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ABSTRACT

Magnetic resonance imaging (MRI) is a medical imaging technique to produce
images of an anatomy and the physiological process of the body. MRI devices
use very strong magnetic fields and radio waves to process these images of human
body. MRI is based on the physical principle of Nuclear Magnetic Resonance
(NMR) . This is a phenomenon where an atom nucleus placed in an external
magnetic field absorbs and emits radio frequency . The cost of a conventional
clinical MRI scanner is in the order of 2-3 million dollars and additional mainte-
nance and operating costs make that a single MRI exam in the order of the $1000
dollars. Also sometimes the MRI of the entire body is not required.From this
originates the idea of this project which is to prototype a proton precision mag-
netometer(PPM) which will lead us to explore the possibilities for cheaper MRI
technology. This magnetometer will be first prototyped to measure earth’s mag-
netic field but in longer term it can be further extended for other industrial and
biomedical applications. Similar to clinical MRI,PPM relies on the signal from
precessing nuclear magnetic dipoles. The frequency of the precession is directly
proportional to the external magnetic field strength.And when there are enough
precessing protons resulting an oscillating magnetic field will be created.This fre-
quency of this generated oscillating field is exactly what we will be measuring

with the PPM which will correspond to Earth’s magnetic field.
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Chapter 1

Introduction

1.1 History of Magnetometer

Magnetometer is an instrument for measuring the direction and the strength of magnetic
fields.Magnetometers are also sometimes used in calibration of electromagnets and per-
manent magnets and also to determine the magnetization of materials. The first simplest
absolute magnetometer was invented by C.F Gauss in 1832. [4].The design consisted of a
permanent bar magnet suspended horizontally by a gold fiber.

1.2 Measurement of the Field

Magnetic fields can be measured in various ways.The simplest measurement technique still
applied today which makes the use of regular compass which consists of a permanently
magnetized needle that is balanced onto a pivot in the horizontal plane.The magnetized
needle aligns itself exactly along the magnetic field vector when there is a presence of
magnetic field and in the absence of gravity.But when it is balanced onto a pivot in the
presence of gravity,the needle aligns itself along the horizontal component of the field. A
magnetized needle can also be pivoted and balanced about a horizontal axis. Similarly,a
device called dip meter is first aligned in the direction of the magnetic meridian as defined
by a compass ,the needle lines up with the total field vector and measures the inclination
angle.Finally it becomes possible to measure the magnitude of the horizontal field by the
oscillations of the compass needle.

On the other hand,magnetic observatories measures and records the earth’s magnetic
field from different locations. The technique that this observatories uses as said in the
article [4] are magnetized needles with reflecting mirrors that are suspended by quartz
fibers. Then the light beams that are reflected from the mirrors are imaged on a photo-
graphic negative which is attached on a rotating drum.Variations in the magnetic field
causes corresponding deflections on the negative.Then the print in the negative is used
which is called the magneto-gram to measure the magnetic field [4]. This technique to
record the data of the field has been used for hundreds of years until recent times.
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In recent times,older instruments are being gradually replaced by new convenient
methods of measuring magnetic fields.One such method involves the proton precession
magnetometer. This technique uses the magnetic and gyroscopic properties of protons in
a hydrogen rich fluid such as water.In this technique,the magnetic moments of the proton
in the fluid are first aligned by a strong magnetic field produced by a polarization coil. The
magnetic field is then turned off abruptly.following that the protons try to align themselves
with the earth’s magnetic field.However,as the protons are spinning and also that they
are magnetized,they precess around the earth’s field with a frequency dependent on the
magnitude of the latter. After that the sensor coil senses a weak voltage induced by the
precession.

1.3 Project Goal

Magnetic resonance imaging (MRI) is a medical imaging technique to produce images
of an anatomy and the physiological process of the body. MRI devices use very strong
magnetic fields and radio waves to process these images of human body. MRI is based
on the physical principle of Nuclear Magnetic Resonance (NMR) . This is a phenomenon
where an atom nucleus placed in an external magnetic field absorbs and emits radio
frequency . In conventional MRI hydrogen atoms are often used as they are naturally
occurring in the human body in abundance particularly in water and fat. MRI in clinical
practice are conducted in large MRI scanners where a large magnetic field is created by
use of superconducting magnets. The cost of a conventional clinical MRI scanner is in the
order of 2-3 million dollars and additional maintenance and operating costs make that a
single MRI exam in the order of the $1000 dollars. Also sometimes the MRI of the entire
body is not required.From this originates the idea of this project which is to prototype
a proton precision magnetometer(PPM) which will lead us to explore the possibilities for
cheaper MRI technology. This magnetometer will be first prototyped to measure earth’s
magnetic field but in longer term it can be further extended for other industrial and
biomedical applications. Similar to clinical MRI,PPM relies on the signal from precessing
nuclear magnetic dipoles.The prototype PPM will acquire a NMR signal in a sample of
water in the earth’s magnetic field.It basically takes advantage of the idea that protons
have an intrinsic magnetic field much like of very small magnets.Similar to the MRI
example discussed above the direction of the proton’s field will precess(rotate) around the
applied external magnetic field. The frequency of the precession is directly proportional
to the external magnetic field strength.And when there are enough precessing protons
resulting an oscillating magnetic field will be created.This frequency of this generated
oscillating field is exactly what we will be measuring with the PPM.As the precession
frequency of the protons are proportional to the magnetic field strength.the frequency
of the precessing protons measured with the PPM provides an accurate measure of the
Farth magnetic field.




