UC Santa Cruz
UC Santa Cruz Electronic Theses and Dissertations

Title
HIGH STABILITY CURRENT SUPPLY FOR ELECTRON MICROSCOPY

Permalink
https://escholarship.org/uc/item/7f64w74q

Author
Motamedi, Maryam Melani

Publication Date
2012

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/7f64w74q
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA
SANTA CRUZ

HIGH STABILITY CURRENT SUPPLY
FOR ELECTRON MICROSCOPY

A dissertation submitted in partial satisfaction
of the requirements for the degree of

DOCTOR OF PHILOSOPHY
n
ELECTRICAL ENGINEERING
by
Maryam M. Motamedi

December 2012

The Dissertation of Maryam M.

Motamedi is approved:

Professor Michael Isaacson, Chair

Professor Joel Kubby

Professor Holger Schmidt

Tyrus Miller

Vice Provost and Dean of Graduate Studies



Copyright © by
Maryam M. Motamedi
2012



Table of Contents

LISt OF FIGUIES ..vveeiiiieciieecee ettt ettt et eeneae e s e e ensaeeennes vi
LSt OF TADIES ..ottt e X1
LSt Of ACTONYMS....oiiiiiieiiiieciiee ettt e et e e e et e e et e e et e e s saeeesnsaeenseeennnas xii
ABSTRACT ...ttt ettt ettt et e bt et e eneeseeeseeneens xiii
DEDICATION ...ttt ettt ettt ettt ettt et e eneeseeeseeneens X1v
ACKNOWLEDGMENTS. ...ttt XV
(O] 11 <) S SRS 1
INEEOAUCTION ...ttt et st 1
(O] 11 <) SRS 5
FaN 23 5 (5 B = T 103 o RS 5
The EIectron MICTOSCOPE ...ccvvieeiiieiiieeeiieeeieeesieeesteeeeteeeeaeeeseeesnseeessseeensseeennnas 5
MAZNETIC IENSES ..vvvieeiiiieeiieeeiie ettt et e e et e et e e et eeseeeessbee e sbaeennaeeenneeenns 6

(O] 1 ;11 1<) S USSR 11
ADCTTALIONS ...ttt ettt ettt e sttt e s bt e e bt e s bt e e bt e sabeebeenaeean 11
What are the optical aberrations? ...........cccvveeiiieeiiieeiiece e 11
Chromatic aberration .........c.ueiiuieiiiiiiieiie e 11
Spherical abeITation..........cccuviiiiiieiiie et ee e e e eeeaeeenenes 13
DIFTACHION .. 15
Relationship between resolution and O..........cceeeevieeiiieniieecieecee e 16

(O] 1 ;1) <) S USSR 18
Calculating the resolution Hmit..........cccooeiuiieiiiiiiiiieeeeeeeee e 18
CalCUIALIONS ...ttt et 18
Calculating AI/I with respect to rAI/L, fand @ ....coceeeveevveecieeiieciecieeeeeee 21



COMCIUSION .ttt e e e e e e e e et eeeeeeeeeeeaaeaaeeeeeenenannns 24

(O] 1 ;1) <) e USSR 25
Previous DESIZNS .......ciiuiiiiiiieciie ettt ettt s e e e e e e enreeenaeeenes 25
Method 1 by Rust, H. P. (11): ceeiiiiiiee e 25
Goals reached in Method 1:.......cooiiiiiiiiieee e 28
Method 2 by Wisnivesky, D. & Lira, A. C. (12)i..cieeiiiieiieeeeeeeeeeeeeee e 33
Goals reached in Method 2:.......coooiiiiiiiiiii e 34

(O] 1 ;1) 1<) A | USSR 39
System CONSIACTATIONS .......ccveeiriereriieeriieerieeerteeesreeetreesteeesteeessaaeessseeessseeensneeas 39
CUITENE SUPPLY ettt e e tae e s e e e eteeessbee e ssaeenseeenns 40
Linear REGUIALOTS ....ccuviiiiiiieiiie ettt et e e e e e enseeenes 42
Advantages of Low Dropout Voltage Regulator...........ccccoeevveeviieincieenieeee. 43
Disadvantages of a Low Dropout Voltage Regulator...........cccceevvveeviieiniieennnn. 44
Switching RegUIators........cccuvviiiiiiiiiiciie et e 44
Hysteretic RegUIAtOT..........ooiviiiiiie et 45
Linear REGUIALOT ......ccuiiiiiieeiee ettt aee e tee e beeeeneeenes 50
Current REGUIALOT .......veieiiieeiie ettt e eeeereeenes 57
Reference VOItage .........oovvivieiiiiie et 64

A Stable Voltage Reference .........cccoovueeeiiiiiiiieiiie e 64
CONCIUSION ...ttt ettt et e e s ee 70

(O] 1 ;1) <) S USSR 72
General Design Strate@y.......cccviiveiieiiiieiiie ettt e seree e seaee e 72
Hysteretic RegUIAtOT: ..........cooviiiiiie e 73
HySteretic COMPATALOT........veeeiieeiiieeeiie et e ereeete e e e e et e e e e e e eaeeesereeesaeeeseeeas 81



High-side Current Sense AMPIfIer.........coooviiiiiiiiiiiiiiiieeee e 85

Current Limit Comparator with HySteresis ........cceevvvieeiieeiiieeeieeciie e 91
Low-Side Zero Crossing AMPlfier........cceevvviieiiiieiiieeiieeceeeee e 92
NMOS and PMOS Power SWItChes .........coouiiiiiiiiiiiiiiiiieieeeceeeeeee 97
NMOS and PMOS DITVETS .....ciiiiiiiiiieeiieteeee ettt 97

The Bandgap ComPIeX ......ccociiieiiiiiiiieeeiie ettt e eeeveeenes 99

The AMPLITIET ..eeeiiiieiieeeeeee et aee e ree e e enaee s 106
Primary Bandgap ........ccceevuiiiiiiiiie e e 109
FAIEET ettt 111
Linear ReGUIALOT ......ccviiiiiiieiiiece et 111
Current REGUIALOT .......veieiiieeiiieceeee et e e 116
Voltage AdJust CITCUILTY .....eeeveeeiiieiiieeeiieeerieeete e e e eaeeeeeeeeeeeeeseaeeesaeeenenas 118

The Complete Current SUpply System ........ccceeviiieiiiiieiiieeieeeee e 122

(O] 11 ) SRS 128
SUuMMAry & CONCIUSION .....ccuviiiiiiiieiiie ettt eee e e eeeaeeeeaeeenenas 128
TECHNOLOZY ...ttt e e e e e st e e tbaeenaeeenaee s 128
System and Circuit DESIZN ......c..eeevvieiriieeiiie et 130

LB 10] FT0Teav:1 o) 1) 2SS 138



List of Figures

Figure 2.1: Image formation in a convex lens. The object is outside of the focal point.
............................................................................................................................... 7
Figure 2.2: Formation of image in an electron microscope and in a lens (11). ............ 8
Figure 3.1: Light rays passing through a convex lens. .........c.cccceevvveeriiveenciieeeieeenn. 12
Figure 3.2: Chromatic aberration............ccevueerieiiiieniiiiierieeiee e 12
Figure 3.3: 1deal 1eNS......cccouiiiiiieciieeee ettt e e 14
Figure 3.4: Real lens with spherical aberration ..........c..ccoceeiiiiiiiniiiniiceeeee 14
Figure 3.5: DIffraction .......coceoiiiiiiiiiee e 15
Figure 3.6: Relationship between the resolution and o ...........cccceeiiiiiiiiicinnnnen. 16
Figure 4.1: Relationship between ray/;, and Af ..., 20
Figure 4.2: Relationship between ra/, and Al/T......coooooiiiiii, 22
Figure 5.1: The Rust’s method to create a constant current (2).......ccceveeeveeeeveeennenn. 26
Figure 5.2: Rust’s improved version of circuitry shown in figure 5.1 (2).................. 27
Figure 5.3: A similar circuit to Rust’s design........cccceevieiiiiiiiniiiiiiicceceeeen 30
Figure 5.4: Circuit used to run sSImulations............coeoueeienieniieniiieenieeee e 31
Figure 5.5: Simulation results for circuitry shown in figure 5.4.......cccceevvvvveieennnnn. 32
Figure 5.6: The schematic of an accurate and stable constant current supply by
WSTUIVESKY ettt ettt e e e e saeeensaeeenaeeennseeennnas 33
Figure 5.7: A similar circuit to current supply designed by Wisnivesky.................... 36
Figure 5.8: Simulation result for circuitry shown in figure 5.7 .......cccvevvvieeniiennnnn. 37
Figure 5.9: Ripple current of the circuitry shown in figure 5.7 ..., 37

vi



Figure 6.1: A simple block diagram of a general current supply........cccceecvveevveennnnenn. 39

Figure 6.2: A current SOUICE ZENETAtION ........cc.eerueeriieeriienieeiee et eiee st e et 40
Figure 6.3: A simple block diagram of a low dropout voltage regulator (LDO)........ 43
Figure 6.4: A block diagram of a hysteretic regulator............cccceevvveerciieenciieenieeeen. 46
Figure 6.5: A detailed block diagram of hysteretic converter ...........cccccecveerveeennenn. 47
Figure 6.6: The hysteretic mode waveforms.............ccoooeerieiiiiniiiniinieeeeeeeeen 48
Figure 6.7: The block diagram of a linear regulator............cccccveeviveencieeeniieeiee e, 51
Figure 6.8: The bode plot of the intended linear regulator system............cccccevueenneen. 52

Figure 6.9: An intuitive diagram for understanding the PSRR of the linear regulator

Figure 6.10: The noise transfer from the gate to source of power NMOS ................. 54

Figure 6.11: An example of a circuit with good PSRR for driving NMOS power FET

............................................................................................................................. 55
Figure 6.12: The Block diagram of ripple Suppression.........ccccveeecveeerveeenveeenveesnnnenn. 56
Figure 6.13: The block diagram of a current Supply.......cccceeeeviveeriiieeniieeiiieeieeeenn 58
Figure 6.14: The Simplified block diagram of the overall system ............cccccceveenee. 59
Figure 6.15: The I4s vs. Vg5 graph of the power NMOS FETSs.....ccooovviiiiiciieiiieen. 61
Figure 6.16: Methods of creating 200mV Vg, across Power FETs M1 and M2......... 63
Figure 6.17: The basic operation of bandgap SysStem ...........cccceeveiieercieeenciieerieeennenn. 67
Figure 6.18: The waveforms of 1*' and 2™ order bandgaps.............ccoeveueveeeerreernnene. 67
Figure 6.19: The block diagram of the bandgap compleX .........cccceeveivieiciieenieennnnn. 68
Figure 7.1: The complete block diagram current SUPPLY ......cccvveerieeerciieeniieeieeeeen. 72
Figure 7.2: The simplified schematic of proposed hysteretic regulator...................... 75

Vii



Figure 7.3: Waveforms of hysteretic regulator...........cccceeevveeriiieenciieeniieeieeeee e, 78
Figure 7.4: The schematic of hysteretic regulator ..........ccceeecvveerieeeicieeiie e 79
Figure 7.5: Simplified schematic of the hysteretic block ............cooceniiiiiiininnnn. 80
Figure 7.6: HySteretic COMPATALOT ........eeeeuieeriiieeiieeeieeeeieeesieeesveeeseeeesnereeesaeesnsneens 82
Figure 7.7: A test circuit to measure the hysteresis ........ccoceeveeriiiieiniieenienieeeenen 83
Figure 7.8: The hysteretic window of the hysteretic comparator ..............cccceeveenee. 84
Figure 7.9: Simplified block diagram of a current sense amplifier ...........cc.ccceeeenneee. 86
Figure 7.10: High-side current sense amplifier..........ccceeeiveeeiiieenieeeniie e 87
Figure 7.11: Test circuit for the current sense amplifier..........ccoccceveiniiiiinicinennen. 89
Figure 7.12: The waveforms for the current sense amplifier............ccocceeveeniiininnnen. 90
Figure 7.13: Current limit comparator with hysteresis.........ccceevvvveercieeenieeerieeeeenn 91
Figure 7.14: Block diagram of zero crossing amplifier...........ccoceeveenieniiinicineennen. 93
Figure 7.15: Low-side zero crossing amplifier.........cccvveevveeeiieeenieeeniee e 94
Figure 7.16: Test set up for zero crossing amplifier...........cooceeviiiiiniiiiiinicineene. 95
Figure 7.17: Waveform of the Zero-Crossing amplifier performance........................ 96
Figure 7.18: Schematic of PMOS and NMOS drivers.........cccceveeineenieeneenieenieenen. 98
Figure 7.19: A simplified block diagram of the bandgap complex ............cc.uo........ 100
Figure 7.20: The real schematic of the bandgap complex ..........cccceevvieerieeenneennee. 101
Figure 7.21: Waveforms of the bias CIrcuitry ........ccccceeoueirieniiiiieiiiiienieeeeeee 102
Figure 7.22: Schematic of secondary bandgap and bias circuitry ..........ccceeeeuveenneee. 104
Figure 7.23: Secondary bandgap’s reference voltage vs. temperature ..................... 105
Figure 7.24: Zoomed in primary bandgap voltage vs. temperature.......................... 106
Figure 7.25: Schematic of amplifier ........coccooiiiiiiiiiiiieee 108



