shown how to find series and parallel resonant fre-
quencies of a CMUT. Hence, under the condition of Eq. 5.1, since Ceopirts Wil
actually be parallel to Cyq, we can write the resonant frequency (f,) as

1

Jo=
Ceq(COd+CColpitts)
2m \/Leq (Ceq+cod+CColpitts

(5.10)

Therefore, f, is

fo = ! (5.11)

2| 3 (Ligm + Im{ Zrer}) <<) (()))
R
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Now, since Im{Zgr} is negligible compared to Lg,, and since Cgg is consid-

erably larger than Cg,,, we can simplify this equation as

1

fo= (5.12)
27T LR2 nRCRm (COQ( )+CColp1tts)
"R 7’L2 CRm+CO.q( )+CColpztts
Then, if we put the values of each parameter, we get
1
fo= (5.13)

(1—02) a4 ( wa? (Xp) d )
som 167Yp €0%ge I\ 750 ) TCCOpitLs
9Imel

2 i
m DD 2
B (o (52)) iy reonto(32)
"0"'pc % 2P _a’_ ma
16Y) g tge téet%; +e€o tge g tge +CColp7,tts

At this point, since the values of g(Xle’ ) and g ( ) does not change so much, for

simplification purposes, we can define some constants such as

9 (1-o0?)
A=- 14
57" 167y, (5.14)
X
B = eomyg( ; P) (5.15)

and

2
C = 5.16
16Y, Lge )) ( )
and simplify the fy equation further as
1
fo= ; = (5.17)
Atgf (B%T‘FCColpitts)
2 . =
Cﬁ‘FBta;}T‘i’CColpitts
gelm
and so
ab a?
1 Ct4 = + B_ + CColpitts
fo= (5.18)

% Aa4 (B a’ + CColpztts)

As it can be seen in the latest equation of fy, it only depends on the geometrical
parameters of CMUT: a, t,,, and .

In references [1] and [2], we have an equation related the forces on a CMUT as

Fp,  3ma®P “Py(1 —o?
Pb _ 37Tt 0 _ 3ra 0( g ) (519)
Fp, o 16mYotget3,
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where Fpy, is the external static force and Fpy is the force required to make the
deflection of the top plate at its center equal to the effective gap height. If we

assume Eq. 5.19 equals to a constant, we get

167 (£22) Yt o t3
Py = Frg 7”79 (5.20)
3ra*(1 — o2)
Therefore, under a certain pressure, we get a constant K as
4
a
K, = 5.21
1= (5.21)

In addition to that, we obtain % the ratio of the collapse voltage (V) to V. from

the references [1] and [2]

v, F F F
£~ 0.9961 — 1.0468—2 + 0.06972( =2 — 0.25)° + 0.01148(=2)°  (5.22)
‘/;“ Pg Pg Pg

also as a constant. Since Vp¢ is constant, if we take % equal to a constant such
as 0.8, V. and so V, becomes constant. Therefore, from Eq. 2.6, we can write V,

as
tge Yo
2
Vr = \/ 27e0(1 — 02) (5:23)

and obtain ¢, as

V\/_ 27¢o(1 — 0?)

toe 5.24
We can get jtﬁ as
& _ 1 i
dtm (A al ( ta + CC’olpztts)) /2(Ct4 3, + B + CColpztts) /2 (5 25)

1 ( aT( o> + CColpztts))(C at3 + Ba + CCOlplttS>1/2
4m (A a’ (B a? + CColpztts>>3/2

