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ABSTRACT

Fluxgate sensors are magnetic field sensors that ncaasure DC and low
frequency AC magnetic fields. They can measure nionier magnetic fields than other
magnetic sensors like Hall effect sensors, magasistive sensors etc. They also have
high linearity, high sensitivity and low noise. Thajor application of fluxgate sensors is
in magnetometers for the measurement of earth’etagfield. Magnetometers are used
in navigation systems and electronic compassexgkta sensors can also be used to
measure high DC currents. Integrated micro-fluxgsgasors have been developed in
recent years. These sensors have much lower pamsumption and area compared to
their PCB counterparts. The output voltage of mituggate sensors is very low which
makes the analog front end more complex and resoltan increase in power
consumption of the system.

In this thesis a new analog front-end circuit fmicro-fluxgate sensors is
developed. This analog front-end circuit uses obhgngmp based excitation circuit and
phase delay based read-out chain. With these taiuries the power consumption of
analog front-end is reduced. The output is digatad it is immune to amplitude noise at
the output of the sensor. Digital output is proalegdathout using an ADC. A SPICE
model of micro-fluxgate sensor is used to verify tperation of the analog front-end and

the simulation results show very good linearity.
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Chapter 1
INTRODUCTION

1.1 Background
Fluxgate sensors are magnetic sensors that casuneeDC and low frequency
AC magnetic fields. They are capable of measurirgmetic fields order of nT to one
mT with resolution as low as 10pT [1]. They areoakensitive to the direction of
magnetic field. These sensors have very high litygasensitivity, low noise and
ruggedness. They can measure much lower magnetds ftihan other magnetic field
sensors like Hall sensors, magnetoresistive senseasch coil magnetometers etc. with
good linearity. SQUIDs (super conducting quanturterierence devices) are the only
magnetic sensors which have higher sensitivity tthaxgate sensors and they are very
expensive.
The following are a few important applicationsflokgate sensors [2] [3] [4] [7].
e Earth magnetic field measurement in magnetometersdvigation systems and
electronic compasses
e Detection of minerals and ores
e Space Magnetometers
e Measurement of DC and low frequency AC currents
¢ Mechanical measurements such as linear and angodtion, displacement and

velocity etc.



1.2 Research Goals

Conventional PCB fluxgate sensors consume a langeuat of area and power
which limits the application of these sensors. Lpawer, low area micro-fluxgate
sensors are developed over the past few yearsasioge the possibility of realizing
magnetic micro systems.

One of the major challenges of integrated micraghte sensors is the realization of
magnetic core. Micro-fluxgate sensors are mostlized either in a CMOS process
where the magnetic core is realized using postga®ing [5] - [7] or using MEMS
processes [8] [9] [12].

Although micro-fluxgate sensors offer great savingsarea and power they
produce much lower outputs compared to the trathtid®CB fluxgate sensors. This
makes the analog front-end circuit for micro-flus@aensors to be more complex and it
also consumes more power. Portable devices andegsraensor networks require low
power sensor systems. Hence along with a reduatiopower of the sensor it is
important to realize low power analog front enctaits.

The goal of this thesis is to address to develapva low power analog front-end
circuit for micro-fluxgate sensors which has thikoiwing properties

e Low power
e ADC free digital output
e Produces an output that varies linearly with exdemagnetic field

e Can be integrated with other CMOS circuits



1.3 Operating Principle of Fluxgate Sensor

The fluxgate sensor consists of an excitation eofensing coil and a magnetic core. The
current through the excitation coil should be hgiough to saturate the core in one
direction or the other twice per each cycle. WHendore is not saturated it offers a low
reluctance path to the external magnetic field when the core is saturated it offers a
high reluctance path to the external magnetic fitheére by gating the external flux.

Hence the sensor is called a fluxgate. This chamflax induces a voltage in the sensing

coil [10].
(o)
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Figure 1.1 Basic Fluxgate Sensor Principle

1.4 Second Harmonic Principle

The second harmonic of the output voltage acrossséimsing coil of a fluxgate
sensor is proportional to the external magnetitd fid1]. If a sinusoidal current of
frequencyw/2n is used to excite the fluxgate sensor it createmgnetic field ks given

by equation (1.1). The external magnetic field He#t be added to this.

H =H _ sinwt (1.2)

ref refmax



If N is the demagnetization factor apds the relative permeability, the magnetic field

within the core is given by:

H +H sinwt

H. —_ ext refmax 12
int 1+N(|.lr'1) ( )

This magnetic field is normalized tayHwhich is given as:

. 2B _[1+N(p -1
22 Bul1ANG D] w3
T RM,

The normalized magnetic field strength within tloeecis given by:

H.
h =—"-=h_ +h sinwt (1.4)
H

int refmax
0

The magnetization curve can be approximated byrmalized third order polynomial as:

b(h)=a h-a,h’ (1.6)
b(h)=ah_+ah_ __sinwta,(h_+h__sinwt)’ (1.7)
where b is the normalized flux density
The output voltage across the sensing coil is gagen
_ N0 _NpdB (1.8)
out dt dt

where N is the number of turns of the sensingaad A is the area of cross section of the

magnetic core.



The normalized output voltage is given as:

V., dB _ dB

out

A\Y4 = == _
ot NA dt °dt

—3a,h®> h®>  —0.75a.h’  )cosot+

ref max 3" "ext” "refmax 3" ref max (1 10)
3B,wa,h_h’  sin2ot+0.75Bwah’ .  cos3ot

3" "ext” "refmax

V.= Boco(alh

ma:

The second-harmonic component of the voltage athessensing coils is given as:

V . =-3BNAwah_h’  sin2wt (1.11)

out2h 3" "ext” refmax

Given that all other factors are constant the aongd of second harmonic is proportional
to the external magnetic field strength.
1.5 Ring-type Fluxgate Sensor

It can be seen from equation (1.10) that the ounpthe sensor also contains DC
and first harmonic contents and hence it would ireqa bandpass filter to extract the
second harmonic. A ring-type fluxgate sensor [18ld produce an output that does not
contain the DC and first harmonic components. Thigwut now contains only the even
harmonics. Therefore the second harmonic can bairdat by low-pass filtering. It
would also reduce the current required to satutseemagnetic core because the flux is

now flowing in a closed path.
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Figure 1.2 Ring-type Fluxgate Sensor

The sensitivity of a ring-type sensor is twice tbata single core sensor as the
output voltage is now proportional to the differenn magnetic fields between the two
portions of the core.