Figure 7.26: The output voltage of the amplifier vs. temperature ............c.ceeeuveeneee. 109
Figure 7.27: Schematic of primary bandgap.........cccceeevveeriiiienciieeniieeciie e 110
Figure 7.28: Schematic of the passive low pass filter..........ccccveeviiieniieerieeeieee, 111
Figure 7.29: Schematic of linear regulator ...........ccceeveuiieviieeniieceeccee e 112
Figure 7.30: Block diagram of hysteretic regulator, low pass filter, and linear
TEEULATOT ...ttt e ettt e e e e et e e et e e s taeesabeeesnbeeesaeeesaeeenneeenns 113
Figure 7.31: Schematic of hysteretic regulator, low pass filter and linear regulator 114
Figure 7.32: The output voltage of the low pass filter and linear regulator.............. 115
Figure 7.33: Block diagram of current regulator ............cccveeviieeiieeenieeciee e, 116
Figure 7.34: Schematic of current regulator ...........ccccoeueiiiiniieiiiniiiececeee 117
Figure 7.35: Block diagram of the current supply system..........cccceevvveerieeerveennee. 119
Figure 7.36: Schematic of voltage adjust CIrCUItIY .......ceevvveeriieeriieeiie e 121
Figure 7.37: Complete schematic of the current supply circuitry.........cccccvveeenveennnee. 123
Figure 7.38: The waveforms of the overall current supply system.............ccccuvee...... 124
Figure 7.39: Output current vs. time at three different input supplies...................... 125
Figure 7.40: Change of output current vs. temMperature ...........ceceevveeneereeenieeneenne 125
Figure 7.41: Variation of output voltages and current vs. input voltage supply....... 126
Figure 7.42: Load transient from 0.70A to 1.00A ......ccccoiiiiniiiniiiieeeeeeee 127
Figure 7.43: Load transient from 1.00A t0 1.10A .....cooiiiiiiiiiiieeeeeeee 127
Figure 8.1: The placement of analog and digital blocks..........cccccoooiiiiniiininnnnn 134
Figure 8.2: Zoomed in bandgap voltage vs. temperature............cccceeervveerveeernveennnen. 136
Figure 8.3: Output current vs. time at three different input supplies........................ 136

ix



Figure 8.4: The change of output current vs. temperature



List of Tables

Table 4.1: Relationship between A (pm), V(KeV), and rgq

Xi



AMP
BW
CMRR

OSC

p-p
ppb

ppm
PSR

PSRR
PTC
rms
SYNC
TC

List of Acronyms

Amplifier

Bandwidth

Common mode rejection ratio
Decibels

Emitter follower

Farad

Gain Bandwidth

Ground

Henry

Hertz

Kelvin

Kilo Hertz

Low Drop Out

Low-pass Filter

Mega Hertz

millisecond

nano second

Oscillator

picofarad

peak to peak

parts per billion

parts per million
Power-Supply Rejection
Power Supply Rejection Ratio
Positive temperature coefficient
root mean square
Synchronous

Temperature Coefficient

Xii



ABSTRACT

HIGH PRECISION CURRENT SUPPLY FOR ELECRON MICROSCOPY
by
Maryam M. Motamedi

With the advent of aberration corrected electron microscopy, the need for ultra
stable power supplies for controlling the currents in magnetic lenses becomes one of
the limiting factors in attaining atomic resolution. When we talk about resolution and
depth of the field it is always assumed that all the components of the microscope are
perfect and will focus the light/electron from any point on the object to a similar
unique point in the image, but this is not the case because of the lens aberrations and
diffraction. Unlike light optics, where lenses are used to refract and bend light rays
for image formation, in electron optics magnetic lenses are used to do the same thing.
Magnetic force is used to change the direction of electrons in the same way that a lens
changes the direction of light rays. Therefore one of the limiting factors of resolution
in electron microscopy is variation of the current that creates the magnetic field. With
the advancement in lowering aberrations in electron microscopic lenses the need for
higher stability in the lens current supplies becomes paramount. In order to achieve
resolution of 0.5 angstrom level or better we need current supplies that are stable up
to 1 part in 10™. In this work, the aim is to design a high stability current supply
capable of producing 1 Amp of current within 0.01 parts per million (ppm) of
stability for electron microscopy. In this thesis, an ultra stable current supply was
designed and simulated. The stability of the current is 0.0086 ppm/°C, over 15

minutes which is within the range that is required for this design.
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Chapter 1

Introduction

Electron microscopes have become instrumental in many areas of materials
and life science. In particular, with the advent of research in nanotechnology, there is
the need for a tool to characterize materials at the nm to 0.Inm scale. Generally, the
wavelength that is used to visualize an object must be smaller than size of the object
that is to be observed due to the diffraction. The resolving power of a light
microscope is limited by the smallest wavelength of light, which is about 250 nm. In
observing objects smaller than the wavelength of 250nm down to the size of an atom

or even smaller, an electron microscope must be used.

In a light microscope, a glass lens refracts light waves. In electron
microscopes magnetic lenses accomplish the same task. Electrons carry a charge, so
that when they pass through a magnetic field their trajectories are bent. The degree to
which they are bent is related to their speed and the strength of the magnetic field as
shown by equation (1.1):

F=qv xB (1.1)’
where B is strength of magnetic field, q is the electron charge and its value is

1.6x10719C, v is the charge’s velocity.

The strength of the magnetic field inside an infinitely long solenoid is shown below

(1.2):

! Reference (1)



B = u,nl (1.2)°
where p, - permeability of free space,
n = number of turns per unit length of wire, and

I = current.

In following chapters, the exact relationship between the field, focal length, and the

current 1s shown.

The aberrations in optical lenses limit the ultimate resolution that can be
achieved. A magnetic lens will also have aberrations that could, consequently, limit
its ultimate resolution. The aberrations and the ultimate resolution that can be
achieved by a magnetic lens are limited by the stability of the current that is
producing the field. For this reason, it is fundamental to design an extremely stable

current supply with stability as high as possible.

One of the most important characteristics of a current supply is the degree of
stability with which it can deliver current. The external variables, such as
temperature, line voltage, etc. could have profound impacts on the system. It is
apparent that systems that adjust themselves to changes must employ some type of a
feedback. A feedback system monitors the output and makes the necessary changes at
the input to keep the desired variable within the accepted margin. A power element is
used at the output of a regulator, either current or a voltage, when it provides large

amounts of currents.

In a practical current source, a stable reference is converted to a current by
dropping the voltage across a resistor. A reference, by definition, cannot supply
currents in large amounts and for that matter it must be connected to an amplifier. In

most systems, this configuration is enough to satisfy the system’s requirements. In

? Reference (2)



reality, the current of the system can change as a function of a transistor’s drain to
source voltage. For systems, like magnetic lenses, the stability of the focusing
properties is dependent on the stability of the current. Any minor changes in the
current changes the focal length in the magnetic lens resulting in a decrease in

resolution.

Chapter 2 gives a brief history and background of the electron microscope. In
this chapter, the dynamics of electrons and how they are used in electron microscopy
are explored and examined in detail. The wave nature of electrons and the concept of

diffraction and its relevance in optical resolution are explained.

Aberrations and diffraction in lenses are explained in Chapter 3. All lenses
have aberrations that could limit their resolution. Some of these aberrations arise due
to the defect in the structure of the lenses. Spherical and Chromatic aberration of

magnetic lenses and their level of dominance are calculated in this chapter.

In Chapter 4 the resolution limit is calculated. There is a theoretical limit of
the resolution that cannot be surpassed. In this chapter it is shown what type of
stability is required in the current that runs through the coils for the generation of the

magnetic field to achieve the resolution limit.

Chapter 5 discusses two different methods that were used previously in the
literature to generate a stable current supply needed for the electron microscope. In
this chapter, it is shown how a much more stable current supply can be materialized.
Two different circuit topologies are explored and explained in detail. The advantages
and disadvantages of each method is discussed and analyzed as to whether or not

those ideas can be incorporated in the current design.

The system consideration of the design of the current supply for this research
is explored in chapter 6. The methodology of the current supply design is discussed in

detail and all the considerations that are necessary for a successful implementation of
3



the design is discussed. A current supply can have different architectures to create the
extreme stability that is demanded of it. In this chapter, a detail discussion of the
overall design and its advantages and disadvantages are considered. The overall

blocks of the design are drawn out and discussed to show how and why they are used.

Chapter 7 is a complete and detailed design of the intended current supply.
The overall design contains numerous circuit components. The transistor level design
of each block is shown and its design methodology is discussed in detail. After the
design of all the sub blocks, the integrity of the complete system and its relation to
each sub block is shown. Also In this chapter, the waveforms of each circuitry and

then the complete system are shown and discussed in detail.

Chapter 8 discusses the results of this research, the challenges and difficulties
of this design. This chapter starts with a discussion of the problems that must be taken
into account in constructing this high precision current supply system. The right
technology, the precise circuitries, and the specific physical structures of the overall
system are of paramount importance. The summary chapter will conclude with the
potential of future research and the recommendations for improving the future

undertakings of building an ultra high precision current supply.



Chapter 2

A Brief History

The Electron Microscope

The typical Light-Microscope is limited in its resolving power by the
wavelength of light itself. When one wants to examine certain small objects at
the scale of atoms or smaller another technique must be used. This technique
is based on the theory that was set by the French Physicist Louis de Broglie
(3). He postulated that matter has its own characteristic wave, and the
relationship can be written as

PRI @.1)

mv  p
where & = Plank’s constant = 6.626 x 10 * (-34) I.s,

m = particle mass (mass of an electron =9.109 x 10 * (-31) Kg), and
v = velocity (m/s)

An electron of charge e (1.6e-19 C) and mass m (9.11e-31 kg) passing
through a potential difference V will have the kinetic energy (non-

relativistically):

“mv? = eV (2.2)

wheree=1.6 x 10"-19 C
V = Potential difference in volts

By substituting equation (2.1) to equation (2.2) we have



A= (2.3)°

2meV

Equation (2.3) illustrates that when electrons are energized to very high
kinetic energies, their corresponding wavelengths can become smaller than the
size of an atom, and it would be possible to see detailed structure of matter at

atomic dimensions.

Example:

The de Broglie wavelength of the electron accelerated through 50V is:

h 6.63 X 107345

_ _ -10,,, _
V2meV  \[2(9.11x10-31Kg)(1.6x10-19C)(50V) 1.74x107"m = 0.174nm

A=

This wavelength is of the order of atomic dimensions and the spacing between
atoms in a solid. Such low-energy electrons are normally used in electron

diffraction experiments (3).

Magnetic lenses

In geometric optics, when light rays pass through a lens, a medium of
different index of refraction than air, they will become refracted. The light
rays will bend by refraction upon entering the lens, and again upon exit from
the lens. By following the light rays, it can be seen that an image of the object
is formed either on the opposite side of the lens, a real image or on the same
side of the lens, a virtual image. Thus, it is possible to form an image of the
object by changing the direction of light rays through a lens, in a way that the

light rays will converge at the desired point to form the image of the object.

An important equation that is used for the case of thin lenses is:

? Reference: (3)



~ 1~

(2.4

~ 1~
Ql~

where o is the distance of the object to the lens, and 1 is the distance of the
image from the lens. f is called the focal length and is a property of the lens

itself.

1™

Te

B
v

O r

Figure 2.1: Image formation in a convex lens. The object is outside of the focal
point (F).

The magnification of the lens can be found by the equation

M=2 2.5’

Unlike light optics, where lenses are used to refract and bend light rays
for image formation, in electron optics magnetic lenses are used to do the
same thing. The magnetic force is used to change the direction of the electron
in the same way that a lens changes the direction of light rays. In a magnetic

field, an electron will experience the Lorentz Force defined by:

*, > Reference: (4)



F=qvxB (2.6)°
where F is Lorenz force,
v is the electron velocity,
B is the magnetic field, and

q is the electron charge.

Figure 2.2: Formation of image in an electron microscope and in a lens (11).

In magnetic lenses, a coil is used to create the magnetic field. The
magnetic field produced by an air core solenoid can be shown to be (at the

center):

B=unl .7)
where p, - permeability of free space,
n = number of turns per unit length of wire, and

I = current.

Also, the intensity of the magnetic field can be improved by encasing the coil

in a sheath of soft iron (different p). This way a much more powerful

® Reference: (1)
’ Reference: (2)



magnetic field is produced for the same amount of current flowing through the
coil. As shown in Figure 2.2, the coil can be enclosed completely except at a
narrow gap in the inside of the coil. This will create an even greater magnetic

field to achieve shorter focal length lenses (5).

In the electromagnetic lens, the focal length depends on two factors:
the kinetic energy of the electrons, which determines the velocity v, and the
amount of current through the coil, which determines the magnetic field, B.
Therefore, the operator controls the focal lengths of the lenses by adjusting the
currents supplied to them (6). For a thin magnetic lens, the focal length is

related to current through the relation (7):

KVy
f= (ND)?

(2.8)

where f = focal length,
K = a constant,
V, = relativistic accelerating voltage®,
I= current, and
N = number of turns in the excitation coil.
Equation (2.8) shows that the focal length varies inversely with I°.
Therefore, a fixed and stable focal length requires a stable current flowing
through the coil. In order to see the importance of a stable current we can

differentiate equation (2.8):

a _ i(ﬂ)_ 2KV, _ -2
dai— dar\(Ni?) T N2 T (2.9)

by rearranging equation 2.9 we get

— 1) where m, is the rest mass of the object, and c is speed of



Y =2 (2.10)

Equation (2.10) shows that stability of the focal length is directly proportional
to the stability of the current that is setting up the magnetic field in the coils.
Thus, it is paramount to design a highly stable current source for a high

quality magnetic lens.

