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ABSTRACT

DESIGN AND DEVELOPMENT OF HALL SENSORS FOR
MAGNETIC MICROSYSTEMS

Nowadays, magnetic sensors are widely used in variety of applications. One of
the most common classes of magnetic sensors is Hall effect based sensors. Improving
characteristics of Hall effect based sensors, such as sensitivity, resolution, power con-
sumption, and chip area has always been a center of attention for many researchers. In
this work, a Hall sensor is designed in 0.13 ym CMOS technology. Two cross-shaped
Hall plates are used to increase sensitivity and to cancel the DC offset output of Hall
plates. To provide input current for the Hall plates, a biasing circuit is designed.
Using a common mode feedback network, consistency of the input current is ensured.
To automatically ignore the process variations, which causes asymmetric output from
different Hall plate ports, the current spinning method is used. 32 switches are con-
nected to input-output ports of the Hall plates to rotate their connections functionality
and compensate the probable defects after fabrication. A digital circuit is designed to
generate 4 non-overlapping clock signals to control the switches. In order to increase
signal to noise ratio, the signal is converted from current to voltage mode using a
capacitor and then amplified using two fully differential amplifiers. The capacitor is
discharged every complete cycle to ensure linear functionality. Layouts of different

blocks used in the project are designed and pre-layout and post-layout simulation re-
Vv

AmT
and power consumption of 36 W, while using 3 uA as input bias current, 1.8 V' as

sults are gathered and presented. Simulation results show sensitivity of 8383

supply voltage, and consuming 6259 pm? of chip area.



OZET

MANYETIK MiKROSISTEMLER ICIN KORIDOR
ALGILAYICI TASARIMI VE GELISTIRILMESI

Giiniimiizde manyetik algilayicilar bir ¢cok alanda kullanilmaktadir. Manyetik
algilayiclarin en yaygin tiirlerinden biri koridor etkisi tabanlh algilayici. Koridor etk-
isi tabanli algilayiclarin hassasiyet, coziiniirliik, enerji tiiketimi ve yonga alani gibi
karakteristik ozelliklerinin geligtirilmesi her zaman aragtirmacilarin ilgi alanindadir.
Bu calismada, 0.13 g CMOS teknolojinde koridor algilayici tasarlanmigtir. Iki tane
capraz-sekilli koridor plaka hassasiyeti arttirmak ve koridor plakalarin dogru akim of-
set cikigi iptal etmek icin kullanilmigtir. Koridor plakalara girdi akimi saglamak icin,
kutuplama devresi tasarlanmigtir. Ortak modlu geri doniigim ag1 kullanilarak girdi
akimimin tutarliligi saglanmigtir. Farkli koridor plaka portlarindan simetrik olmayan
giktilara sebep olan iglem degigimlerini otomatik olarak engellemek icin akim donme
metodu kullanilmigtir. Koridor plakalarin baglanti islevlerini ¢evirebilmek ve olasi
iiretim sonrasi hatalar1 engellemek icin 32 tane diigme koridor plakalarin girig ve ¢ikig
portlarina baglanmigtir. Diigmeleri kontrol etmek i¢in 4 tane kesismeyen saat igareti
iiretecek sayisal devre tasarlanmigtir. Sinyal, sinyal-giirtiltii oranini arttirmak icin, ka-
pasitor kullanilarak akimdan voltaj moduna doniigtiiriiliir ve sonrasinda iki tane fark-
sal yiikseltici kullanilarak yiikseltilir. Kapasitor, dogrusal iglevselligi saglamak icin her
tam tur sonunda bosgaltilir. Projede kullanilan farkli blok semalar: tasarlanmigtir ve
sema-oncesi ve sema-sonrasi benzetim sonuclari elde edilip sunulmusturr. 3 pA sapma
akimi, 1.8 V besleme voltaji kullanan ve 6259 pum? yonga alam kaplayan benzetim

1%
sonuclarinda 8383 AT hassasiyeti ve 36 uW gii¢ tiikketimi gozlenmistir.
m
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1. INTRODUCTION

Fabrication process and industrial machinery to fabricate integrated circuits (IC)
have been developed to a level where electronic engineers are now able to design and
fabricate miniaturized circuits and systems. The most important factor for this im-
provement is based on electronic and mechanical characteristics of silicon. Combining
these two important features of silicon, scientists were able to fabricate microelectrome-
chanical systems (MEMS). MEMS technology enables realization of electro-mechanical
systems in micrometer, or even nanometer scale, which is also known as nanoelectrome-

chanical Systems (NEMS).

Different types of MEMS devices have been demonstrated for applications rang-
ing from magnetic micro systems [1], pressure sensing [2] to biomedical applications [3].
Microfabrication technology allows us to design the mechanical micro structures be-
fore, during, and after complementary metal-oxide-semiconductor (CMOS) produc-
tion, pre-CMOS, intermediate-CMOS, and post-CMOS respectively. Using the fact
that CMOS technology and MEMS are compatible and can be integrated on a single

chip, several kinds of sensors and actuators can be designed and fabricated [4].

Microsensors detect and quantify certain physical, chemical, or biological quanti-
ties, such as temperature, pressure, force, humidity, light, nuclear radiation, magnetic
flux, and chemical composition [5]. An important advantage of microsensors is that
they sense very small changes in the quantity accurately [6]. One of the most important

types of microsensors is magnetic sensors.