1.4 Overview of the PPM 3

1.4 Overview of the PPM

Firstly a general description of how the PPM actually works. We begin by selecting our
sample which is a hydrogen rich substance such as water.We place about two ounces of
water inside a cylindrical tube.The tube is then placed inside the sample coil which is
then placed inside the polarization coil. Then a field is generated by the polarization coil
which then polarizes the sample for a period of time.After the polarization coil is switched
off,the signals generated by the precessing protons in the sample is then recorded by the
data acquisition system.Then a spectrum is produced by processing the digitized signal
using " Arduino” and " Matlab” which then gives the precession frequency of the protons.

Sensor coil Signal amplifier Data
acquisition
. i and
Polarization Polanzation [ o
- control
coil and pulse
platform coatroller +
Data processing
and analysis

Figure 1.1: System Overview of PPM
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A general overview of the total system is shown in figure 1.1.The PPM can be divided
into three parts: the polarization system,the sensor system and the data acquisition
system.

Now we start with the polarization system.The purpose of the polarization system
is to generate a large magnetic field compared to the Earth’s and also in a direction
perpendicular to the Earth’s field. To make the two fields perpendicular to each other,we
mount the polarization coil on a tilt able platform.The polarization coil needs to be
capable of being turned on for a specific period of time and then turned off swiftly.To
make this possible we designed a polarization pulse controller.The pulse controller design
and schematics have been taken from a design which was already made before from the
book "Signals from the subatomic world: How to build a proton precession magnetometer”
by Stefan Hollos and Richard Hollos [3]. In that previous design they used 'AT90S2313’
micro controller but in our design we will be using an Arduino instead.The reason an
Arduino has been chosen over a regular micro-controller is because micro-controllers are
typically preprogrammed before being soldered into the PCB and it is unchangeable where
as using an Arduino makes it all easy as it can be programed by using C or C++.
Moreover the Arduino is used as a plug and play device in corresponding to our Pulse
Controller which makes our Pulse Controller design much simpler. Once programmed,to
start the polarization process the Arduino or the Pulse controller waits for a signal from




4 Chapter 1. Introduction

the computer.The polarization process is mainly composed of turning on the current to
the polarization coil for a significant period of time and the turning off instantaneously
and then it signals the data acquisition system to start recording data.

The sensor consists of mainly two parts,the sample coil and the amplifier.The sam-
ple coil again is consisted of two identical coils side by side.One sample coil houses the
hydrogen rich sample and its purpose is to inductively detect the very small magnetic
field produced by the polarized protons that precess about the earth’s magnetic field. The
other sample coil is not there to house any sample but its purpose is to cancel out envi-
ronmental magnetic fields.As mentioned before that the magnetic field produced by the
polarized protons is very small and weak and thus to boost the signal into a detectable
spectrum the sample coil needs to be connected and tuned by using capacitors to form
a resonant circuit at the proton precession frequency [3].To overcome this problem the
amplifier has been designed which has a bank of capacitors that can be used to tune the
sample coil. The amplifier design has been taken from the same book mentioned above
and the design has not been altered as the gain will be by a factor of approximately 3.8
million which makes the amplifier a very sensitive part of the whole system.

The last part is the data acquisition and control system.It consists of a computer with
an Arduino which controls the pulse controller and then receives the amplified signal from
the amplifier which is then represented by using "Arduino IDE" and '"MATLAB'.




Chapter 2
Background and Related Work

2.1 Literature Review

The measurement of molecular motion using pulsed magnetic field gradients in combi-
nation with nuclear magnetic resonance (NMR) spin echoes has been widely applied in
materials science under laboratory conditions. In the article [5] it describes about an
earths field nuclear magnetic resonance apparatus which can be used to carry out pulsed
gradient spin echo (PGSE) diffusion measurements of self-diffusion under Antarctic condi-
tions. The device is portable and incorporates auntomated process control allowing direct
measurements of the Larmor precession. The article further describes that for accurate
signal averaging how the system uses clock for pulse sequencing, excitation pulse synthe-
sis and detection.We are using similar clock for pulse sequencing technique in our pulse
controller design.