10



Chapter 3

Aberrations

What are the optical aberrations?

When we talk about resolution and depth of field of an optical system, it is
always assumed that all the components of the microscope are perfect and will
focus the light from any point on the object to a similar unique point on the
image. But this is not the case because of the lens aberrations and diffraction

(the wave property of light) (8).
There are three major kinds of aberration:

* Chromatic aberration (Geometric Optics)
* Spherical aberration (Geometric Optics)

* Diffraction (Wave Optics)

Note: there are other optical aberrations, but they will not be considered in this

thesis.
Chromatic aberration

Ideally, when light rays passes through a (convex) lens, they all land at
one point called the focal point. a is the microscope semi-aperture angle (the

angle defined at the image) as shown in figure 3.1.

11
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Figure 3.1: Light rays passing through a convex lens.

Chromatic aberration is due to the fact that different wavelengths get
focused to different points. This is shown in figure 3.2. In the light microscope
improvements are done in two different ways. Either by combining lenses of
different shapes and refractive indices or by eliminating the variation in

wavelength from the light source by using filters.
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Figure 3.2: Chromatic aberration
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Since the electron wavelength depends upon its energy, then electrons leaving
a point with different energies will be brought to a focus at different points
and the greater the energy the smaller the effect of the magnetic field and the
longer the resulting focal length. It can be shown that (8):

AV
re= Cc(X?

(3.1)
where 7. is the spot size due to the chromatic aberration of the lens,
a is the microscope semi-aperture angle,

Cc 1s the coefficient of chromatic aberration; values of Cc are, typically, of the
order of the focal length (8), and the A7V term is the fractional spread in

electron energy. It arises from a variety of sources. High voltage instability is

one of them.
Spherical aberration

Spherical aberration results from the fact that the focal lengths of rays
far from the optic axis may be different from the focal length of rays of the
same wavelength passing near the center. This is shown in the figures 3.3 and

34:
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Figure 3.4: Real lens with spherical aberration
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The spot size due to the spherical aberration is related to a through (8):
rg= C5a3 (32)
where Cs is defined as of the coefficient of spherical aberration.

For electron microscopes utilizing cylindrical magnetic lenses, the spherical
aberration coefficient is approximately the same order as the focal length of

the lens (8).

Diffraction

Diffraction is the spreading of a wave as it goes through a narrow gap
or passes round a small obstacle. The effect of diffraction increases when the
width of the gap is decreased. In a microscope, light of a certain wavelength is
used which, by a series of lenses, provides a magnified picture of an object.
There exists a fundamental limit of the resolving power of a microscope,
however, due to diffraction effects (shown in figure 3.5). Significant
diffraction occurs when radiation of a certain wavelength is shone through an

opening whose width is comparable to the wavelength of the light (8).

Figure 3.5: Diffraction

15



rg= (3.3)

Where A is the wavelength of the electron and a is the semi-angle (assuming
sin o = a since o is very small for electron). In the figure above, the spreading

angle is related to the opening size.
Relationship between resolution and a

Figure 3.6 shows the relationship between resolution and o
considering diffraction, spherical aberration, and chromatic aberration. Note
that resolution for diffraction gets better as the aperture half angle increases,
but for spherical and chromatic aberration, it gets worse as that angle
increases. This is based upon assuming all the effects are independent of one

another.

b rsxad
-
e Xa

\‘r “l
d a

Figure 3.6: Relationship between the resolution and a
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Imaging at high resolution with decreasing imaging aperture semi-
angle o, the geometric optical aberrations become smaller while the
diffraction increases (8). An optimum of the angle a can be found for which
the total aberration becomes smallest. The aberrations discussed above all
have different dependences on alpha. For high resolution work the
compromise is between spherical aberration and diffraction (if one neglects
chromatic aberration). According to Scherzer (using wave optics), the best
resolving power, which can be expected, in this case is (9 and 10):

1
3/4

rsq = A(Csh”) (3.4)

where Cs is the spherical aberration, A is the wavelength of the electron, and
A 1is a constant. It is readily seen that for Cs of the order of 1mm, which is
close to the practical lower limit for electromagnetic lenses, and for A in the
range of 1.64 to 3.7pm, corresponding to accelerating voltages of 400 down to

100 KeV, the equation (3.4) gives the resolution limits (9).
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Chapter 4

Calculating the resolution limit

Calculations
The resolution limit can be expressed by the following equation:
r = f [Diff, Cs, Cc, AV/V, AI/T] 4.1

This means that the resolution limit is a function of diffraction, spherical

aberration (Cs), chromatic aberration (C,), potential variations in the electron
AV .. e . .

energy —- (this includes variation in the accelerating potential as well as the

energy spread of the electron source), and current variations in the magnetic

Al ) .. AV
lens used to focus the electrons — Potential variations - and current

.. Al ) e ) C
variations — are due to instrumental limitations. Potential variation is due to

two factors; source energy variation and high-tension variation therefore:

S “2)

V" Source

Assuming the above factors are independent of one another then this equation

can be rewritten in its exact form:
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\/Dlﬁ’ractlon I‘é I"i (43)9’ 10

T

where Véiffmcﬁon, rZCS and 7% . are fundamental and rﬁTI depends upon the

stability of the magnetic focusing lenses. Note that r¢. the radial smear due to

chromatic aberration depends upon the instrumental factors as well as the

natural energy spread of the electrons leaving the source, which is a

fundamental effect. Note: Cc only depends upon the geometry of the lens.

Af Al

/ ._

F Y
v

F Y
v

. . . A
*1e ¢ In equation 4.3 includes all 7‘/

1971 is the radius of the disk of confusion that is created due to current variation as
1

shown in the figure 4.1.
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Figure 4.1: Relationship between rar and Af
1

If, 1) the diffraction and spherical aberrations are combined to form r2; in
equation 4.3, and

if 2) the effect of chromatic aberration is neglected, equation 4.3 can be
written in a simpler form:

r= 4.4)

A
rerg f14:F (4.5)

If one neglects Cc and instrumental limitations then one can calculate wave

or

optically the resolution limit considering only spherical aberration and
1
diffraction that has been calculated by Scherzer (10) using rs; = A( CS/13 ) /4:
Note: A is a constant and by convention it is about 0.43 (9). Cs is usually of
the order of Imm. A is in the range of 1.64 to 3.7pm for an accelerating

voltage between 400 to 100 KeV.

Table 4.1: Relationship between A (pm), V(KeV), and ¢,

A (pm) V (KeV) 7y (M)
1.64 400 1.11xe-10
3.7 100 2.04x e-10

From equation 4.5 we can conclude that resolution, r, can’t be better than the

value of 1,4;. We also can conclude that the total resolution, r, will be better if

2 2
TAT TAT

the ratio T—Z’ has a smaller value. For example, if the ratio T—Z’ is equal to 0.1
sd sd

20



(assuming that the total resolution would be about 5% larger than ry) and 74

is equal to 1.11 x e-10m then:

i
r=ryq /1+-+=111x10"°y1 + 0.1
N

Tsd

r=1.164x10""m.

Calculating % with respect to rar, fand a:
1

Using figure 4.1 we can find the relationship between rar and % Since
I

the angle « is very small for electron microscopy, we can assume that sina =

aand tano = a.

Therefore:
rar - 2rar
tano = ATI =—L
Af
/>

from this relationship we can conclude that:

ry = 0D e (4.6)

T

Combining Equation 2.10 (Af—f= %AI) and Equation 4.6 will give us a

. . Al
relationship between rar and -
1
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I =2f =2af of '

The relationship between rar and % is shown 1n figure 4.2.
1

~ | &

Figure 4.2: Relationship between 7. and %
I

. . A
Total resolution can therefore be calculated with respect to TI:

; i
From Equation 4.5 we know that: r =ryy /1+ TTT therefore:
sd

)=
rrsd/”—”(ﬂsz 2 (4.8)

Tsd
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Example 1:

Let us calculate r,; and % for a lens with focal length of 1.5mm and C; of

approximately 1mm (note: the square term is chosen to be 0.1):

Assuming A is approximately equal to 0.43 (9) and A= 3.7x10"%m (for V =
100KeV):

1
1 3 /4
rg=A(CA) / 1=0.43(1x107x(3.7x107'%) ) =2.04x10""m

2
raL

F =T /”é =2.04x1071°4/T + 0.1 = 2.14x10" 2 m
S

Now let us calculate the optimum o (7) with the above characteristics:

3.7x10~12

1
N, 1 _
=14 (7) =14 (150 /¢ = 10.91x10 % rad = 10.91 mrad

2
Al

Assuming TTT = 0.1 then rar = 0.32x1.11x107% = 3.51x10"'m
sd

I

Therefore by using equation 4.7 we can find %;

A 351X107 e
-— = =-Z. X

Al
I of 7.87x107x1.5%107

This number tells us how small % needs to be in order to reach a total

resolution of 2.14 Angstrom.

Example 2:
23



Let us calculate the % for a corrected lens with Cs= 0.1 um:

Assuming A is approximately equal to 0.43 (9) and A= 3.7x10"%m (for V =
100KeV):

1
1 3 /4
1 =A(CAY) / 420.43(0.1x10°x(3.7x107'%) ) =2.04x10""' m

1.4 ( A )1/4 1.4 (3'7X1O_12)1/4 0.1092rad = 109.2 mrad

Aypt— 1. - =1. — = V. rad = .4 IMra

ot Cs 0.1x10-¢
’il

Since we assumed - = 0.1 then rar = 0.316x2.04x10™"" = 6.45x10™**m
sd 1

then,

Al A 6.45x10712 5

—=-L= =-3.94x10

I of 109.2x10°x1.5%107

In other words, to achieve sub angstrom resolution, the current stability needs

to be in order of 1078,

Conclusion

It is apparent from all the above that magnetic lenses with ultra levels
of stability can only be obtained with an extremely stable current supply. Such
current supplies can be extremely difficult to design and manufacture. In the
next chapter, an overview of the attempts to reach such high precision current

supplies is shown.
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Chapter 5

Previous Designs

This chapter discusses two different methods that were used previously in the
literature to generate a stable current supply needed for electron microscopy. In this
chapter, it is shown how an extremely stable current supply can be materialized. Two
different circuit topologies that have been used in the literature are explored and
explained in detail. The advantages and disadvantages of each method is discussed
and analyzed as to whether or not those ideas can be incorporated in the current

design.

Method 1 by Rust, H. P. (11):

In this approach, which is shown in figure 5.1, an amplifier monitors
the voltage across a resistor and the control loop adjusts the power stage so
that the product of I.; and R; was equal to V... Unfortunately, this approach
has the problem that the resistor R; varies as a function of temperature, and
this limits the stability of this method.

=2t (5.1)

A]L = _ILTKREAH (52)
where Tkgre 1s R;’s temperature coefficient, and

AB is the change in temperature.
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Figure 5.1: The Rust’s method to create a constant current (11)
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In order to get around this temperature coefficient problem, a more

elaborate method was devised which is shown in figure 5.2.

= =
R1 < R3 <
RES RES
OPAMP-~
vl
.--'/
—~ o
.
- ,_h\:-\
U1
. —
— Rz :-S:
W1 — RES |
VREF
o

Figure 5.2: Rust’s improved version of circuitry shown in figure 5.1 (11)
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The equations for the system shown in figure 5.2 are as follow:

Rq

Va = Veer + Vger R, (5.3)
R
]L _ VREF 4 VREF+VREFé—VREF _ VREF (1 + ﬂ) (5'4)
RZ R3 RZ R3

Al = “REE(F12h 12t ) (5.5)

AR Tk, AG, (5.6)
R, 1
A2 Tk, NG, (5.7)
R, 2

VrREF R
Al == (Thy A0 Thi, A0;)=0  (5.8)

By going through this set of equations, we can see that the variations
in current across the load in equation 5.8 should be zero if the quantities in the
brackets are balanced. So for the first order effect, the system should create a

constant current as a function of temperature.
Goals reached in Method 1:

In this method the temperature-dependent drift of the current was
reduced by a factor of about 5. The drift caused by a change in current from

550 to 650mA was, after one minute, less than 1xX10™®min~!

, and after three
) ) .. ) A
minutes below the relative statistical fluctuations of TI = 0.3X107°. These

fluctuations were mainly caused by noise from the supply reference voltages

and the measuring device (11).

In order to test our simulation tools, we have evaluated the circuit used
in method 1 to compare with their experimental results. Figure 5.3 shows the

schematic the way the authors had implemented their system. The system
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cannot be simulated as shown in this figure since the authors make the
assumption that resistors R; and Rj are the only components that change when
current through them changes. The relation in equation 5.8, as defined by the
authors, assumes the temperature coefficients of R; and Rj cancel each other
and the variation of current as the result of thermal changes can be
theoretically zero. Because of those problems, in order to check our
simulations with their results, a circuit similar to theirs was used but which

had components that varied with temperature (see figures 5.3 and 5.4).
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Figure 5.3: A similar circuit to Rust’s design
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The system was simulated with respect to temperature by using the schematic
in figure 5.4. In this particular simulation, all components are ideal except the two
resistors R; and Rj;, which have temperature coefficients. The temperature
coefficients, regardless of their absolute values, cancel each other out and a small
change results. But, if the thermal coefficient of resistor R, is considered then the

relation in equation 5.8 is not accurate.