Magnetic sensors have been in use for well over 2000 years. They are devices
that measure the magnetic field in a medium. Magnetic sensors can be designed based
on different concepts such as Magnetostrictive effect, giant magnetoresistance (GMR),

anisotropic magnetoresistive (AMR), and Hall effect.

e Magnetostrictive sensors [7,8]: Magnetostrictive sensors use the concept of mag-



netostrictive effect. According to this phenomenon, changing magnetization of
a magnetostrictive material results in changing its strain which it is exhibit in
length per unit length.

AMR based sensors [9,10]: Anisotropic magnetoresistance effect can also be used
to sense a magnetic field and the angle between magnetization direction and an
electrical current. According to this effect, the resistance of a ferromagnetic
material changes with regard to the magnetic field around it. Its resistance will
be minimum when the magnetization direction is perpendicular to the direction
of electrical current.

GMR based sensors [11,12]: GMR based sensors use the concept of giant magne-
toresistance. GMR is a quantum mechanical magnetoresistance effect that can
be observed in metallic multilayer structures where magnetic layers are separated
by non-magnetic layers. The magnetic layers can be rotated in the presence of an
external magnetic field which changes the resistance of the structure. Resistance
is minimum when the the current flows in parallel with the layers.

Hall effect based sensors: Hall structure is fabricated using a thin conductive
material with contacts on edges to act as input and output ports. The voltage
induced across the Hall plate is proportional to intensity of magnetic field. Con-
sidering possible dimensions for Hall plate, the induced voltage cannot reach a
usable level to be used in electronics devices and needs amplifications and to-
gether they make a Hall effect sensor [13]. Hall plates, that act as sensors for
Hall sensing device, can be integrated with CMOS technologies [14].

The sensor system presented in this thesis is based on Hall effect. So it is necessary

to know the working principle of this kind of sensors.

1.1. Hall Effect Based Sensors

Figure 1.1 shows a block diagram of a sensing device that uses the Hall effect.

Magnetic system generates a magnetic field which in turn is sensed by the Hall plates.

The field generated by the magnetic system is related with the quantity that we are

trying to sense such as current, temperature, pressure, and position. Electronic cir-



cuitry is placed in output interface where signal is converted to an acceptable electrical

signal [13].

Quantity to be sensed

!

Input Interface

|

Sensing System Mathematic

Deyice l

EEmsimeTeeaRa o Effedt
b - Sensor

Output Interface

|

Electrical Signal

Figure 1.1. General sensor based on Hall effect [13].

1.1.1. Hall Effect

The Hall effect was discovered by Dr. Edwin Hall in 1879. He observed that when
a magnet was placed so that its field was perpendicular to one face of a thin rectangle
of gold through which current was flowing, a difference in potential appeared at the
opposite edges. He found that this voltage was proportional to the current flowing
through the conductor, and the flux density or magnetic induction perpendicular to

the conductor [15].

Figure 1.2 illustrates the basic principle of the Hall effect. It shows a thin sheet
of semiconducting material (Hall element) through which a current is passed along
x-direction I,. The output connections are perpendicular to the direction of current.
When no magnetic field is present, current distribution is uniform and no potential

difference is seen across the output.

When a perpendicular magnetic field is present along z-direction B,, as shown

in Figure 1.3, a Lorentz force is exerted on the current. This force disturbs the
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Figure 1.2. Hall effect principle, no magnetic field [13].

current distribution, resulting in a potential difference (voltage) across the output.

This voltage is the Hall voltage (Vian) [16].

I,=qgxnxAXxuv,

gx By =qxuv, xB,

VHall:EyXW:UJCXBsz

I, x B,
Viar = —————
gXxXtxmn
Hall sensitivity is equal to:
S tivit av
ensitivity = ——
Y= AB

From here, Hall coefficient (ry) can be defined as:

1
rg =
nxaq

(1.1)

(1.2)

(1.3)

(1.4)

(1.5)

(1.6)



In the above equations, £, is electrical field along y-direction, A is cross section
area, v, is velocity of charge along x-direction, n is carrier density, ¢ is electrical charge,

t and W are thickness and width of Hall plate.

Figure 1.3. Hall effect principle, magnetic field is present [13].

1.1.2. Hall Plate

Hall plates are categorized in different groups according to their geometry and

operation mode.

1.1.2.1. Geometry of a Hall Plate. Performance of a Hall plate heavily depends on

its geometry. Modifying the geometry of a sensor can help adjusting the sensitivity,

offset, and power consumption [16,17]. The most common shapes for Hall plates are:

e Rectangular shape Hall plates [18]: Bias electrodes placed on width of a rectan-
gular Hall plate and form a uniform current sheet. To determine the optimum
dimension for the rectangle, output current can be considered for constant input
voltage for different plate sizes. At first sight, it seems by increasing the length
of the plate or making it narrower, more current can be obtained from induced
voltage, thus we can increase the sensitivity. However, by making the plate

long and short, its resistance will decrease to the point where the Hall voltage



is then short circuited and sensitivity is decreased. That is why using multiple
Hall plates in parallel does not improve the sensitivity noticeably. The optimum
length to width ratio for a Hall plate is reported as 1.35:1 [17]. A rectangular
Hall plate is shown in Figure 1.4.

c—

c—/
Figure 1.4. Rectangular Hall plate [17].

Diamond shape Hall plates [19]: To avoid the terminal shorting, which is ex-
plained above, the plate can be designed in the shape of a diamond. Thus,
current will spread thought the plate in a non-uniform manner. Because the
current flow at the sense corners of the diamond is low, the voltage gradient in
the corners also be low. So ohmic offset from contact misalignment effects is

reduced [17]. A diamond Hall plate is shown in Figure 1.5 .

Figure 1.5. Diamond Hall plate [17].