Hence, with these new equations and under these above assumptions, we can

df 0

rewrite as
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8¢

1 3 =5
dfy 1 ( —3Ct?nK2tg2e )
A Sp— T -1
dtm A (At Ky ge(Bth tge - CColpztts))l/z(Cth tge + Bth tge + CCOlPlttS> /2 (5 26)
1 ((_2A’4[(1tge(Bt’?n[(l2 tge + CColpitts))<Ct’r2nK12 tg?a = Btﬁan tg% + CColpitts) /2>
- T 3 1 =1
4w (Athltge(Btranf tg% + CColpitts))3/2
Beside that, from Eq. 5.20, we can obtain @ as
ip, Ot IO o
dtm a4(1 0?) (1 — 0?)Kitp, '
Finally, % is
3 =5
o _ Kitnll _0—2)< s )
— 1 -1
dtm 6477—( - )YO (At Kl ge(BtﬁzK%ge + CColplttS))lﬂ(Ct%"‘Kztge + Bt%K tge * OCOlpltts) " (5 28)

1 -1 3 1 =1
Kit,(1—0?) (( QAKltge(BtﬁiKthe + CColmtts))(Ct”ZlK%ge i Bt%@Kthe e /2>
- F

647?(F_§Z)Yb (Athltge(Bthl tge + CColpittS))3/2



Therefore, C%% versus ?—}f” for different values of ¢,, at Py = 1 atm can be
g
observed as in Fig. 5.1.
sensitivity versus F_ /F
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Figure 5.1: % versus ?—;’Z for different values of t,,

5.2 Calculation of the Quality Factor

In order to reduce the phase noise, we need a circuit that has high Quality factor.

Therefore, it is reasonable to calculate the Quality factor of our circuit.

As we said before, in our circuit, capacitors C; and C5 are equal to each other
and at resonant frequency CMUT behaves like a lossy inductor. In addition to
that due to dc biasing circuit, we have bias resistances on the circuit. In this

respect, if we call the output resistance due to transistors My and M5 as R1, the
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output resistance due to transistors My and M3 as R2 and the output resistance

due to transistor M; as R3, in small signal we obtain the circuit in Fig. 5.2.

jXCMUT

% Rs =X, % R//IR,
Remut

Figure 5.2: Overall CMUT based Colpitts oscillator in small signal

In this configuration, first of all, we have to make a series RL to parallel RL
circuit transition for Reypr and Leypr. If we say parallel resistance is R, and

series inductance is L,, their values becomes

w2L2 + RZ
R — ocmuUT CMUT 5.99
P Remur (5:29)

and W22 R
Lp — 0 CMUT CMUT (530)

ngCMUT

Beside that we have to convert R3 and both —jX;s into a parallel RC circuit.
Hence, if we say R, and C), for the resistance and the capacitance, respectively

for this new circuit, we obtain their values as

1t AuRCl RS

Ry, = 5.31
p2 wngRg ( )

and
O+ 203 CER?

= .32
G = TR (5:52)

Therefore, our new circuit with these new parameters is
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Lo L Tn 3 tem

Figure 5.3: Overall CMUT based Colpitts oscillator in small signal with new
parameters

and hence the Quality factor for this parallel RLC circuit is

(Rpa//By// B/ /Ra)

wOLp

Q= = woCy(Rya// Rp/ [ B1/ [ Ry) (5.33)

5.3 Temperature (7)) Sensitivity

The effect of the temperature on the CMUT have been patented [34]. According

to it, the temperature induced deflection (h) is

M
a?pE log(i) (5.34)

h=—r
2-D arg

where arg, M and D are the radius of the top electrode from the center point
of the cavity, the thermally induced momentum of the top plate and the flexural

rigidity of the plate, respectively. In addition to that

Yt
TR (5.35)
and
tm tm
M=S8"((t;+trs — 7)2 —(t; — 7)2) (5.36)

where trp is the thickness of the top electrode and S is the radial thermal

stress [18, 35]:
Yy a- AT

(1-o0)

where AT is the temperature difference between top plate and substrate and «

S = (5.37)

is the thermal expansion coefficient. For a PECVD SiN,, a has the value of
3.27-107¢ °C~1 [36].
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As we know from the references [1, 2, 21], our CMUT model in chapter 2
agrees well with the real CMUT profiles when a;/a < 0.25 and ap/a > 0.8. In
addition to that as it can be deduced from Section 5.1, sensitivity increases as
the thickness of the insulator layer (¢;) decreases. Therefore, since we want a thin
insulator layer, we may not have M equal to zero by arranging the thickness of the
insulator layer (¢;). In this case, best way of producing a temperature insensitive
CMUT is doing a = arg and so providing the top electrode to cover all the top

plate area.