Q2

8
e

Q2N6284

3

=

=

10m
L2

» R3

[5on

o

» Ri

A
\ 4

w

<]

3

AA

A4

>

M1 M1 0

e

Figure 5.4: Circuit used to run simulations
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The graph shown in figure 5.5 shows the result of how this circuit behaves.
The lower graph shows the behavior of the system when R2 does not have any
temperature coefficients. The stability of the system will be 0.666 ppm/°C, which is
close to the 0.3 ppm/°C, as the authors claim. The upper graph shows the system
where R2 is in not an ideal resistor, and the system shows a stability of only 4100
ppm/°C. This result demonstrates that this system must be kept in an environment
where the temperature is tightly controlled otherwise any temperature variations, as

demonstrated by the upper graph of figure 5.5 will jeopardize the stability of the

system.
1.5A
R2 has temperature coefficient
(-45.000,1.4355)
1.0A+ \\»E
T (125.000,733.424m)
——
TE—_
T
TTTe—
I
0.5
o -I(L3)
0.999848A
(-28.060,0.9999) R2 is ideal
Hmhhﬁ“\xﬂ,_
0.999844A e
R\"“ﬂ
\“‘x\
\\-5\
T
0.999840A+
R
\E\.
T
i
.
SEL>> (124.600,0.9998)
0.999836A T T
-50 0 50 100 150
o -I(L2)

TEMP

Figure 5.5: Simulation results for circuitry shown in figure 5.4
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Method 2 by Wisnivesky, D. & Lira, A. C. (12):

In this method, shown in figure 5.3, a sensing transformer senses the
voltage across the sensing resistor (12). An amplifier then amplifies the

sensing voltage, and the sensing comparator turns the power stage on and off
accordingly. This method is known as a hysteretic mode. % is equal to Sppm.

The converter uses the window hysteresis of the comparator to control the

current through the load.

POWER_STAGE

LOAD

AT

Comparator u1 R2

" Rsense

AN
/ / \\
o
J\._J"._.'\,:
VT
i,

V1 Sensing_Transformer

Figure 5.6: The schematic of an accurate and stable constant current supply by

Wisnivesky
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The current through the load can be calculated as follows:

VRsense =1 LoadRSense (5 . 9)

n R
V(Out)OpAMp :VRsense é (1+ R_;) (510)

n R
Virvsteresis =V rsense é (1+ R_;) (5.11)
Vi
Toed =— 77 (5.12)
VRsenseE(l +6)
ILoad(Ripple) = VhySTERESIS (5 1 3)

ny . Ry
VRsenseE( 1 +E)

Goals reached in Method 2:

Maximum output voltage: 45V,

current range: 8-200A,

current ripple: £22mA at 200A,

long term current stability £50ppm,

average current tracking error: 0,

ramping speed <25 A/s, and

magnetic field ripple <10ppm.

This system can be considered a good system for two reasons:

l.

The feedback loops of hysteretic systems are digital feedbacks, and that
means that there are not stability issues, like with analog feedback, that
can create sustained oscillations. This is a good technique for power
supplies of Electron Microscopes that can have large magnets that can

cause stability issues. The large magnets, which are inductive, are the
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loads for the power supply. The inductive loads are difficult to compensate
and stabilize due to the fact they introduce a zero in the small signal loop
gain of the system. In order to counter the effect of this zero, a pole must
be placed within the useful bandwidth of the system to counter the effect
of this zero. But, the introduction of this artificial pole requires much-
complicated circuitry that might not be effective throughout the load,
temperature, and other variation that might arise. The hysteretic systems
are open loop systems that do not require small signal stability, and for
that matter the inductive loads are not problems.

The hysteretic systems can have efficiencies well above 90%; so in
systems with output power generations of 20 Watts or lower the heat
generation remains well below the temperatures, usually 150C, that the
junctions in the solid-state devices are damaged. This means that there is
no need for heat sinks and other bulky materials that help in cooling the
system. Also, the way that current is amplified in this system, as shown in
equation 5.13, helps keep the current ripple to very low levels, which is

mandatory for high stability in magnetic lenses.

In order to evaluate method 2, a similar system was put together with

known components. The system was simulated by the schematic shown in

figure 5.7. This system has a hysteretic comparator and a ripple amplifier that

lowers the hysteresis of the comparator by the amount of gain of the amplifier.

This system is not compensated and it can respond quickly to any changes that

are imposed on the system. In this simulation, the built-in hysteresis of the

comparator is 10mV. The gain of the ripple amplifier is 50, and the load

current is 200A. On a 200A load current, the ripple is only +25mA a result

close to what the authors have achieved experimentally.
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Switching Transistor
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Figure 5.7: A similar circuit to current supply designed by Wisnivesky
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Figure 5.8: Simulation result for circuitry shown in figure 5.7
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Figure 5.9: Ripple current of the circuitry shown in figure 5.7
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Conclusion

The two designs that were explained above made good attempts to
produce a stable current supply, but they fall short of the 0.01-ppm
requirement that is needed for atomic resolution electron microscopy. The
first approach assumes that all the instability in the supply current is due to the
thermal variations in the resistors. The new design uses a new methodology
that eliminates, to the first order, the thermal effects of the resistors on this
current generation. The variations of current due to the other factors such as
changes in reference voltage and offset variations of the amplifier that can
arise from the changes of temperature and supply voltage are completely
ignored. The authors are not clear as to how they can ignore the effects of R,
when they quantify the relation in equation 5.8. Simulation results clearly
show R, can introduce large errors if its thermal variations are not taken to
account. The second approach is a more elaborate design that uses a hysteretic
system, a more power efficient but a noisier method than the first design. The
transformer turn ratio and the close loop gain of the OPAMP will lower the
ripple at the output, but it will not eliminate nor attenuate it to the levels that is
needed to attain the 0.01 ppm stability. The second method is suitable for
systems that supply large currents and don’t require such current stability as

we need.
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Chapter 6

System Considerations

In this chapter an overview of a stable current supply and its components are
described. At the end of this chapter we will conclude with a discussion of why the
particular design strategy was chosen. An ideal current supply is a circuit element that
has its current independent of the voltage source, temperature, or any other variations
that can disturb the system. Figure 6.1 shows how a current supply works in a system.
The most important requirement for the system is to have a current source that
remains as constant as possible regardless of the changes in the load, input supply,

temperature, and any other variations that can arise.

Load

Power Source

‘ ' Current Supply

Figure 6.1: A simple block diagram of a general current supply
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Current Supply

The current supply in figure 6.1 can be implemented in its simplest
form by connecting a resistor to a power supply and duplicating that current to

the intended load by using a current mirror as shown in figure 6.2.

Input Supply Load

M1 ;I_ _|LDM2

Figure 6.2: A current source generation

A current can be generated whenever a resistor is connected to a voltage

source and in this case the current through transistor M1 is:
Vlnputhupply' VGSM/ (6 1 )
R
where Vi, suppiy = the supply voltage,

Vs, = gate to source voltage of transistor M1

R = resistor.
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The current through M1 is duplicated in M2 through the load by the principle

of current mirrors, which is (18):

LCo M2y o Vg 1AV,
L . Eﬂ ox%( GSypo~ tth) ( 4 DSMZ) 2
== (6.2)

2
It SuCo M VasyVany) " (1-4Y Dsyy)

W = width of MOSFET transistor

L =length of the MOSFET transistor
1 = mobility of charge carriers

Cox = oxide capacitance per unit area
Vi = threshold voltage

Vs = gate to source voltage

Vps = drain to source voltage

A = channel modulation

The main drawback of this simple system is the inaccuracies in the generated
current first, and its sensitivity to the variables within and external to the

system.

In reality, power source, temperature and other variations must not
impact the system. Therefore, one has to come up with a design that can lower
the impacts of these variations to the system. In any type of regulating system
a feedback is used to monitor the system and change the variables in a way
that system is insensitive to any changes. The way the feedback is
implemented depends on whether or not the source and the output is current or
voltage. The two most common way of creating a lower output voltage from

input voltage are through a linear regulator or a buck regulator (13, 14).
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Linear Regulators

A linear regulator is a type of a voltage regulator in which the pass
transistor is always on. A linear regulator samples the output voltage and
compares it with a stable reference voltage. An error voltage is generated that
is used to correct the output voltage accordingly. The operation of the circuit
is based on feeding back an amplified error signal to control the output current
flow of the power transistor driving the load. This type of regulator has two

inherent characteristics:
1) the magnitude of the input voltage is greater than the respective output and
2) the output impedance is low to yield good performance (14).

Linear regulators can be categorized as either low power or high power. Low
power regulators are typically those with a maximum output current of less
than 1A, exhibited by most portable applications. On the other hand, high
power regulators can yield currents that are equal to or greater than 1A to the
output, which are commonly demanded by many automotive and industrial

applications (15).

Figure 6.3 is showing a simple schematic of how a low dropout
voltage regulator (LDO) accomplishes its operation. One input of the error
amplifier is connected to a reference voltage and the other input is connected
to the output via a network. Through the network, the error amplifier samples
the output and compares it to the reference. An error voltage is created by
means of this differential sampling, and this error voltage adjusts the
conductance of the power element that will correct the output. The error
amplifier, the pass element (transistor), and the feedback network constitute
the regulation loop. The temperature dependence of the reference and the

amplifier’s input offset voltage define the overall temperature coefficient of
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the regulator, hence, low drift references and low input offset voltage

amplifiers are preferred (16, and 17).

Vin

Vref

M1

[
2
im

Vout

Figure 6.3: A simple block diagram of a low dropout voltage regulator (LDO)
Advantages of Low Dropout Voltage Regulator

The advantages of linear regulators are the simplicity of their design
and the rapid response of the system to the changes that are imposed on it. The
draw back of using linear regulators is their low efficiency in accomplishing
the regulation. Generally speaking the efficiency of the linear regulator can be

defined as the output voltage divided by the input voltage:
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EﬁiCiency: LoutVout ~ Vout (63)11

[[Om+[sup] Vinput Vinput

where I and Vg correspond to the output current and voltage, Iy,
corresponds to supply current. If the maximum load current is much greater
than the ground current then the maximum possible power efficiency is
defined by the ratio of the output and the input voltages, as seen in equation
(6.3). Power efficiency increases as the voltage difference between the input
and output decreases. Under these conditions, LDOs are better suited for
many applications than switching regulators because of the lower cost,

complexity, and output noise (16).
Disadvantages of a Low Dropout Voltage Regulator

The choice (between Linear regulator and other regulators) becomes
obscure, however, if the output current increases to the point where the LDO
requires a heat sink (19). A heat sink not only increases cost by requiring an
additional component but it also means more real estate area overhead on the
board, which further increases cost. Low dropout regulators tend to necessitate
large output capacitors that occupy large board areas. Furthermore, typical
LDOs require that these capacitors have low electrical series resistance (ESR).

Consequently, capacitors play an intrinsic role in the cost of the LDO (16).
Switching Regulators

Switching regulators belong to another class of voltage regulators
where stable output is provided regardless of the variations in the input
voltage and the output load conditions. Similar to linear regulators, the output
voltage is sampled and compared to a stable reference voltage and the system

adjusts its conductance to correct the output voltage. Unlike the linear

' Reference (16)
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regulators where the power transistor works in the linear region, the switching
regulators operate the power transistors in either ON or OFF mode. To put it

simply, the switching regulators operate the transistors as switches.

Switching regulators are essentially mixed-mode circuits that feed
back an analog error signal and digitally gate it to provide bursts of current to
the output. The circuit is inherently more complex and costly than LDO
realizations (20). Furthermore, switching regulators can provide a wide range
of output voltages including values that are lower or greater than the input
voltage depending on the circuit configuration, buck or boost (16). The circuit,
for the most part, requires a controller with an oscillator; pass elements, an
inductor, capacitors, and diodes. Some switched-capacitor implementations do

not require an inductor (21, 22).
Hysteretic Regulator

There are different families of switching regulators that are used by
application designers. The first, and the most commonly used, are the fixed
frequency regulators, commonly known as Pulse Width Modulators (PWM).
The other mode of operation is the variable frequency regulator where the
switching frequency changes as a function of load current (23). A particular
group of these variable frequency regulators, known as hysteretic regulators,
are advantageous since they are unconditionally stable (23). As it can be seen
from figure 6.4, the system works by using a comparator with hysteresis. The

output voltage is regulated around the reference voltage with a known

hysteresis multiplied by the gain factor (1 + %) .
1
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Figure 6.4: A block diagram of a hysteretic regulator

For the design of the intended current supply, a hysteretic regulator is
used because it does not require a complex compensation network for loop
stability. This will give much flexibility to the designer in choosing the order
and type of the filter that is used (24). In a typical switching regulator, a
second order filter that is composed of an inductor and a capacitor is used as a
filter. This network of an inductor and a capacitor also creates two poles in the
small signal domain of the system that makes the loop compensation
complicated (13). The addition of higher order filters will lower the output
ripple but at the cost of a more complicated compensation scheme. For that

matter, most systems will use a two-pole system of an inductor and a
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capacitor. But, in a hysteretic regulator, a higher order filter can be used to

attenuate the unwanted signals more effectively (25).

