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1 Introduction

Measurement  standards  are  an  important  part  of  metrological  traceability  by which

measurement  results  can  be  linked  to  the  definition  of  the  measurement  unit.  In

metrology, the measurement standard is defined to be ”realization of the definition of a

given quantity, with stated quantity value and associated measurement uncertainty, used

as a reference” [1]. Measurement standards can be classified to primary and secondary

standards. The value of a primary standard can be obtained without relation to another

measurement  standard.  Whereas,  a  secondary  standard  must  be  established  through

calibration with respect to a primary standard. The focus of this thesis is on developing

MEMS (Microelectromechanical systems) based voltage references that can be used as

secondary standards of voltage and in other applications.

In  case  of  voltage,  the  Josephson  voltage  standard  links  voltage  to  fundamental

constants of nature, and it gives the ultimate accuracy that can be reached [2]. However,

it is an expensive and non-portable solution [3]. Therefore, there is a need for lower

accuracy portable devices that can be calibrated against the Josephson voltage standard.

One  criterion  for  a  portable  voltage  reference  is  its  price.  Currently,  good  quality

portable voltage references can be quite expensive and, therefore, new less expensive

high accuracy devices are required.

The main criterion for a voltage reference is the stability over time. The lower level

voltage  references  often  suffer  from  multiple  issues  like  temperature  and  pressure

dependence and humidity based effect. These flaws usually lead to a drift effect on the

voltage and unpredictability. In addition to this, often transportation of the device can

affect the voltage [4][5]. Moreover, all of the existing voltage references are for DC

voltage and there are no voltage references available for AC voltage that would offer

sufficient measurement accuracy [3].

Microelectromechanical  system  (MEMS)  refers  to  a  huge  variety  of  systems  and

components. At least one of the dimensions of a MEMS device or component is in the

micro-scale  and it  has  a  mechanical  and an electrical  part.  Often  the  electrical  and

mechanical parts are indistinguishable from each other. The MEMS components can

utilize various physical phenomena as their working mechanism [6]. This allows them

to be used in a huge variety of sensor applications. For example MEMS sensors  for

thermal, mechanical, magnetic and optical applications are possible [3]. 
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The MEMS component that has already shown qualities required for a voltage reference

is  MEMS-capacitor  [6][7].  This  component  is  usually  based  on  a  membrane  or  a

cantilever and  is  commonly used as an accelerometer  or pressure sensor.  They are

highly integrable  with  electronics  and they can  be  manufactured  by using  standard

silicon fabrication techniques [3] thus making the components inexpensive and widely

available due to the highly developed silicon fabrication techniques [8].

The MEMS-capacitor is a micro-scale component composed of two electrodes: a non-

moving  and  a  moving  one.  A  voltage  applied  across  the  electrodes  causes  an

electrostatic force that pulls the moving electrode towards the non-moving one. The

electrostatic force is balanced by a spring force. At a certain applied voltage, the moving

electrode  is  balanced  at  a  certain  distance  from the  non-moving  one.  The  moving

electrode can be kept still at a well-defined distance from the non-moving one in the so-

called pull-in point. Then by measuring the voltage between the electrodes  gives a

voltage that stays stable over time. This is a desirable property and it gives  a possibility

to use MEMS-capacitor as a voltage reference [3].

This thesis focuses on the MEMS-based AC voltage reference. The working principle of

the MEMS-based voltage reference is explained in detail followed by measurements.

The measurements are done with digital control electronics. The goal of this thesis is a

working MEMS-based AC voltage reference that can be fitted in a standard size sub-

rack.  The  relative  accuracy  required  for  the  voltage  reference  is  set  to  be  in

the order of 10−6.

In  chapter  two,  first,  there  is  a  comparison  of  the  existing  voltage  references  and

standards  and  how  the  MEMS-based  voltage  reference  compares  to  them.  This  is

followed by a detailed description of the MEMS component used as a voltage reference

and theoretical analysis of the working principle of the MEMS-based voltage reference.

In which, both the static case and the dynamic case are considered. The chapter ends

with a discussion of the problems that need to be taken into account with the MEMS-

based voltage reference.

The third chapter focuses to setup used in the measurement in this Master's thesis. This

section starts with a description of the measurement principle. This is followed by a

description  of  the  measurement  setup  of  the  MEMS  component  including  the

measurement equipment and temperature and pressure control. The section is finished

by a description of the computer program and control used to run the system.

The fourth chapter shows the results of the measurements, first focusing on the stability

of  the  measured  reference  voltage.  This  is  followed  by  an  evaluation  of  probable
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reasons for the stability issues in the initial measurement setup. After this, the changes

made to the system and the effects of the changes in the measured reference voltage are

discussed.  Finally,  the accuracy and the long-term stability of the MEMS-based AC

voltage reference is evaluated.
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2 Background and theory

Metrology is a science of measurement and its application. It includes “all theoretical

and practical aspects of measurement, whatever the measurement uncertainty and field

of application” [1]. The main tasks of metrology are the realization of measurement

units,  dissemination  of  traceability,  calibration  services  and  development  of  new

measurement  methods  and  equipment.  The  international  system of  units  (SI)  is  an

important part of this.

Voltage metrology focuses on the realization of the voltage according to the SI system.

An important part of this is the research for devices that can be used to realize voltage.

This  type  of  device  is  called  a  voltage  standard  or  a  voltage  reference.  The  main

function of a voltage standard is to generate a stable voltage whose value in SI volts is

known within a specified uncertainty. There are different ways to accomplish this with

various accuracies [3].

This chapter begins with an introduction to the existing voltage references. Different

methods are compared in terms of accuracy on both DC and AC voltage references.

This  is  followed by the  description  of  the  microelectromechanical  system (MEMS)

based  voltage  reference  starting  from the  structure  of  the  component  used.  This  is

followed  by the  basic  working principle  as  an  AC voltage  reference,  including  the

theory  of  the  MEMS-based  voltage  reference,  detailed  analysis  of  the  system  and

discussion of the limits of the technology.

2.1 Voltage references

There are at least five different ways to realize a DC voltage standard or reference.

These are listed in Table 1 below. The highest accuracy is gained by using Josephson

voltage standard array (JVS) which is made out of an array of the single junction JVS

[2]. These are expensive and large and devices that are difficult to use that are mainly

used by National  Standards  Laboratories  [3].  Therefore,  there  is  a  demand  for  less

expensive and portable devices such as MEMS-based voltage reference. 

The Josephson voltage standard is  used as  the  most  accurate  voltage reference that

lower accuracy level instruments are calibrated against. JVS is based on the Josephson

effect that is present when two metals separated by a thin insulator layer are in the
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superconducting state. In which, electrons form Cooper pairs that can travel through the

insulator layer by quantum-mechanical tunneling thus creating a current.  AC current

will be created when a DC voltage is applied across the pair of superconductors. The

frequency of this current is f =2eV /h , where h is the Planck's constant and e is

the elementary charge. This also works the other way: when an AC current of frequency

f is  applied to  the junction,  a  DC voltage  is  created.  The voltage  has  quantized

values V n=nhf /2e , where n is  an  integer.  The stability of  this  voltage  depends

only on the stability of frequency [2]. By using a single junction relative accuracy better

than 10−6 can  be  reached.  This  can  be  improved  up  to 10−10 or  better  by  using

arrays of Josephson junctions [3][4]. 

Before JVS, the most accurate voltage standards were Weston cells. The Weston cell

consists  of  an  anode made of  cadmium amalgam and a  cathode made of  mercury-

mercurous  sulfate.  The anode and the  cathode are  in  a  saturated   cadmium sulfate

solution.  Chemical  reactions  between  the  solution  and  anode  and  cathode  create  a

potential between the anode and cathode that can be used as a reference voltage when

not discharged. The voltage obtained with a Weston cell has temperature and pressure

dependence. Therefore, it requires a temperature and pressure control when used as a

voltage standard. A practical lifetime of a Weston cell is probably between 12 and 18

years. Charging and discharging currents have a negative effect on the lifetime of the

cell.  In addition to this, storage temperatures above 25 °C will reduce the lifetime of the

cell significantly [9].

At present, the most widely used secondary or working standard of voltage in national

metrology institutes and calibration laboratories is based on the Zener diodes [5]. Zener

diodes are also used as a voltage reference in a wide range of practical applications and

devices with less stringent accuracy requirements.  Zener voltage reference is based on

the avalanche process of a reverse biased p-n-junction. The avalanche process happens

when the reverse bias voltage is increased to the breakdown point. In the breakdown

point, the carriers have enough energy to create electron-hole pairs thus leading to a

drastic increase in the current through the diode. The reference voltage can be obtained

by biasing the Zener diode with a constant current using a resistor in series with the

Zener diode [3][4].

The  best  Zener  voltage  references  are  carefully  selected  integrated  circuits  (IC)

components  [3].  Unfortunately,  these  suffer  from  temperature  dependence  [5].

Therefore, Zener voltage references require temperature control or compensation [3].

With temperature compensated, the IC Zener can reach relative accuracy of 10−6 with

a long-term stability of 10−6 per year [10]. Lower quality Zener diodes suffer from
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similar kind of problems and due to the low quality of the component, they will not

reach the same level of accuracy.

Temperature is usually an issue for voltage references. This issue is solved in a bandgap

voltage reference by compensating the temperature coefficient of the reference with a

thermal voltage. However, in this way one can compensate only for the linear part of the

temperature dependence thus not fully compensating the temperature dependence and

limiting the accuracy of the device to 10−5 [3].

Floating gate analog (FGA) is based on the non-volatile memory. The basic working

principle of FGA is in storing charge onto a floating gate cell thus giving the reference

voltage as an output from the floating gate. The stored charge can have a value in a wide

range thus offering more reference voltage options than a bandgap or Zener voltage

references. Another advantage of FGA is that it is based on the complementary metal-

oxide-semiconductor  (CMOS)  technology and  it  is,  therefore,  easy  to  manufacture.

Unfortunately, the stability of FGA voltage reference is not good enough compared to

the other available technologies  [3].

Table 1. Comparison of different voltage standards and references [3].

Voltage reference Accuracy

 Josephson Voltage Standard (JVS) 10−10

Weston cell 10−6

 Zener Diode 10−6... 10−3

MEMS 10−6

Bandgap Reference 10−5

Floating Gate Analog (FGA) 10−4

All of the voltage references discussed above are based on generating a DC  voltage.

For  AC voltage reference,  only a  few possibilities  are  available.  The usual  way for

generating stable AC voltage is based on the conversion from DC to AC. Respectively

the measurement of an AC voltage is done by converting the AC voltage to DC voltage.