The method that is used to carry out experiments through this system is, to polarize
a sample by simple electro magnet and then allowing detection to take place. The sample
is placed in the center of the polarizing coil which is driven by an amplifier. According
to the article [5] the magnetic field produces a net magnetization in the sample almost
orthogonal to the direction of the earths magnetic field. The polarizing coil then excites
the sample which is then received by the receiver coil which is then passed through an
amplifier to enhance the received signal as it is very small in scale. The overall process
has been showed in figure 2.1.

A detailed overview of the earths magnetic NMR system has been shown in figure
2.2. It shows that the system uses a polarizing coil to excite the sample which is placed
in the center of that coil. It has a receiver coil which receives the signal which is then
passed through an amplifier to enhance that small received signal which is then sent to
data acquisition process.
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Figure 2.1: polarization, excitation of sample and signal detection sequence
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2.1.1 The low cost Proton Precession Magnetometer developed
at the Indian Institute of Geomagnetism

Another article that is about the low cost Proton Precession Magnetometer developed at
the Indian Institute of Geomagnetism. The system is called the PM7 [6].It utilizes the
precession of the spinning protons or nuclei of the hydrogen atoms in a sample of Hexane to
measure the total magnetic density. The spinning protons in this sample are temporarily
aligned or polarized by uniform magnetic field produced by passing a current through the
coil. When most of the protons are aligned in the direction of the generated magnetic field
the current is switched off and the spin of the proton causes them to precess about the
direction of the Earths magnetic field. Those precessing protons generate a small signal
in the same coil which is used to polarize them whose frequency is precisely proportional
to the total magnetic field.

2.1.2 The analysis of the polarization circuit to Proton preces-
sion magnetometer

A journal which has been published in " 2012 International conference on industrial control
and Electronics Engineering” showed an analysis of the polarization circuit which is used
to control the current in the polarizing coil. The journal is mainly divided into three main
parts. The first part describes the principle of proton precession magnetometer which we
have already covered before.In the second part they showed and explained the equation
of the polarization current and the time constant.And in the last part they showed the
effects of the attenuation of the coil current which includes the schematic diagram of the
linear attenuation and the nonlinear attenuation.

At first the journal confirms the significance of the polarizing circuit on the proton
precession magnetometer.It also explains that the hydrogen proton produces magnetic
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moment due to the spin [7].As described in the journal ,that under the influence of the
generated or external magnetic field that is perpendicular to the geomagnetic field,this
causes a change in the direction of the hydrogen proton magnetic moment which is equal to
the external magnetic fields,and this process is called polarization as discussed earlier. After
the external magnetic field disappears,the hydrogen proton magnetic moment will try to
move towards the geomagnetic field T.Thus this behavior of the proton is called the proton
precession. The paper also includes a physics theory that shows that the angular velocity
of the proton precession w is proportional to the geomagnetic field T [7]. The relationship
is shown in equation 2.1.This equation is also known as the LARMOR equation and the
7p is the gyro-magnetic ratio.The proton precession is also shown in figure2.3.

= 7T (2.1)

The polarization circuit of the proton precession magnetometer

Figure 2.4 shows a circuit that has been used in this journal [7] to deduce some current
and time equations.The paper says that HEXFET or also known as power MOSFETSs are
best for switching the polarizing current as they have much lower on resistance that the
loss through them will be negligible. They also have a large reverse breakdown voltage of
the drain to source.We are also using this type of MOSFET’s in our design and instead of
one we are using 8 of them which is explained latter in the report.Figure 2.4 relates to the
equation in 2.2.1t shows that a certain voltage V(cc) is applied in the circuit as polarizing
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Figure 2.3: Precession of a proton

supply for the magnetometer and when the current passes through the MOSFET the coil
is charged.Then according to the diagram that they showed,the L and R forms a series
circuit.And when the current is ON,then the polarization current behaves as an index
curve which is given by the equation in 2.2.The time constant 7 is calculated as shown
in the equation 2.3 and the polarization current maintains the stability when the time is
more than 57.

I(t) = Ip(1 — exp™¥/7) (2.2)
r=L/R (2.3)
Vee
L]
Con 4‘ Ly
= L R
Y YY) NVV\_‘
N

Figure 2.4: Polarization circuit
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2.1.3 Active Magnetic Field Compensation System Using Pro-
ton Precession Scalar Magnetometer for SQUID based ap-
plications

This journal has been published on 2015 on ICEE.They focused on active compensation of
magnetic fields for the establishment of a silent environment for SQUID applications. All
this applications were done by implementing a sensitive proton precession scalar magne-
tometer. They used the proton precession scalar magnetometer to measure external mag-
netic field and based on the measured signal they used other processing and amplification
circuits to provide the compensated current in the coil. The readout circuits that they used
to measure the precession frequency of hydrogen atoms have been designed with special
noise consideration to increase SNR(Signal to Noise ratio) for maximum sensitivity [1].