5.4 Selection of the Optimum CMUT

While selecting the optimum CMUT, we will assume that we are using Silicon
Nitride (SizgNy) in our top plate and; therefore, we will take CMUT parameters
of relative permittivity of the insulator (e.), Young’s modulus of the top plate
(Yp), Poisson’s ratio of the top plate (o) and density of the top plate (p) as 5.4,
115 GPa, 0.27 and 3100 kg/m3, respectively as they are indicated in references [1]
and [21]. In addition to that since we are designing a pressure sensor which will
function in an aerial environment, we will take speed of sound in the immersion
medium (c¢) as 340 m/s and density of the immersion medium (pg) as
— PO
R-T

where R is the ideal gas constant (287.058 (J/(kg-K)) [37]) and T is temper-
ature in Kelvin (K). At By = 1 atm and T = 15°C, the value of py becomes
1.225 kg/m? [38].

Po (5.38)

We want our device to function in the pressure interval of 0-1 atm with the
highest possible frequency versus pressure sensitivity. On the other hand, due
to restrictions in the production process, our CMUT needs to be feasible in the
clean rooms. In this respect, the gap height of the cell (¢,) should not be too
low such as 5-10 nm, the thickness of the top plate (f,,) should not be too high
like 9-10 pm and due to dielectric breakdown field (Ey) value of Silicon Ni-
tride (SizNy), the thickness of the insulator layer (¢;) should not be less than
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5V _ 15V

Eb'rk - 1000 V/,um

= 15 nm [21, 39]. In addition to that, although in theory

15 nm is enough, so as to keep a safety margin the thickness of the insulator layer

(t;) should be chosen at least two times larger. The following figure shows ¢4

values against g—?’ for different values of ¢, at Py = 1 atm.
g

t (nm)versus F_ /F
ge( ) pb " pg
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Figure 5.4: t4 versus ;—ff’ for different values of ¢,
g

Beside these, in order to obtain oscillations Rc gy should be maximum around

1500 ohm. Fig. 5.5 shows Ry versus F—I’jb for different values of t,, at Py =

1 atm.
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Figure 5.5: Ropur versus ?—gb for different values of t,,
g

Under the consideration of all above discussions; therefore, we have decided

the optimum CMUT parameters as
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Optimum CMUT Parameters
a 44 pm 21 pm
ty 100 nm 34 nm
ti 100 nm 30 nm
tm 3 pm 3 pm
Vbe 125V 125V
V. 159V 164V
sensitivity 14.6 Hz/Pa 64.5 Hz/Pa
€r (813N4) 5.4 5.4
Yo (SizNy) 115 GPa 115 GPa
o (SigNy) 0.27 0.27
p (SizNy) 3100 kg/m? 3100 kg/m?

Table 5.1: Optimum parameters for the CMUT

In there, although the sensitivity of the second design is better, due to practi-
cability of CMUT in the clean room, we have decided to select the first design.
Then, at Py = 1 atm, the resonant frequency is 3.9 MHz and the sensitivity is
14.6 Hz/Pa. In addition to that, since Ry is 360K, Ry is 360K and Rj is 70K, the
Quality factor of the circuit is 5 and the inherent Quality factor of the CMUT is
432.

With this circuit configuration even at maximum atmospheric pressure
107 kPa, deflection of the top plate at its center (Xp) becomes 40.4 nm. There-
fore, our CMUT does not collapse and works in the uncollapsed mode as in-
tended. Beside that, a system is considered as elastically linear if Xp levels up
to 20% of the thickness of the top plate (¢,,) [40, 41]. Hence, since in our circuit

Xp __ 404 nm __

™ 3 jm 0.0135, it is elastically linear.
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Chapter 6

CONCLUSION

In this thesis, we have designed a CMUT based Colpitts oscillator which works
as a pressure sensor which measures pressure between zero atm and one atm with

sensitivity of 14.6 Hz/Pa at 1 atm.