In devices with lower accuracy, the conversion is done by measuring the peak values of
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the AC signal and generating an equivalent root mean square (RMS) of a sinusoidal

signal. However, this can lead to significant errors due to the noise and non-harmonic

components in the signals. Higher accuracy can be reached for example with fast analog

to  digital  converters.  Planar  multi-junction  thermal  converters  (PMJTC)  can  reach

0.1 ppm  accuracy  in  the  AC  to  DC  conversion,  but  unfortunately,  it  is  a  time-

consuming method [3][4].  In PMJTC the thermal RMS to DC conversion is based on

applying alternately AC and DC signals to the heater of a thermal sensor and comparing

temperature increase caused by AC and DC signals [6].

The most accurate way to realize an AC voltage standard is based on the Josephson

effect. The Josephson AC voltage standard is under development [11][12]. It is expected

to  reach  the  same  level  of  accuracy as  the  DC Josephson  standard.  However,  AC

Josephson standard has also the similar limitations as the DC Josephson standard such

as large size, need for cryogenic temperatures and high cost [3].   

The  other  method  that  has  been  developed  especially  for  an  AC voltage  reference

purpose  is  based  on  a  MEMS  component  [3][13][14].  Like  the  Josephson  voltage

standard, a MEMS-based voltage reference can be used to generate both AC and DC

voltage [3]. The MEMS-based voltage reference is a secondary one. This means that it

has to be calibrated against a primary voltage standard, and it does not reach the same

level  of  accuracy  as  the  Josephson  voltage  standard.  However,  compared  to  the

Josephson voltage standard, MEMS-based voltage reference does not require cryogenic

temperatures, it does not require large-scale equipment, that is also less expensive.

The  MEMS-based  voltage  reference  for  both  the   AC  and  DC  voltage  has  been

demonstrated to have a relative voltage drift that is below 2 ·10−6 [13][15]. However,

this has required correcting the measured data for changes in an ambient pressure and

temperature  [16].  More  recently,  MEMS-based  AC  voltage  reference  has  been

demonstrated to have a stability with standard deviation of 1· 10−6 without any error

corrections  [14].  Based  on  these  results,  a  stand-alone  MEMS-based  AC  voltage

reference  has  been  built  with  an  automatic  tracking  of  the  operating  point  and

temperature and pressure control [16]. This device has been developed further in this

thesis work.

2.2 Structure of a capacitive MEMS component

Before  going  into  details  on  the  working  principle  of  the  MEMS-based  voltage

reference, it is good to have a look at the structure of the component that is used. The
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component that can be used for a voltage reference is a capacitive MEMS sensor  [3].

The component can be fabricated from two silicon wafers by standard microfabrication

techniques [3], thus making the component easy and inexpensive to manufacture [8].

The basic structure of the MEMS component is a moving parallel plate capacitor. A

schematic of such a component is shown in Figure  1 below. The moving electrode is

fixed at the end of a spring defined by a spring constant k spring on top of the non-

moving  electrode.  Both  electrodes  are  made  from high-doped  silicon  and  the  non-

moving  electrode  has  a  metal  coating.  High-doped  silicon  is  used  for  its  good

conducting properties. On both electrodes, there is a natural oxide layer.

Figure 1. A schematic of the structure of the MEMS component used as a voltage

reference.

Silicon is the material of choice in micromechanics due to multiple reasons. First, it has

a  long  history  as  an  electronic  material  that  has  led  to  highly  sophisticated

microfabrication technology which can be exploited in the MEMS manufacturing [17].

This means that high precision in the component fabrication can be reached [8] and the

material  properties  can  be  customized  to  match  to  the  need  of  the  application.  In

addition,  using  silicon  fabrication  techniques  allows  MEMS  to  be  integrated  with

electronics  [17]. Furthermore, the wide availability and low cost of silicon make it an

attractive material for micromechanics [18].

Other reasons for silicon to be used in micromechanics are related to its mechanical

properties.  Silicon  wafers  can  be  manufactured  in  high  purity  and  high  crystalline

quality which leads to excellent mechanical properties [17]. In mechanics point of view,

single-crystal silicon has many desired qualities such as high Young's modulus and high

yield  stress.  In  addition,  silicon  is  anisotropic  material  and,  therefore,  the  elastic

properties  can be changed by changing the orientation of  the  crystal.  Changing the
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elastic  properties  is  possible  because  silicon  etching  techniques  allow  etching  in

different crystal  orientations.  Moreover,  the properties and dimensions of the silicon

crystal do not change over time thus making silicon a stable material and ideal for a

micromechanical device [18]. 

2.3 MEMS as a voltage reference

Silicon is an ideal material for micromechanics. The mechanical and material stability

of  the  single  crystal  silicon lead  to  a  well-known spring  constant  [18]. This  is  the

property that makes silicon a good material for the voltage reference. Moreover, since

the properties of silicon do not change over time and the only way to affect them is by

changing  the  geometry  of  the  component.  This  means  that  the  properties  of  the

component  fabricated  from single  crystal  silicon  can  be  designed  according  to  the

requirements  of  the  application,  thus  making  it  a  desirable  material  for  the

microelectromechanical components [19].

The voltage reference is based on the dynamic capacitor. The capacitor has one non-

moving and one moving plate at the end of the mechanical spring. When a voltage is

applied  across  the  capacitor  plates  an  electrostatic  force  occurs  pulling  the  moving

electrode  towards  the  non-moving  one.  At  a  certain  voltage,  the  moving  plate  is

balanced by the spring force at a certain distance.

The idea of the voltage reference,  in a nutshell, is to balance the electrostatic force and

the spring force and to keep the moving electrode still at a well-defined distance from

the non-moving one in the so-called pull-in point. Then the reference voltage is obtained

by measuring the voltage over the capacitor plates. Next, the working principle of the

MEMS-based voltage reference is explained more in detail and the relevant equations

are  derived,  starting  from a  static  analysis  of  the  system and pull-in  point.  This  is

followed by dynamic model and analysis of the issues that need to be considered in the

non-ideal case, the actual device.

2.3.1 Static analysis of the MEMS-oscillator

The structure of the MEMS capacitor is shown in Figure 1. The first thing to consider is

the  static  situation.  This  can  be  done  by starting  from the  dynamic  equation.  The

equation that describes the dynamic system is that for a damped oscillator with parallel

plates and it is given as
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F e(t )=m
d 2 x
d t 2 +λ

dx
dt

+kx−F m , (1) 

where F e(t ) is the electrostatic force between the capacitor plates, x is the change

in  the  position  of  the  moving  electrode, m is  the  effective  mass  of  the  moving

electrode, λ is  the  damping  constant, k is  the  spring  constant  of  the  cantilever

holding the moving mass, and Fm is the effect of the external forces, such as gravity, on

the moving electrode. [3][18] 

If an external voltage V ext is applied over the capacitor it creates an electrostatic force

F e between the plates 

F e=
1
2

V ext
2 ϵ A

(d−x )
2
=

1
2

V ext
2 C

d−x
,  (2)  

where ϵ is the dielectric constant of the material between the plates, A is the cross-

sectional area of the plates, d is the distance between the plates when no voltage is

applied, and C is the capacitance and can be written as

C=
ϵ A

d−x
.  (3)  

When the external voltage is kept constant over time the moving electrode does not

move and by combining Equations (1) and (2) one obtains an equilibrium equation

1
2

V ext
2 ϵ A

(d−x)2
=kx . (4) 

Here the time derivatives of the Equation (1) are left out since the electrode is assumed

not to move over time. In the simplified theoretical analysis, the external forces are

assumed non-existing, this means that F m=0 . Now the external voltage V ext can be

solved as a function of the change in the position of the moving electrode x

V ext=√ 2(d−x )
2
(kx )

ϵ A
.  (5)  

Notice that here the constants A and d are the measures of the MEMS structure and

k depends on the elastic modulus of the silicon, which is very stable if made out of

single crystal silicon. This means that the changes in these constants are very small even

over a long time period. The permittivity of the material between the two electrodes
ϵ is not easily determined and it can cause changes in the system. In equilibrium,

V ext as a function of x has a well-defined maximum, the so-called pull-in voltage
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V pi as seen in figure 2 below. The pull-in voltage can be calculated from Equation (5)

as 

V pi=√8kd 2
/27C 0 ,  (6)  

where  C0=ϵ A/d is  the  capacitance  at x=0. Here  one  can  calculate  that  the

maximum  voltage  is  obtained  when x=d /3. The  applied  external  voltage V ext

divided by its maximum V pi as a function of x /d is shown in Figure 2 below. It

should be noted that when the external voltage exceeds the pull-in value the system

evolves to an unstable state where the spring forces cannot balance the electrostatic

forces and the moving electrode will get pulled into the other electrode, this is where the

names pull-in point and pull-in voltage originates from. For the purposes of a voltage

reference, the moving electrode is kept in the pull-in point and the reference voltage is

the pull-in voltage [4][7][15].

Figure 2. The applied external voltage V ext /V pi as a function of the displacement

between the electrodes x /d. The maximum of V ext is called pull-in voltage V pi .

By expanding Equation (5) near the pull-in point (x=d /3+Δ x) and dividing it with

the pull-in voltage, one obtains 

ΔV pi

V pi

=
−27

8
(
Δ x
d

)
2

,  (7)  
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Here ΔV pi /V pi term describes the relative deviation of voltage from the correct pull-

in voltage. It is proportional to the square of the relative displacement Δ x /d in the

position of the moving electrode from the pull-in value. This means, in theory, that if the

position of the moving plate can be controlled with the accuracy of  10−4 near the

pull-in point, the uncertainty of the pull-in voltage is at the level of 10−8. This is the

requirement for MEMS to be used as a voltage reference [4][15]. 

2.3.2 AC current driven voltage reference

For the AC voltage reference, a current drive can be used instead of a voltage drive.

This means that instead of controlling the voltage over the electrodes, the charge in the

actuator is controlled [7][20]. By using AC current drive the electrostatic force becomes

charge induced and therefore it does not depend on the gap between the electrodes. This

makes the system stable around the pull-in point and it allows full travel range for the

moving electrode [3][21]. With the current driven system, the whole range of the gap is

under  control  and  therefore  it  does  not  require  a  positive  feedback  loop [21].  This

allows using a less complex electronics design since it  makes the controlling of the

moving plate easier than in the case of voltage driven system. In addition, the control

over the whole gap makes the digital operation of the system easier than the analog

operation [20]. In theory, the AC current drive is ideal across the whole gap [21], but in

practice,  the  parasitic  capacitance  and  the  leakage  current  limits  the  maximum

displacement [3].