M2

| Dis B

R1 % R L1

Vref T ~Yn
* Compt - ”:_

Comp2

Figure 6.5: A detailed block diagram of hysteretic converter

It is shown in figure 6.5 that there are two loops working to achieve a
regulation with limited stability (26). The first loop is the voltage loop that is
controlled by the hysteretic comparator, and the second loop is controlled by
the current loop. The two comparators Compl and Comp2 control the current
loop. The waveform in figure 6.6 shows in detail how a hysteretic converter
operates. The voltage loop that is controlled by the hysteretic comparator is
the master loop. The other two comparators that control the current through

the inductor are part of the slave loop.
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Figure 6.6: The hysteretic mode waveforms

When the voltage at the output has reached the V,, lower threshold,
then the converter will turn on the system and it will stay on until the V
Upper Threshold is reached. When the system is turned on, the current
through the inductor is monitored. Compl and Comp2 monitor the
information through the inductor and that information is used to turn on and
turn off the high side power MOSFETs. The sequence of events work as the
following: 1. The PMOS turns on the current though the inductor that
increases until the Inductor current limit is reached and Comp2 will turn off
the PMOS M2 and turn on the NMOS M1, 2. The inductor current decreases

until it reaches zero and Comp 1 will turn on the PMOS and the cycle repeats
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itself, 3. This cycle is repeated until the V,, Upper Threshold is reached, 4.

The system will remain off until the Vo, Lower Threshold is reached.

In figure 6.6, the values of dtl, dt2, T1, T2, and T must be determined
to understand the frequency and the efficiency of the overall system (27). The

following design equations must be defined to design the system properly:

Vin'Vou
Lpeak_prv=—"724dt1 (6.4)
dtl= —["e;f;-fVF(Z*L (6.5)
dy2="peck Pt (6.6)
Vout

I ed
Ly T= T2 NT ] (6.7)
NT=-—Zew T (6.8)

I

peakpp)
VRCl= Ly T2 (6.9)
T2 = @ (6.10)
T= NTI +T2 = —peak prn"eCT (6.11)

Vs
peakppy
2Iout (#'[out)

where Ica prv = Inductor peak current
Vr = output peak to peak ripple

N = number of times that the system will be turned on before reaching the

Vour upper threshold
L = inductor Value

These equations must be used to design the system parameters such as
Ipeak prv, and Vg in a way that the system can function properly. For example,
the Ipeak prv must be designed to be at least twice as big as the L,u; otherwise

the converter will become unstable. The theoretical efficiency of this
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hysteretic converter can be as high as 100%, but in reality there are losses in
the system. The two power switches, NMOS and PMOS are not ideal and they

will generate losses in them.

The control circuitries also need current to turn on and start
functioning and that lowers the efficiency of the system as well. But, in
reality, these converters can have efficiencies as high 90% to 95% (13). One
of the main drawbacks of the hysteretic converter is the higher output ripple
compared to the typical fixed frequency switching regulators and the linear
regulators. This higher ripple at the output can jeopardize the ultimate stability
of the current supply; consequently the ripple must be filtered out by a linear

regulator.
Linear Regulator

A linear regulator is used to filter out the ripple at the output of
hysteretic converter and provide a constant and filtered voltage to the load and
the current converter (28,29). For that matter, the linear regulator must have a
high power supply rejection ratio at the frequency where the hysteretic
converter is switching (30). In figure 6.7, we can see the block diagram of a
linear regulator. It is a closed loop feedback system that is composed of a gain
stage Gmi1, A buffer stage A,;, A power transistor stages M2, A resistive
network R1 and R2, the load and the C,y. In this type of regulator where the
output transistor has a follower configuration the output is the low impedance
source of the transistor. For that matter, the linear regulator is not
compensated at the output, but it is compensated at a high impedance node

within the system (14).
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Figure 6.7: The block diagram of a linear regulator
The loop gain can be described by the following expression:
Va _ GmiRoa1r Ay " Gmmz*(R1+R>) v 21
Vi 1+sC.R 1+5CpgrR _SCout(R1+R2) | ~ R +R
1 SCcloa1 SCparKoa2 1+GmM2(R1+R2)[1+G$lm2(R1+R2)] 1Th2
From the equation above three poles can be identified that are:
1
P1 = nCeRom
_ 1
P2 2nCparRoaz
o1
P3 = —<toun;

2T
GmMm2

Cout =

¥

(6.12)

(6.13)
(6.14)

(6.15)

The first pole, p;, is the dominant pole of the system and it is used to

make the system stable. The second pole is due to the presence of a large gate

capacitance of the power MOSFET. That is why a buffer is used

with low

output impedance so that p; is shifted to frequencies beyond the bandwidth of

the system. The third pole, ps, is due to the output capacitance C,y, and the
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output impedance of the regulator. One of the advantages of a linear regulator
is the low output impedance of the regulator, and that automatically shifts up
the third pole to frequencies beyond the bandwidth of the system (14, 31).
The fact that poles p, and ps; are shifted to higher frequencies, beyond the

bandwidth of the system makes the system unconditionally stable.

p1

Loopgain (dB)

p2
Frequency (Hz)

p3

Figure 6.8: The bode plot of the intended linear regulator system

The other significance of the Bode plot in figure 6.8 is in relation to
the power supply rejection ratio (PSRR) of this regulator. The PSRR
deteriorates as the loop-gain of the system decreases (14, 32). The PSRR can
be understood by looking at the figure 6.9.
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Figure 6.9: An intuitive diagram for understanding the PSRR of the linear
regulator

The noise from Vj, will be coupled to V,, through the voltage divider
with the impedances Z1 and Z2 . The impedance Z1 is the r4s of the NMOS
transistor M2, and the impedance Z2 is the collection of the impedances from

Vout to ground (32). The following terms will be defined as:

Z1 = Vdsm2 (616)

I
Z2_open_loop=R;+R)|[Z104p/|( Fom) (6.17)

Z2 open_loop
_ 1+4p
VOM[ - ZZ_open_loop+ZI Vii’l (6 1 8)
1+4p

As long as there is loop-gain, the ripple and noise from Vi, will be
attenuated to a large extent before appearing at the output. But as the

frequency increases, the loop-gain decreases and consequently, the ability to

53



attenuate the noise from Vj, is worsened. In this particular design, the linear
regulator must have enough loop-gain at the frequency where the hysteretic
converter is switching to filter out the switching ripple. This simplified model
only shows the effect of the Vi, to Vo, through the voltage divider model, and
it does not take into account the effect of the Vi, ripple to the amplifier itself
and how that will affect the supply noise. The power MOSFET of this linear
regulator is of an NMOS type that means whatever signal appears at the gate
of NMOS will appear at the output of the system (14, 32). Figure 6.10 shows
that if there are disturbances at the gate of the power NMOS, then the noise

appears at the output also.

Vin
Power NMOS
NN\
I [— Vout
PN

Figure 6.10: The noise transfer from the gate to source of power NMOS

It is clear the amplifier that controls the power NMOS must be

insensitive to the noise and variations at the supply. The architecture that will
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be used for this design must be able to address this important specification.

The architecture shown in figure 6.11, inherently cancels all the noise seen at

the gate of power NMOS. The resistive model on the right is the

simplification of the circuit on the left, where the resistors represent the drain

to source resistance of the circuit on the left. There are two contributions to

Vour from Vj,. The first one is through the voltage divider R1 and R2, and the

other one is through the current that is generated by the current mirror M4 and

M3 (32):

R
Vout: Vm 133731?2 'II (R2 | |R3)

_‘Vvifl ]
L= RE—
2 84
V. =V, R3 Vin 5 R3R>
out " Vinp.ir,” R, Ry+R
3 2 2 2 3

Vin

M3

R2 ¥

1/gm4 ¥

R2 §

=0

Vout

(6.19)
(6.20)

(6.21)

R3 £ <

X

Figure 6.11: An example of a circuit with good PSRR for driving NMOS power

FET
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The contribution at V, due to Vi, has cancelled which means the gate
of the NMOS power FET will not modulate due to the noise that is generated
at Vi, Any architecture where the mirror is referenced with respect to ground

will have similar behavior as the example shown above.

The circuit of figure 6.12 shows the purpose of using a linear regulator
in this configuration. The figure shows the output of hysteretic regulator has
ripples that must be filtered out. In some systems, this ripple can be tolerated,
but in ultra sensitive systems these ripples must are not. In order to suppress
the output ripple effectively, the linear regulator must have enough loop-gain
to do that. The graph in figure 6.8, shows that at the frequency where the
system is switching there should be enough loop-gain for an effective ripple

suppression.

_Vin

i A AN i
izl

Roat ¥ Ce Roa2 T Cpar £ o

LOAD ot s
$ R

Figure 6.12: The Block diagram of ripple suppression
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Current Regulator

A current regulator is, basically, a current source that sinks a constant
current. The output impedance of the current source is high, and the higher the
output impedance of the current source, then the more ideal the current source
becomes. The block diagram in figure 6.13 shows a practical method of
generating a stable current supply. This type of current source uses an
architecture known as series-series feedback (18, 33). A stable reference
voltage Vi is attached to an amplifier, and the amplifier, through the
properties of negative feedback, converts this voltage to a current that is

| =t (6.22)

In reality a higher output resistance will minimize the variations of current I
due to the variations of the drain to source voltage of transistor M;. Basically,

the variations are defined by

Al = 2Vas (6.23)

Ro

where R, is the output impedance of the complex, which is defined by [39]

Ro = (R +7Tgsm1 + Gmm1 * R * Tasy1) (1 + A) = g * R * rgsyr * A (6.24)

where A is the open loop gain,
Tasm118 the drain to source resistance of M1, and
9mm 18 the transconductance of transistor M 1.

The actions of negative feedback clearly increase the output impedance of the

current supply (18, 33).
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Figure 6.13: The block diagram of a current supply

The current regulator in this system must generate currents of ultra-
stability, which means it is desirable to increase the output resistance of the
current source of figure 6.13 even more. Any differential voltage change from
drain to source of transistor M; can cause variations in the current of the
current regulator. In order to keep the current absolutely stable, the design
must implement a way that prevents any voltage change across the V45 of M,
(18). In order to achieve this objective, an amplifier is used that will monitor
the drain voltage of M, and keep it constant by the way shown in figure 6.14.
The voltage adjust amplifier (VAA) monitors the drain voltage of the power

transistor M, against a stable reference voltage V1.

The reference voltage of the hysteretic regulator and the reference
voltage of the linear regulator, shown with red lines, are adjusted up and down
dynamically. This dynamic readjustment of the reference voltages will

guarantee a steady voltage at the drain of M, regardless of the conditions of
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this particular system. This technique increases the rgsv; by the amount of
open-loop gain of the voltage adjust amplifier that is A. The modified

expression for the output impedance of the current regulator is:

R, = (R + Azrgsm1 + RGmmi1AzTasm1) (1 + Ay) = Rgmm1A1427asm1 (6.25)

R, increases by the amount of open-loop gain of the voltage adjust amplifier
(34), which should be designed to be around 80,000 to 100000. The value of
R, has increased to such an extent that the output impedance of this current

source resembles an ideal current supply.

Hysteretic
Converter L1
e Y'Y
l Linear Regulator
Cl 4
T M2
' Al
LOAD
Voltage Adjust Amplifier Current Regulator
[, M1 Vref
| A1

Vi

2R

Figure 6.14: The Simplified block diagram of the overall system
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Another factor that must be taken in account is the power dissipation
of the system. Most of the power dissipation occurs within the power FETs.
The hysteretic regulator has more power FETs than any other block in this
system, but due to the switching nature of this particular converter, the losses
are minimized (35). The major portions of the losses are through the power
FETs of the linear regulator and the current regulator. The power losses

through the power FETs are (31):

Power Loss = 1,.4;,V s (6.26)
The drain current (I4) in this current supply, on average, is fixed around 1A,
but the parameter that can vary by design to lower the power loss is the drain
to source voltage (Vg4s) of the transistors. The drain to source voltage of the
transistors should be as low as possible to lower the losses, but it should not
be lower than the minimum Vg, of the transistor. If the voltage falls below
the minimum Vg of the transistor, then the transistor will enter the linear
region and its output impedance drops. By looking at the Ipsar vs. Vpsar
graph of the power FET transistor, it can be determined as to what the

minimum Vs of these power FETSs should be.