Low Noise Experimental Setup

Figure 2.5 is the experimental setup that they used for low noise experiments of the
Proton Precession Magnetometers.By using this they investigated the effect of different
measurement parameters .Figure 2.6 is their obtained precession signal of the Earth’s
field which they measured in outdoor places.As shown in figure 2.6,they proved that
they managed to increase the SNR significantly by optimizing the sensor parameter and
reduction of the system and intrinsic noises.By doing so they eventually achieved the SNR
to be 150 for the precession signal in the noisy city condition [1].

Figure 2.5: Experimental 1-D Helmholtz setup [1]

To get a higher amplitude signal they updated the design by increasing the polarization
signal from 10mT to 23mT.They also increased the volume of the sample i.e hydrogen
proton rich liquid and increased the number of turn in the coils.Another change they
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made to increase the sensitivity to the receiving signal is by widening the coil structure
and reduced the thermal noise by increasing the diameter of the coil wires.

L T T L T

Figure 2.6: Precession Signal with enhanced SNR [1]

2.1.4 A high precession Proton Magnetometer Based on a Multi-
Channel frequency Measurement

This journal mainly focused to improve the precision and the anti-interference ability of a
traditional proton precession magnetometer.The designed that they proposed was based
on a multi-channel frequency measurement [2].This paper discusses the principle of the
Larmor precession effect and gives a detailed explanation regarding the signal disposal
system and the multi channel frequency measurement algorithm of the device.At last
they compared their multi channel frequency measurement based magnetometer to the
commercial Overhauser magnetometer by runnings experiments and tests between them
in outdoor conditions. The tests results showed that the performance of their instrument
is close to the commercial ones.None the less,their proposed design has the advantage of
convenience for field operation, strong anti interference and high field magnetic measure-
ment precision. This proves the effectiveness of the multi-channel frequency measurement
based magnetometers under weak magnetic measurement conditions.

Design of their proposed instrument

The proposed hardware design of the instrument is shown in figure 2.7.When the in-
strument is turned on,then the DC excitation system generates a DC pulse [2] to excite
the sensor to collect the Larmor Precession signal Secondly,after the excitation process,the
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tuned capacitors extracts the signal after which the signal conditioning system also known

as amplifier system will amplify the received signal and transforms it into a square wave.

Digital
Controller

Instument host
Figure 2.7: Hardware design of magnetometer based on multi-channel frequency mea-
surement [2]

After that the cymometer finishes the frequency measurement.The figure 2.8 shows
the overall process that occurs.

A

Polarization Signal acquisition
DC pulse >
N
Larmor [\ N
precession !' - "T .{\% f/\. : > ¢
signal | | 'U‘ KNS
\/

Figure 2.8:

Working sequence of the instrument [2]
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Chapter 3

Requirements and experimental
procedures

3.1 Polarization Coil and platform

The main purpose of the polarization coil is to create a magnetic field greater than the
earth’s so the all the protons in the water which we will be using as our sample starts
precessing about the field produced by the coil and not the earth’s field.For this reason,
the field produced by the polarization coil does not need to be uniform,as long as it is
large compared to the Earth’s field.

3.1.1 PPM positioning Information

The axis around which the polarization coil is winded should be oriented in a way so that
it is perpendicular to the Earth’s magnetic field direction.In the northern hemisphere,the
magnetic field entering the ground has an angle which is called the magnetic inclination
angle. Therefore the polarization coil must be tilted from the horizontal plane at an angle
equal to the magnetic inclination angle of the Earth.

3.1.2 Wire for the polarization coil

To polarize the sample it is necessary to sent a large amount of current through the
polarizing coil which is approximately 10amps .Therefore the wire of the polarization
coil must be large enough to handle this much current.Keeping that in mind we used 14
gauge enameled magnet copper wire which is winded around an acrylic tube. The pulse
controller turns off the approximated 10amps of current very quickly in about 200-300
milliseconds.This quick switching off process induces a very large voltage of about 270
Volts. Thus confirming the voltage rating of the wire used for the polarization coil will
save the system from failure.

13
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3.1.3 Polarization Coil Construction

The polarization coil is made of three parts.The design consists of three parts which
includes an acrylic extruded clear tube of outer diameter of 110mm and an inner diameter
of 105mm.The other two parts are the two end pieces which are squares with a semi circle
in one of the sides.The two end pieces need to have a circular hole of 110.5mm so that
they fit on the both sides of the 100mm acrylic tube.The two end pieces are attached
to the tube by using acrylic solvents but in our case we used CHCl3 (Chloroform) as
chloroform makes a strong seamless bond between acrylics. After that the coiling process
was completed by winding wire around the tube manually.The number of coil layers made
on the tube is 5 and each layer was coated with epoxy resin before winding the next
layer.This epoxy coating prevents the winding from coming undone.This coating also
makes the coil more mechanically stable.