We have started the design of our device from CMUT. Therefore, first of all, we
have examined the small signal equivalent circuit model and the related analytical
equations that helps to model the behavior of an uncollapsed mode CMUT from
[1, 2, 3, 23]. Then, we have taken or derived necessary equations from them for
our study and coded in the MATLAB. Also, we have simplified the equations to
liken the CMUT to a crystal oscillator.

Secondly, we have investigated oscillators. Thus, firstly, we have discussed
the analytical methods which help us to understand whether an oscillator circuit
works or not. The analytical methods we have investigated are the “feedback
system approach” and the “negative resistance concept”. Then, by being based

on the some certain criteria we have decided to use a Colpitts oscillator.

Thirdly, we have designed the oscillator circuit for our CMUT based Colpitts
oscillator design; and then, by depending on the analytical methods we have dis-

cussed, we have derived the restrictions on the circuit parameters for a power
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efficient device. In addition to that, we have mentioned how to bias the oscilla-
tor without causing any loading effect on the oscillator circuit. Then, we have
designed a ring oscillator and a charge pump circuit and have obtained the Vj;,s

voltage for the CMUT. We have also given the final design for our circuit.

Finally, we have calculated the sensitivity of a CMUT and the Quality factor
of our circuit. Then, we have mentioned the calculation of the temperature
sensitivity of a CMUT and by being based on these calculations, we have selected
the optimum CMUT.
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Appendix A

CMUT MATLAB Code

A.l CMUT.m

% CMUT SMALL SIGNAL MODEL

YPARAMETERS

o

%The parameters below have been taken from work of Huseyin Kagan

%Oguz: "http://repository.bilkent.edu.tr/handle/11693/15881”

%and formulas have been taken from: ”http://cmut. bilkent.edu.tr/?page_id=6"

er = 5.4; %relative permittivity of the insulator

%Po = 101325; %ambient pressure %standard sea level atmospheric pressure is
101325 pascals (https://en.wikipedia.org/wiki/Pressure)

Yo = 115%1079; %(115 GPa) Young's modulus of the top plate

sigma = 0.27; %Poisson's ratio of the top plate

ro = 3100; %(3100 kg/m"3) density of the top plate

I B B B B o B B B o o o

%DEFINITION OF FOUND PARAMETERS INSIDE THE FORMULAS

YA+

%tge is the effective gap height

%Vr is the collapse voltage in the absence of ambient pressure

% Rm represents the compliance of the top plate

%dRm is due to mass of the top plate

9XP is the deflection of the top plate at its center

Y%nR is the turns ratio of electromechanical transformer

%C0d is the input electrical capacitance including the effect of top plate
deflection

JCRS arises from the spring—softening effect

| |
(2 e I O B I I




JEXTRA PARAMETERS
I I A LA o o o
eo = 8.854187817+10" —12; %(ht
71/ (
L B o e B B A o

|
T
tps://en.wikipedia.org/wiki/Vacuum_permittivity)
36xpi*x10"9) %permittivity of free space

% FpbOverFpg = 0.01:0.01:0.99;
FpbOverFpg = 0.01:0.01:0.05;
tm = 1x10" —6:1%x10" —6:5%x10" —6; %thickness of the top plate

VcOverVr = zeros(size (tm,2) ,size (FpbOverFpg,2));
Vr = zeros(size (tm,2) ,size (FpbOverFpg,2));

K1 = zeros(size (tm,2) ,size (FpbOverFpg,2));

tge = zeros(size(tm,2) ,size (FpbOverFpg,2));

a = zeros(size (tm,2) ,size (FpbOverFpg,2));