The Igs vs. Vg in figure 6.15 shows the characteristics of these
transistors, and at what voltage they enter the linear region and lose their gain.
The change from linear region to saturation region happens at the drain to
source differential voltage of 200mV. For that matter, the drain to source
voltages of the power FETs M1 and M2 are kept at 200mV to lower the losses
and at the same time keep the power FETs in saturation for maximum gain.
For that matter, the voltage adjust amplifier will keep the drain voltage of the
current Supply power transistor M1 at 800mV. It will adjust the source
voltage of the linear regulator power FET M2, always, 200mV below the

output voltage of the hysteretic converter.
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Figure 6.15: The I4 vs. Vg4 graph of the power NMOS FETs

The picture of the system, as shown, in figure 6.16 shows how the
voltages are set up in the system to make certain the differential drain to
source voltages of both transistors M1 and M2 are always about 200mV. The
reference voltage to current regulator is 600mV and due to its buffer
configuration the source voltage of M2 is 600mV. The voltage adjust
circuitry, through the action of the overall negative feedback, guarantees the
drain voltage of M2 will be 800mV. In order to make the drain voltage of
transistor M2 800mV, the voltage adjust amplifier varies the reference voltage

of digital converter and linear regulator dynamically throughout the operation.
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The digital converter has a buffer configuration; so it’s output voltage will be
the same as its reference voltage. The reference voltage of the linear regulator
is set to be 200mV lower than the hysteretic converter, and by looking at
figure 6.16, it can be seen the source voltage of power transistor M1 will

200mV lower than its drain voltage.
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Figure 6.16: Methods of creating 200mV Vg4 across Power FETs M1 and M2
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The voltage adjust amplifier’s functions are twofold. Its first purpose
is to increase the output impedance of current regulator block by the amount
of its open-loop gain, which is substantial. The increase in the output
impedance of the current regulator makes sure the load current, which
supplies the magnetic lens of the microscope remains within the range
allowed to reach the required stability. The other function of the voltage adjust
amplifier is to adjust the reference voltages of the hysteretic converter and the
linear regulator to keep the drain to source voltage differentials of the power
transistors M1 and M2 around 200mV. In keeping this voltage differentials
200mV, the power loss is minimized and the transistors are still in the

saturation region.
Reference Voltage

The ultimate integrity of this design lies in the quality and stability of
the reference voltage. The reference voltage must remain, absolutely, stable
regardless of the changes in temperature or input voltage. The design of this

reference must satisfy two objectives that are:

1. A stable voltage with respect to temperature, and
2. A stable voltage with respect to supply voltage.
A Stable Voltage Reference

The stability of this reference is explained by the term temperature
coefficient (TC) and is normally expressed in parts-per-million per degree

Celsius (ppm/°C) (36),
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1 % _AReference

Reference  ATemperature

TC, o= (6.27)

The overall stability is determined, primarily, by the inherent or initial
stability of the reference and, secondarily, by the line regulation and

temperature drift performance that is described by

AReference;-+ARefernce-+AReferencey yp

Stability=

(6.28)

Reference
where the subscripts IC, TC, and LNR refer to initial stability, temperature
coefficient, and line regulation performance, respectively. In order to have the
overall ultra stability that is required, this current supply requires a second
order bandgap voltage reference. A bandgap voltage reference is a
temperature independent voltage reference circuit that is mostly used in
integrated circuits. Its output voltage is around 1.25V that is close to the
theoretical 1.22eV bandgap of silicon at OK (In this paper bandgap voltage

reference is sometimes referred to as bandgap).

A bandgap voltage reference is a combination of two voltage sources
that have opposing responses with respect to temperature. Figure 6.17 shows
the basic concept of a bandgap and how it works. The Vgg of a bipolar
transistor has a negative temperature coefficient -2mV/°C as shown in figure
6.17. Another voltage, Vprar that has a positive temperature coefficient is
added to it in the right proportion and the result is a voltage that is constant

with respect to temperature. The equation shows this relation (37)

Viet = VBE TVprAT (6.29)

The Vg of a bipolar transistor can be expressed as [43]

Vegg =A-BT-CT’-DI°-ET'-... (B>>C>>D>>E>>.) (6.30)
where the coefficients A, B, C, D, and D are constants. A first order bandgap
adds a Vprar that cancels the first order term BT only. The stability of such
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bandgaps is in the range of 10 ppm/°C and is not good enough for the current
design. A second order bandgap adds a voltage that cancels a first order term
BT and the second order term CT”. The stability of such bandgap references
can be in the range of 0.005 to 0.01 ppm/°C. So, the Vprar voltage that is

designed for this current supply will have the characteristic of

Vprar =bT + ¢T? (6.31)

and when the two voltages are added, it can be written as

If the coefficient of b and c¢ are designed properly, then a second order

bandgap with the desired temperature stability can be achieved.
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Figure 6.17: The basic operation of bandgap system

In order to get the stability of voltage with respect to temperature that
is required for the design of this particular current supply, a second order
bandgap reference is designed. Figure 6.18, shows the general waveform of a
1" and 2™ order bandgap, and it can be seen that second order, due to its

shape, varies less with respect to temperature (38, 40).
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Figure 6.18: The waveforms of 1** and 2" order bandgaps

The other factor that is important in designing the ultra stable voltage
reference is the stability of the reference with respect to supply voltage. The

supply voltage could have noise and ripple voltage present on it and that could
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jeopardize the stability requirements of the current supply. In this design, the

bandgap is completely isolated from the supply by a second supply.

Instead of connecting the bandgap directly to the supply, a secondary
bandgap is designed that creates a reference voltage for the amplifier that
supplies the primary bandgap. This scheme is shown in figure 6.19 where the
ultra high PSRR bandgap complex is shown. The intent of this complex
design is to isolate the primary bandgap as much as possible from the external

supply (36).
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Figure 6.19: The block diagram of the bandgap complex

When the power supply is turned on, the amplifier is turned on first. A
coarse voltage reference, low quality voltage reference, is used to bring up the

output voltage of the amplifier to the point that the secondary bandgap can
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function properly. After the secondary bandgap is turned on, it will be used as
the reference voltage to the amplifier. This technique is used to isolate the
secondary bandgap from the supply. The noise from the supply that can
jeopardize the stability of the current supply will be attenuated by the PSRR
of the amplifier and the secondary bandgap. This relation can be described by

the following equation:

Vreﬂ = VSecondary Bandgap + A Vnoise *P. SRRA mplifier *P, SRRSecondary Bandgap (634)

Impedance ), tput to_Ground

— 1+Loop Gain
PSRR General_Description ™ (635)

. P . ImPffd(lntfe()utp“t_zo_Ground
mpe ‘mce]nput_to_Output ' 1+Loop Gain

RI+R2
1+Gp R ] "o+ R2

PSRRAmpZiﬁer: 2 B RI+R2 (636)

Collector to Emitter(Q1) +

14Gop Ro] "4 R2

()u]*R]
Rs
1+GpoR

w2 (6.37)

5
Emitter(02) T7GypyoRygs

P, SRRSecondary Bandgap —
Rcoltector to

where the Gns represent the transconductances of the amplifiers and
the R,.s represent the output resistances of the Gy, stages. It can be seen that
this technique attenuates any noise that is present on the supply. The loop gain
decreases with increasing the frequency as shown in figure 6.8, so the PSRR
will degrade and the noise on the supply attenuates less as frequency is
increased. Since there will be ripple at the switching frequency of the
hysteretic converter, then the bandgap complex must have enough loop-gain
to filter out the noise. By the same analysis, the PSRR of the primary bandgap

can, also, be defined with the equation

R3+R4

R4
PSRR _ 1+Gy3R003GmMIROUTR 77 RS 6.38
Primary Bandgap — R N R3+R4 ( . )

Drain to Source M1™

1 +Gm3Roa3GmMIROUT;%
where R,y is the output impedance of the primary bandgap. The overall PSRR

of this bandgap complex is:
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PSRRCOMPLEX:PSRRAmplt'ﬁerPSRRSecondary BandgapPSRRPrimarjy Bandgap- (639)

The changes in the main reference voltage, AV, ¢, with the disturbances in the

input voltage, AVj;,,,,¢, can be defined by the expression

A Vref =A Vmpmp SRR compLEX (6.40)
If each stage is designed to have a PSRR of 10,000, which is typical of a basic
analog block, then the PSRR of the complex will have a value of 10,0007,
which is one trillion. This value is more than adequate to meet the design

requirements of this current supply design.
Conclusion

In this chapter, the basic design strategy of this particular current
supply was laid out. Since the ultimate stability of this current supply must be,
at least, 0.01 ppm/°C, that means the sensitivities to any changes in the
system must be well understood and controlled. The first stage of this design
requires a step down in voltage, and this voltage step down can be
accomplished in different ways. This, particular, design uses a switching
converter to achieve the step down due to its high conversion efficiency. One
of the most sensitive parameters that must be controlled in the design of the

ultra stable current supply is the heat generation.

The hysteretic converters step down the voltage with good efficiency
that can be in the range of 92-95%. Whereas a linear regulator performs the
same task with an efficiency of less than 30% and that means much heat
generation. Heat can cause variations in important parameters such as the
reference voltages, change in the offset voltage of the important analog blocks
in the system, and other things. These changes can influence the ultra stability
that is required and jeopardize the design of the ultra stable current supply.

For that reason, a hysteretic converter is selected instead of linear regulators.
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The hysteretic converters also have the advantage that they are
unconditionally stable, so the complexity of compensating the system is

relieved.

The drawback of a hysteretic converter is a higher ripple at the output
of the converter. The ripple must be filtered; otherwise the noise might
jeopardize the stability that must be obtained. A linear regulator is, usually,
used as a post regulation point of the switching regulators. The linear
regulator must be designed for wide bandwidth and it must have the right
architecture for an inherent high power supply rejection ratio (PSRR). Finally,
a clean supply is connected to the load and the load is connected to the current
regulator. The current regulator uses a high-gain and high-bandwidth
amplifier to increase the output impedance of the current source over a wide

frequency range.

In order to increase the output impedance of the current regulator
another amplifier, the voltage adjust amplifier (VAA) is added to the system.
The VAA increases the output impedance of the current regulator by the open-
loop gain of the VAA, which could be around 100000 V/V. Another function
of the VAA is to lower the thermal waste that is generated in the power
NMOS FETs of the linear regulator and the current regulator. By keeping the
drain to source voltage differential at the edge of saturation voltage (Vpsar),
then the thermal waste is minimized and the system does not lose the large
gain that it needs for proper operation. A bandgap complex is designed in a
special way to increase the integrity and stability of the system to a reasonably

high degree.
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Chapter 7

General Design Strategy

In this chapter a general description of the overall circuit and each of its
blocks will be given. There are 9 general blocks. The complete block diagram of this

current source system is shown in figure 7.1

Input_Voltage
Filter
Linear Regulator
Magnetic_Core
Hysteretic_Converter
Secondary_Bandgap
Amplifier

Q_-'_& Bias Circuitry
Voltage Adjust Circuitry Primary Bandgap

|;] Current Regulator
0

Figure 7.1: The complete block diagram current supply
The current supply system is composed of many sub block levels that are:

* Hysteretic regulator

* Bandgap complex which includes the secondary bandgap, amplifier, and the
primary bandgap

* Filter

* Linear regulator

* Current regulator
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* Voltage adjust circuitry

In the subsequent pages, each part of the system will be elaborated. Finally,
the whole integrated system will be examined and discussed. The hysteretic
converter, which is comprised of different sub blocks, converts a higher input voltage
to lower output voltage with high efficiency. The Filter block integrates the output of
the hysteretic converter and it puts out a constant output voltage, although with ripple.
The linear regulator with a high power supply rejection ratio (PSRR) will filter out
the ripple. The current regulator draws the actual current through the load that does

not change with time, temperature, or supply voltage.

The voltage adjust circuitry ensures a constant drain to source voltage of
200mV across the power NMOS transistor of the current supply for two reasons. The
output resistance of the current supply is increased by the open loop gain of the
voltage adjust circuitry amplifier, and heat generated by the power NMOS transistor
is kept at minimum through a low drain to source differential voltage. The secondary
bandgap and bias circuitry generate all the reference voltages and bias currents. The
primary bandgap produces the ultra stable voltage that is used by the current regulator

for current generation.
Hysteretic Regulator:

A hysteretic regulator establishes a regulated output voltage from an
unregulated input voltage. It will do so by comparing a portion of the output
voltage to a voltage reference and adjust the output power transistor in a way
that output voltage will stay to the reference voltage. Unlike standard
switching power supplies and linear power supplies where the feedback must
be compensated for stability, the hysteretic regulator does not need to do so.
The hysteretic regulator can be called a digital counterpart to the typical linear

switching regulators. It will respond immediately to any variations at the input
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voltage, output load variations, temperature drifts, and all other parameters
that could interfere with the output regulation. But, a hysteretic regulator has
disadvantages of its own. The main drawback of this particular family of
regulator is that it has a higher ripple output voltage. For example a typical
linear regulator has output voltage ripples in the range of nano-volts a
switching regulator can have voltage ripples as high as 10mV to 40mV, but a

hysteretic regulator could have output voltage ripples as high as 100mV.

Each hysteretic block contains seven sub-blocks. They are as follows:

* Hysteretic comparator

* High-side current sense amplifier

® Current limit comparator with hysteresis
* Low-side zero crossing amplifier

¢ NMOS and PMOS power switches

* NMOS and PMOS drivers

The simplified picture of a hysteretic regulator is shown in figure 7.2.
The hysteretic converter is a self-oscillating system and it will switch with a
frequency that is directly related to the load. There are two loops that enable
the system to monitor and regulate the output voltage, the voltage loop and the

current loop.
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The hysteretic comparator monitors the voltage loop, and this loop will
determine whether or not the current loop is on or off. The hysteretic regulator
functions as follows:

When the hysteretic comparator determines the output voltage is
below the optimum value, then it will activate the current loop. The current
loop is composed of the current sense amplifier, comparator, zero cross
comparator, and the detection logic. The current loop will function in four

steps. The PMOS POWER FET is turned on, and the inductor current starts
increasing by the following relation W The current sense amplifier will

convert this current information to a voltage, and a comparator monitors this
voltage. When the peak current is reached, a pre-determined value as set by
design, then the comparator sends a signal to the Detection Logic to shut off
the PMOS POWER FET and turn on the NMOS POWER FET.