1.6 Phase Delay Principle

Phase delay technigue is based on the observaabthe external magnetic field
information is carried by the phase difference et two consecutive pulses at the
output of the fluxgate sensor [10] [19]. The outpiita single core single sensing coil
fluxgate sensor for triangular excitation signakiown in Figure (1.3). It can be seen
that in presence of external magnetic field thesphdelay between consecutive pulses
which is given as»tt; increases. A counter is set and reset such thae#sures this
phase delay. The counter is run on a clock witime period of Twhich is smaller than
the time period of excitation curreng. Tf Hey: IS the external magnetic field strength and
Hn is the peak value of the magnetic field strengik tb excitation current, then for a

triangular excitation signal the difference betwéeand i is given as:



t,—t, :AT:% (1.12)
The counter output Ns given by:
N _ TO'HeXt 1 13
* 2T.H_ (1.13)
A Without external magnetic field
Vcoil
t —
< T >« 5 >
A With external magnetic field
Vcoil ’7
t—»
>

Figure 1.3 Output of a Single Core Fluxgate Sensor

The output waveforms for a ring-type sensor witantgular excitation signal are
shown in Figure (1.4). It can be seen that the @liktay 4-t; transforms into the pulse
width of the output voltage across the sensingscdihe sensitivity of the sensor is also
doubled because the difference in magnetic figlehgths associated with the respective
portions of the core is now twice the external negnfield. The output of a ring-type

sensor is given as:



AT = "H— (1.14)
TO'Hext
N, = (1.15)

'Bsat
'Bsat
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A AT/2 t—>
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Figure 1.4 Output of a Ring-type Fluxgate Sensor

The advantages of a phase delay based read-digtadebelow.
1) The output of the sensor is available in digitaihdo
2) The output is independent of the area of crossaeof the core
3) Cross-field effect is expected to be negligible,cshese the response is
theoretically independent of:tind H when the loop remains symmetric within

an excitation cycle.



4) The receiving coil properties do not influence sieasor’s output considerably as
long as the output voltage has amplitude greater the noise floor. Hence coils
of inferior characteristics such as integratedscodn be used for fabricating the

sensor.

1.7 Miniatur e Fluxgate M agnetic Sensors

Miniaturization of fluxgate sensors enables the egation of micro-fluxgate
magnetic sensors that are cost effective, low p@medrhave low area. Applications such
as current sensing, navigation systems and portdNéces demand smaller fluxgate
sensors. Micro-fluxgate sensors can be integraiddthe analog front end circuitry and
also other CMOS circuits and ASICs. The traditioflakgate sensors have wound
excitation and sensing coils whose cost can be cegtlwusing micro fabrication
techniques. The sensitive parts like the magneaire @re generally realized by post-
processing. The low power micro-fluxgate sensotsgrated with other CMOS circuits
can be a part of smart sensor systems. Several agtahe art micro-fluxgate sensors
fabricated using different processes are desciibfs]-[9].
A ring-type micro-machined fluxgate sensor fabechin UV-LIGA process has been
reported in [12]. Instead of saturating the entioee only a part of the core where the
sensing coil is placed is saturated by reducingatea of the core in these portions.
Hence the peak value of excitation current requicesiaturate the core reduced to 50mA
from 250mA. The peak to peak value of output vategaround 30mV. A sensitivity of
389V/T has been obtained.

A comparison between a double axis PCB fluxgatesaeand an IC version is

made in [5]. The coils for the micro-fluxgate sen$mve been fabricated in Qb



CMOS technology and the ferromagnetic core is dgbaising post processing. The
micro-fluxgate sensor yielded a 75% saving in aveh respect to a direct scaling of the
PCB version. The IC version also showed a tremesidegrease in power consumption.
It required only 5mA peak current to saturate theeccompared to 600mA of the PCB
fluxgate sensor. This shows that a great reduagnopower and area can be obtained
using micro-fluxgate sensors.

While the micro-fluxgate sensors work at lower povemd area they have
decreased sensitivity and more noise [5] [10]. Tdléage across a coil wrapped around a

magnetic core excited by a sinusoidal currentvemgias:

d® d uw*N__*I .sin(2nf_t
_ = -N * Gk (M exc 0 ( exc )) (116)

ind — E - sense a 1

m

where NensdS the number of turns in the sensing coil, S & ¢hoss section area of the
core,p is the absolute magnetic permeability,Jis the number of turns in the excitation
coil, lpis the amplitude of excitation curreng,dis the excitation frequency ang is the
length of the magnetic path. Because of the ardacten the amplitude of the sensed
signal and hence the sensitivity of the sensoredeser with miniaturization. Due to this
reason the micro-fluxgate sensors are usually ¢gebrat much higher frequencies than
PCB sensors to get a voltage signal of amplitua& ggmough to be processed by the read
out circuitry. For example the PCB sensor in [5]rkgowith an excitation frequency of
10KHz and produces an output with 15mV amplitudemshas the IC version of it works
at an excitation frequency of 100KHz and producesoatput with 1mV amplitude.

Micro-fluxgate sensors also have higher noise thahof PCB sensors.