The  force F e(t ) caused  by  the  sinusoidal  current I =I 0 sin(ω t) with  amplitude

I 0 and angular frequency ω is

F e(t )=−
 Ee

 x
=− 

 x
q2

(t )
2C

=
q2

(t )
2ϵ A

=
I 0

2

2ϵ Aω
2 cos2

(ω t) , (8)

where q (t) is  the  capacitor  charge  obtained  by  integrating  the  current

I =I 0 sin(ω t) with an assumption that the time average of the capacitor charge is

zero [3].  The average force on the capacitor can be calculated as

F e=
1
π∫

0

π I 0
2

2ϵ Aω
2 cos2

(ω t )dt=
I 0

2

4ϵ Aω
2 =

I RMS
2

2ϵ Aω
2 , (9)

where I RMS is the root mean square (RMS) of the AC current. Let us assume that the

moving plate of the MEMS capacitor stays stationary. This is the case if the frequency
ω of applied current is much higher than the mechanical resonance frequency of the
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MEMS component or if  the mechanical vibrations are damped effectively.  Now, the

time-derivatives of Equation (1) can again be neglected, and we get

I RMS
2

2ϵ Aω
2 =kx−F m  (10)

in  the  static  case.  The  electrostatic  force  and  external  voltage  between  the  two

electrodes are bound together by Equation (4). For a profound analysis,  the external

forces are not assumed to be zero and the Equation becomes 

1
2

V ext
2 ϵ A

(d−x)2
=kx−F m .  (11)

Now the  voltage V AC across  the  electrodes  as  a  function  of  drive  current  can  be

calculated by solving x from Equation (10) and placing it to the equilibrium Equation

(11) and using the previously calculated value for pull-in voltage V pi=√8 kd 2 /27 C0 .

The voltage across the electrodes becomes 

V AC=V ext , RMS=
I RMS

ωC 0

[1−
4
27

(
I RMS

ωC0 V pi

)
2

−
F m

kd
] .  (12)

The  maximum  value  of  this  Equation  is  obtained  at

I RMS=(3/2)ωC0V pi √1−F m /kd ≡I RMSmax and has a value of 

V ACmax=V pi (1−
F m

kd
)

3/2

. (13)

where the pull-in voltage V pi=√8 kd 2/27 C0 , as calculated earlier.  Near this  point,

relative variation of voltage, ΔV AC /V ACmax , depends on relative variation of current,

Δ I / I RMSmax , as

Δ V AC

V ACmax

≈−
3
2
(

Δ I
I RMSmax

)
2

.  (14)

Thus the voltage of the MEMS device is insensitive to small variation of drive current

near the pull-in point [3]. 

2.3.3 Built-in voltage

One important feature to consider in the MEMS-based voltage reference is the built-in

voltage  in  the  system.  Built-in  voltage V bi is  affected  by  charges  trapped  in  the
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structure of the component [3]. The charges are trapped in the interface between the

silicon and the oxide as well as in the oxide layer itself.  Trapped charges cannot be

avoided during the fabrication  process and, therefore, they are always present in the

structure [22]. This will cause a small potential that affects the behavior of the MEMS

component. The potential will shift the position of the moving electrode thus leading a

shift in the pull-in point  [3][4][23]. 

The built-in voltage V bi has its origin in the charges trapped on the surfaces and inside

the oxide layers that are left to the structure during the fabrication process and in the

small errors in the physical shape of the component caused by the inaccuracies in the

fabrication process. This will cause a parasitic capacitance connected to the component,

that will effect on the pull-in voltage [3][4][23].

For a voltage reference, this would not be a problem if the charges would not change

over time in the component. However, when the moving electrode is bent to the pull-in

point with an electrostatic field the field also affects the trapped charges in the system.

The charges  will  accumulate  from the  material  between the  capacitor  plates  on the

surfaces: negative to positively charged surface and vice versa.  This will lead to slow

diffusion of the charges in the system thus leading to variations in the built-in potential

and,  therefore,  in  the  effective  pull-in  voltage.  Therefore  the  slow diffusion  of  the

trapped charges can be seen as a slow drift in the reference voltage [3][4][23]. This

effect is called slow charging effect, and it can last for several days or weeks when a

constant DC voltage is applied across the MEMS capacitor [7]. 

Luckily the slow charging effect can be eliminated when AC actuation is used instead of

DC [13]. Elimination is done by using a small constant DC voltage to compensate the

built-in voltage.  It will remove the DC voltage difference between the capacitor plates

thus preventing the movement of charges and making the pull-in voltage stable over

time [3][4][23]. 

When AC actuation is used, the polarity of the applied voltage changes over time. The

changes in the polarity of the applied voltage eliminate some of the slow charging effect

seen in the MEMS capacitor. Therefore, the AC voltage reference suffers less from the

slow  charging  effect  than  the  DC voltage  reference. However,  the  built-in  voltage

affects the effective pull-in voltage of the MEMS component i.e. the maximum value of

the AC voltage. In the case of AC voltage reference, the force affecting the moving

electrode of the MEMS capacitor is determined by the square sum of the DC and the

AC voltages. In the pull-in point V pi
2
=V DC

2
+V AC

2 where the V DC is caused by the
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built-in  potential.  If  the  built-in  potential  is  compensated  so  that  V DC ≈0 , small

changes in the built-in potential do not affect the maximum value of the AC voltage [7].

In order to eliminate the  built-in voltage, it has to be measured.  There are multiple

ways to do this, one of which is to determine the built-in potential by C-V measurement

[4].  In  C-V  measurement,  the  capacitance  between  the  moving  and  non-moving

electrode  is  measured.  The  built-in  voltage  V bi can  be  determined  from  the

displacement of the minimum value of the measured capacitance from the V DC=0

[7][22]. The built-in voltage can be determined accurately from the measured curve by

doing a parabolic fit with C (V )=a(V −V bi)
2
+Copen [24].

In this paper, the method used to determine the built-in voltage V bi is by measuring

the AC voltage while changing the DC-voltage over the capacitor. In practice, this is

done by changing the DC-voltage used for the compensation of the built-in voltage. In

this measurement the displacement of the maximum value of the AC voltage from the

V DC=0 shows the built-in voltage. The accurate built-in voltage can be determined

by using a parabolic fit to the measured data.  An example of this measurement is shown

in Figure 3 below where the built-in voltage V bi can be seen in the displacement of

the maximum measured AC voltage from the V DC=0 .  

The  compensation  of  the  built-in  potential  is  done  by  simply  applying  a  suitable

constant DC voltage over the capacitor plates. This will remove the effects of the built-

in voltage. The procedure with the AC voltage reference is just to add the compensating

DC voltage between the two electrodes. [3][7] And in the case of a component that has

capacitors on both sides it should be done on the both sides to ensure that there is no

extra capacitance in the system that can cause a drift.

Just like inside the MEMS component, humidity can cause a problem outside of the

component where there is a capacitance between the conductors. Therefore, humidity

around the MEMS component also can lead to a drift in the measured voltage. This

means that the water molecules should be eliminated around the critical electronics. To

remove the problem, a nitrogen atmosphere can be used inside the pressure chamber. [3]
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Figure 3. AC voltage of the current-driven MEMS capacitor as a function of the DC

voltage used for compensating the built-in voltage V bi . Built-in voltage is determined

from the value of compensating DC voltage at the maximum of the AC voltage.

2.3.4 Dynamic model

So far, it has been assumed that the position of the electrode of the MEMS capacitor has

been stationary, i.e. the time-dependent terms in Equation (1) can be assumed to be zero.

This can be true under one of the two conditions: either the actuation frequency is much

higher  than  the  mechanical  resonance  frequency  of  the  component  or  the  moving

electrode  is  effectively  damped.  However,  if  these  conditions  are  not  met,  the

assumption of the stationary electrode is not valid and the time-dependent terms cannot

be dismissed. This means that mechanical oscillations exist on the moving electrode. In

addition, the movement of the electrode will create harmonic frequencies on the output

signal on top of the original frequency of the input signal. These additional frequencies

can cause an error to the output AC RMS value if phase locking technique is not used

[3].

In the case of AC current drive, the driving current is I =I 0 sin(ω t) , where I 0 is the

amplitude of the current  and ω is  the angular  frequency. The resonance frequency
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ω0 can be  solved in  order  to  find  out  the  effect  of  plate  oscillation.  In  terms  of

I RMS=√2 I 0 the electrostatic force acting on the moving plate F e becomes

F e(t )=
I 0

2

2ϵAω
2 cos2

(ω t)=
I RMS

2

2ϵ Aω
2 [1+cos (2ω t )] . (15)

The  dynamic  equation  of  motion  for  the  moving  electrode  can  be  obtained  by

combining this equation with Equation  (1) and assuming the external forces F m to be

negligible

d 2 x
dt 2 +2 γ

dx
dt

+ω0
2 x=

I RMS
2

2 mϵ Aω
2 [1+cos (2ωt )] , (16) 

where γ=λ /2m and ω0=√k /m . This Equation can be solved and the solution is

x (t)=x0 [1+
1
Ω

sin (2ω t−α)] , (17)

where

Ω=√(4( ω
ω0

)
2

−1)
2

+(
4 γω

ω0
2 )

2

, (18)

x0=
1

2ϵ A k
(

I RMS
ω )

2

(19)

and the phase

α=arctan (
4ω

2
−ω0

2

4 γω
) . (20)

The  mechanical Q value  of  the  component  can  be  calculated  as

Q=√km /λ=ω0/ 2γ , thus reforming Equation (18) to

Ω=√(4( ω
ω0

)
2

−1)
2

+(
2ω

ω0 Q
)

2

. (21)

The Q value  varies  in  the  components  depending on the  damping from the  well-

damped case with 0.01 to the near vacuum packed one with 106 . When the driving

frequency  equals  the  natural  frequency  of  the  oscillator  it  causes  resonance  in  the

component if damping does not exist. This can be seen in Figure 4 below where the

amplitude  ratio  between  the  oscillating  component x0/Ω and  the  non-oscillating

component x0 is shown as a function of the normalized angular frequency ω/ω0 .

The oscillating component becomes clearly more dominating at the energy resonance
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ω0/ 2 when  the Q value  increases  i.e.  when  the  damping  of  the  component

decreases [3].  Therefore,  the damping of the component can be used  minimize the

effect of the oscillating component in the system. 

Figure 4. The  amplitude ratio between the oscillating component x0/Ω and the non-

oscillating component x0 as a function of the angular frequency of the driving current

is shown with different Q values. At the energy resonance ω0 / 2 ,  the oscillating

component becomes more dominant. With low Q values, the effect of the oscillating

component is significantly smaller than with the higher Q values.