3.1.4 Polarization Coil specifications
e 14 AWG enameled copper magnet wire,diameter (w/o insul)=1.63mm
e coil inner diameter=105mm
e coil length=10cm
e number of layers=5
e turns per laver =56, total number of turns=280

e approximate resistance=1.3 ohm

3.1.5 Polarization Coil Platform

The position of the polarization coil needs to be oriented in a way so that it is perpendicu-
lar to the Earth’s magnetic field.Also the magnetic field in the northern hemisphere of the
earth’s enters the ground at a certain angle which is known as magnetic inclination of the
earth [3].Therefore the polarization coil is required to be tilted from the horizontal by an
angle equal to the magnetic inclination.To make this possible we need to mount the po-
larization coil on a tilt-able platform and then adjust the angle. The magnetic inclination
angle varies from place to place which is why we found out our local magnetic inclina-
tion angle which is an approximate of 64° 13'. It can be easily calculated by putting
the location that is the longitude and latitude in this website "http://www.magnetic-
declination.com/”.
The information that we got from the website is

e Latitude: 33° 46" 23.3" S
e Longitude: 151° 7" 1.7" E
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e Magnetic declination: +12° 317

Declination is POSITIVE (EAST)

e Inclination: 64° 13’

Magnetic field strength:57024.0nT

To make the platform,we used an acrylic sheet where the coil is mounted on.The
sheet is then mounted on two triangular slopes which makes and angle of 64.5° with the
horizontal plane .And then the whole construction is then glued using Araldite on a flat
wooden sheet.Platform design has been shown in figure 3.1.

Figure 3.1: Polarization Coil Platform

3.1.6 Magnetic Field Strength produced by the Coil

The part of the design has an important aspect which needs to be considered before com-
pleting the design,which is the approximate magnetic field strength that will be produced
by the polarization coil. The magnetic field strength is very crucial because one should
know that the produced magnetic field by the coil is sufficient enough to polarize the
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hydrogen proton or to get a proton precession signal. Thus to overcome this issue we used
the equation 3.1 to make an approximate calculation.

In? |} h
- 2‘" [(5‘ — 2) In(a(x)) + (5? + 2) In(b(x))] (3.1)
Equation 3.1 is used to measure the magnetic field where B represents magnetic field,x

is the distance from the geometric center of the coil.

B(z)

3.2 Pulse Controller

As discussed above,the pulse controller is used to turn the current on and off in the
polarization coil. Time required to turn on the current is not as important as time taken
turning off the current.This is because,to get a good precession signal the current in the
polarization coil needs to be turned off very fast or else if it happens the other way,then
the proton magnetic moments will just slowly follow the field ending up with no precession
signal. There are many ways to overcome this problem.The first solution is a mechanical
relay. But using a mechanical relay can arise several issues. Firstly,a mechanical relay has a
very short lifetime compared to a solid state switching devices such as transistors.In our
design the current will be switched on and off so many times that the mechanical relay
will fail more quickly. A relay is just similar to a normal switch. Another problem with this
is the possibility of electric arching across the contacts while switching which happens due
to the large voltage induced in the coil when the current is turned off. The solution to this
problem can be solved by using semiconductor power devices such as power MOSFET.

3.2.1 Advantages of using MOSFETSs

The type of MOSFET that we will be using in our pulse controller for our Proton Pre-
cession Magnetometer is P-Channel enhancement type.lt is a solid state switch which has
three terminals called the source,drain and gate.

A schematic of a MOSFET has been shown in figure 3.1. The gate voltage controls
the source to drain current flow of the device.As shown in the figure above,the P-Channel
MOSFET requires (-)ve negative voltage in the gate to source terminal to allow the source
to drain current flow.The lower the gate voltage is with respect to the source voltage ,the
more the current flows through the device up to a certain limit. The MOSFETSs have a
maximum limit of -20 volts from the gate to source terminal. The amount of current flows
through this type of devices are also limited. Another important fact about this device is
the drain to source breakdown voltage.At this breakdown voltage current will still flow
through the device even if it is in the off state.This phenomenon is quite similar to the
electrical arching issue that occurs in mechanical switches when the voltage between the
contacts gets too high.

But,it is important to notice that this limiting factor of MOSFET only arises when a
single MOSFET is used.Fortunately some of this limitation problems can be eliminated by
using several of this MOSFET together.By doing so,it is possible to increase the effective
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Figure 3.2: Example of a P-channel enhancement type MOSFET

[8]

drain to source breakdown voltage.If we put two of the MOSFET in series then it will
double the break down voltage.However,a problem with this is that there will always be
a voltage drop for which there will be some finite resistance when there is a current flow
through the MOSFET.This finite resistance is called the ON-resistance and if we put
two resistance in series then we just double the ON-resistance [3].To solve this problem
we use our knowledge from elementary circuit theory where we know that by putting
two equal value of resistors in parallel will result in an equivalent resistance of half the
value.By using the theory we use a parallel combination of two MOSFETS in series for a
total of four MOSFETS to solve our problem of doubling the break down voltage without
increasing or doubling the ON-resistance.