10



1.8 SPICE Modd of Micro fluxgate Sensor

It is important to test the analog front-end citowith a valid model of micro-
fluxgate sensor before fabrication. A SPICE modelnhicro-fluxgate sensor is presented
in [12]. The fabrication results match with the glation results using this model. This
SPICE model is used to verify the operation of dlegeloped analog front-end circuit.
The magnetic core is modeled using a current spuesestors and diodes. The model for

magnetic core is shown in Figure (1.5).

Vx

X
«w

e T v D, /\ D,
1

v, - v,

v

Figure 1.5 SPICE Model of Magnetic Core

le is a current controlled current source whichregponds to the magnetic field
intensity (H). The voltage ) corresponds to the magnetic flux density (B), iR
proportional to the permeability of the core in rsaturation region and sRis
proportional to the permeability in the saturati@gion. The B-H curve is shown in
Figure (1.6). If § increases in positive direction the voltagealso increases. The slope
of the V-1 curve in this region is equal tq.RAfter the point A the diode Dbecomes

forward biased and the core becomes saturated.

11



Now if the currentd is decreased the core remains in saturationhgllgoint C.
After this point the core comes out of saturatiod &oth the diodes are reverse biased.
The curve follows the path CDE. The slope of thé &tirve is again R The current
through the reverse biased junction of the diottass from \, to ground and henceyV
will stay positive even if le is zero. Similarly, Will be negative in the opposite direction
even if le is zero. The curve follows the path GABwS this model can simulate both

hysteresis and saturation phenomenon in magna&s.co

W
° 2

A
\4

Figure 1.6 B-H Curve
The sensor model for ring-type sensor is showniguré (1.7). The excitation
circuit consists of a current sourgg:lin series with an excitation coil with a resistanc

Rexc @and inductancedy. This produces a magnetic field of intensityddjiven by:

I_IexC — exc exc (1'17)

Neyc is the number of turns in the excitation cail: Is the excitation current and

Lm is the magnetic length of the core. The extermgtfis modeled as two current

12



sources k. So the magnetic field strength in one arm dg-HHx: and the magnetic field

in the other arm is HcHext.

V" Vsense
Rs | 1H
sensel
DAL
Hext< Dz Dl
Rexc Vn VD ch
Lexc Hexc<D Vsensen
Iexc (D
\
Vn P |sense2 1
Hext<l> Dz Dl
RS
Rs ch

Figure 1.7 SPICE Model of Fluxgate Sensor

=N e A, FV, (1.18)

sensel sense
sense2 = Nsense * Ac * VY (119)
lsensez@nd Lense2are voltage controlled current sources with gawpprtional to
NsensdA ¢, Where NenselS the number of turns in the sensing coils apdsAthe area of
cross section of the core..ysets the common mode dc voltage at the outpuhef t
sensing coils. The currentgeker 2are passed through inductors to produce the final

output voltages.

L N (1.20)

sensel - sense dt - sense C d,t

13



NN (1 (1.21)

sense2 = sense dt - sense C dt

This sensor model has been tested with the falkdcaticro-fluxgate sensors in
[13]. The results show good matching between thneulsited and measured outputs.
Hence this model is used in this thesis. The patersef the sensor fabricated in [13] are

shown in Table 1.1 below.

Parameter Value
Number of turns in excitation coil ¢y) 44
Number of turns in sensing coils \s3 14
Resistance of Excitation coil {R) 3Q
Inductance of Excitation coil ¢k 1.01uH
Length of the magnetic path{)- 70Qum
Area of cross section (A 70Qum*100um
Excitation Frequency 50KHz
Peak value of excitation current 50mA

Table 1.1 Parameters of Ring-type Micro-Fluxgatasse
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Chapter 2
STATE-OF-THE-ART ANALOG FRONT-END CIRCUITS

Traditional fluxgate sensors are excited using saal or pulse excitation [14].
Sinusoidal excitation provides low noise signalsemhas pulsed excitation is easier to
implement. Triangular excitation gives lower nofkan pulse excitation and is easier to
implement compared to sinusoidal excitation [15¢nEe triangular excitation is most
suited for integrated fluxgate sensors. In thigisea review of the existing state of the
art analog front-end circuits for micro fluxgatensers are presented.

2.1 A CMOS Front-End Circuit for Integrated Fluxgate Sensors

The analog front-end circuit presented in [15] eamd an excitation circuit, a
timing unit and a read-out unit. A 400KHz clockdwided internally to get a 100KHz
clock and 200KHz clock. The 100KHz clock is usedha excitation circuit to generate a
triangular voltage signal at 100KHz. The 200KHzcklas used to demodulate the output
of the fluxgate sensor. It is essential that thiege clocks have a 50% duty cycle to
ensure proper demodulation.

A schematic of the excitation circuit is shown iigle (2.1). It consists of an
integrator followed by a transconductance amplifigne resistor and capacitor are on
chip but the input to the integrator \s external. This makes it possible to use the
system for sensors with different saturation curreguirement. For one half of the clock
period of 100KHz clock the input is connected toj;tahd for the other half it is
connected to -\. This produces a triangular voltage wave around a¢ the output of
the integrator. This triangular voltage is fed totransconductance amplifier which

produces a triangular current. This current is @adhrough a current mirror into a class

15



AB output stage. The voltagesidiand Wias2are internal. The output stage has a supply

voltage of 5V and the other circuits have a supplyage of 3.3V.

C
Il
]
Vin R | l
—- A AAYAY B Transconductance pw—
WV, . ynchronous
" + Amplifier Demodulator+ Vout
Sallen Key 2™ [
order Filter
Fin/4 Lo Fin/2
Timing Block
I:in

Figure 2.1 A CMOS Front-End Circuit for Integratéldixgate Sensors

+HV

5

Cint E

—
_Yin Ri t R
__OV Iout
" 'Vbiasl -
Vbiasl
R

>

—

-HV
Figure 2.2 Excitation Circuit
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Second harmonic principle is used to obtain theutusignal. The read-out circuit
has a synchronous demodulation unit followed by@osd order Sallen-Key low pass
filter to extract the second harmonic componerthefoutput of the fluxgate sensor.