The voltage over the capacitor plates can be calculated as

V=
q (t)
C (t )

=
√2
ϵ A

(
I RMS
ω )[d−x (t)]cos (ω t)U ωsin(ωt−β)−U 3ωsin(3ω t−α)  (22)

where phase α is given in the Equation (20),

β=arcsin (

−d+ x0(1−
sinα

2Ω
)

[(d−x0(1−
sinα
2Ω

))
2

+ x0
2
(
cosα
2Ω

)
2

]
1/2 ) ,  (23)

and amplitudes of the first and the third harmonic are defined by the Equations 

U ω=
√2 I RMS

ωϵ A
[(d−x0(1−

sinα

2Ω
))

2

+ x0
2(

cos α

2Ω
)

2

]
1/2

 (24)

and
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U 3ω=
√2

k (2ϵ A)
2
Ω

(
I RMS
ω )

3

(25)

accordingly. Equation (22) shows that the voltage of the capacitor oscillates with the

driving  frequency f =ω/2π and  at  the  third  harmonic 3 f . The  ratio  of  these

components can be calculated  from Equations (24) and (25) as

U 3ω

U ω

=
x0

2Ω[(d−x0(1−
sin(α)

2Ω
))

2

+ x0
2
(
cosα
2Ω

)
2

]
1/2 .

(26)

At high frequencies, this simplifies to 

U 3ω

U ω

≈
1

2Ω

x0

d

1−
x0

d

. (27)

Finally, the square value of the RMS voltage over the capacitor plates can be calculated

in the case of high driving frequency as

V RMS
2
=U ω ,RMS

2
+U 3ω, RMS

2
≈(

I RMS

ωC0

)
2

[(1−
x0

d
(1−

1
2Ω

))
2

+(
x0

d
1

2Ω
)

2

] . (28)

Notice that both components U ω and U 3ω can be seen in the value of the reference.

This  means  that  the  distortion  will  change both  the  value  V RMS and  the  position

I RMS of  the  maximum point  of  the  component's  I-V curve.  This  can  be  seen  in

Figure  5  below,  where  the  voltage  ratio V RMS /V max is  shown as  a  function  of  the

driving current with different Q values when ω=ω0 . With high frequencies when

the U ω is dominating the situation resembles the static case [3].
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Figure 5. The dynamic I-V curve of a MEMS capacitor with different Q values when

ω=ω0 . The change in the Q value will change the maximum voltage V max and

its position I max .

The mechanical Q value of the component depends on the gas pressure inside the

component and on the coupling to  the substrate.  In the analysis  above the damping

constant is assumed to be constant. However, this is not true for the actual component.

The gas packed inside the component tends to leak over time thus leading to a change in

the damping constant. This will then change the output voltage of the device. For the

voltage reference application purposes, the actuation frequency is kept much higher than

the mechanical resonance frequency in order to minimize the distortions caused by the

third harmonic.  This can be seen from Figure 5 above.  The ratio between the third

harmonic and the first harmonic with high frequencies is determined in Equation (27).

As discussed earlier in the case of Equation (21) the damping effects on the oscillations

of the component. Higher damping leads to smaller oscillations and is described with a

lower  Q value.  In  Equation  (27)  the  effect  of  the  damping  can  be  seen  in  the

1/2Ω term  where Ω is  determined  by  Equation  (21).  The  drawback  of  gas

damping is the increase in the mechanical noise in the system [3].
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2.3.5 Temperature, pressure, and humidity

There have been multiple studies on the temperature, pressure and humidity dependence

of  capacitive  MEMS components [3][4][25][26].  All  of  these  studies  show that  the

stability of the voltage over the capacitor plates depends on these ambient parameters.

The general  picture is  that  the   accuracy level  of 10−6 cannot  be reached if  these

dependencies are not taken into consideration. 

Temperature affects the Young's modulus of the silicon, therefore, affecting the spring

constant  thus  changes  the  spring  forces.  Since  the  spring  forces  change  while  the

electrostatic  forces,  created  by  either  the  bias  voltage  or  the  bias  current,  stay

unchanged, the moving electrode moves away from the pull-in point. This can be seen

as a change in the measured pull-in voltage  [26]. This is the main source of thermal

deviation in the system. In addition, temperature affects the electrical properties of the

component and other electronics in the system.

Ambient pressure affects the physical shape of the component. Under high pressure, the

sides of the component are squeezed closer to the moving electrode thus changing the

distance between the electrodes in the capacitor. This causes a change in the measured

pull-in voltage.

The effects  of  pressure and temperature can be measured fairly easily and they are

predictable, both with a negative correction constant. These constant for the component

used  in  the  measurements  are  on  the  order  of −210 ppm /  C for  temperature  and

−2.4ppm /hPa for the pressure [4]. The effects of the temperature and pressure also

are easy to control and with a suitable controlling system they can be eliminated from

the measured voltage. In Figure 6 below is an example measurement.  Figure 6 a) shows

the  measured  voltage  and  the  Figure  6  b)  shows  temperature  and  pressure  during

measurement. 

On the other hand, it has been noticed that humidity can be a big issue in the long term

stability of the pull-in voltage. This is due to the slow effects caused by diffusion effects

in the system and changes in the dielectric between the electrodes. This can be a major

problem if the component is not properly shielded. Also, even if the component itself is

shielded,  humidity  can  cause  changes  in  the  parasitic  capacitance  between  the

connectors  or  affect  their  electrical  properties.  Careful  packaging  of  the  MEMS

component is important since even 1 relative humidity inside the component can

lead to slow charging effects  [25]. The constant for the effects of the humidity can be

determined to be in the order of 1.3ppm /RH  [4], but the more important issue that

humidity causes are the long term effects [25].
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a)

b)

Figure 6. The relative deviation of the measured voltage from the average value in parts

per million. Figure a) shows the measured voltage and Figure b) shows temperature

and pressure during the measurement.

Humidity can cause major problems in the voltage reference since it slowly changes the

properties of the component which leads to slow drifting effects on the pull-in voltage.

This is somewhat unpredictable and therefore it can not be compensated. In addition,

the effects can be slow and, therefore, can be only verified by a long-term measurement.

These measurements  can take from few days to a few months depending on the rate of

the charge diffusion. Also, it is fairly difficult to point out exactly where in the system

the diffusion takes place and therefore  it can be difficult to remove [25]. The best way
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to deal with this is to try to get the humidity level as low as possible in the structure of

the component and the nearby electronics and passivate surfaces. 

2.3.6 Noise in MEMS

Noise means random changes in the signal that can be caused by the random fluctuation

of molecules, atoms, and electrons in the system. There are two main sources of noise

affecting the measured voltage of  the MEMS component:  thermal  noise and 1/ f

noise [18].  Ultimately the noise will set the limit for the accuracy of the MEMS-based

voltage reference and, therefore, it is important to understand the noise mechanisms in

the system. 

Thermal  noise  has  many origins.  For  example,  it  can  be  the  thermal  movement  of

atoms or electrons in the system. The thermal noise does not depend on the size of the

component. When the size of the component gets smaller, there might be a need for

reducing the signal powers in order for the device to work. This means that the thermal

noise will become more dominant in comparison to the signal power thus making it the

dominant noise in the system. Since the thermal noise does not change when the device

gets smaller, it sets the limit for the size of the device [18]. 

Another  thing  to  consider  in  the  case  of  the  thermal  noise  is  the  damping  of  the

component. More damping means that there will be more gas molecules between the

capacitor plates of the component, therefore, leading to an increase in the thermal noise.

But,  on  the  other  hand,  less  damping  leads  to  more  unwanted  oscillations  in  the

component, as seen in Chapter 2.3.4. Therefore, there is a compromise to make and the

thermal noise cannot be fully minimized.

The second type of noise to consider is the 1/ f noise. This noise increases when the

frequency decreases  and it  can  become really  troublesome at  low frequencies.  This

means that a high frequency is needed in the voltage reference. With higher frequencies

and proper design, the 1/ f noise can be reduced all the way below the thermal noise

level [18]. Therefore, the thermal noise will set the ultimate limit for the accuracy of the

measured reference voltage.

There are two types of 1/ f noise: electrical and mechanical. For a microscale device

electrical 1/ f noise dominates,  but electrical  advancements and nano-scale  can be

used to lower the electrical 1/ f noise so that the mechanical 1/ f noise becomes

more dominating [18]. In this study, the MEMS component is quite large and  there

have been  promising studies for smaller scale components that show less noise [27].
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Therefore, smaller scale MEMS component can be used to obtain  better noise quality.

However, there is a limit to the miniaturization caused by the mechanical 1/ f noise

that will ultimately set the minimum noise level [18].
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3 Research material and methods

This chapter contains a detailed description of the measurements. This starts with the

basic  measurement  principle  for  the  MEMS-based  voltage  reference  and  issues  to

consider  in  the  measurement.  It  is   followed  by  a  detailed  explanation  of  the

measurement setup including descriptions of the MEMS component, equipment used to

monitor  the  system,  pressure  chamber  and  humidity  control,  temperature  control

system, and the used computer software.

3.1 Measurement principle

In  this  section,  the  basic  principle  for  the  AC  driven  system  for  an  accurate

measurement is considered on a general level. More detailed discussion of the steps and

setup used in the measurements in this thesis are in the next chapter 3.2. 

First, the MEMS component should be placed in the pressure chamber in such a way

that the gravitational forces and vibrations would have the smallest effect on the moving

electrode.  It  is  well  known  that  vibrations  and  changes  in  orientation  will  affect

negatively on the accuracy that can be reached with MEMS. Therefore it should be

made sure that the component is well attached to its place so that there is no chance for

it to move on its own. In addition, to avoid any effect of vibrations, the device should be

placed on a stable surface, for example, stone table can be used here. It is also important

to consider the orientation of the component so that gravitation would have as little

effect as possible to the moving electrode, this might require an additional adapter since

the attachments of the component are rarely robust enough to get the wanted orientation

so that the component does not vibrate easily.

Second, the component is closed into a pressure chamber. The function of the pressure

chamber is to protect the component from pressure, temperature and humidity changes.

This is important since the MEMS component has noticeable pressure, temperature and

humidity dependences. These ambient parameters have to be kept relatively constant in

order to get to the accuracy level of 10−6 .  For this reason the sealing should be done

in a hermetic manner to ensure the best possible result.  It should also be taken into

consideration if there are some other parts besides the MEMS component that require

temperature,  pressure  and humidity control.  These  parts  should  also  be  placed in  a
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pressure chamber. However, it is not always optimal to place these in the same chamber

with the MEMS component. For the best measurement results, error sources in close

proximity of the MEMS component should be removed.

Next, the temperature in the chamber is let to stabilize to the set value by using the

temperature  control  system.  This  step  might  take  some  hour  depending  on  the

temperature  coefficient  of  the  pressure  chamber.  Depending  on  the  temperature

coefficient, there can be an oscillation in the temperature of the chamber that will die

out  slowly.   For  a  faster  settling,  it  is  beneficial  if  the  temperature  of  the  pressure

chamber can be set close to the room temperature, thus removing long waiting time of

the chamber reaching thermal stability.

The next step is the nitrogen flush.  It can be done when the set temperature is reached.