Cross shape Hall plates [20-23]: There are 4 contacts on each side of a cross
shaped Hall plate. Two of the contacts are biased, either upper and lower ones
or left and right ones. Magnetic field induces current inside the plate that is
converted to an induced voltage, which can be sensed on two remaining contacts.
Hall plates in a cross-shaped geometry are widely used, since they provide the

best sensitivity while having least noise and residual effect. They are also immune



to alignment tolerance resulting from fabrication process. Direct current (DC)
offset is a negative aspect of these sensors since it reduces the DC resolution of
the sensor, however; taking benefit of the symmetrical shape of the cross-shaped
Hall plate, current spinning method can be used. This method effectively reduces
the DC offset as well as flicker noise [24-29]. A cross-shaped Hall plate is shown
in Figure 1.6.

O

O

Figure 1.6. Cross Hall plate [17].

1.1.2.2. Operation Mode. Since Hall sensors convert magnetic field into an electrical

signal, either voltage or current, the operation can be classified as voltage or current

mode.

e Voltage-mode Hall plates: In voltage-mode Hall plates, the output is measured
as induced voltage. The output voltage is typically in the order of micro- to
millivolt and, therefore, it must be amplified before being transmitted to the
outside world. In this mode, Vg, is proportional to bias current applied to the
sensor (Ipiqs), the current-related voltage-mode sensitivity (Sy, ), and the applied

perpendicular external magnetic field(B),

VHall = SV[ X ]Bias x B (17)
VHall
Sy, =
[Bias x B
. (1.8)



vBias + VHall

= 1.

Viy 5 5 (1.9)
VBias VHall

_= — 1.1

Vi = Yo 1 (1.10)

Vi, and Vy_ are positive and negative outputs voltage of a voltage-mode Hall

plate, respectively.

VHall

'

N

@
r

Figure 1.7. Voltage-mode Hall sensor.

e Current-mode Hall plates: The Hall plate is biased with current in this mode and
the output is also obtained as current. The voltages at the 4 contacts will stay
constant, theoretically, and as a result, there will be no influence of the parasitic
capacitances. In addition, some of the terminals may share the current, which
results in reducing the number of terminals, thus enabling further miniaturization
of the design. In this mode of operation, the Hall current (Iy,;) is proportional
to the bias current of the Hall plate (Ip;qs), the current-mode sensitivity (.Sy),
and the applied perpendicular external magnetic field(B),

Ity = St X Ipias X B (1.11)
I,
S1=1 H>l<l B
Bias 1.12
K (112

= M X (f)



where pg is Hall mobility, W is width and L is length of Hall plate.

[Bias [Hall
Iy, = 1.1
H+ 9 + 7 (1.13)
]Bias IHall
Ig_ = — 1.14
" 2 2 (1.14)

In the above equations, Iy and Iy are positive and negative outputs current

of a current-mode Hall plate, respectively.

| ’* L

H+ ||

Figure 1.8. Current-mode Hall sensor.

A sensor designer should consider some characteristics of a Hall effect sensor.

Some of these characteristics are listed below.

e Sensitivity: Sensitivity is the change in the output for a unit change in mag-
netic field (B). The effectiveness of Hall devices is measured by the sensitivity.
For example, when sensitivity is higher, for a certain changes in input, the sen-
sor provides greater output which reduces the need for supporting electronics

circuitry.

AQutput

N (1.15)

Sensitivity =
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e Input and output resistance: Input resistance of a Hall plate will determine the
restrictions on biasing circuitry, however, output resistance can be used to design
the follow-up amplifier stages. That is why knowing resistance of Hall plates is
very important for designers.

e Noise: In addition to providing a signal, Hall effect sensors also present electrical
noise at their outputs.The most fundamental and unavoidable of electrical noise
sources is called Johnson noise, and it is the result of the thermally induced
motion of electrons (or other charge carriers) in a conductive material. It is
solely a function of the resistance of the device and the operating temperature.

Johnson noise (V, )is generated by any resistance (including Hall plates),

NThermal
and is described by Equation 1.16. In this equation, 7" is temperature, BW is
measurement bandwidth, R is series resistance and K is Boltzmann constant and

is equal to 1.38 x 10723 K1 [17].

Vi

NThermal

=V4dx KxTxBW xR (1.16)

At lower frequencies, another source of noise begins to take dominance among
others. Flicker (1/f) noise sometimes is more problematic than Johnson noise.

Flicker noise (V,

o ;)can be originated from many different sources and from vari-

ous materials. However, the measurements show the inverse proportional relation
between power of this noise with the frequency.

The basic difference between Johnson noise and flicker noise is the fact that John-
son noise is intrinsic and exists in any resistance, however, the flicker noise de-
pends on the materials and fabrication processes [17]. In this equation, V/,, /7 (rms)

is root-mean-squared of flicker noise.

V20 (o) = /0 V2 (f)df (1.17)

e Resolution: Another important characteristics of Hall effect sensors is the reso-
lution. Resolution defines the smallest changes in the quantity that the sensor

can detect.
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Resolution depends on noise voltage and sensitivity of the system and can be

calculated according to Equation 1.18.