3.2.2 Pulse Controller Circuit description

The schematic of the pulse controller circuit is shown in figure 3.2.The design has four
MOSFETSs in series that are placed in two parallel combinations. By arranging the MOS-
FETs in this way decreases the ON-resistance by three-fourths and gives an effective
ON-resistance of one fourth of a single MOSFET.Again by putting two of these parallel
combinations in series will eventually result in a total effective resistance of one half the
ON-resistance of a single MOSFET.

This arrangement of the MOSFET will also double the effective breakdown volt-
age.And the MOSFET that we will be using in our design is IRF6215.Each of the IRF6215
MOSFET has an effective ON-resistance of 0.3 Ohms and a minimum break down volt-
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age of 150 Volts. Therefore rearranging the MOSFETSs together as shown in the schematic
will result in an effective ON-resistance of 0.15 OHMS and a breakdown voltage of 300
Volts.Other MOSFETSs can also be used in the design as long as the parameters are similar
to IRF6215. As we can see in the circuit that a +12 volt power is directly connected to
the source terminals of the first parallel combination of the IRFG215s and the polariza-
tion coil is connected directly to the drain terminals of the second parallel combination of
IRF6215’s. The gate voltage level on all of the eight mosfet is controlled by using an Ar-
duino.To prevent any harm to the Arduino due to large voltage induced during switching
the gate voltage is controlled via a 4N35 optocoupler.Opto-isolators prevent high voltages
from affecting the Arduino by transferring electrical signals between two isolated circuits
by using light.As the output of the pin PB0 on the arduino gets high the transistor on the
output side of the opto-isolator is turned off. This makes the gate voltage of the IRF6215’s
to be approximately +12 Volts so that the source to gate voltage is almost zero which
keeps the devices to be turned off.But when the pin PO gets low the transistor of the
4N35 Opto-coupler is turned on,which makes the gate voltage of the IRF6215’s to be
about 1Volt.The gate to source voltage then becomes approximately to be -11 Volts. And
because we are using P-channel Mosfet,the IRF6215’s turns on at this negative voltage
thus allowing the current to pass through the coil.

3.3 Sensor Coil

After the sample has been polarized by using the polarization coil we require sensor coils
to acquire the proton precession signal from the sample and then to feed that signal to
the amplifier as much as possible.

3.3.1 Sensor Coil Requirements

The sensor coil sits inside the 'Polarization Coil’ and the sample sits inside the sensor
coil. Therefore for easy access and setup we used solenoid geometry for the sensor coils
which allows us to do quick replacement of the sample.Another issue that needs to be
considered while designing the sensor coil is the noise that are in the environment.Our
worlds has abundance of man made magnetic fields which are unwanted and the sensor
coil will pick up some of this unwanted signals.Thus to defend this issue we have used two
identical sensor coils instead of one. The two sensor coils are winded in opposite direction
corresponding to each other and then joined as a series connection. The two sensor coils
are then mounted parallel to each other inside the polarization coil.Mounting the sensor
coils this way helps the external magnetic field noise common to both coils to be canceled
out [3].This setup of the sensor coils helps the sample from the sample coil to be detected
with very minimal noise.This entails that the sample needs to be places in either of the
sensor coils because if there are samples in both the sensor coils then there will be a signal
produced in each coil and those two signals will then exactly cancel each other resulting
in no precessing signal at all.




3.3 Sensor Coil 21

Another important aspect of the design is that the device is designed to operate using
the Earth’'s magnetic field. Therefore the device needs to be operated in a place where
there is no to a minimal ferromagnetic or metallic objects nearby to have a minimal
disturbance of the field. As any non-uniformity in the field will cause the output signal to
be lost.We also have to consider that large metallic objects that are not ferromagnetic
such as aluminum or copper should also be kept away from the coils [3].The reason for this
is because when the current in the polarization coil is turned off ;those non ferromagnetic
materials can induce eddy currents [9] which then degenerates the magnetic field around
the sample coil.

3.3.2 Sensor coil specification

o 22AWG enameled copper magnet wire, diameter=0.6mm
e inner diameter=36mm

e coil length=9%mm

e number of layers= 4

e turns per layer = 140 total turns=560

e approximate inductance = 3.1mH

3.3.3 Choosing the correct wire and Construction of the Sensor
coils

Choosing the right wire to construct the sensor coil is an important part of the design
process.In one side we want thin wires because the more turns we have the more stronger
the signal will be and on the other side we want fat wire so that the Johnson noise is
low and the quality factor (Q) is high,where Johnson noise is the electronic noise caused
by the thermal agitation of electrons in the conductor carrying current [10] and the Q
factor is the quality factor which is dimensionless that determines how under-damped an
oscillator or a resonator is.It is always better to have a higher Q) factor as it represents
low energy loss relative to the stored energy of the resonator which means the signal
diminishes much more slowly [11]. Thus we chose 22 AWG solid copper enameled magnet
wire which fits the above constraints [3].