CRm = zeros (size (tm,2) ,size (FpbOverFpg,2));

eqn = zeros(size(tm,2) ,size (FpbOverFpg,2));
XP_values = zeros(size (tm,2) ,size (FpbOverFpg,2));
XP = zeros (size (tm,2) ,size (FpbOverFpg,2));

B zeros (size (tm,2) ,size (FpbOverFpg,2));

C = zeros(size (tm,2) ,size (FpbOverFpg,2));
sensitivity = zeros(size (tm,2) ,size (FpbOverFpg,2));

mult = zeros(size (tm,2) ,size (FpbOverFpg,2));

numl = zeros (size (tm,2) ,size (FpbOverFpg,2));
denl = zeros(size (tm,2) ,size (FpbOverFpg,2));

)

)

))
)) s
))
den2 = zeros(size (tm,2) ,size (FpbOverFpg,2))
Co = zeros(size (tm,2) ,size (FpbOverFpg,2));

)
)
num2 = zeros (size (tm,2) ,size (FpbOverFpg,2
)
S bl
)5

LRm = zeros(size (tm,2) ,size (FpbOverFpg,2)
nR = zeros (size (tm,2) ,size (FpbOverFpg,2))
C0d = zeros(size (tm,2) ,size (FpbOverFpg,2)
CRS = zeros(size(tm,2) ,size (FpbOverFpg,2)
K = zeros(size (tm,2) ,size (FpbOverFpg,2));
Ceq

)
).

)

zeros (size (tm,2) ,size (FpbOverFpg,2));

Leq = zeros(size(tm,2) ,size (FpbOverFpg,2));
fp = zeros(size (tm,2) ,size (FpbOverFpg,2));
fs = zeros(size (tm,2) ,size (FpbOverFpg,2));
fo = zeros(size (tm,2) ,size (FpbOverFpg,2));
wavenumber = zeros (size (tm,2) ,size (FpbOverFpg,2));
ka = zeros(size(tm,2),size (FpbOverFpg,2));
radiationImpedance = zeros(size (tm,2) ,size (FpbOverFpg,2));
Req = zeros(size (tm,2) ,size (FpbOverFpg,2));
Qcmut = zeros (size (tm,2) ,size (FpbOverFpg,2));
Zcmut = zeros(size (tm,2) ,size (FpbOverFpg,2));
))
))

)

Rcmut = zeros (size (tm,2) ,size (FpbOverFpg,2

Lemut = zeros (size (tm,2) ,size (FpbOverFpg,2));
Rp = zeros(size (tm,2) ,size (FpbOverFpg,2));
Lp = zeros(size (tm,2) ,size (FpbOverFpg,2));

Rp2 = zeros(size (tm,2) ,size (FpbOverFpg,2));

o4




Cp = zeros(size (tm,2) ,size (FpbOverFpg,2));
Rparallel = zeros(size (tm,2) ,size (FpbOverFpg,2));
Qcircuit = zeros(size (tm,2) ,size (FpbOverFpg,2));

for kk = 1:size (tm,2)
kk
VcOverVr(kk,:) = 0.9961 — 1.0468.xFpbOverFpg + 0.06972.*(FpbOverFpg—0.25)."2
+ 0.01148%(FpbOverFpg)."6;
Vde = 12.5;
VdcOverVe = 0.8;
Ve = Vdc¢/VdcOverVe;
Vr(kk,:) = Vc./VcOverVr(kk,:) ;

atm = 1;
atmToPascal = 101325; %ambient pressure %standard sea level atmospheric
pressure is 101325 pascals (https://en.wikipedia.org/wiki/Pressure)

Po = atm*xatmToPascal;

% K1 = a"4/(tge*tm"3);
Kl(kk,:)= (FpbOverFpg*16xpi*Yo) /(3% pi*xPox(1—sigma”2));