It  needs  to  be  noted  that  pressure  chamber  should  be  let  be  sometime  in  the  set

temperature in order to get the system to the equilibrium. The nitrogen flush is done to

remove the humidity from the pressure chamber. Humidity has two different kinds of

effects on the system, firstly there is the humidity dependence of the pull-in voltage and

secondly there are slow surface charging effects due to the diffusion of water molecules.

The second one is more critical for the stability of the voltage reference. Nitrogen flush

is important procedure even if  the MEMS component has hermetic sealing by itself

because  the  parasitic  capacitances  between  the  connectors  in  the  system also  have

humidity dependence and will suffer the downfall of the surface charging. In the case of

a non-hermetic sealed MEMS component, nitrogen flush is even more important.

After the humidity is removed from the pressure chamber, the temperature needs to be

stabilized to the set value before making any measurements. This will also stabilize the

pressure, due to the hermetic sealing of the chamber. Temperature and pressure need to

be  stable  inside  the  chamber  so  that  their  effects  on  the  measurements  can  be

minimized.  Again  this  might  take  some  time  since  the  nitrogen  flush  changes  the

temperature of the chamber.

After  the system has  reached its  equilibrium, a measurement  of  the built-in  voltage

V bi  is done. The purpose of this is to determine and compensate the built-in voltage

between the  electrodes  in  the  component.  The built-in  voltage  can  be  measured  by

measuring  the  AC voltage  while  changing the  DC-voltage  over  the  electrodes.  The

displacement  of  the  peak  of  the  measured  curve  from V DC=0 shows  the  built-in

voltage. The built-in voltage can be then canceled out by biasing a voltage with opposite

sign to one of the electrodes. This measurement is needed every time since there is

always a small built-in potential between the capacitor plates. If the built-in potential is

not compensated, it will lead to a slow charging effect on the MEMS component that
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can be seen as a drift in the output voltage which is not a wanted quality in a voltage

reference. In the case of a component that also has an electrode on the other side of the

moving plate, the compensation should be done on both sides. 

The component used in the measurements has an electrode on both side of the moving

plate and, therefore, requires the built-in voltage compensation on both sides. However,

in the system used in the measurement here, the compensation of the side that is not

used in the measurement needs to be done before closing the chamber. This is clearly

not an optimal situation since the humidity and temperature will be different when the

compensation is done compared to the conditions in the chamber when it  is  closed.

Therefore the  compensation is  not  perfect,  however,  the  MEMS component  used is

closed hermetically and therefore the compensation can be done at a satisfactory level.

In the system used in these measurements, the compensation of the built-in voltage can

be done on both sides with 1 mV accuracy. It should be enough to remove the built-in

voltage effect such that a good stability level is reached in the pull-in voltage with AC

measurement.

The final step is the determination of the amplitude of the current bias. In the system

used it is done by automatic tracking. The basic idea is to alternate the driving current

by adding a small change to it and  measure the output voltage.  The output voltage is

then compared to earlier measurement result in order to find whether the driving current

needs to be increased or decreased to maximize the output voltage, i.e. to reach the pull-

in  point.  This  process  is  repeated  until  the  pull-in  point  is  found,  i.e.  when  both

decreasing and increasing the drive current will lead to a decrease in the output voltage.

To fasten the process of finding the maximum point, an amplitude sweep can be done by

setting the tracking boundaries close to the expected maximum point and, thus, limit the

search area. 

After  the amplitude  of  the  current  bias  is  determined,  the  system can be used as  a

voltage reference. The driving amplitude is set to be constant at the point where the

maximum voltage is gained. The reference voltage can then be obtained by measuring

the voltage over the MEMS capacitor plates. 

It needs to be noted that even after these steps there might still be some slow processes

in  the  system  and  it  might  take  hours  for  the  system  to  finally  stabilize  to  the

equilibrium. Therefore, it would be good if the temperature of the chamber could be as

close as possible to the room temperature in order to avoid slow effects caused by the

changes in temperature, pressure, and humidity. However, in the case where there are

other electronics closed in the same chamber with the MEMS component this might not
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be possible. For example, in the setup used in this thesis, there are the DA and AD

converters  in  the  same pressure  chamber.  DA and  AD converters  will  increase  the

temperature  inside  the  pressure  chamber.  The  temperature  controller  cannot

compensated this increase in temperature thus the temperature inside the chamber is

higher than room temperature. This can be seen in some measurements as a slow, a few

hours long, drift in the measured voltage. 

3.2 Measurement setup

This chapter contains a detailed description of the setup used in the measurements. First,

there is a general description of the system used. This is followed by a description of the

MEMS component in 3.2.2 and its measurement and control electronics in 3.2.3. In

3.2.4 and 3.2.5 there is a description of the pressure and temperature control systems

accordingly. And finally, the basic principle of the computer control introduced. Most

parts of the measurement system have been designed and realized by Aivon Oy [28].

3.2.1 General description

The  general  description  of  the  measurement  system  is  shown  in  Figure  7.  The

measurement  system  consist  of  multiple  circuit  boards.  Two  of  them  MEMS_levy

board and MEMS_levy_DA_AD board are placed in the pressure chamber. The MEMS

component is on the MEMS_levy board with the analog electronics that is used to drive

it. There LM35AH sensor is used to measure the temperature. This board is then placed

inside  the  pressure  chamber.  The  power  and  the  driving  current  for  the  MEMS

component are fed through the MEMS_levy_DA_AD  board.  There are  four output

signals from the MEMS_levy board. First, there is the reference voltage output V out,

from where the reference voltage is measured with Datron Wavetek 4920 alternating

voltage  measurement  standard.  The  output  voltage  also  connects  the

MEMS_levy_DA_AD  board  to  the  control  electronics  for  the  feedback.  The  third

output  is the  Temp out,  from where the temperature can be measured.  An Agilent

3458A multimeter is used to track the temperature inside the pressure chamber. The last

output is the Temp error out, which is used by the temperature control electronics to

stabilize the temperature inside the pressure chamber. 

Besides the MEMS_levy, there is another board placed inside the pressure chamber.

This board is the MEMS_levy_DA_AD which holds the digital to analog (DA) and the

analog to digital (AD) converters. These converters are used to convert input signal to
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the MEMS component to analog and the returning feedback signal to digital for the

control electronics. This board is also placed in the pressure chamber since the DA and

AD converters are sensitive to the temperature changes and these changes might affect

the output voltage. This is not the optimal situation since the DA and AD converters will

increase the temperature inside the chamber. 

Figure 7. The general description of the system used in the measurements.

The power and the control signal are fed to the MEMS_levy_DA_AD in the pressure

chamber with two hermetic Fisher feedthroughs. In addition, the feedback signal goes

out of the pressure chamber through one of the Fisher connectors. SMA connectors are

used to get the V out, Temp out, Temp error out signals out of the pressure chamber.

The digital isolators are located on the isolator_PWR_unit board and all of the power

regulators for the different powers used in the analog and digital electronics inside the

pressure chamber. Analog power comes to this board through a Schaffner FN2030-1-06

filter. Digital power comes from the sbrio_breakout board. 
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The sbrio_breakout board hold the National Instruments (NI) boards NI sbRIO-9606

that holds the Xilinx Spartan6-XL45 field-programmable gate array (FPGA) and real-

time (RT) processor. This is run by the VxWorks real-time operating system. On the

sbrio_breakout  board,  there  is  an  ethernet  connection  to  a  computer  that  uses  NI

Labview 2013 software to program both the FPGA and the RT processor. The power is

fed  to  this   sbrio_breakout  board  through  a  Schaffner  FN2030-1-06 filter  from the

digital power.

The temperature control is done with the temp_controller board. It is powered again

from a separate power source through a Schaffner FN2030-1-06 filter. The temperature

error signal comes to the temp_controller board and is compared to a set value. The

temperature inside the pressure chamber is changed with four Peltier elements placed

around the sides of the pressure chamber. There is a possibility for a gas input in the

pressure chamber with a CF 16 connector. This can be used to remove the humidity

from the pressure chamber. The pressure is monitored by an HCX001D5V sensor and

measured with NI DACQ.

The whole system is closed in a Schroff 3U high 19” sub-rack. The sub-rack has a

customized bottom plate for attaching different parts of the system. The front panel has

multiple SMA feedthroughs and  switches for all of the three different powers. The sub-

rack can be closed to minimize the temperature effects in the system. However, this is

not possible if the gas input is in use. The sub-rack is kept on a stone table in order to

prevent the vibration effects. The entire system used in the measurements is shown in

Figure 8.
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Figure 8. The system used in the measurements.

3.2.2 VTI MEMS component

The MEMS component used in the measurement is manufactured by VTI technologies

(current  name of  the company is  Murata  Electronics).  This  component  is  shown in

Figure  9.  The structure  of  the  component  is  similar  to  the  component  described in

Chapter 2.2 except that there is an extra electrode on the other side of the moving plate.

The extra electrode is not used in the measurement, but it needs to be taken account in

order to minimize the possible disturbance it can cause. The structure of the component

used in the measurement is shown in Figure 10 below.

Both sides of the non-moving electrodes have been metallized. The purpose of these

layers is to avoid built-in potential.  This is an effective way to minimize the problem.

The  moving  electrode  does  not  have  such  a  layer.  The  reason  for  this  is  that  the

metallization will  reduce the mechanical  stability of the spring.  Metallization of the

moving plate  causes  the bimetallic  effect  on the  spring which  induces  stress  in  the

structure  and  increases  the  temperature  coefficient.  Both  of  these  are  unwelcome

features for the voltage reference.

Figure 9. The component used in the measurements. 

The extra electrode is not in use in the measurement and it is grounded in order to

minimize its effect on the moving plate. In addition, the built-in potential between the

moving and the unused electrodes is compensated. This is done by setting a suitable
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voltage  to  the  moving  electrode  so  that  the  potential  between  these  two electrodes

becomes 0 V. In this way the built-in voltage on the non-used side of the component will

be removed. By taking these measures the extra electrode does not effect to the moving

plate and therefore does not interfere with the measurement. 

The built-in voltage on that side of the component which is used is compensated as

well. This is done by inducing a voltage on the non-moving electrode on this side of the

component so that the potential between the plates becomes 0 V as well. By doing the

compensation on both sides of the component the built-in voltage in the moving plate

can be eliminated. 

It is important to place the component in a way that the gravitation has a minimal effect

on the moving plate. This means that this particular component should be positioned in

a vertical position. It is easy to do, but the connectors of the component are not suitable

for this because they are not robust enough to hold the component still and minimize the

vibration effects. To to this properly the component needs to be mounted to an adapter.

 

Figure 10. The structure of the VTI MEMS component used in the measurements. The

Figure is re-drawn from the references [3][4][7].