Some of the important specifications of this andlogt-end circuit are listed in

Table (2.1). These results are obtained by teshiagnalog front end on a PCB fluxgate

sensor.
Process 0.36m, 2 poly, 5 metal
Sensitivity 920VIT
Range +6QT
Linearity 6% F.S
42 mW @ 5V
Power Consumption 8mwW @ 3.3V
Area without pads 1700*35@n°

Table 2.1 Key Specifications

The major disadvantage of this analog front endudiris the use of symmetric
power supply for the generation of triangular cotrén both positive and negative
directions. Current CMOS technologies do not usarsgtric power supplies and hence
it would be difficult to integrate this analog fte@nd circuit with other CMOS circuits
and ASICs. Also it does not provide the outputigitdl format.

2.2 A CMOS 2D Micro-fluxgate Earth Magnetic Field Sensor

A double axis micro-fluxgate sensor with its anafognt-end circuit has been
presented in [7] and [16]. A QuBh CMOS process followed by post processing for the
magnetic core is used to fabricate the micro-fliggaensor. A new technique called dc-

magnetron sputtering is used which allows us to gderromagnetic core of good

17



properties with a lower thickness. The excitatiail bas a resistance of 1284 The
sensor needs to be excited with a 100 kHz sigréiraquires 18mA of current to saturate
the core. The differential peak to peak voltage.BmV which is amplified by 33dB
before it is processed by the read-out chain.

The excitation and read-out circuits are shown igufe (2.3). The excitation
circuit has two blocks- one at 3.3V and one at Z6he 3.3V block generates a square
wave of 100 kHz with an amplitude set by the exdewnoltage .. The square wave is
integrated to obtain a triangular waveform arounid supply range. The 26V block
consists of an operational amplifier with low-impede class AB output stage. The class
AB output stage provides all the current required the micro-fluxgate sensor. A

decoupling stage is used between the 3.3V and 263k$.

AN |
Vin E - /\/\ /\/\
— T U
L/ Micro
Fluxgate
Sensor

Excitation Circuit

|

Read-out Circuit f

Low pass
Sallen-Key Filter

] Difference| | ”
Micro 10 Amplifier b‘; X

M
Fluxgate Tow pass U Incremental
Sallen-Key Filter ADC
Sensor ] Difference X

x10 e [ — x10
— Amplifier bv} /

Figure 2.3 CMOS 2D Micro-Fluxgate Earth Magnetiel&iSensor
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The differential output voltage is amplified by acfor of 10 and then passed
through a difference amplifier that amplifies th&etence between the two outputs of
the sensing coils. A Sallen- Key filter is usedetdract the second harmonic component
of the output voltage. The output of the SallenyKiter is amplified further before
being digitized by a 13bit incremental ADC. Theiesat features of this analog front end

circuit are provided in Table (2.2).

Sensor Technology Qubh CMOS
Ferromagnetic Core Vitrovac 6025 X deposited by &gnetron
Sputtering
Interface circuit technology 0.3 CMOS
Sensor Area 3.2mm
Interface circuit area 1.7nm
Supply Voltage 3.3V-26V
Power consumption of sensor 13.7mW
Power consumption of system 90mw
Magnetic field range +G0T
Linearity Error 3% of full scale
Angle Error (Earth Magnetic 40
Field)

Table 2.2 Key Specifications

This analog front-end also uses symmetric poweplgup generate the triangular
current in both positive and negative directionsl drence it would be difficult to
integrate it with other CMOS circuits. Also the pemconsumption for the analog front
end is around 76.3mW which is very high. In additio these the use of a decoupling

stage increases the cost of the interface circuit.
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2.3 Low-voltage Fluxgate Sensor I nterface Circuit

A low-voltage fluxgate magnetic sensor interfacewt with digital output for
portable applications is presented in [17]. Twdetént excitation circuits have been
proposed. The excitation circuit that works atlatreely lower voltage of 3.3V is shown
in Figure (2.4). It consists of an H- bridge whidianges the direction of current through
the excitation coil of the fluxgate sensor at tlesited frequency thus eliminating the use
of split power supply. The 3.3V excitation circuges an external inductance of gBO

to generate the triangular current waveform.
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Figure 2.4 3.3V Excitation Circuit

The excitation circuit with 5V power supply hasrianigular voltage generator, a
voltage to current converter and an H-bridge. Aasgquwave is generated and then
integrated using an active integrator to obtainamgular wave. This triangular voltage is
level shifted and converted into triangular curreytusing a voltage to current converter.
The current is mirrored using a cascode currentomio get a 20mA peak current. The
peak value of the triangular current can be modifig changing the reference voltage
Vref which is set externally. The H-bridge is dmvéy signals S1 and S2 to switch
alternatively the current flowing into the excitaticoil of the sensor. This would allow
the sensor to be excited with a 40mA peak to peakent without using symmetric

supply voltage.

20



Excitation Circuit

Vref2 M3

Read-Out Chain

DEl\/lux—s"‘”?’“'Key » ADC
Filter

Offset Control Offset Control

Figure 2.5 5V Excitation Circuit and Read-Out Chain

The read-out chain presented is shown in Figu).(& performs a synchronous
demodulation to obtain the extract the second haretncomponent in the output of the
fluxgate sensor. The difference in the outputshef $ensing coils is amplified by 35dB
using an instrumentation amplifier. Each operatioremplifier used in the
instrumentation amplifier consumes 188 of power. The single ended output is
demodulated using a coherent orthogonal demodul&tee demodulation is done at a
frequency of 200KHz. A quadrature demodulator isdus he output of the demodulator
is passed through a Sallen- Key filter that produeelc signal proportional to the second
harmonic component of the output voltage. The doaiis amplified by a programmable
gain amplifier (PGA) before it is digitized by a b8 incremental ADC. The total power
consumed by the interface circuit and its areanatenentioned.
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Chapter 3
ANALOG FRONT-END ARCHITECTURE

A review of the existing state-of-the-art analognfr end circuits for micro-
fluxgate sensors presented in chapter 2 reveals tttengular excitation signal is
preferred as it gives good noise performance anebser to generate. The proposed
analog front end circuit uses a charge pump basgedagon circuit to generate the
triangular excitation current. The advantages ofgiphase delay technigue to extract the
output signal in digitized form have been listedattion 1.6. The proposed analog front-
end circuit uses phase delay technique in the ogadhain.