% Vr = 8+ (((tm"1.5) x (tge"1.5))/(a"2))* sqrt(Yo/(27xeox(1l—sigma"2)));
% Vr = 8% (tge/sqrt(Kl))* sqrt(Yo/(27*xeo*(1—sigma”2)));
tge(kk,:) = (Vr(kk,:).xsqrt (Kl(kk,:))/8).xsqrt((27*eox(1—sigma”2))/(Yo));

a(kk,:) = (Kl(kk,:).xtge(kk,:) .*xtm(kk)."3)."(1/4);
syms XP

CRm(kk,:) = (9/5) * (((1—sigma”2) .x a(kk,:)."2)./(16xpi*Yo.xtm(kk)."3));
eqn = (3*XP./tge(kk,:)) — (5xpi.xa(kk,:). " 2*Po.*CRm(kk,:)./tge(kk,:)) — 2%

gFirstDerivativeFunc2 (XP./tge(kk,:)).*x(Vdc./Vr(kk,:)). 2 = 0;
% XP_values(kk,:) = zeros(1,size (FpbOverFpg,2)); %dummy variable to keep

values of XP
for ii = 1l:size (FpbOverFpg,2)
ii
XP_values(kk, ii) = solve(eqn(ii),'XP");
end
% XP = zeros(1,size (FpbOverFpg,2));
XP = XP_values;

A = (9/5)*roxpi*(l—sigma"2)/(16xpi*Yo);

B(kk,:) = eoxpi*gFunc2(XP(kk,:)./tge(kk,:));

C(kk,:) = ((9*pi*(e0”"2)*(Vdec"2)*(1—sigma”2))/(16%Yo)) .x*(
gFirstDerivativeFunc2 (XP(kk,:) ./tge(kk,:)))." 2;

Ccolpitts = 5x10"—12; % Cl=10p, C2=10p

% sensitivity = zeros(1,size (FpbOverFpg,2));
% mult = zeros(1,size (FpbOverFpg,2));
% numl = zeros (1,size (FpbOverFpg,2));
% denl = zeros(1,size (FpbOverFpg,2));
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% num2 = zeros (1,size (FpbOverFpg,2));
% den2 = zeros(1,size (FpbOverFpg,2));
for ii = 1:size (FpbOverFpg,2)
mult (kk, ii) = (K1(kk, ii)*tm(kk)=*(1—sigma"2))/(64«FpbOverFpg(ii)*pix*Yo);
numl (kk, i) = (—3+C(kk,ii)*(tm(kk)"(1/2))*(K1(kk,ii)"(3/2))=(tge (kk,ii)
“(=5/2)))
denl (kk,ii) = ((Axtm(kk)*(K1(kk,ii))=*(tge(kk,ii))=*(B(kk, ii)x*(tm(kk)
“(3/2))*(K1(kk,ii)"(1/2))=*(tge(kk,ii) " (—1/2))+Ccolpitts))"(1/2)) =
((C(kk, ii)*(tm(kk) "(3/2))*(K1(kk,ii) " "(3/2))=*(tge(kk,ii) " (—5/2))+B(kk
,ii ) *(tm(kk) "(3/2))*(Kl(kk,ii) " (1/2))*(tge(kk,ii) " (—1/2))+Ccolpitts)
“(1/2));
num2(kk, ii) = (—2#A#(KL1(kk, ii))*(tge (kk,ii))*(B(kk,ii)*(tm(kk)"(3/2))*(
Kil(kk,ii)"(1/2))=*(tge(kk,ii)"(—1/2))+Ccolpitts)) * ((C(kk, ii)x*(tm(kk
)"(3/2))*(K1(kk,ii) " (3/2))=*(tge(kk,ii) " (—=5/2))4B(kk, ii)*(tm(kk)
“(3/2))x(K1(kk,ii)"(1/2))=*(tge(kk,ii) " (—=1/2))+Ccolpitts) " (1/2));
den2(kk,ii) = ((A#tm(kk)*(K1(kk,ii))=(tge(kk,ii))*(B(kk,ii)*(tm(kk)
“(3/2))*(Kl(kk,ii) " (1/2))*(tge(kk,ii) " (—1/2))+Ccolpitts)) (3/2));
sensitivity (kk, ii) = mult(kk, ii)*(numl(kk, ii)/denl(kk,ii) — num2(kk,ii)/
den2 (kk, ii));