Vn(rms)

B esolution — - 1.18
fresolut Sensitivity (1.18)

1.2. Thesis Outline

In this thesis, a CMOS compatible Hall effect sensor is designed and simulated.
A Hall plate needs to be biased and its weak output signal needs to be amplified. These
are the reasons why various electronics circuits are needed for efficient functionality of

Hall sensor. Different designed parts of this system are listed below.

e Hall plates are main components of the Hall sensor. According to their size, they
convert the magnetic field to electrical signals that can be easily manipulated
and observed. Shape of the Hall plate and the mode in which it is working is
determined according to our methodology.

e Current spinning method is used to decrease offset and flicker noise. Basically,
the functionality of Hall plate ports is changed from input to output periodically
so that the output is an average of outputs while ports of the Hall plates change
their directions.

e To use the Hall plates efficiently, they need to be biased accurately. This is a
responsibility of current biasing circuit to provide precise input current for the
Hall plates.

e In order to utilize output currents of the Hall plates, they are converted to voltage
before amplification step.

e Finally, two amplifiers are designed to increase signal to noise ratio (SNR) and

signal amplitude.

Then, layouts of different circuit parts are designed, parasitics are extracted,

post-layout results are compared with pre-layout results, and conclusion is presented.
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2. SYSTEM DESIGN

The Hall element is the basic component of magnetic field sensors. It requires
signal conditioning to make the output usable for most applications. Figure 2.1 shows
a schematic of the circuit blocks surrounding the Hall plates. Each block will be

discussed in upcoming sections.

IBias Current Spinning
Circuit#1

4 I A%
Convertor
#1

A 4

Y

— P Vout

IBias Biasing |
—
Current
Circuit

A 4

IV
Convertor >
#H2

-lgias Current Spinning
Circuit#2

Figure 2.1. Schematic of the circuit blocks surrounding the Hall plates.

2.1. Hall Plate

As discussed in Section 1.1.2.2; current-mode Hall sensors have some advantages
over voltage-mode Hall sensors. A cross-shaped Hall plate is used to utilize current
spinning technique. According to Equation 2.1, the sensitivity of this mode can be

calculated using Equations 1.13 and 1.14.

Al Iy.— Iy

AB  AB (2.1)

Sensitivity =
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In order to achieve differential currents at the output and increase sensitivity, a

pair of Hall plates is used. Using two Hall plates results in zero output currents, Iyy

IBias
IBia ‘

v
[s:]
®

?'
;
®
oz]

IHN

Figure 2.2. A pair of current-mode Hall sensors structure.

(negative output current of two current-mode Hall plate) and Igp (positive output
current of two current-mode Hall plate) when B = 0. Upon applying a magnetic field,
the sensors generate Hall currents, Iy, at the output nodes. By using this method,

the sensitivity of the sensor can be doubled.

IHP:IH+_[H7 (22)

[HN:IH,—[HJr (23)

Al . Inp —Iun
AB AB

Sensitivity =
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2.1.1. Hall Plate Model

In order to facilitate the simulation analysis of electrical circuit with integrated
Hall devices, a simulation model of the Hall plate is needed considering the important
physical effects and technological influences of the Hall plate. A simple yet effective
extracted model of the Hall plate describes the behavior of the Hall plate in electrical

circuits [30].

The model used for Hall plate with the configuration used in this thesis is shown

in Figure 2.3.

Alg

Al

[ Rit_]
ay
[ RH ]

RD RD

o
]
[ RH ]
ay
[ RH ]
E
RS,

Figure 2.3. Simplified model for CMOS integrated cross-shaped Hall plate adopted
from [30].

[ P (2.5)
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RH 8 n2
) T 2.6
Rp T2L/W +2/3 (2.6)
RuR
Rey = H—R? (2.7)
Rp+ -

In the model, each Hall current is modeled by using the current-controlled current

sources with the following equations:

Tajs, = %Rieqsv,f(pl,DQ)B (2.8)
Thjos = %Rieqsv,f(m, 45)B (2.9)
Trijos %RLWSVII(BI,BQ)B (2.10)
Tna, %Rieqsv,ucl,cz)B (2.11)

2.2. Current Spinning Circuit

The performance of Hall plates may suffer from process variations and because
of contact misalignment, they have a large and time dependent offset. Other disad-
vantages include thermal effects, surface charges, and stress [27]. This is where the
spinning current method proves most useful. Using this method, the Hall plates will
rotate relative to the input currents, and as a result, the offset will be compensated in

time due to the averaging outputs.

The clock signals used to control the switches are 4 different non-overlapping
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clock signals, CLK,, CLK,, CLK3, and CLK,. At the end of each rotation, the
average of output offset is zero. The topology of the Hall plates as well as the switches
connected to their terminals is shown in Figure 2.4. The switches are derived with
clock signals shown in Figure 2.5. During each phase, switching part connects two of
each Hall plate terminals to input bias current, Ip;,s, while other two terminals form
the outputs. According to this design, 32 switches are needed, each of them consisting

of parallel NMOS and PMOS transistors forming a transmission gate (Figure 2.6).

Table 2.1. Hall plates’ connections on each clock phase.

Hall plate number | Terminals name | CLK;, | CLKy; | CLK3 | CLKy
A IBias [HP IHN IBais
B IBias [Bias IHP IHN
Hall plate 1
C Inn IBias IBias Inp
D ]HP ]HN ]Bias ]Bias
A —IBias | IuN Inp | —IBias
B _IBias _[Bias _IHN [HP
Hall plate 2
C [HP _IBias _[Bz'as [HN
D Inn Inp | —IBias | —IBias

2.2.1. Switching Clock Generator Circuit

In order to generate the clock signals used in current spinning, a unique digital

circuit is needed, which in turn needs a frequency divider.

2.2.1.1. Frequency Divider. A frequency divider, also called a clock divider, is a circuit

that takes an input signal of a frequency, f;,, and generates an output signal of a

frequency according to Equation 2.12. In this equation, m is an integer.

fout - E (212)
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IBias

IHN

IHP

IBias

Figure 2.4. Hall plates with switches configuration for current spinning.