The developed analog front-end architecture is shiowFigure (3.1) and Figure
(3.2). The excitation circuit consists of a chapgenp which charges and discharges an
external capacitor CSET linearly to produce a tidar voltage waveform at its output.
This is done by alternatively turning on two consteurrent sources, bnd h. When the
clock goes low the capacitor CSET is charged thmaugonstant current sourge When
the clock goes high the capacitor is dischargedutiin the constant current sourge |
This generates a triangular voltage at the outpub® charge pump. The charge pump
works on a 100KHz clock. The triangular voltagg@éesiodically reset to a fixed dc value
SO as to provide a proper input common mode toéxe stage.

The triangular voltage waveform generated by theergd pump is converted into
a triangular current by a voltage to current cotererThe triangular voltage is applied
through a feedback loop across an external reds$&T whose negative terminal is held
constant at a dc voltages\. The external resistor sets the current in thembin. A

current sink with very low output impedance is usedet the voltage at the negative
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terminal of the resistor RSET to a known dc valugkVSince the triangular voltage at

the output of the charge pump is reset to the sdaneoltage on the falling edge of the

clock, the effective voltage across the resistoER® a triangular wave going from zero

to a positive peak set by the capacitor CSET. Heheegpeak current can be set to the
desired value by changing the resistor RSET.

The triangular current is mirrored into anothernaota using a cascode current
mirror with a mirroring ratio of 1:20. This curreistfed into an H- bridge. The excitation
coil of the micro-fluxgate sensor is connectechatdutput of the H-bridge. The signals H
and Hb are applied to the H-bridge such that tmectlon of current flowing into the
excitation coil is reversed on every alternativeckl cycle. This results in a 50KHz
triangular current being fed to the excitation awilh a peak to peak value twice that of

the current drawn from the power supply.
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Figure 3.1 Excitation Circuit
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Read-out chain
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Figure 3.2 Read-out chain

The output of the micro-fluxgate sensor is very |g@nerally of the order of mV.
Hence it has to be amplified before it is fed tcomparator. The read-out chain consists
of a double differential preamplifier that amplgi¢he difference between the output of
the sensing coils and a differential reference aggt This output is of the order of
hundreds of mV. The differential output is fed tocamparator that generates a logic high
or logic low at its output depending on the inputs.

The output of the comparator remains high for thmet period when the
differential output voltage of the micro-fluxgatensor exceeds a certain threshold value
set by the differential reference. This correspadhe time periodT/2 as indicated in
Figure (1.4). A digital code corresponding to ttime is generated by a time to digital
converter. The time to digital converter uses a B2Mrystal clock and its inverted
version to generate a digital code of higher rasmiuwhich can be generated only by

using a 64MHz clock according to the approach us¢ti9] and [24].
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Some of the salient features of the proposed arfedog end are:

1) The use of charge pump to generate a triangulaag®iwaveform gives reduced
power consumption compared to previous approaches.

2) H-Bridge is used to switch the direction of currélatving into the excitation coil
eliminating the use of symmetric power supply.

3) The read-out circuit is not susceptible to ampktumbise in the output voltage of
the sensor.

4) Digital output is produced without using an ADC.

5) The time to digital converter uses a 32MHz clock generates digital code that
is as accurate as the digital code generated asB®MHz clock using previous

approaches in [19] and [24].

3.1 Excitation Circuit

Each block of the excitation circuit is discussedétail in the following sections.

3.1.1 Charge Pump:

A charge pump consists of two constant currentcgsuwhich linearly charge or
discharge a capacitor at its output. The currentces are connected to the output or
disconnected from the output using switches. Thargdh pump used to generate a
triangular voltage waveform is shown in Figure {3The transistors M2 and M3 form a
current source that discharges the output andrémsistors M4 and M5 form a current
source used to charge the output. The transistaramd M6 are in triode and are used as
switches. The cascode current source formed by S\ is biased using a wide swing

cascode bias with a dummy switch in the bias diratnich replicates the effect of the
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switch M6. The cascode current source formed byav@ M3 is biased using a wide
swing cascode bias with a dummy switch in the biesuit which replicates the effect of
the switch M1 [20].
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Figure 3.3 Charge Pump

The charge pump shown in Figure (3.3) uses cascadtent sources with larger
output impedance to reduce the effect of power lsuppise on the output. It employs
source switching which ensures that the transiskd2sM5 are always in saturation
thereby avoiding any peak current that may flothd transistors M1 and M2 or M4 and
M5 are in triode for some portion of time. The shihg time for this charge pump is
also lower due to the fact that the switches M1 il are connected to a single

transistor only.
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When the clock goes low the transistor M6 is turaecand M1 is turned off. The
output is charged linearly from a voltage ¥ a peak voltage of Mwith a charging
current of ). When the clock goes high the switch M1 is turnadand M6 is turned off.
The output is discharged linearly from a voltaget&'V, with a discharging current of.1
This is followed by a reset pulse which turns on 8 resets the output voltage to a

value Vsink set by the current sink. All the waveforms arevaian Figure (3.4).
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Clk
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Reset