end
% plot (FpbOverFpg, sensitivity (kk,:))
% xlabel (' FpbOverFpg');
% ylabel ('sensitivity ');
% title('sensitivity versus FpbOverFpg');
% hold on
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Co(kk,:) = eox(pi.xa(kk,:)."2)./tge(kk,:);
LRm(kk,:) = roxpi.xa(kk,:) . 2.xtm(kk);

nR(kk,:) = sqrt(5) .* (Co(kk,:)=*Vdc./tge(kk,:)) .x gFirstDerivativeFunc2 (XP(
kk,:)./tge(kk,:));

Cod(kk,:) = Co(kk,:) .*x gFunc2(XP(kk,:)./tge(kk,:));

CRS(kk,:) = (2.xtge(kk,:)."2)./(5.xCo(kk,:) *(Vdc"2).xgSecondDerivativeFunc2 (
XP(kk,:)./tge(kk,:)));

K(kk,:) = 1./nR(kk,:);

Ceq(kk,:) = (((—CRS(kk,:)).*CRm(kk,:))./(((—CRS(kk,:))+CRm(kk,:))))./(K(kk
i) "2)5

Leq(kk,:) = LRm(kk,:) .*(K(kk,:)."2);

fp(kk,:) = (1/(2+pi)).*(1. /(sqrt(Leq(kk 1) . (CO0d(kk,:) .*Ceq(kk,:))./(C0d(kk

;1) +Ceq(kk,:)))) ) ;

fs(kk 0 = (1/(2*p1)) *(1./(sqrt (Leq(kk,:) .+Ceq(kk,:))));

fo(kk,:) = (1/(2xpi)).*x(sqrt ((COd(kk,:)+Ceq(kk,:)+Ccolpitts)./(Leq(kk,:) .x
Ceq(kk,:)*Ccolpitts+Leq(kk,:) .xC0Od(kk,:) .*Ceq(kk,:)))); %resonant

frequency
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%

end

c0 = 340; %speed of sound in air: 340m/s

%Pressure (Po) = densityofAir(q0)+idealGasConstant (R)*Temperature (K)

idealGasConstant = 287.058; %(287.058 J/(kg+K) %https://en.0wikipedia.org/
index . php?q=aHROcHMG6Ly91bi53aWtpcGVkaWEub3JnL3dpa2kvR2FzX2NvbnNOYW50)

%q0 = 1.225; %At sea level and at 15 C air has a density of approximately
1.225 kg/m3 ”https://en.wikipedia.org/wiki/Density_of_air”

q0 = Po/(idealGasConstant *x288);

wavenumber (kk ,:) = 2xpi.*fo(kk,:)/c0; %wavenumber at air
ka(kk,:) = wavenumber(kk,:) .xa(kk,:) ;

radiationImpedance = zeros(1,size (FpbOverFpg,2));
for ii = 1:size (FpbOverFpg,2)

radiationImpedance (kk, ii) = pix(a(kk,ii)"2)*xq0xc0xZ11_kaGreaterThanO1 (ka
(Kk, i1));

if ka(kk,ii) < 0.1
radiationImpedance (ii) = pi*(a(kk,ii) 2)*q0*xc0+xZ11_kaSmallerThanO1 (ka

(kk,ii));
end

end
Req(kk,:) = real(radiationImpedance (kk,:)).x(K(kk,:)."2);

Cl = 10%10" —12; %10pF
Rl= 360000; %360K
R2= 360000; %360K
R3= 70000; %70K

Qcmut (kk,:) = (2xpi.*fo(kk,:).xLeq(kk,:)./Req(kk,:));