CLK1

CLK2

1
CLK3 :
1

CLK4

|

Figure 2.5. Clock signals’ diagram for current spinning operation.

ouT

=<

Figure 2.6. Schematic of transmission gate used as a switch.
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A simple binary counter can perform the divide-by-2 operation (Figure 2.7). By
connecting the output of the circuit @ to the input node, D, on each rising-edge of the
input clock signal, the output changes its logic value, hence, having half the frequency
compared to the input clock. Schematic of a divide-by-2 frequency divider which is
implemented using D-type flip-flop is shown in Figure 2.7. The design is based on the
parasitic capacitances of wires. Figure 2.8 shows the desired result for a divide-by-2

frequency divider.

AVDD
; Foudbs, o cuk|[© o
Q - | | |
H Q
a[® | ad
Ain > CLK —J > >
4 |
= by Ty
VVEE

(a) (b)

Figure 2.7. Schematic of a divide-by-2 frequency divider.

CLK

Figure 2.8. Desired result of a divide-by-2 frequency divider.
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2.2.1.2. Clock Generator. Now, by using the frequency divider designed above, signal

clocks are generated. A digital circuit is designed to generate 4 different clock signals
based on input clock signal of the circuit and the output of frequency divider. These
two signals can have 4 possible permutations, each turning one output clock signals

to 1. The schematics are shown in Figures 2.9, 2.10, 2.11, and 2.12.

jVDD
CLK

ek

]
_ﬁ _ﬂ_%d
{7 VEE

Figure 2.9. Clock 1.

=
.

ok

]
_ﬁ _ﬂ_%d
{7 VEE

Figure 2.10. Clock 2.

2.2.1.3. Buffer. In order to make the clock signals stronger and synchronize their fall

and rise times, a buffer is used at the outputs. The simplified block diagram of the
buffer and its schematic are shown in Figure 2.13. The effects of using buffers on

switching is shown in Figure 2.14.



Lo
]
jw)

0
d
-~

|D

L [ |

CLK3

CLK1 |<JT CLK2

<

<+

VEE

Figure 2.11. Clock 3.

CLK

=
J

Jcika

CLK1 Ii CLK2

]
=

{7 VEE

Figure 2.12. Clock 4.

CLK1

Z&‘JDD

L

CLK1

Z&\H)D

CLK1

i

VEE

(b)

Figure 2.13. Schematic of buffer circuit.

‘K] VEE
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1 ¥ ="

After passing
Buffer

\ <
Before using
o Buffer \
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=1
998 1000 1010 1020 1030

Time(nS)

Figure 2.14. Effect of using buffers on switching.

2.3. Current Biasing Circuit

Biasing in electronics is the method of establishing predetermined voltages or
currents at various points of an electronic circuit for the purpose of establishing proper
operating conditions for different components in the circuit. Figure 2.15 shows the
circuit that is used to bias the Hall plates. Hall plates need two identical bias currents

which are determined by the input resistance of the Hall plates and supply voltage.

2.3.1. Low Voltage Current Mirror

Low voltage cascode current mirror is used to mirror the current in order to lower
the supply voltage requirement while preserving the properties of a traditional cascode
current amplifier. In order to determine the bias current, the supply voltage and input
resistance of each Hall plate should be determined. According to Figure 1.8, the input
resistance of the Hall plate Ry piate can be calculated by Equation 2.13.

Van

RHall plate — (213)

[Bias

According to Figure 3.1, the input resistance of each Hall plate is approximately

equal to 200 K {2, so Ip;.s should be considered equal to 3 A according to supply
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voltages which are —0.9V and +0.9V. As a result, over-drive voltage (V,,) for each
transistor is considered approximately 0.15V, so that transistors run in saturation

region. According to the Figure 2.15:

IBias = Ipy;, = Ipyys (2.14)

1
Ip = 3 X B X Cop X (%) x (V2) (2.15)

where Ip is drain current of a transistor, p is mobility, C,, is gate oxide capacitance

per unit, W is width of transistor, and L is length of transistor.

Because M, M3, My, and M, share the same gate source voltage and have same

coeflicients:

W
Ip,, (7w
e — L (2.16)
‘[DMI (_)Ml
L
|74
I (7 )ass
Mo _ (2.17)
[DMl E
(7)an
%74
Ip (f)Mll
M11 — W (218)
IDMl M
(L

Also, Mg and M, share the same gate source voltage and have same coefficients and

as a result:
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(2.19)

2.3.2. Common Mode Feedback Circuit

The sensor structure of Figure 2.4 needs two identical input currents. A possi-
ble mismatch results in lower available over-drive voltage for the circuit with higher
current, possibly brings its transistors to linear region. A common mode feedback
(CMFB) network is implemented to solve this issue and tries to keep the currents
identical. This circuit, senses the common mode voltages and compares them with
a reference voltage. The result is an error signal that cancels the mismatch in bias

current and fixes the output voltages to a desired level.

VGM13 + VGM14

Veu = 5 (2.20)
where Vi is gate voltage of a transistor.
‘[DMll = ID]VIIQ + IDMla + ]DM14 (2'21)
If IDM13 + IDMM = IConstcmt:
o [Constant [Constant
IDMll - [DMlz + (— + AI) + (— - AI) (222)

2 2

The equations show that Ip,,,, will not change even when large differential signal
voltages are present. If VC'M is used to control the bias voltages of the output stage,
then the voltage in output nodes of the main circuit can vary without changing the

bias current. CMFB has 3 important advantages:
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e Sense the common-mode voltages level of the differential outputs
e Compare the common-mode voltages to a reference voltage
e Return the error to the amplifier’s bias network to adjust the current and even-

tually the outputs voltage

%VDD

-

Figure 2.15. Schematic of current biasing circuit adopted from [14].