Figure 3.4 Output of Charge Pump
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A reset pulse is generated on every falling edgthefclock to reset the output
voltage of the charge pump. This is done by detayire input clock and doing a logical
AND operation with the inverted clock. A currentusted inverter is used to generate the
delayed clock. The schematic is shown in Figurg)(3he transistors M1 and M4 are in
triode where as M2 and M3 are in saturation. Winenctock goes low M1 is off and M4
is on. The capacitor C1 is charged linearly to Vibough M3 which acts as a current
source. Similarly when clock goes high M1 is on &d is off. The capacitor C1 is
discharged linearly to ground potential through WMg2ich acts as a current source. The

clock frequency is 100KHz and a reset time of 58nssed.
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Figure 3.5 Reset Pulse Generation Circuit

The slope of the voltage waveform at the outputhef charge pump when the clock is

low is:

m ——b (3.1)
1 CSET
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The slope of the voltage waveform at the outputhef charge pump when the clock is

high is:

I
m =—-2= (3.2)
2 CSET

If both the charging current and discharging curege equal then

[=1=I, (3.3)
m,=m, (3.4)
V=V (3.5)

v 4t T (3.6)

2 < CSET 2

If there is a mismatch in the currentsand ) a non-linearity is caused in the
voltage at the output of the charge pump when reset. Since this happens for a very
small amount of time (0.5% of the time period)aftect is very small. There will also be
a mismatch in the slopes;mand m which modulates the amplitude of the differential
sensor output. But since phase delay based read-dane this will not effect the digital
output of the system. The noise in the output gataf the charge pump due to charge
injection from M7 is partly cancelled because #cakffects the voltage Mk which
subtracted from the voltage at the positive terinofathe resistor RSET as shown in

Figure (3.1). The value of Is 54uA and CSET is 40pF.
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3.1.2 Triangular Current Generator

The triangular voltage generated at the outputhefdharge pump is converted
into a triangular current using a voltage to cur@mverter. This current is mirrored into
another branch using a 1:K current mirror and thews through the excitation coil of
the sensor. The peak value of the mirrored cusskatlld be large enough to saturate the
magnetic core of the sensor. The schematic ofrilwegular current generator is shown in

Figure (3.6).

VDD 1:K Current Mirror

|

| |
| L < |
| Itrl M3 M4 |
| l|o :
' > - |
: M2 M5 |
[ NS h .

r———-"==-- i |

RSET% C, To H- Bridge
Vsink I
Voltage to Current

converter

Figure 3.6 Triangular Current Generator

The voltage to current converter applies the tndaagvoltage across an external
resistor through a feedback loop. If the gain of #mplifier Ay is large enough the
voltage at the positive terminal of the resistoll e the same as the input voltage from

the charge pump. The external resistor sets thermuin this branch. It is important that

30



the excitation current has little variation witmteerature so that the output of the sensor
is less dependent on temperature. Since the ekresiator can be made to have a very
good temperature coefficient the curregt éxhibits only a little dependence on
temperature. It is also important to have a lovsetflamplifier so that the voltage across
the resistor actually goes from zero to a peakevahd so does the currept |

| =& (3.7)

T RSET

A folded cascode OTA is used to implement the gé@ige. The current through

the transistor M1 changes from zero to a peak vafudew mA. Hence the gate of M1
has to be modulated to supply this wide range afect. So the output of the amplifier
should have high swing. The amplifier should hasedyenough gain so that the voltage
at the positive terminal of the resistor RSET isieas the charge pump output voltage.
The unity gain bandwidth of the feedback loop staalso be large enough to pass a
considerable number of harmonics of the input gateSince an external resistor is used
it will have some parasitic capacitancgdcross it. This forms a pole at a frequency,of f
given by equation (3.8). In order to stabilize teedback loop the pole at the output of
the amplifier, given by equation (3.9), should be dominant pole. This is done by

adding a capacitor t the output of the amplifier.

1
f=——
P2mR_*C (3.8)
1
P2° 2mR_*C (3-9)
X 7p
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Rout IS the output impedance of the folded cascode @id\ K is the impedance seen at
the node X. At higher currents,® dominated by the gm of M1 and equals 1/gAt
low currents the gm of M1 decreases andsRalmost equal to RSET. The capacitance Cs
has been chosen such that the feedback loop i $takall cases. This is verified from
the transient response.

The triangular current generated is mirrored inbmther branch using a 1:K
current mirror with K=20. A higher value of K is@$en so as to reduce the bias current.
A cascode current mirror is used so as to provadgel output impedance. It also helps in
reducing the effect of power supply noise on theitakon current. The transistors M2-
M5 should be in saturation region for all portidrtime. Hence these devices are usually
very big and consume a major portion of area. imigortant to match the transistors in
the current mirror using proper layout techniqussdescussed later. Since the resistor
RSET is external it can be adjusted to get theiredexcitation current to saturate the
magnetic core. The nominal value of RSET isQ30
3.1.3 Current Sink

The voltage at the negative terminal of the ress#aRSET has to be maintained
fixed at Vsink SO that the effective voltage across RSET isangiular wave going from
zero to a certain peak voltage equal t8Wn . And hence the current through the
resistor also goes from zero to a peak value lipe8mce the current through this branch
is of the order of a few mA the circuit which sirtkss current should have extremely low

output impedance. A current sink is employed fas pgurpose.
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The schematic of the current sink is shown in Feg(8.7). The impedance

looking into the node Y is given as:

_(1/gm,)

R
Y 14A

(3.10)

d

To RSET |

Co
ol
Vsink
C

Figure 3.7 Current Sink

A folded cascode OTA followed by a level shiftemgd is used for implementing
the gain stage. The voltages;¥ should be greater than the overdrive voltage ef th
PMOS transistor M1. Another factor in choosingaMs the minimum voltage required to
be maintained at the output of the charge pumporting to these parameters;yis set
to be 1.5V. The feedback loop has a finite bandwaitd hence an external capacitance
of 200pF to ground is used to reduce the variatidhe voltage at node Y. The capacitor
C; is added for stability. The folded cascode OTAduBere is similar to the one used in
the voltage to current converter of triangular eatrgenerator. This would reduce the

effect of OTA offsets on the excitation current.
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3.1.4 H-Bridge