A diode can be used instead of the NMOS POWER FET, but due to
the lower voltage across the NMOS POWER FET a higher efficiency is
obtained. But, the higher efficiency comes at the cost of higher complexity in

the circuit design. When the NMOS POWER FET turns on the inductor

current will ramp down with the following relation V‘Zut. The NMOS POWER

FET is on until the current through the inductor reaches zero, and at this point
the ZERO CROSS COMPARATOR turns off the NMOS POWER FET. At
this point, if the output voltage has reached its optimum point, then the system
will be turned off until the system is turned on. But, if the output voltage is
still below the optimum voltage, then the DETECTION LOGIC will turn on
the PMOS POWER FET and the cycle will repeat itself.

The waveform of figure 7.3 clearly shows the sequence of actions
summarized above. The level of switch node will determine whether or not

the PMOS POWER FET is on or off. When the switch node is high, the
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PMOS POWER FET is on, and the inductor current is increasing by the
relation described above. When the inductor current reaches the value
determined by the design, the switch node falls, which means the NMOS has
turned on. The current through the inductor will ramp down until it reaches a
zero current level, and the NMOS POWER FET will turn off. At this point,
the output voltage has reached the positive voltage threshold of the hysteretic
comparator and the system shuts off, but if it had not reached the optimum
value, then it would have shut off. The true schematic of the hysteretic

Regulator is shown in Figure 7.4.
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Each current supply uses five hysteretic regulators to regulate the output

voltage of the current supply.
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Hysteretic Comparator

The hysteretic comparator monitors the output voltage and compares
the sampled voltage to a reference voltage and determines whether or not the
PMOS POWER FET should turn on for the next cycle. The schematic of the
hysteretic comparator is shown in figure 7.6. The comparator has a built in
hysteresis that will be used by to regulate the system. The input stage is
composed of the PMOS level shifters, so the input stage can have an input
common mode range (ICMR) all the way down to ground. The input
differential pair is made up of NPNs that convert the differential input voltage
to current, and resistors that convert this current to a voltage load the NPNs.

Basically, the signal is amplified by the relationship

% = gmypy * Resistor (7.1)
in
This voltage is further amplified by the next gain stage to drive the digital
logic gates. In order to introduce hysteresis into this comparator, an offset
current is injected into the summing nodes of the first stage, and this offset
current is converted to an offset voltage (hysteretic voltage), which can be

described by the equation

1 t
v, . — _offset 72
Hysteretic IMapn ( )

The two offset switches control the amount of current and consequently the

built in hysteresis of the comparator.
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In order to test the hysteresis of the comparator, a test circuit is designed that

will be used to measure the hysteresis. A simplified schematic of this circuit is

shown in figure 7.7.

5
Hys_ Compl
) vdd 0
inp .
" Out O_Ut
|nn Inn|
10u
Vss |ISINK_10u2 :Jf
: @idc
() 800m——
~0 ~0 ~0 ~0

Figure 7.7: A test circuit to measure the hysteresis
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The comparator is powered up and biased at the right conditions, with
a 600mV reference at its inverting input. The voltage at the non-inverting
input is ramped up linearly from 500mV to 700mV, and then it is ramped
down linearly from 700mV to 500mV. The voltage at the output is monitored
and it is sketched vs. the non-inverting input, and in figure 7.8, the intended
waveform is drawn. The waveform of figure 7.8 shows that the amount of

hysteresis that is built in the comparator.

Figure 7.8: The hysteretic window of the hysteretic comparator
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High-side Current Sense Amplifier

The high-side current sense amplifier measures the current that is
passing through the high-side switch by the voltage that is created as the
inductor current is converted to a voltage by passing through the resistance of
the high-side switch. This voltage is amplified and made available to the
current limit comparator. Figure 7.9 shows the simplified block diagram of a
current sense amplifier and how it works. The current sense amplifier can be

described with the following set of equations:

Vairr = R1 % ILOAD (7.3)
ILOAD = R1 = [OUT = R3 (7.4)
VOUT = IOUT * R4 (7.5)
VOUT = ==ILOAD (7.6)

Basically, the ILOAD is sensed and amplified by the gain factor shown in
equation. The information signal VOUT is used by the system to do what is

necessary such as current limiting, signal processing, or etc.
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Figure 7.9: Simplified block diagram of a current sense amplifier

In figure 7.10, the detailed schematic of current sense amplifier is
shown. Transistors Q1-Q6 form the input stage of the amplifier. The input
stage is loaded by the current mirror Q7 and Q8. Transistors Q10 and QI11
form a current mirror which supply the bias current to the current sense

amplifier.
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In order to test the high side current sense amplifier, the test circuit in figure
7.11 is set up. A load current is run through a resistor and by the actions of
negative feedback, the high side current sense amplifier will create an output
voltage. By following the design equations above, the output voltage can be

calculated to be

vouT = 22100008, 4 Amp = 500mV (7.7)
20000

The waveform on figure 7.12 shows that the calculated value matches up,

precisely, with the simulated value.
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Figure 7.11: Test circuit for the current sense amplifier
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Figure 7.12: The waveforms for the current sense amplifier
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Current Limit Comparator with Hysteresis

This comparator will use the signal from the high-side current sense
amplifier to turn off the high-side switch for a predetermined inductor current
threshold.
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Z
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WP
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Figure 7.13: Current limit comparator with hysteresis
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Low-Side Zero Crossing Amplifier

After the high-side switch is turned off the inductor current will ramp
down through the low-side switch. The switch will remain open until the
inductor current has reached the zero current thresholds. This amplifier will
detect the zero crossing point and turn off the low-side switch. The zero
crossing amplifier is composed of two amplifiers that monitor the threshold
voltage differentially which are more accurate and less prone to noise
generated signals. Since there are two amplifiers that reinforce each other, the
gain of the overall system is doubled. Each amplifier has the
transconductance (gn), and then the signal is amplified by the following

relation:

Vout = lout * RPOWERSWITCH * (gmAMP1 + gmAMPz) * (Rgs mallRas m2) (7.8)

where gmamp; and gmawmp; is the transconductance of amplifier 1 and 2,

Ras m4 and Rgs w2 1s the drain to source small signal resistance of transistor
M4 and M2, and

RpowEer-switch 18 the resistance of the NMOS power transistor in the hysteretic
converter.
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Figure 7.14: Block diagram of zero crossing amplifier

The V,,:should be big enough to drive the two-stage inverter;
otherwise another gain stage must be inserted before the inverter chain. Figure
7.15 shows the detailed schematic of zero crossing amplifier. Transistors Q4,
QS5, and Q6 make up Amp 1. The second amplifier is composed of transistors
Q1, Q2, and Q3. Current mirrors M23, M24, M26, M25, M22, and M21 form

the gain stages of the zero crossing amplifier.
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In order to check the performance of the zero crossing amplifier, a test
circuit was set up and is shown in figure 7.16. The inputs of the amplifier are
connected across a resistor R1, which represents the drain to source resistance
of a power MOSFET. A current, which has the shape of a saw-tooth, is run
through the resistor. As the waveform in figure 7.17 shows, the zero crossing

amplifier reacts sharply, when the voltage across the resistor is at zero.

Vdd
+ v
N 5 L
Vdd 3 T
g g §
ISINK_10Qu2 vo
. , 13 0
Hst |g ;\ ide o 1f
100u T
W
R1
60m
~0 ~0 ~0

Figure 7.16: Test set up for zero crossing amplifier
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NMOS and PMOS Power Switches

The high-side switch is made up of large number of PMOS FETs that
are group together to create a switch with 60mQ of resistance. The low-side

switch is made up large number of unit size NMOS FETs.
NMOS and PMOS Drivers

The NMOS and PMOS drivers are just chains of inverters that are
sized in a way to drive the big power switches. The schematic of the PMOS

and NMOS Drivers is shown in figure 7.18.
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The Bandgap Complex

The bandgap complex is used to create an ultra stable reference voltage to
the voltage-to-current converter that supplies the current to the magnetic
lenses. This complex is made up of three blocks that are:

* Secondary bandgap

* Amplifier

*  Primary bandgap
Figure 7.19, shows the simplified block diagram of the bandgap complex.
This complex is composed of three blocks that are the primary bandgap, the
amplifier, and the secondary bandgap. The Secondary bandgap provides all
the reference voltages and the bias current to all other blocks, except the
reference voltage to the current regulator. The amplifier, which acts as the
supply voltage to the primary bandgap, amplifies the reference voltage and
provides an ultra stable voltage supply to the primary bandgap. The power
supply rejection ration (PSRR) of the amplifier attenuates all disturbances on
the supply lines, so the primary bandgap has more immunity to the

disturbances.
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Figure 7.19: A simplified block diagram of the bandgap complex
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The real bandgap complex is as shown in figure 7.20, and the waveforms of
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Secondary Bandgap

The secondary bandgap and bias circuitry will supply all the reference
voltages and bias currents to all the blocks except the reference voltage for the
current regulator. Figure 7.22, shows the detailed schematic of the secondary
bandgap and bias circuitry. This bandgap is a typical bandgap that creates
stable reference voltages and currents. The bandgap’s performance can be

described by the following design equations:

Vpln "2 — Vpin 2 — [R,; = 0

sQ1 sQz2
V-In8
[ =-L
IR17
Vour = Vpe + i—if x2 % Vypln8 (7.9)
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Also, the bias current can be described by the following equation:

VBG—Vbhe
L, =— 7.10
bias = p19+R37+R36 ( )

where Vg is the bandgap voltage, and

Ve 1s the base-emitter voltage.

The bandgap voltage vs. temperature is plotted in Figure 7.23. As the figure
shows, the bandgap shows respectable stability over a long range in
temperature. Also, transistors Q3, Q5, R14, and R13 form the start up
circuitry so that the bandgap always starts up.

1.2215v

1,2210V+
1,2205V
Voltage (V)
1.2200V+
1,2195V+

1.2190V- \

1.2185v
=5

& 5'0 !60 150
Temperature (°C)
Figure 7.23: Secondary bandgap’s reference voltage vs. temperature
The purpose of the secondary bandgap is to create the reference
voltage and bias current for all other blocks and it is used as a reference to an
amplifier that supplies the voltage to primary bandgap. The block diagram of
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this complex is shown in figure 7.19. Due to the ultimate stability
requirements of the current source, the reference voltage that provides the
reference voltage to current regulator must not see variations in its supply
voltage. The secondary bandgap comes up first; which provides the reference
to the amplifier that supplies the primary bandgap. The secondary bangap is a

first order circuit and the primary bandgap is a second order one.

The change of bandgap voltage vs. temperature from 19.0C 1o 21.8 s 29.8nV which Is 0.01ppm

18.0 18.0 20.0 21.0 22.0 23.0

Temperature (°C)

Figure 7.24: Zoomed in primary bandgap voltage vs. temperature

The Amplifier

The sole purpose of the amplifier is to provide an extremely stable,
low output impedance voltage supply to the primary bandgap. The ultra
stability of the current that is to be produced requires a really stable reference
voltage. Bandgaps and analog circuitries are susceptible to the integrity of
their supply voltages. All the noise and disturbances must be filtered out as
much as possible so they do not jeopardize the integrity of the system. In
addition, the ability of systems to filter out the noise worsens as frequency is
increased. For these reasons, the amplifier is used to filter out the noise as
much as possible. Figure 7.25 shows the schematic of the amplifier in this
architecture. The amplifier is mainly composed of bipolar transistors to
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achieve as much gain as possible with fewer numbers of gains stages.
Transistors Q1 and Q2 form the input stage of this amplifier. They form the
differential pair that converts the differential voltage to a current. Transistors
Q12, Q11, Q14, Q13, Q7, Q8 and resistors R1 and R2 form the gain block of
this amplifier. The source follower Q9 is used to create low output impedance
and buffer the gain stage from the being loaded by the primary bandgap. Also,
Figure 7.26 shows the output voltage of the amplifier as the function of
Temperature. Notice that output voltage is 2.5V, which is the double that of
the bandgap voltage, which is 1.25V.
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Figure 7.26: The output voltage of the amplifier vs. temperature

Primary Bandgap

The primary bandgap creates a stable reference voltage to the current

regulator, which in turn is converted to a current.
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Filter

An LC filter is placed after the hysteretic regulator to block the
passage of higher frequency ripples to the analog circuitry. This is a second

order passive low pass filter that has the second order pole at

1
Pole —m—% KHz (7.11)

Figure 7.28 shows the schematic of the LC filter that is only composed of an

inductor and a capacitor.

Inductor
N AYv Out

4.7u

110u

V1
100m{ "L C1

Jk
ar

Figure 7.28: Schematic of the passive low pass filter

Linear Regulator

A linear regulator is placed after the LC filter and before the magnet load.
The purpose of this linear regulator is to further filter the low frequency
ripples and create a stable voltage. The detailed schematic of this linear
regulator is shown in figure 7.29. The schematic of linear regulator and

hysteretic regulator is shown on figure 7.30.
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Figure 7.29: Schematic of linear regulator
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Hysteretic Regulator Low Pass Filter
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Figure 7.30: Block diagram of hysteretic regulator, low pass filter, and linear

regulator
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Current Regulator

This is the circuit that creates the extremely accurate current to the
magnetic lenses. It is made up of a very high gain, low offset and low output
impedance amplifier that drives a big NFET. The simplified block diagram of
the current regulator is shown in figure 7.33. The detailed schematic of the

linear regulator is shown in figure 7.34.

lload RAVA

Load

Current Regulator

R1

Figure 7.33: Block diagram of current regulator
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Voltage Adjust Circuitry

There are two reasons for voltage adjust circuitry in this current regulator
system. The first one is that the current must remain absolutely constant. A
MSOFET’s drain current is a function of its Vgs and its Vps. The current in a

MOSFET can be described by
1=t Cox 7 Vos = Ven)2(1 + AVps)  (7.12)
where
W = width of MOSFET transistor
L =length of the MOSFET transistor
1 = mobility of charge carriers
Cox = oxide capacitance per unit area
Vi = threshold voltage
Vs = gate to source voltage
Vps = drain to source voltage

A = channel modulation

It can be seen that the current will be changed when its drain to source
voltage changes. So, it is paramount to control the Vgs as well as Vps. The
first function of the voltage adjust circuitry is to guarantee that Vpg is kept as
constant as possible. The other function of the voltage adjust circuitry is to
keep the Vps as low as possible, but still keep the transistor in saturation, so
the power loss through thermal radiation is minimized. Since the power that is

wasted through heat is
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Power Loss = I pap * Vps (7.13)
the power loss is low if Vpg kept low. In this way, the heat that is generated in
the system is kept as low as possible. Since heat can have a huge negative
impact on the system, then this is an important design consideration. Figure

7.35 shows how voltage adjust circuitry accomplishes this task.