The next important step is winding the two sensor coils correctly because if wired
incorrectly then the ambient noise will not cancel out but amplified. The two coils are
winded in opposite directions to each other around an acrylic tube.The tube has a outer
diameter of 40mm and an inner diameter of 36mm.The length of the tubes are same as of
the polarization coil tube.The same steps as of the polarization coiling process have been
followed to complete the coiling of the sensor coils.
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coil A coil B

Figure 3.5: Sensor coils wire direction [3]

3.4 Amplifier

The signal that we will be receiving from the sensor coils are very small therefore it is
needed to bring the signal to a level where it can be digitized by the Arduino.This role is
played by the amplifier. While the amplifier is less complex than the pulse controller but
it is more sensitive to how it is constructed [3].

Figure 3.5 shows the amplifier circuit schematic which has been designed in the soft-
ware 'Circuit Maker’ by ’Altium’. The first thing that is noticed that there is a bank of
capacitors at the input of the circuit which are used to tune the circuit by using the dip
switch. The tuned capacitor value totally depends on some measurements and calculations
which is explained in the latter part of the report.The next thing that we notice is the
first INA126 instrumentation amplifier.As we can see from the schematic that the output
of the first INA126 feeds into an audio transformer.The purpose of the transformer firstly
is to prevent the DC voltage from the output of the first INA126 going into the input
of the second INA126 because this will just amplify the DC voltage and we do not want
that. The second purpose of the transformer is to filter the signal. As our Earth’s field
signal will be around 2.3KHz [3],the audio transformer works similar to a bandpass filter
that attenuates more higher frequencies and much lower frequencies than 2.3KHz. After
the audio transformer is the second INA126.The purpose of this is to provide more gain
of the attenuated signal. The gain of the first INA126 with its 430hm resistor is around
5+80k/43=1865. Similarly the second INA126 has a gain of 1865 ,therefore the total
combined gain is about 1865% which is around 3478225. After that the output of the 2nd
INA126 is passed through an Opl77G op-amp.This Op-amp circuit works as a limiter-
buffer in here.It basically limits the output of the amplifier to be between +10 volts and
-10 volts.
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3.4.1 Advantage of Differential Amplifier
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Figure 3.7: Sensor inputs to the Amplifier
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Figure 3.8: Amplifier PCB

Figure 3.6 hows the two inputs to the amplifier from the sensors.The ground of the
amplifier is connected to a point between the connections of the sample and the canceling
coils.The other two opposite ends of the coils are connected to the inputs of the ampli-
fier.As the sample will be in either of the sensor coils and the two coils will be identical
otherwise therefore the two inputs will just differ in the signal that we want.This differen-
tial amplifier will amplify the difference between the two sensor inputs which is the signal
we want.

3.4.2 Providing power to the Amplifier

Another prevention that we must take to get our few microvolts of precessing signal to
get swamped out with noise is to power the amplifier with a clean and a very stable
power.This is because the as we can see in the amplifier schematic in figure 3.5 that
the circuit requires +12Volts and -12Volts.We can power the circuit by using commercial
power supplies but that will not be a feasible option as those power supplies derives the
DC supply by converting the AC sources which are too noisy.We can control this noise
by using regulators and large capacitors which is called bypassing.But another easy way
is to use batteries as they are a very clean source of power.In our design we used 6Volts
lantern batteries. T'wo pair this batteries ,each connected in series can provide +12Volts
and -12Volts.
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3.4.3 Tuning to the Correct Capacitor Value

Placing capacitors in series with the sensor coils at the input before the signal reaches the
instrumentation amplifier is an efficient way to boost the signal. This creates an oscillator
and its resonant frequency is described by the formula given in 3.2.

1
I=5ic >

Here 'f’ is the frequency in Hertz, L, is the inductances of the two coil in Henrys and C
is the tuned capacitor value in Farads.To get a maximum gain it is required to choose
a correct capacitor value so that the oscillator’s resonant frequency becomes equal to
the Earth’s field proton precession frequency.We get the correct capacitor value by using
the above formula in 3.2. At first we calculate the inductance of our sensor coils in this
website "http://electronbunker.ca/eb/InductanceCaleML.html’. It requires a bunch of
parameters to get the correct inductance of the coil. Parameters required are

e number of turns per Layer - N

e number of layers - N(L)

e coil inside diameter - ID

e wire diameter - d

e Wire Diameter including insulation - di

By putting the above parameters in the website we calculated our coil inductances to be
approximately (2*¥3.1 mH). And now to use the formula in 3.2 we require the precession
frequency of the Earth’s magnetic field.To get this value we again use the website of
'National Centers for Environmental Information’.We put our desired location in the
website and then it returns us the local magnetic field strength value which is '57023.5
nT’. After that we use this magnetic field strength value in this website [12] which returns
us the precession frequency which is 2.43KHz. Then we put all these parameter values in
the formula 3.2 to get or desired capacitor value.