2.4. Current to Voltage Converter

Using a capacitance, the current output of Hall plates can be converted to voltage.

av
IOUT =C x E (223)

A capacitor reseting switch is needed to reset capacitor voltage. This capacitor
reseting switch helps discharging the capacitor. The relation between reseting switch
frequency freseting switen and switching clock frequency fswitching clock 18 described in

Equation 2.24.

_ fSwitching clock

fReseting switch — # (224)
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Schematic of the current to voltage converter circuit is show in Figure 2.16. A

transmission gate which is shown in Figure 2.6 is used as a switch.

oV

v
o—

Vresefting

Figure 2.16. Current to voltage converter circuit.

2.5. Differential Voltage Amplifier

After converting the Hall current to voltage, the result is a small voltage ranging
up to 70 4V at maximum magnetic field. Since this value is small considering the noise
and non-ideal current biasing circuit, amplifying this signal and increasing SNR are
essential. Consequently, two differential amplifiers are designed and added to output
of the current to voltage blocks. Differential amplifiers are used since they have a high
common mode rejection ratio (CMRR) and it has higher immunity to environmental
noise in comparison with single ended amplifiers. The total gain of these two stage

amplifiers can be calculated according to Equation 2.25.

GainTotal - GainFirst stage X GainSecond stage (225)

2.5.1. First Stage Amplifier

A fully differential cascode amplifier is used as the first stage because it has good
noise performance and can provide larger gain by increasing the output resistance of

a stage. Schematic of the amplifier is shown in Figure 2.17.
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Vob
|gias
Vin+ M1 iz Vin- &
Voutl | Vout2
o—— ——O0
I | VY Ma (]
Va4 Ms Me ([ |

Figure 2.17. First stage differential voltage amplifier.

[Bias
]D]\/Il = ]DIVI2 = ]DMs = ]DM4 = ‘[DM5 = IDMG = 2 (2‘26)
. Vourn,
Gain = —— = Gml X ROUT1 (227)
IN,
Gain ~ —Gmi o X Touty o H Touts g (2'28)
. 2 X ]D VA

=22, A 2.29
TV, T T I (229

In the above equations, G,, transconductance of input network, Ropr is output re-
sistance of output network, g,, is transconductance of each transistor, r,,; is output

resistance of each transistor, and V, is Early voltage.
2.5.2. Second Stage Amplifier

A fully differential pair amplifier is used loaded with a biased transistor working

as a current source for the second stage. The schematic of the amplifier is shown in
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Figure 2.18. In this amplifier, M; and Mg are input NMOS devices and are relatively
large and are derived with smaller over-drive voltage with higher output resistance to
provide a gain boost for the system. In addition, choosing this configuration for these
transistors, increase the CMRR of the amplifier. The PMOS devices My and M, are
designed to have high resistance to increase the gain. Current passing through the tail
transistor M, is twice other transistors, so it should have roughly twice over-drive

voltage compared with the input transistors.

1
Ing: = Ing = Ingg = Inyy = 5 My, (230)
- Vour,
Gain = —— = G, X Rour, (2.31)
IN>
Gain = —Gmzs X (routms H 7aoutg,lo) (2'32)

Vout2 Voutl
o }_Q

Figure 2.18. Second stage differential voltage amplifier.
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3. Simulation Results

3.1. Hall Plate

The current-mode technique is applied to a two-dimensional (2D) model of the
Hall plate simulated using commercial finite-element method (FEM) software, with
parameters summarized in Table 3.1. The parameters are extracted from 0.13 um
CMOS technology characteristics. As mentioned in previous chapters, the cross shaped
Hall plate is used with dimensions shown in Figure 3.1. The maximum width and
length are 8 ym and the simulation uses the nominal bias current of 3 uA. Surface
electrical distribution of the Hall plate when a magnetic field of 20 mT is applied is

shown in Figure 3.1.

Table 3.1. Model parameters.

Symbol Value
4 [C] 1,602 x 1019
n [em ™3] 1.7 x 107
w [em?/(V x Sec)] 416
t [m] 2.73 x 107

FEM simulation result of a current-mode Hall plate is shown in Figure 3.2.
Sensitivity can be calculated according to Equation 3.1.
A

Al
Sensitivity = NI 52.2 o (3.1)

In order to to achieve differential currents at the outputs and increase sensitivity,
a pair of Hall plates is used. As a result, the current-mode technique is applied to

a pair of 2D model of the Hall plates. Figure 3.3 also shows the surface electrical
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Igias
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Figure 3.1. FEM simulation of a current-mode Hall plate when bias current is equal

to 3 pA.

1.5008
1.5004 IH+ //
y
=<
2 15
=
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o / \
1.4996 IH- \\
1.4992
0 4 3 12 16 20
B(mT)

Figure 3.2. FEM simulation result of a current-mode Hall plate when bias current is

equal to 3 puA.
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distribution when a magnetic field of 20T is applied and the simulation uses the

nominal bias currents of 3 pA and —3 pA.

IBias

{um})
-5
0.589
2571
0.3
0 <
=X
o &
m
=
-2.5 F
-0.3
-5 L 1 L 1 L L 1 (um) -0.589
-10 -7.5 P—S -2.5 0 2.5 5 ! 7.5 10

Figure 3.3. FEM simulation of two current-mode Hall plates structure when bias

currents are equal to 3 uA and —3 pA.