Zcmut (kk ,:) = ((Req(kk,:) + (i*2*pi.*xfo(kk,:).*Leq(kk,:)) 4+ (1./(i*2*pi.*fo(
kk,:) .xCeq(kk,:)))) .x (1./(i*2*pi.*fo(kk,:).xC0d(kk,:)))) ./ (Req(kk,:)
+ (i*2xpi.xfo(kk,:).*xLeq(kk,:)) + (1./(i*2+pi.xfo(kk,:).*xCeq(kk,:))) +
(1./(i*2*xpi.*xfo(kk,:).*xC0d(kk,:))));

Remut (kk,:) = real (Zemut(kk,:));

Lemut (kk ,0) imag (Zcmut (kk,:) )./ (2*pi.*fo(kk,:));

Rp(kk,:) = ((2xpi.xfo(kk,:)). 2.x(Lemut(kk,:))."2 + (Remut(kk,:))."2)./Rcmut
(k) ;

Lp(kk,:) = ((2xpi.xfo(kk,:)). 2. %x(Lemut(kk,:))."2 + (Remut(kk,:))."2)./((2%
pi.*fo(kk,:)). 2.« (Lemut(kk,:)));

Rp2(kk,:) = (14+4x(2*pi.xfo(kk,:))."2xC1"2xR3"2)./((2*pi.*fo(kk,:)). 2xCl" 2%

R3);
Cp(kk,:) = (C14+2x(2*pi.xfo(kk,:))."2+xC1"3*xR3"2)./(1+4*(2+pi.xfo(kk,:) ). 2xC1
"2xR37°2);

Rparallel (kk,:) = ((1/R1)+(1/R2)+(1./Rp(kk,:))+(1./Rp2(kk,:)))."(—=1);
Qcircuit (kk,:) = Rparallel (kk,:).x(2*pi.*fo(kk,:)).*Cp(kk,:);

mycolours=jet (5);

for

kk = 1:size(tm,2)
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plot (FpbOverFpg, sensitivity (kk,:) ,'color’
xlabel ('F_{pb}/F_{pg}"');
ylabel ('sensitivity ');
title ('sensitivity versus F_{pb}/F_{pg}"');
hold on
end
Legend=cell (size (tm,2) ,1);
for iter=1:size (tm,2)
Legend{iter}=strcat('tm = ', num2str(iter), '
end

legend (Legend)

figure
mycolours=jet (5) ;
for kk = 1l:size (tm,2)

xlabel ('F_{pb}/F_{pg}"');
ylabel ('t_{ge} (nm)"');
title('t-{ge} (nm) versus F_{pb}/F_{pg}"');
hold on
end
Legend=cell (size (tm,2) ,1);
for iter=1:size (tm,2)
Legend{iter}=strcat ('tm = ', num2str(iter), '
end

legend (Legend)

figure
mycolours=jet (5) ;
for kk = 1:size (tm,2)
plot (FpbOverFpg,Rcmut (kk,:) , ' color' ,mycolours(kk,:))
xlabel ('F_{pb}/F_{pg}');
ylabel ('R_{CMUT} (ohm)"');
title ('R_-{CMUT} (ohm) versus F_{pb}/F_{pg}');
hold on
end
Legend=cell (size (tm,2) ,1);
for iter=1:size (tm,2)
Legend{iter}=strcat('tm = ', num2str(iter), '
end

legend (Legend)

,mycolours (kk,:))

plot (FpbOverFpg, tge (kk,:) /10" =9, ' color ' ,mycolours(kk,:))

A.2 gFunc2.m

function [ y ] gFunc( u )
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%This is the g(u) function

y = ((atanh(sqrt(u)))./(sqrt(u)));
end

A.3 gFirstDerivativeFunc2.m

function [ y | = gFirstDerivativeFunc( u )
%This is the g'(u) function

y = ((1./(2.xu)) .+ ((1./(1=u)) — ((atanh(sqrt(u)))./(sqrt(u)))));

end

A.4 gSecondDerivativeFunc2.m

function [ y ] = gSecondDerivativeFunc( u )

%This is the g''(u) function

y = (1./(2.%xu)) .x ((1./((1=u)."2)) — 3.xgFirstDerivativeFunc2(u));
end
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