The current supplied by the current mirror is artgular current that flows from
supply to ground through the excitation coil. Bog fluxgate sensor needs to be excited
with an alternating (AC) current. Hence an H-briggjesed to change the direction of the
current through the excitation coil. The schemafidhe H-bridge is shown in Figure

(3.9).
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Figure 3.8 H-Bridge Circuit

The H-bridge consists of two CMOS inverter likeustures. The current flows in
one direction or the other depending on which istoss are turned on. The signals H
and Hb which drive the gates of the transistor M8-&re should have half of the
frequency of the clock that drives the charge puience a frequency divider with
divide by two ratio is used to obtain these signd@lse signal H remains high for one
clock cycle of the charge pump clock and remaing for the next clock cycle. The

signal Hb is an inverted version of the signal H.
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When the signal H goes high and Hb goes low, teststors M7 and M8 are on
and the transistors M6 and M9 are off. The curfeaws through M7- Excitation coil-
M8 to ground. In the next clock cycle the H goew land Hb goes high. Hence the
current flows through M6- Excitation coil- M9 toagmd. Thus the direction of current
flowing through the excitation coil is reversed.ellaveforms of various signals in this

circuit are shown in Figure (3.9).

A

Clkb

Hb

Figure 3.9 Excitation Current Waveforms

The currentdic has a peak to peak value ofe2l but the current drawn from the
power supply still has a peak current gflonly. Since the H-bridge works on current
input rather than voltage it has better power syppjection capability than the 3.3V

excitation circuit in [17] which works directly othe supply voltage. The excitation
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current will have some spikes at the zero crossithgs to the inductive nature of the
excitation coil and some parasitic capacitances Will cause a spike in the voltage at
the outputs of individual sensing coils but thefaténtial output voltage will still be
clean. This is because all disturbances in thetaian current around zero will appear as
common mode noise to the sensor and will be suppdes the differential output.
3.2 Read-out Chain

In order to measure the phase delay between twsecative pulses at the output
of the fluxgate sensor as described in Chapterelneed to process the signals through a
triggering circuit like comparator. Micro-fluxgatensors have noise at the point where
the differential output voltage is supposed to &®zHence it is desired to have a circuit
which is triggered only when the differential vgeaexceeds a certain threshold value.
The amplitude of the output voltage is usuallyhs brder of mV. Hence it is required to
amplify this signal by passing it through a preaifirgyl before it is given to a comparator.
After the comparator a time to digital converteuged to produce an output digital code
proportional to the pulse width of the output cé tomparator.
3.2.1 Double Differential Preamplifier

The double differential preamplifier forms the fistage of the read-out circuit.

The schematic of the double differential preamgitifised is shown in Figure (3.10) [25].
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Figure 3.10 Double Differential Preamplifier
The double differential preamplifier is fully diffential and gives an output (Voutp-
Voutn) which crosses zero when the differential uingVinp-Vinm) crosses the

differential threshold (Vrefp-Vrem). The small s&jmain is given as:

A,=gm, *(ro,||ro,) (3.11)

Voutp-Voutn=A ((Vinp-Vinn)-(Vrefp-Vrefn)) (3.12)

In order to obtain a good gain active load is usedhe preamplifier. This

necessitates the use of Common Mode Feedback (CN-Bgt the output dc level

reliably. The transistors M11-M13 are in triode.eThesistance of these transistors is

37



adjusted such that ID9 and ID10 exactly balancedb& ID6 respectively. If we assume
that the (W/L) of M14 is equal to the (W/L) of M&@&M10 then the currents through all
of these transistors will be equal. Hence if (Wdf)M13 equals the (W/L) of M11 and

M12 the currents ID14 and ID9, 10 track each othrs sets the output common mode
equal to Vcmref. In practice Vds of M14 and M9 aot equal and this would result in a
finite error. The output swing is also limited byettransistors M11 and M12 as the
output voltage cannot go beyond VDDwhY 14. But these two limitations do not have a

major effect on the current read- out circuit.

R
Vemref=——2—VDD (3.13)

R +R,
Voutde = (LOUtP er Voutn, (3.14)

Voutdc=chrefif(ﬂj =(ﬂj and(ﬂj =(ﬂj (3.15)
L 13 L 11,12 L 14 L 9,10

It is important to have good matching between tigui devices to have low offsets.
However offsets less than a mV do not have a sggmt impact because the output of
the sensor has a relatively small rise time.
3.2.2 Compar ator

The output of the preamplifier is of the order dea hundred mV. This is given
as input to a comparator stage which produces progée levels at it its output. The

comparator used in the read- out circuit is shawhigure (3.11) [20].
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Figure 3.11 Current-mode Comparator

The comparator is a current mode comparator. Curmexle comparators have

higher speed and larger bandwidth. They also reqawer voltage headroom to operate

than those operating in voltage mode. The compai@nosists of a transconductance

stage followed by a current subtractor, two curssrce inverting amplifiers and a

CMOS inverter. The differential input voltage prads a proportional difference in the

currents flowing through the transistors M1 and NIBese currents are mirrored into M5

and M6. The difference in the currents through M@ &5 flows into the first current

source amplifier. The first current-source amptigenploys resistive feedback to reduce

the input and output impedances. The signal isgoh$isrough another current-source

amplifier and a CMOS inverter to produce a signéh\groper logic levels at the output.
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3.2.3 Timeto Digital Converter

The output of the comparator has a certain pulsihwiith proper logic levels. A
digital word corresponding to this pulse width requced by a time to digital converter.
Conventional fluxgate sensors have very low exoiafrequencies of the order of Hz
and hence a counter run at a few tens of MHz wgivd good resolution. Micro-fluxgate
sensors have excitation frequencies of the ordéewfhundreds of kHz. Hence time to
digital converter also forms a crucial part of tead-out chain.