3.2.3 Measurement equipment

The  main  board  of  the  system  is  the  circuit  holding  the  MEMS  component,

MEMS_levy. It holds all the analog electronics in the system and is placed inside a
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pressure  chamber.  In  addition  to  this  there  is  another  board,  MEMS_levy_DA_AD

placed in the pressure chamber. It holds 16bit AD- and DA-converters for the digital to

analog and the analog to digital conversions. There are six SMA feedthroughs on the lid

of the chambers for the analog signals from the MEMS-board and two 24-pin Fischer

connectors  for  the  digital  signals  and  power  fed  in.  All  of  the  SMA and  Fisher

feedthroughs are electrically insulated from the lid of the chamber in order to prevent

unwanted return currents. 

The MEMS_levy board is built following the measurement setup described in [3]. The

circuit used for these measurements is shown in Figure 11 below. The instrumentation

amplifier IA1 has a voltage input Vac IN and it converts the voltage to current over the

resistor R1 thus leading to the current drive of the MEMS component. This current is

then converted back to voltage Vout with the operation amplifier OA2 which uses the

MEMS-capacitor as a feedback impedance. The voltage Vout obtained this way is the

measured reference voltage i.e. the voltage over the MEMS capacitor. There are  two

additional  operation  amplifiers OA3 and OA4.  OA3 is  for  monitoring  the  DC bias

voltage i.e.  the voltage used to compensate the built-in voltage and OA4 is used to

monitor  the actual  output.  The offset  point  over  the  sample can be selected  with  a

jumper to the ground or to be set with a trimmer, resistor R4. By selecting the trimmer,

the built-in potential of the unused side of the component shown in Figure 10 can be

compensated.

Figure 11. Description of the electronics on the MEMS_levy drive (modified from [28]).
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The  system  is  run  by  National  Instruments  (NI)  boards  NI-9606  that  have  Xilinx

Spartan6-XL45 FPGA and a  real-time processor  running VXWorks. These  are  both

programmed with NI Labview 2013 software.  

In order the MEMS element to be used as an AC voltage reference there is a need for

100  kHz  sinusoidal  data  pattern.  This  is  created  by  using  the  Xilinx  CORDIC

LogiCORE algorithm that comes with the LabView 2013 FPGA. The Xilinx CORDIC

LogiCORE is a module for generation of the generalized COordinate Rotational DIgital

Computer  (CORDIC)  algorithm  that  solves  trigonometric  Equations.  It  is  a  well

documented  and  easily  tuned  implementation  that  can  be  used  for  the  creation  of

sinusoidal data.

The output voltage from the MEMS element could be measured with Agilent 3458 A

like  in  earlier  studies  [3][4].  The  Agilent  3458  A  was  initially  used  in  these

measurements, but its resolution in AC voltage measurement is not good enough for the

ppm level measurement [29]. Therefore, the  Datron Wavetek 4920 alternating voltage

measurement  standard  was  used  for  measuring  the  output  voltage  in  the  later

measurements.  In  this  way,  a  much  better  resolution  on  the  measured  voltage  was

achieved [30].

3.2.4 Pressure chamber 

MEMS component is closed inside a pressure chamber in order to keep the pressure

constant. The pressure chamber is shown in Figure 12. The chamber is made  hermetic

so that  the humidity changes  can  be eliminated.  This  also makes it  possible  to  use

nitrogen atmosphere for the component to eliminate humidity from the chamber. This is

an important feature since it has been noticed in earlier studies that humidity variations

have a huge effect on unprotected MEMS capacitor [3]. 

The chamber is tightly shielded so that no pressure can leak in or out. It is made out of

aluminum. Outside of the chamber, there are two CF16 attachments that are used for

measuring pressure, for pressure control and for nitrogen insertion and output. All of the

electrical feedthroughs for the signals used on the lid of the chamber are hermetic to

prevent any leakage.

The nitrogen is inserted through a single CF16 attachment and fed with a plastic tube to

the back end of the pressure chamber. The nitrogen will exit from the same attachment

that it is fed from just next to the plastic tube. The reason is that there is the possibility

to flush the whole chamber so that only nitrogen gas is left. This way it can be ensured
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that the humidity has a minimal effect on the MEMS component and the electronics

placed in the chamber. The pressure in the chamber is set a little higher than ambient

pressure to avoid any humidity leaking inside the chamber. The pressure is monitored

during the whole measurement.  

The  initial pressure can be set in the chamber by controlling the input (and output) of

nitrogen, but it will only set to the final state when the temperature is stabilized. The

pressure inside  the chamber is  monitored  with SensorTechnics  HCX series  pressure

transducer. Temperature changes also affect the pressure inside the pressure chamber.

The final pressure inside the chamber is ultimately determined by temperature. This

allows using the temperature controller to control the pressure as well.

Since the pressure sensor is placed outside of the chamber and nitrogen feed requires

some external structures, there is a possibility that the changes in the ambient pressure

can  affect  the  pressure  inside  the  chamber.  This  can  also  cause  problems  with  the

temperature  control,  since  it  can  cause  larger  dependence  on  the  room temperature

through the unprotected surfaces. This will also affect the pressure inside the chamber. 
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Figure 12. The pressure control and nitrogen flush system. The nitrogen is inserted

through the bottom valve and then it flows through a pipe to the other end of the

pressure chamber and spreads around it thus flushing the chamber from humidity. The

nitrogen output is controlled with the second valve. 

3.2.5 Temperature control

The temperature (and pressure) in the chamber is varied by using four Peltier elements

placed on the sides of the chamber. The aluminum pressure chamber is covered with

perplex  plates,  which  act  as  a  thermal  insulator.  This  does  not  make  the  thermal

insulation  perfect,  but  it  significantly  stabilizes  the  temperature  variation  in  the

chamber. 

Temperature is monitored with a LM35AH sensor that is placed in the chamber on the

MEMS-circuit close to the MEMS element. The sensor outputs 10 mV/K starting from

0 ºC. The temperature monitoring circuit is shown in Figure 13. The sensor takes 10 V

voltage reference from the MAX6176 and the output is obtained via voltage follower

IC22. The error signal is calculated between the output and setpoint voltage set with a

trimmer (R8) and is amplified with instrumentation amplifier AD620 that has a gain of

10. 
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The temperature control board is used to drive the  19 W Peltier elements. The large

currents used are generated by using operation amplifiers which requires an effective

heat sink placed on the back panel of the device.

The RC time constant  of the temperature control  system can be set  with selectable

resistors and selectable parallel capacitors on the control board. This should be higher

than the time constant of the pressure chamber in order for the temperature control to

work properly. The whole temperature control system is powered by a separate voltage

source from another circuit, that shares the same ground as the other power sources. The

reason for the separate power supply is that the Peltier elements require high currents

and if taken from the same source as the powers for the MEMS circuit or the digital

electronics  this  might  cause  changes  in  the  driving  current/voltage  of  the  MEMS

element leading to a change in the effective pull-in voltage. 

The  DA and AD converters  require  also  a  well-controlled  temperature  and for  this

reason, they are placed in the same pressure chamber with the MEMS component. From

the point of view of the temperature control for the MEMS-element, this is not optimal

since the DA and AD converters consume a considerable amount of power thus heating

the inside of the pressure chamber. This affects the MEMS component also because the

circuit power comes trough the DA and AD converter board. This means that the DA

and AD converters  will  heat  the MEMS board even if  they are not  in the pressure

chamber. This could be avoided by placing the DA and AD converters in a separate

temperature controlled chamber. 

Also, it needs to be noted that the pressure chamber is tightly packed, and this slows

down the stabilization of the temperature inside the pressure chamber. For example, the

plastic tube used for the nitrogen insertion can lower the uniformity of temperature

inside the chamber, thus making temperature stabilization slower. Finally, in order to the

temperature  control  to  work  properly,  the  ambient  temperature  must  be  reasonably

stable.



38

Figure 13. Electronics used for the temperature monitoring (modified from [28]).

3.2.6 Computer programs and control

When a sinusoidal pattern is created,  there are N samples of sine S 0(n ) and cosine

C0
(n) in a single cycle, where n is the index for the time that changes the sampling

rate. The sinusoidal patterns are created with a sampling rate of 20 Msps (Megasamples

per second). A 100 kHz signal has then 200 samples and the generated pattern has 16-

bit  resolution.  The  sinusoidal  pattern  sent  to  the  DA converter  is  multiplied  with

constant k in order to tune the amplitude of the excitation current. 

AD converter  reads in  signal I (n) with  20 Msps and the quadrature components

X ( j) and Y ( j) of the signal I (n) are [28]

X ( j)= ∑
n= jN

( j+1)( N−1)

S0
(n)I (n)

(29) 

and 

Y ( j)= ∑
n= jN

( j+1)( N−1)

C0(n)I (n) . (30) 

In this case N=200 , and the stream of the quadrature components will be 100 ksps

(kilosamples per second). For finding the maximum value of AC-MEMS there needs to

be a small variation in the amplitude. This is done by adding and subtracting a small

number to the generated amplitude. The frequency of this modulation is low and the
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sign changes in every L/ 2 cycle which is slower by a factor P than the quadrature

sample stream. In practice P can be around 10000. L=PN gives the modulation

frequency that is in this case 5 Hz. The  amplitude R( j ) can be calculated as 

R( j)=√ X ( j)2
+Y ( j)2 . (31) 

Now the error ϵerror caused by one slow modulation period can be calculated as 

ϵerror( j)= ∑
i= jP

j (P+1)−P /2−1

R(i) − ∑
i= j (P+1)−P /2

j( P+1)−1

R(i). (32) 

This error is used as an input for the digital PI controller that will keep the voltage of

the AC-MEMS at its maximum by controlling the variable k which determines the

amplitude of the current drive.

In the device, this algorithm is implemented by using LabView 2013 FPGA [28]. The

real-time processor sbRIO 9606 card is used as a PI-controller for tuning the amplitude.

In this setup, the sinusoidal pattern is created by Xilinx CORDIC Core IP that comes

with the LabView 2013 FPGA. It is a well-documented implementation of CORDIC

algorithm that is easy to use and tune [31].
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4 Results

This chapter summarizes the results of the measurements done by the system described

in the previous chapter. This includes problems witnessed with the system and solutions

tried and used to fix these issues. First, the pressure and temperature dependences are

considered including discussion about the effect of humidity and the problems seen in

the  measured  data.   This  is  followed  by  a  section  about  problems  found  in  the

electronics used to measure the voltage over the MEMS-capacitor plates. The changes

done  to  the  electronics  and  the  effect  of  the  changes  in  the  measured  voltage  are

presented.  Finally, there is a section that presents  the stability that was reached after all

changes in the system were done. All data from the measurements in this chapter is

averaged over one minute time period to remove some of the white noise in the data

thus making it clearer for the analyzing purposes. 