FEM simulation result of a pair of current-mode Hall plates is shown in Figure

3.2.
Al A
tivity = — = 104.2n— 2
Sensitivity N 0 o (3.2)
According to Equation 3.2, sensor sensitivity is doubled by using a pair of Hall
plates.

Spice model for a Hall plate is described in Section 2.1.1. According to Table
31, Rp =1.08 M2 , Ry =144 M, R., =863 K2, S; =1.35x 10*. The results
of FEM simulations and spice simulations agree very well as shown in Figures 3.2,

3.4,3.5 and 3.6. The values of sensitivity are shown in Equations 3.3 and 3.4.
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Figure 3.4. FEM simulation result of two current-mode Hall plates structure when

when bias currents are equal to 3 uA and —3 pA.
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Figure 3.5. Result of Hall sensor’s model when bias current is equal to 3 puA.
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A
Sensitivity = 52.2 N (3.3)

1.2

0.6 >/
\/v\

Current(nA)

-0.6 —

I \

<1.2

Figure 3.6. Result of a pair of Hall sensors’ model when two Hall plates are used and

bias currents are equal to 3 uA and —3 pA.
e A
Sensitivity = 104.2 N (3.4)

3.2. Current Spinning Circuit

As mentioned in Section 2.2, the proposed cross current-mode Hall plates enables
us to apply the current spinning technique. Four clock signals CLK;, CLK,, CLKs3,
and C LK, control the switches and consequently connections of Hall plates terminals.
These four clock signals are generated by a switching clock generator circuit which
is described in Section 2.2.1. This switching clock generator consists of a frequency
divider, 4 clock generator circuits and buffers. Pre-layout and post-layout simulation

results of frequency divider are shown in Figures 3.7 and 3.8.

In the next step, the frequency divider circuit is connected to a digital circuit,

which generates clock signals, and buffer blocks. The layout of this part of the circuit
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is shown in Figure A.3. Pre-layout and post layout simulation results of whole clock

generator circuit are shown in Figures 3.9 and 3.10.

1

0 CLK —»

Voltage(V)

0 1 2 3 4
Time(uS)

Figure 3.7. Pre-layout simulation result the divide-by-2 frequency divider.

CLK —»

Voltage(V)

0 1 2 3 4
Time{uS)

Figure 3.8. Post-layout simulation result of the divide-by-2 frequency divider.

Finally, the complete switching clock generator block (Figure A.3) is connected

to 32 switches (Figure A.2) and pre-layout and post-layout simulation results are

shown in Figures 3.11 and 3.12.
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<+— CLK1

CLK2—»

Voltage(V)
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CLK3—>»

CLK4—»
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Time(us)

Figure 3.9. Pre-layout simulation result of complete switching clock generator circuit.

+— (LK1

CLK2—

Voltage(V)
—

CLK3—»

CLK4—»

0 1 2 3 4
Time(uS)

Figure 3.10. Post-layout simulation result of complete switching clock generator

circuit.
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Figure 3.11. Pre-layout simulation result of Hall plates connected to current spinning

Current(nA)

Figure 3.12. Post-layout simulation result of Hall plates connected to current

block.
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3.3. Current Biasing Circuit

The proposed current biasing circuit in Figure 2.15 is designed and simulated
in Mentor Graphics. Considering certain over-drive voltages for transistors in current
biasing circuit and the resistance of Hall plates, 3 uA is calculated as DC current
passing through all plates. The layout of the current biasing circuit is drawn (Figure
A.4) and connected to other parts of the circuit. Pre-layout and post-layout simulation

results are shown in Figures 3.13 and 3.14 .

2

1 B=20mT-
16m
B=12mT-

B=8mT

B=0mT

B=4mT
B=8mT
B=12mT
B=16mT

T B=20mT

IHn

Current(nA)

0 1 2 3 4
Time(us)

Figure 3.13. Pre-layout simulation result of Hall plates biased using current biasing

circuit and connected to current spinning block.

1 B=20mT.
B=16mT-

r—'B:llmT
B=2mT-

B=4m
B=Im—————
B=4mT
B=8mT
 B=12mT |

B=16mT
-1 B=20mT

o

Current(nA)

Figure 3.14. Post-layout simulation result of Hall plates biased using current biasing

circuit and connected to current spinning block.
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3.4. Current to Voltage Converter

By using the proposed circuit (see Figure 2.16) the current is converted to volt-
age. In the next step, the current to voltage converter circuit layout (Figure A.5) is
connected to other parts of circuit and tries to convert current outputs come from Hall
plates to voltage. Pre-layout and post-layout simulation results are shown in Figures
3.15 and 3.16. Parasitics add a small current offset to the outputs of current biasing
circuit; this mismatch in currents is then converted to voltage and acts as an offset.
This is the reason why in post-layout simulations, the converted voltage signal has an
initial value, which changes in each phase according to the designed current spinning
circuit and as a result, the output voltage will be free of the offset and will have addi-
tional high frequency noise. Frequency of this noise is same as frequency of the input
signal of the clock divider circuit and can be filtered out easily with low-pass filter

(LPF).
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Figure 3.15. Pre-layout simulation result of current to voltage converter.

3.5. Differential Voltage Amplifier

As mentioned in Section 2.5, the output voltage comes from current to voltage
converter, needs to be amplified in order to increase sensitivity. Two fully differential
amplifiers are used. Total gain of these two amplifiers is approximately equal to

3570. Layout of these two differential amplifiers (Figures A.6 and A.7) are drawn
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Figure 3.16. Post-layout simulation result of current to voltage converter.

and connected to other parts of the circuit (Figure A.8). Pre-layout and post-layout

simulation results are shown in Figures 3.17 and 3.18.