The time to digital converter used is shown in Fegy3.12). It uses two
synchronous counters which run on a 32MHz clock imdhverted version. The output
of the comparator is given as an enable to theteosinWhen enable goes high both the
counters start counting. When the enable goes l@acbounters retain the count. After
this the Latch signal goes high for one clock cyafieghe 32MHz clock. The data in the
counters is latched into a bank of D Flip-flops.eThatch signal is followed by reset
signal which resets the counters. The digital codeke D Flip-flops are added using an
8-bit adder. The resulting code corresponds tophise width of the output of the
comparator and hence is proportional to the extemagnetic field. For each enable

pulse the digital code is updated.
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Figure 3.12 Time to Digital Converter

The waveforms of various signals are shown in Egi#.13). The advantage of

using two counters is that we can get one bit meswlution in the time to digital

conversion process. The resolution of the timeigdal converter is now 15.625ns. With

the approach used in [19] and [24] it would taket®¥Hz clock to produce data with this

resolution.
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Figure 3.13 Time to Digital Converter waveforms



3.3 Layout
The layout of the excitation circuit, double di#atial preamplifier and
comparator is done in IBM O.u&h CMHV7SF process using the high voltage

MOSFETS. A snapshot of the layout is shown in Feg(®.14).

Current
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|
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H-Bridge

fj‘l"‘ ——————— -Charge

Figure 3.14 Layout of Analog Front-End Circuit

The area of the layout is 995.14*712:4%. Current mirror occupies a major
portion of the area. Separate power supply andngr@ins are used for the current mirror
and H-bridge since they work at higher currentsm@mn centroid and interdigitation

techniques are used to get good matching betweaoedevhenever it is necessary.
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Chapter 4

RESULTS

The results of post layout extracted simulations presented in this section.
Parasitic resistance, capacitance and couplingctapae are extracted using R-C-Cc

extraction. The charge pump output voltage is showkiigure (4.1).

595 14" dx: 10,00188us
dy: 376.300uV
1 s: 37.62379V/s
7 = 75.0!’1&24;;;.'2.13?25 = 85.00212u-;5;:-2.1-39534\.‘-
2.0
Z1.75
:> -
15 B
) M1 B0.05214us 1.401053V
1:25
T 50|D T T T T ﬁu|[I T T T T m|u T T T T aJ|u T T T T gu|D T T T |1m|]0
time (us)
Figure 4.1 Charge Pump Output Voltage
The peak to peak value of the triangular voltage647.65mV and it has a
frequency of 100KHz.
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The excitation current waveforms are shown in Feg(#.2). The current goes
above 50mA and below -50mA which is the currentunesgl to saturate the core. It has a

frequency of 50 KHz.
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Figure 4.2 Excitation Current Waveform
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The differential output of the sensor is shown iguFe (4.3). The peak to peak value is

around 30mV.

M3: 65.883us 14.4738mV
15.0

10.0

-l0.0

-15.0

V)
o
b & c L
T T T T O O O S O OO

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
40.0 50.0 60.0 70.0 80.0 90.0 100
time {us)

Figure 4.3 Output of Micro-Fluxgate Sensor

The pulse width at the output of the sensor andpesator is shown in Figure (4.4).
x_-m'& Output Pulse Width vs External Magnetic Field

45—

—#— Sensor
—— Comparator

35

Cutput (s)
ra
in
I

0 | | | | | | | | | |
0 20 40 60 80 100 120 140 160 180 200
H (AT/m)

Figure 4.4 Output of Sensor and Comparator vs Batéviagnetic Field
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The difference between the outputs of sensor angpacator is shown in Figure (4.5).
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Figure 4.5 Difference between Sensor and Compa@itput vs External Magnetic field

It can be seen that the difference is almost cohgtal7ns and changing by +
1ns. The non-linearity caused by the comparatahesefore very low. The percentage

linearity error vs external magnetic field is showrigure (4.6).
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Figure 4.6 %Linearity Error vs External Magnetiel
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The digital output of the system vs external maigrfetld is shown in Figure (4.7).

Digital Output vs External Magnetic Field
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Figure 4.7 Digital Output vs External Magnetic Hiel

Table 3.1 summarizes the key specifications offnesloped analog front-end circuit.

Parameter Value
Process IBM CMOS 0.18um
RMS Power Consumption of AFE (excludes 5.025mw
the power delivered to the sensor)
%Linearity Error at the output of comparatar -0.282
Resolution of time to digital converter 15.625n$wmB82MHz clock
Layout area 995.14*712.467°

Table 4.1 Key Specifications of Developed AnalogrffEnd
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Chapter 5

CONCLUSION

A new analog front-end circuit for micro-fluxgatensors is developed. Charge
pump based excitation circuit is used to reducepth@er consumption of the excitation
circuit. An H-bridge is used to reverse the dir@ctof current through the excitation coil
without the use of symmetric power supply. Phasaydbased read-out technique is
implemented. It produces a digital output withosing an ADC. The read-out circuit is
immune to amplitude noise and hence it is besegudr use for micro-fluxgate sensors
whose output voltage is much lower. Phase delagdasad-out circuit also has low
power.

The analog front-end circuit is simulated with RIGE model of micro-fluxgate
sensor and excellent linearity in the output isaoi#d. An offset of about 17ns is
produced at the output due to asymmetric rise afidifnes at the output of the sensor.
But it can be easily calibrated. The time to digtanverter produces an output with
15.625ns resolution using a 32MHz clock. The andimmt end circuit consumes
5.025mW of power excluding the power supplied te thicro-fluxgate sensor and the
bias current to the current mirror. This is muclwéo compared to the power
consumption of the state-of-the-art analog frord eimcuits presented in this thesis. The
layout has an area of 995.14*7121%. The area can be further reduced depending on

the current consumption of the sensor.
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