4.1 Temperature and pressure dependence

As expected the temperature and pressure dependencies are close to the earlier results

with  a  similar  component  [4].  This  was  verified  by  deliberately  changing  the

temperature inside the pressure chamber and comparing the measured voltage change to

the earlier results. Both temperature and pressure affect the measured voltage in such a

way that the correction factor is negative. Measured data is shown in Figure 14. The

uncompensated data are shown in Figure 14 a) and the same data after temperature and

pressure compensation are shown in Figure 14 b). The same uncompensated data are

shown in Figure 6 a) along with the measured temperature and pressure in Figure 6 b).

The correction is done by using the correction factors obtained in an earlier study done

with  a  similar  component  [4].  The  correction  done  to  the  measured  data  seems  to

compensate the fluctuations in the measured voltage and, therefore, it is likely that the

fluctuations are  caused by the temperature and pressure changes inside the pressure

chamber.
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a)

b) 

Figure 14. The measured voltage data (a) and the same data after temperature and

pressure correction (b). In both figures a), and b) the measured voltage is averaged

over 1 minute time period.

Both the original data and the compensated data show two unwanted properties for a

voltage  reference.  First,  the  measured  voltage  seems  to  drift  even  in  a  short-term

measurement. This drift was also seen after the temperature and the pressure inside the
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pressure chamber were stabilized.  Second, there is a jump in the measurement data

after 18 hours interval. Both of these things are undesired properties for the voltage

reference and the ppm level accuracy is not reached.

Since the temperature and the pressure were constant inside the pressure chamber, the

next  possible  cause  for  the  drift  is  humidity.  Even though  the  component  itself  is

hermetically encapsulated and should have no humidity inside it, the humidity inside the

pressure  chamber   could  affect  the  capacitance  between  the  connectors  of  the

component thus leading to a drift in the measured voltage. Therefore, nitrogen was used

to replace the room air inside the pressure chamber. This, however, had only little effect

on the drift seen in the measured data. 

The second problem, the sudden jump in the voltage, could be caused by an external

impact to the system. The measured voltage is sensitive to the orientation of the MEMS

component.  An  external  impact  could  change  the  orientation  of  the  component,

therefore leading to a change in the voltage. However, this is not likely since the change

in the voltage happened after normal working hours in the lab. Nevertheless, in order to

prevent changes in the orientation of the component an adapter was made to secure the

component on the MEMS_levy circuit.

These two problems led to the testing of the component with the older system used in

the earlier measurement with similar components [3][4]. These tests did not show the

same level  of  drift  in  the  measured  voltage  and no sudden changes  in  the  voltage.

Therefore, this led to the conclusion that the digital system used to measure the MEMS

component was the reason for the drift in the voltage. Possible reasons could be in the

design of the electronics or possible temperature or pressure dependence in the system

outside of the pressure chamber.

A longer measurement with the system shows that the direction of the voltage drift

changes over time. This is demonstrated in Figure 15 below. The data is averaged over

one minute time period. Pressure and temperature compensation has been done to the

measured data.  From the data, it is clear that the direction of the drift changes over time

which suggests that there could be some temperature or pressure dependence in the

system that is not inside the pressure chamber.  However, the data does not seem to

correlate with the changes in the laboratory pressure or temperature. 
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Figure 15. A long measurement with the Agilent 3458 A multimeter shows that the

direction of the voltage drift changes during the measurement.

4.2 The grounding of the electronics

Since the component used in the measurements is an accelerometer that has an electrode

on both sides of the moving electrode there is a change that the side that was not in use

but just grounded could have a built-in potential that can affect the measured voltage

and causes the drift. If the side used in the measurement is not compensated, there can

be a drift in the measured voltage. The next change in the system was the compensation

of the built in voltage on both sides of the component. However, this compensation did

not have the wanted effect on the measured voltage.

The system built for the MEMS-based voltage reference had some grounding issues.

There are a few points where the ground of the circuit boards has multiple connections.

This leads to ground loops in the system. The problem with the ground loops is that the

return current in the system can travel unpredictably through multiple connections in the

system.  The  unpredictable  return  currents  can  cause  problems  in  high  accuracy

measurements such as voltage reference. 
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Figure 16. The ground loops in the system. All the ground connections to the pressure

chamber are shown as blue lines in the figure. The ground loops inside the chamber are

shown using red lines. Orange lines are the ground connections to the sub-rack. The

problematic connections to the NI-DACQ are shown in green.

Figure 18 shows these problems in the grounding of the system. Blue lines in the figure

show all the ground connections to the pressure chamber. All of the SMA connectors on

the lid of the pressure chamber were in contact with it. This caused multiple ground

loops between the lid and the most delicate part of the system, MEMS_levy, where the

MEMS  component  is  located.  In  order  to  remove  these  ground  loops,  the  SMA

connectors were insulated from the lid. This was done in such a way that the tightness

of  the  pressure  chamber  was  not  compromised.  Unfortunately,  this  led  to  parasitic

capacitances  between  the  pressure  chamber  and  the  SMA connectors.  In  order  to

minimize the effect  of the parasitic capacitance,  the pressure chamber needed to be

grounded. In addition, this protects the electronics inside of the pressure chamber from

external disturbance caused by the rest of the electronics.
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Blue  lines  also  show  the  possible  connections  for  the  grounding  of  the  pressure

chamber. These are between the MEMS_levy and the pressure chamber,  between the

MEMS_levy_DA_AD and the pressure chamber, and between the pressure chamber and

the sub-rack. If left like this, these might cause ground loops, therefore, some of them

needed to be removed. The connections between the pressure chamber and MEMS_levy

and  MEMS_levy_DA_AD were  through  the  attachments  of  the  circuit  boards.  The

original reason for these connections was to get the temperature distribution inside the

chamber and in the circuit boards to be uniform. Due to the problems caused by the

ground loops, these connections had to be removed thus leading to longer temperature

settling time. 

The  connection  between  the   pressure  chamber  and  the  sub-rack  was  left  for  the

grounding of the pressure chamber. It was chosen mainly because the pressure chamber

needs to be mounted to the sub-rack in a stable way to minimize the vibrations and

movements. This would not have been easy to establish with insulation. The grounding

is not ideal on the output voltage point of view. For example using the ground from the

SMA cable of the output voltage would better protect from the parasitic capacitance. 

Red lines in Figure 16  show all of the ground loops inside of the chamber. The ground

to  the  MEMS_levy was  initially  thought  to  be  connected  along  with  the  operating

voltage.  This connection was removed since the ground was also connected via  the

outer  conductor  of  the  SMA cable  connecting  the  MEMS_levy_DA_AD  and  the

MEMS_levy. This SMA is used for the current bias for the MEMS component and in

order to minimize the disruption to the input signal of the MEMS component it was

important to keep the grounding on the outer conductor. Red lines also show the ground

input for the MEMS_levy_DA_AD that has two conductors causing another loop. Here,

simply one of the cables was removed to eliminate the loop.

Orange lines in Figure 16 show the ground connections between the sub-rack and the

rest of the system. The purpose of the grounding of the sub-rack was to remove some of

the disturbance caused by other devices. There were three grounding connections to the

sub-rack: the common ground of the power sources i.e. the laboratory ground, from

isolator_PWR_unit circuit board and from the temp_control circuit board. The part of

the temp_control circuit that is connected to the sub-rack is used to control the Peltier

elements.  These elements use a significant amount of power compared to the rest of the

system and, therefore, it should be insulated from the rest of the system. When using a

single power source to power the entire system, the power need of the Peltier elements

could be seen as a lack of power in the rest of the electronics.  If the temperature control

is not insulated it could also lead to unwanted currents in the pressure chamber because
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it  is  grounded  through  the  sub-rack.  This  could  lead  to  changes  in  the  parasitic

capacitance between the pressure chamber and output voltage SMA connector.  For this

reason, the temp_control board is insulated from the sub-rack. In addition to this, the

grounding from the common laboratory ground is removed leaving only the grounding

from the isolator_PWR_unit circuit.

The last thing to consider were the NI-DACQ connectors shown using green lines in

Figure 16. Even though the inputs for the NI-DACQ should be insulated, the pressure

and temperature measurements suggest  that  the insulation is  not good enough for  a

measurement at this accuracy. In the system, the temperature and the pressure sensors

are powered from independent sources. Nevertheless, if there is an error peak in either

signal from the sensors it can also be seen in the other as shown in Figure 17 a). In

addition, even if either one measurement cable is removed the empty input will follow

the one still  in use as shown in Figure 17 b).   For these reasons,  it  seems that the

insulation of the inputs is not  sufficient. Moreover, the NI_DACQ seems to be sensitive

to outside interference.  These raise an issue since the temperature sensor is  directly

connected  to  the  MEMS  component  through  their  common  ground.  Therefore,  the

temperature measurement was changed to be done with Agilent 3458A.
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a)

b)

Figure 17. a) The error peaks can be seen in both pressure and temperature even

though they are independently powered. b) The pressure input is not used to measure

anything  and it still follows the temperature measurement. All of the measured data is

averaged over a 1 minute time period.

The wiring of the system after all changes described above is shown in Figure 18 below.

All of the ground loops are removed and the different sections gain their power from

different  power  sources.  This  is  important  especially  since  the  temperature  control

system uses noticeable power compared to the other parts of the electronics and it could

affect the powering of the critical parts if not insulated. All of the grounds from the

power sources are connected to each other in order to ensure that all of the components

in the electronics have a common ground.
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Figure 18. The grounding of the different parts of the system after the ground loops

were removed. The grounds of the different sections do not cross elsewhere but at the

common ground that is set to be the laboratory ground.

In addition to grounding, there is one more thing to consider. Until this point Agilent

3458 A was used in the measurements, like in the previous studies [3][4]. However, the

quality  of  the  Agilent  3458  A is  not  good  enough  in  the  ppm  level  AC  voltage

measurement. According to the data sheet of Agilent 3458 A [29], its level of accuracy

is not good enough to verify the accuracy of the MEMS-based voltage reference at the

ppm  level.  Therefore,  the  measurement  required  a  better  quality  measurement

equipment and the  Agilent 3458 A was changed to a  Datron Wavetek 4920 alternating

voltage  measurement  standard.  However,  this  did  not  remove all  the  drift  from the

measured voltage.

The difference between the Agilent 3458 A and the Datron Wavetek can be seen in

Figure 19 below. In Figure 19 the voltage over the MEMS component was measured

simultaneously with both available devices. Figure 19 a) shows the measurement with
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the Agilent 3458 A and in Figure 19 b) shows the same measurement with the Datron

Wavetek  4920.  Both  of  the  graphs  are  averaged over  1  minute  time period.  In  the

Agilent 3458 A graph, the measured voltage shows more noise and the drift in voltage

changes more rapidly in comparison to the measurement done by the Datron Wavetek.