Voltage (mV)

Time(us)

Figure 3.17. Pre-layout simulation result of whole proposed circuit.

The sensitivity of whole proposed system is calculated in Equation 3.5.

AV 503mV 1%
AB = 0 = 2015 (3.5)

Sensitivity =
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Figure 3.18. Post-layout simulation result of whole proposed circuit.

3.6. Noise Simulation

Noise is an inseparable part of every electronics circuitry. In addition, Hall plates

can act as extra noise sources. As a result, it is essential to consider effects of noise.

3.6.1. Noise of Hall Plates

Noise of the Hall plates mostly consists of thermal and flicker noise. The thermal

noise of each Hall plate can be calculated according to Equation 3.6.

Vn(Hall plate) = \/4 X K X T X Ryai plate (3.6)

According to Equation 2.13, Ry piate is equal to 196 K (2. So:

Vn(Hall plate) = 5.7 x 107 V/V Hz (3.7)

In addition, flicker noise can be compensated using spinning current technique.
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3.6.2. Noise of Electronic Circuitry

Since noise sources have amplitudes that vary randomly with time, they can only

be specified by a probability density function. The density spectrum of whole circuitry

parts is shown in Figure 3.19.

100m

Im

10u

100n

Vn(Circuitry part) (V/sqrt(Hz))

\

Im 1 1K 300K
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Frequency(HZ)

Figure 3.19. Density spectrum of noise of whole electronic circuitry.

3.6.3. Total System’s Noise

The spectrum density of total noise (which is consists of total noise of whole

electronic circuitry and thermal noise of Hall plates) is shown in Figure 3.20.

Vn(Total) = Vn(Circuitry part) + 2 x Vn(Hall plate) (3.8)

To calculate the real mean squared noise voltage (Vi (rms)), its power needs to be
integrated over a frequency range. The beginning and ending frequency of the band

is used as limits in the integration. Following equations illustrate the process.

12
f

1
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Figure 3.20. Density spectrum of total output noise.

If the noise voltage over 100 mmH 2z and 100 Hz are wanted to be calculated ac-

cording to the application. Figure 3.21 shows the VnQ(

rms) "
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Figure 3.21. Spectrum of square Vn?(rms).
100
Vims) = / V2df =2735x 107 —17.57x 107 =9.78 x 107° (3.10)
100m

Viirms) = 3.15 x 107V (3.11)
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Also, The magnetic field resolution can be calculated according to Equation 3.12

in a bandwidth of 100mHz — 100 Hz.

Vn(rms)

————— =124 uT 3.12
Sensitivity a (3.12)

Resolution =
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4. CONCLUSION

The aim of this work is to improve performance of existing Hall sensors. In
this work, design of Hall sensors together with electronic circuitry is presented. Two
cross shaped Hall plates are used in current-mode. This choice gave us the ability
to use current spinning method to overcome the asymmetric problem of Hall plates.
32 switches are used and a clock generator block is designed that is responsible for
providing us with 4 non-overlapping clock signals to control the switches. Using a
capacitor, the output currents are converted to voltage and then amplified using two
differential amplifiers. Layout of the design is drawn and post-layout simulations are

done and the results are gathered.

Even though the designed system consumes around 4 times smaller power and
drains significantly lower current comparing to other works that have been published
recently, the result can detect wider magnetic field range and has more than 4 times
higher sensitivity that the best work available in literature. Characteristics of the

design as well as post-layout simulation results and comparison with previous works

in details are gathered in Table 4.1.

Table 4.1. Performance summary and comparison table of this work with recently

published CMOS Hall sensors.

This work [31] [32] [33]
Year of publication 2015 2014 2014
CMOS technology 0.13 pm 0.18 um 0.18 pm 0.6 pm
Supply voltage 1.8V 1.8V 5V 5V
Sensor bias current 3 pA 12 pnA 350 pA 1 mA
HP shape Cross Cross Cross Cross
Sensor’s number 2 2 4 1
Operation mode Current Current Voltage Voltage
Magnetic field range 20 mT 10 mT N/A N/A
Max sensitivity 8383 V/(A x mT) 1660 V/(A x mT) 0.143 V/(A x mT) 0.129 V/(A x mT)
Power consumption 36 uW 120 pW N/A 120 mW
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Simulation results show great promise for future works which include using this
Hall sensor in pressure sensor and finally designing an array of Hall sensors to provide
multi-point sensing ability for the system. Fabrication and testing the sensor remains

to be done in near future.
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APPENDIX A: LAYOUTS

Layout of each block of whole proposed system is shown in upcoming sections.
Finally, the layout of whole proposed circuits surrounding Hall plates is shown in

Section A.S8.

A.1. Hall Plates

Figure A.1. Layout of two Hall plates.
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A.2. Current Spinning Circuit

A.2.1. Switches

Figure A.2. Layout of 32 switches connected together.

A.2.2. Clock Generator Circuit

Figure A.3. Layout of complete switching clock generator circuit.



A.3. Current Biasing Circuit

Figure A.4. Layout of current biasing circuit.

A.4. Current to Voltage Converter

e e e S e
- 4 : H : a 2 Rt 1

LWL W W R oW W

------- BROUND_Pin

Figure A.5. Layout of current to voltage converter circuit.
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A.5. Differential Voltage Amplifier

A.5.1. First Stage Amplifier

Figure A.6. Layout of first stage amplifier.

A.5.2. Second Stage Amplifier

Figure A.7. Layout of second stage amplifier.



A.6. Whole Proposed Circuit Surrounding Hall Plates

Figure A.8. Layout of circuit blocks surrounding Hall plates.
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