Hysteretic Rgulator

Vref

? Vref

Linear Rgulator

. o Load
Voltage Adjust Circuitry

Primary Bandgap

rRi 2  Current Regulator

Figure 7.35: Block diagram of the current supply system
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The voltage adjust circuitry monitors the Vpg of the power MOSFET M1,
and it will change the reference voltage to the hysteretic regulator and linear
regulator. That means the output voltage will vary to make the Vpg of the
MOSFET M1 constant. In a way, the output impedance of the current source
is increased by the open loop gain (A,) of the voltage adjust circuitry

amplifier.
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The Complete Current Supply System

The schematic of the complete current supply system is shown in
figure 7.37. A 10mH inductor with a series resistance of 0.5 ohms was used to
simulate the magnetic lens which serves as the load for this current supply
system. All the blocks are shown on this picture. The hysteretic converter
block, itself, is composed of five hysteretic converter sub-blocks. The system
performs as expected, by regulating the current within the range of expected
stability. The waveforms of this block are shown in figure 7.38 and 7.39. In
figure 7.39 the maximum change in current versus time and at three different
supply voltages that vary from 2.5 to 5.5 volts for a 1 amp output is 10.9 na
that corresponds to 0.0109 ppm. Figure 7.40 shows the change of output

current vs. temperature.
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Figure 7.41 shows how the system reacts when the supply voltage varies.
Output of the linear regulator, output of the low pass filter, and output current

1s shown.
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Figure 7.41: Variation of output voltages and current vs. input voltage supply

The waveforms in figures 7.42 and 7.43 show the system response during the
load transient. In the first figure, the load is stepped up from 700mA to 1A to show
how fast the system recovers to a large step load. The second figure shows how the
system reacts and recovers in a small step load. In both cases, the current supply
recovers from fast transients in less than 10us without any sustained oscillations that
shows high bandwidth and good stability.
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Chapter 8

Summary & Conclusion

The challenges and difficulties of this design will be discussed at this point.
This chapter starts with a discussion of the problems that must be taken into account
in constructing this high stability current supply system. The right technology, the
right circuitries, and the right physical structures of the overall system are of
paramount importance. This summary will conclude with the potential of future
research and the recommendations for improving the future undertakings of building

an ultra high stability current supply.
Technology

At the present time, there are many technologies available that can be

selected to build this current supply. The technologies are:

*  (CMOS process
* BIPOLAR process
* BICMOS process.

CMOS technology is the most widely used process for the manufacturing of
circuits and systems. The advantage of a purely CMOS technology are its
availability and its low cost, but this technology does not have the variety and
the quality of devices that are needed for building high stability circuitries. A
CMOS process does not have the N-buried layer, a highly rich N-type dopant
layer that is needed to isolate the sensitive circuitries as needed (39). That
means the NMOS power transistors cannot become isolated and their

switching noise is coupled to the substrate that is common to all circuits.
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On the design of this current supply, the hysteretic converter has a
number of n-channels of power transistors that, if are not isolated, can
jeopardize the ultimate stability that is required. The other disadvantage of a
CMOS technology is the lack of available bipolar transistors. Compared to
MOSFET transistors, bipolar transistors have higher transconductance, lower
offset voltage, lower noise voltage, and superior device matching (39). These
advantages of bipolar transistors make them more suitable in the design of
sensitive circuitries, such as amplifiers and the voltage reference cells. These
drawbacks of a purely CMOS technology makes it unsuitable for the design of

this ultra stable current supply system.

Bipolar technology is suitable for building good quality analog
circuitries with excellent performance. It is important that in this particular
design, sensitive analog circuitries have as many bipolar transistors as
possible. There are, however, disadvantages to a bipolar process that must be
taken in account. Bipolar transistors tend to be larger than CMOS transistors
that can make a system design with large number of transistors impractical. In
this current supply design the digital blocks, the bias circuitries, and the
comparators can be fabricated using MOSFETs. This will save a big area and
cost in design of the overall system. The other advantage of MOSFET
transistors is their distinct advantages when it comes to the design of power
transistors. Bipolar transistors suffer from emitter debiasing, thermal runaway,
and secondary breakdown, which makes them unsuitable for power transistor
design (39). The current supply that is designed for this thesis has a total of
ten power transistors. The designs of these power transistors play a crucial

role for selecting the proper technology.

Since both CMOS and bipolar transistors have their own distinct

advantages that, together, are important for the success of this design, the
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BiCMOS technology is chosen as the proper technology. In a BICMOS
process, both CMOS devices and bipolar devices are available. This
technology allows the capability of isolating all the noisy power and digital
circuitries from the quiet analog circuitries. This makes the design of this
ultra accurate current supply practical and achievable. CMOS transistors will
be used in places that are suitable for them like the digital circuitries, the
comparators, the drivers, the power transistors, and all the current mirrors.
The bipolar transistors will be used in all the sensitive analog circuitries such

as the bandgap, and all the amplifiers that are used in this system.
System and Circuit Design

The system selected for this current supply, as shown in figure 7.1,
plays a fundamental role in the success of this design. The main block of this
system is the current regulator that sources current to the load. The integrity of
this system depends upon how accurately this current regulator is functioning.
An ideal current source has extremely high output impedance and its current
must remain as constant as possible throughout the specified temperature
range. To make sure these objectives were met, two key decisions were made.
The first one was to use a switching converter that would lower the input
voltage to a level so that less heat will be radiated away through the current
source. The second one was to use a mechanism that would keep the drain to
source voltage of the NMOS power FET in the current source as constant as
possible. In order to accomplish the second objective, the voltage adjust

amplifier block was added.

The Integrated circuits are sensitive to heat and heat production.
Transistors and their performances are a strong function of temperature and
the surrounding heat generation. For example: the leakage current of junction

diodes varies, the base to collector current gain () of bipolar transistors
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change, the base to emitter voltage (Vi) of bipolar transistors change, the
threshold voltage (Vi) of MOSFET transistors change, and the value of
passive elements like resistors and capacitors change as a function of
temperature. The accumulated effect of all these changes can be deleterious to
reach the ultimate stability in the current that is required. For these reasons,
the system must be designed in a way to minimize the heat production. The
hysteretic block will lower the input voltage with an efficiency of up to 95%.
This is the optimum efficiency that can be obtained with the present
technologies. The other advantage of a hysteretic converter, as compared to a
fixed frequency (PWM) switching converter, is that it does not require any
compensation for stability. This will render the system unconditionally stable
to all conditions and variables. This introduces a degree of freedom that is
particularly invaluable to the system design. For one, a higher order filter can
be used to attenuate the noise, rather than the second order filter that is

normally applied.

One of the core disadvantages of a switching power supply in general
and a hysteretic converter in particular is their inherent noise production. The
outputs of the power stages of these converters inject a substantial amount of
noise, through unwanted current injection, in the substrate. This is the same
substrate that is common to all other circuit blocks of this current supply
system. If proper measures are not taken, then sensitive blocks might not
function optimally. To mitigate this issue the circuits must have architectures
that are robust and insensitive, as much as possible, to the noise generation.
Bipolar transistors have a degree of immunity to noise and fast transient
disturbances that MOSFET transistors do not. The other way to protect the
sensitive circuitries from the substrate noise is to isolate them at the device

level. It is the reason, as explained above, that a BICMOS technology was
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selected. A BICMOS technology provides a reasonable degree of isolation

from substrate noise by providing an N-buried layer and deep N-well.

The hysteretic converter, not only, introduces noise to the substrate by
its inherent switching activity, but also through the ripple on the current
regulator. The second order passive filter that follows the converter will not
block all the switching noise. The solution to this problem is either adding
more passive filters or a linear regulator that can attenuate as much of the
noise as possible. The level of stability that is required by this current supply
justifies the implementation of this expensive solution. The linear regulator
must have a bandwidth wide enough to attenuate the supply noise as much as
possible. The device of choice is, again, bipolar transistors since they have
higher bandwidths, more inherent gain, and less susceptibility to noise and
latch-ups. Also, as explained in chapter 6, the architecture of this linear
regulator must be able to cancel the supply noise that is superimposed on the
gate electrode of the power NMOS. The output voltage of the linear regulator
is the input voltage of the current regulator. Any noise and disturbances at this

point could reduce the current stability.

The current regulator is at the heart of this current supply system. This
block must have high bandwidth, high gain, low offset, and low noise. The
bipolar transistors are, again, the device of choice for the design of this block.
In order to increase the output impedance of the current regulator to extremely
high levels, another block voltage adjust amplifier (VAA) is added. Any
changes in the drain to source voltage (V) of the power NMOS in the current
regulator can cause variations in load current that can be catastrophic. The
VAA will maintain a constant Vg4 across the NMOS power FET of the current
regulator. VAA will also maintain a low thermal generation by keeping the

Vs of the power FETs of the linear regulator and the current regulator as low
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as possible. Finally, a second order bandgap with extremely high stability
with respect to temperature and supply is designed. The main bandgap uses
bipolar core architecture with curvature correction to meet the 0.01 ppm that
is required in this design. In order to increase the PSRR to values large
enough for this current supply design, a secondary bandgap is designed that
powers the amplifier that supplies the primary bandgap. In this way, the
primary bandgap voltage, to a large degree, is isolated from supply and any

variation imposed on it.

The layout of this design will play a fundamental role in its success.
The placements of each block at the right place and orientation will be of
paramount importance in the final achievement of this plan. The digital blocks
and the hysteretic converter need to be separated and placed in their own
isolation pocket. They will be isolated by a reversed biased junction diode that
surrounds the whole structure. For example, the isolation can be achieved by
putting the noisy devices in a pocket of N-buried layer surrounded by a deep
N-well and N+ connected to the highest voltage. On the other hand, the analog
circuitries sit in their own pockets isolated in the same manner explained
above. The analog circuitries are, further, divided into sensitive and non-
sensitive blocks. The linear regulator and the current regulator are considered
as power stages, and they produce more heat than the other analog circuitries.
For that matter, they are separated from the other circuitries as much as
possible. The voltage references are the most vital part of this design, so they
are located away from noise and heat generating blocks as much as possible as
shown in Figure 8.1. These sensitive analog blocks are further isolated from

the rest of analog circuitries by another level of isolation as shown.
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Figure 8.1: The placement of analog and digital blocks

In this thesis, an ultra stable current supply was designed and
simulated. The success of this current supply was based on selecting the
proper system, the most robust and precise circuit architectures, and the most
optimum device configurations and layout. The goal of the system design was
based on high efficiency for low thermal generation, ease of compensation, a
stable and noiseless supply voltage for the load, and a current source with
output impedance as high as possible. On the circuit level, the most crucial
circuit blocks were designed with bipolar transistors since they provide more
gain, less offset voltage, and superior device matching at the layout level
compare to MOSFET transistors. The simulations results indicated the
performance of this current supply exceeds the 0.01ppm that was required. In
the future, the stability constraints can go beyond the requirement of this
thesis. The future design for a more stable system must take advantage of
technologies where the offset voltage, noise transmissions through capacitive
coupling, and better device matching is possible. At the circuit level, a third
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order bandgap, amplifiers with active offset cancellation circuitries for better

matching, and faster transistors with more intrinsic gain are of importance.

The stability of the current is based on the stability of the bandgap.
The stability of this bandgap changes by only 30nV in the temperature range
of 19°C to 21.8°C (41). This means a stability of 0.0086 ppm/°C, which is
within the range that is required for this design. It is important to keep the
ambient temperature within the boundary that gives the best stability for this
bandgap that is between the points specified above and shown in figure 8.2.
Since a temperature control of only plus or minus 1.0 °C around 20.5 °C 1is
needed the system can be kept in the temperature-controlled environment
(41). The waveform in figure 8.3 shows the line regulation of this system. The
current supplied is measured at three input voltages of 2.5V, 4.2V, and 5.5V.
The supply current is run for 600s and the stability variations are less than
20nV, which supersedes requirement of this system. These figures
demonstrate the system is functional, stable, and meets the criterion and

objective that were set from the beginning.
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Figure 8.4 shows the change of output current vs. temperature. Between 18
degree C to 21.8 degree C the output current change is 30nA. That means the
stability of the output current is less than 0.01ppm.

The Change of Current vs. Temperature from 19.0C to 21.8 is 30nA which is 0.01ppm.
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Figure 8.4: The change of output current vs. temperature
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