Therefore, the Datron Wavetek 4920 is more suitable for the ppm level measurement.

a)

b)

Figure 19. The measured voltage with  the Agilent 3458 A  (a) and the simultaneous

measurement is done with the Datron Wavetek 4920 (b).
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4.3 Stability of the AC voltage reference

By looking the measurement data of the Datron Wavetek 4920 shown in Figure 19, it

seems that there is some drift left in the voltage. However, this measurement is not long

enough to verify possible drift and a longer measurement is required. The data shows

also some fluctuation in the measured voltage. This can be explained by the temperature

and pressure changes inside the pressure chamber.

Figure 20 is a long-term measurement done with the final measurement set up. Figure

20 shows the voltage measured with the Datron Wavetek 4920 in ppm (blue curve) and

the  measured  ambient  pressure  (red  curve).  The  voltage  data  shows  a  pressure

dependence.  During  the  measurement  the  temperature  and  the  pressure  inside  the

pressure chamber had only small variations that mainly show right at the beginning of

the measurement.  Therefore,  there is  no noticeable effect  on the MEMS component

from the temperature and pressure. 

There is a jump in the measured voltage data after around 110 hours. During this time,

there were some changes in the room where the measurement was performed. The jump

is most likely caused by assembling the external temperature sensors around the device.

Moving the external temperature sensors can cause either a mechanical shock to the

device or the table or changes in the grounding if the temperature sensor came in touch

with the device casing. 

The data indicates a clear dependence on ambient pressure in the system. However,

temperature  and  pressure  inside  the  pressure  chamber  were  stable  during  the

measurement.  In addition, here the pressure constant has a different sign than in the

case of the MEMS component based pressure dependence. Therefore, it seems likely

that the pressure dependence has to be caused by the system outside of the pressure

chamber. It needs to be noted that the measured voltage data does not correlate with the

measured  laboratory  temperature  which  has  been  stable  during  the  measurement.

Therefore, there only seems to be a pressure dependence in the system outside of the

pressure chamber.

There are multiple parts in the system that could cause the pressure dependence seen in

the measured voltage. Since the changes in the laboratory temperature were less than

±1 ºC the Datron Wavetek 4920 would have stayed inside the given limitation [30] in

order  to  guarantee  the  best  possible  measurement  accuracy of  25  ppm in 90 day

measurement. Therefore, it is unlikely that the Datron Wavetek 4920 could have caused

the changes in the measured voltage.
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The pressure dependence can be caused by some electronics outside of the pressure

chamber.  There  are  three  circuit  boards  outside  of  the  pressure  chamber:

isolator_PWR_unit,  sbrio_breakout,  and temp_controller.  From these  three,  the  least

likely  to  cause  a  pressure  dependence  seen  in  the  measured  voltage  is  the  temp-

controller since this part of the system has been insulated from the rest of the system

and it is probable that any problems in the temperature control system would be seen in

the measured temperature data from inside of the pressure chamber. The data sheet  of

the NI sbRIO-9606 [32] does not suggest that this part of the system could cause a

problem with the changes in the ambient pressure. Therefore, the part of the electronics

most likely to have a pressure dependence is on the isolator_PWR_unit board. Changes

in the power sources of the MEMS_levy board can cause significant changes in the

measured reference voltage. This was an issue when the temperature control system was

not properly insulated from the rest of the system. If there is a part of the powering

circuit that has a pressure dependence, it changes the power seen on the MEMS-levy

board and therefore, leads to changes in the measured voltage.

There is also a possibility that the ground level seen on the  MEMS_levy board can

change. The change in the ground would be seen in the measured voltage since the

voltage  is  measured  against  this  ground.  The  grounding  of  the  MEMS_levy board

comes from the isolator_PWR_unit board. It also needs to be noted that it is possible

that the insulated output SMA-connector that carries the reference voltage can cause the

pressure dependence.  The ground of the measured voltage comes out of the pressure

chamber  on  the  frame of  the  SMA-connector  and it  is  insulated  from the  pressure

chamber  which  is  grounded from a  different  source.  This  could  cause  a  capacitive

connection between the SMA -connector and the pressure chamber, therefore, affecting

the measured voltage. In general to avoid this possibility, the grounding of the pressure

chamber should be realized from the output SMA-connector.

In addition to the electronics, a possible source for the pressure dependence seen in the

measured voltage data is the source of the driving current. According to Equation (14),

the uncertainty in the measured voltage depends on the second power of the driving

current. This means that a 0.1 percent level changes in the driving current can be seen

as a ppm level change in the measured voltage. In earlier measurements done with the

similar type of component [3][4], the driving current was generated by a stable source.

However, in the setup used for these measurements, the driving current is ultimately

generated with LabView. LabView generates a sinusoidal pattern that is then transported

into  digital  form into  the  pressure  chamber  where  the  DA-converter  converts  it  to

analog  AC voltage  signal  that  is  then  transformed  to  the  current  used  to  drive  the

MEMS component. This means that if there is a pressure dependence in the current
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generating system it has to affect the digital signal and, therefore, it is unlikely that it

could cause the pressure dependence seen in the measured voltage.

Figure 20. A long-term measurement is done with the  Datron Wavetek 4920. Blue curve

shows the measured voltage in ppm and red curve shows the ambient pressure inside

the laboratory.
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5 Conclusions

In this thesis, the MEMS-based AC voltage reference has been studied and improved.

The original  design,  construction,  and programming of the prototype were made by

Aivon  Oy [28].  The  last  measurement  still  shows the  dependence  of  the  measured

voltage on the ambient pressure, even though the MEMS device is at constant pressure

and  temperature  in  the  hermetic  chamber.  However,  this  problem is  caused  by the

electronics outside of the pressure chamber and whereas the MEMS component and the

electronics inside the pressure chamber work as they should. In addition to the pressure

dependence, there might be some slow drift in the voltage but this cannot be verified

until the pressure dependence is fully removed.  This drift can be caused by the same

issues  that  cause  the  pressure  dependence.  Otherwise,  the  measurement  looks

promising.  Therefore,  the  MEMS-based  voltage  reference  based  on  the  digital

implementation seems possible  and most  of the initial  issues  with the measurement

setup seem to be solved.

The main error sources in the design were in grounding of the electronics. Ultimately

this seems to be behind all problems. The voltage over the MEMS component is clearly

sensitive to the changes in  the ground potential  as  well  as unstable  return currents.

Therefore, a sufficient insulation between the different parts of the system is essential

for the ppm level  measurement and lack of insulation can be seen as a drift  in the

measured voltage.   The effect  of the humidity inside the pressure chamber was not

studied intensively in these measurements, but the earlier study [4] suggest that for ppm

level measurements it needs to be removed and, therefore, the nitrogen atmosphere is

required.

The AD and DA converters require a temperature stable environment in order to get the

best  performance.  However,  placing  them  in  the  same  pressure  chamber  with  the

MEMS component is not the best solution, since the converters release a significant

amount of heat thus heating the pressure chamber. For the MEMS component, it would

be better  to have the temperature more close to  the room temperature which is  not

possible  with  the  existing  measurement  setup.  Temperatures  close  to  the  room

temperature  inside the pressure chamber would make the system settle faster to the

final temperature. In addition to this, the humidity level inside the pressure chamber
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would be more stable since the change in the temperature would not release or bind

humidity. Therefore, the nitrogen wash would be more effective.

One thing to consider  in the measurement system is  to change the powering of the

pressure sensor. Now it is powered by the digital electronics from the sbrio_breakout

board  that  is  isolated  from the  rest  of  the  system.  This  is  not  necessarily  the  best

solution to power the pressure sensor and it might be beneficial to power it from other

parts of the system. 

To  avoid  possible  capacitive  connections  between  the  measured  voltage  and  the

pressure chamber, the grounding of the pressure chamber should be performed from the

output  SMA-connector,  but  this  would  require  significant  modifications  on  the

measurement setup since the pressure chamber is bolted to the sub-rack. The simplest

way of doing this would be to remove the last connections between the electronics and

the sub-rack i.e. the connection between the  isolator_PWR_unit circuit board and the

sub-rack and then removing the insulation from the SMA-connector. However, the sub-

rack grounding through the MEMS_levy board is not necessarily the best solution since

it is quite clear that the grounding of the MEMS_levy board is sensitive to disturbances.

In  these  measurements,  an  accelerometer  was  used  as  the  MEMS-capacitor.  The

component has not been designed for this purpose. Therefore, a component specially

designed for a voltage reference could offer a better stability [19]. A good example of

the issues with the design of the component is that it has two sides from which only one

is  used.  The  unused  side  can  affect  the  measurement  through  the  built-in  potential

between it and the moving electrode. This is compensated in the measurement setup, but

this is not optimal for a high accuracy measurement. In addition to this, other features in

the  component  can  be  modified  to  make it  more  suitable  for  the  voltage  reference

purposes. For example, the temperature dependency can be affected by the geometry of

the component [33] thus leading into a more stable reference voltage.

The behavior of the MEMS component is determined by its structure [19]. This means

that in addition to the geometry of the component, the size of the component affects its

behavior. When the dimensions of the MEMS-capacitor get smaller the spring constant

grows higher [18][27] thus leading to higher pull-in voltage. Therefore, by changing the

dimensions of the component one can change the reference voltage. Scaling down the

MEMS component makes the spring constant less sensitive to the  temperature variation

and residual stress [27]. This would make the pull-in voltage more stable, thus being

beneficial for the voltage reference application. However, the downside of the small

scale  is  that  the   surface  phenomena become more  dominant  compared to  the  bulk
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phenomena [18]. This is an issue in the case of the voltage reference since one of the

main problems is the surface charging.

Most  of  the  issues  with  the  MEMS-based  voltage  reference  are  ultimately material

based. For example, the temperature dependence originates from the thermal expansion

and the temperature effects on the spring constant, and the trapped built-in potential is

due to the trapped charges. Therefore, one thing to consider is to make the device more

accurate and reliable by changing the material of the MEMS component. For example,

graphene sheet could be a more stable material [34] for the component used in a high

accuracy MEMS-based voltage reference if the component manufacturing is not more

expensive than in the case of the silicon-based component.

The last thing to consider is the possibility of using the measurement setup as  a DC

voltage  reference.  This  can  be  done  with  a  square  wave  excitation  of  the  MEMS-

capacitor  [4][15].  Changing  to  DC  voltage  would  require  some  changes  in  the

measurement setup. The main change is that the current control cannot be used when

using  DC voltage  [3]  and,  therefore,  a  stabilizing  voltage  control  system based  on

positive  feedback  is  required  [21].  The  electronics  built  for  these  measurements  is

suitable for the DC voltage measurement. However, the LabView code cannot be used

as it is and, therefore, it requires some major changes.
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