Another important fact to keep in mind is that ,the Earth’s field can change signif-
icantly at various locations which means the capacitor value also varies at different lo-
cation.For this reason,instead of putting one specific capacitor value in our circuit board
there is a bank of capacitors.Also at the input of the amplifier is a 12 position DIP
switch.The DIP switch number and the corresponding capacitor value is shown in the
table below.
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C,== C,== equivalentto —» ——

" DIP switch Number Capacitor Value(uF) ”

1 0.0010
2 0.0022
3 0.0039
| 0.0056
5 0.010
6 0.022
7 0.039
8 0.056
9 0.10
10 0.22
11 0.39
12 0.56

It is possible to choose the correct combination of capacitor that is close to the Earth’s
field proton precession frequency at the current position.We get the required capacitor
value by solving C in the above frequency equation.As we already know all the other
parameters in the equation we calculated our required capacitor value to be 0.684uF.
And since all the capacitors in our amplifier circuit are in parallel to each other .then
according to elementary circuit theory we know that if capacitors are in parallel,therefore
the total capacitance is just the sum of all the capacitors.As shown in figure 3.7 the total
capacitance is therefore given by the following formula. Therefore to choose the capacitor
value equal to the estimated precession frequency of the Earth which is 0.684uF,we choose
dip switches 2,6,9 and 12 that will give us total capacitance of

C_total=0.56+0.10+0.022+0.0022=0.6842uF

Cﬂotui - C“1 + CQ + ...C—u

Figure 3.9: Capacitance in Parallel

(3-3)

total
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3.5 Data Acquisition Process

3.5.1 Sampling Rate and resolution

Selecting the sampling rate is a very important part of the data acquisition process.The
sampling rate is required to be at least twice the highest frequency component present
in the signal to eliminate aliasing,therefore as we know that the Earth’s magnetic field
frequency is around 2.4 KHz we have to take the sampling frequency as 5KHz that is 10
Kilo samples per second. As we have discussed above in the previous parts the signal that
we will be receiving can be represented in many ways but in our case we are using the
analog input pin of an arduino to get the signal. And as the arduino has 10 bit resolution,
then the signal that we will be receiving will have a range between 0-1023 units.Also the
signal that we will be receiving will be limited to -10V to 10V by the OP-amp which acts
as a buffer,thus we scaled down our values to volts by dividing 10/1024 which gives us
0.00976562 v per unit of 1024.

In the Earth’s magnetic field,we will always get our precession frequencies within the
range of 1.5 KHz to 2.4 KHz .Thus we took the sampling frequency to be 5 KHz.

The whole device is controlled by an arduino.The arduino code that is used to run the
design has been shown below.

The way the code works is that,the device always starts in the off mode.The arduino
is high when it is turned on and since we are using the P-Channel MOSFET high in
arduino means +ve voltage in the gate which in makes the MOSFET’s to be turned off.It
remains off like this for 10 seconds and then the arduino digital pin goes to low from
high which drops the gate voltage of the P-Channel MOSFET .Dropping the gate voltage
of the MOSFETSs turns on the device and lets the current pass through the coil.It then
takes 6 seconds before the MOSFETSs are turned off again by making the arduino pin
high. After that there is a waiting period of 100 Milli seconds before the arduino analog
pin starts taking data.The data is then imported to MATLAB where further processing
and filtering is done to remove noise from the signal. The final results are shown below in
the results section.
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int sensor = 1;
int coil = 13;
int val = 0;

int count = @;
double volt=0.0;

void setup() {
Serial.begin(1000000) ;
pinMode(coil, OUTPUT);
pinMode(Al, INPUT);

digitalWrite(coil, HIGH);
delay(10000); /roff coil for 10 sec
digitalWriteCcoil, LOW); // on coil for 6 sec
delay(6000) ;
digitalWrite(coil, HIGH); //Turn off Coil for 10@ms before reading the data from sensor coils
delay(10@);
}

void loop() {

if (count <10009)
{

delayMicroseconds(10@);//sample interval
val = analogRead(Al); //store sensor value (@-1023)//takes 10@ms to read data
count++;

volt = val*@.08976562;
Serial.print(volt);//takes 10@ms to print data thus interval between each sample 200ms
Serial.println();

}
}

Figure 3.10: Arduino Code
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Results and Discussions

4.1 Results

Figure 4.1: Polarization coil housing two sensor coils
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Figure 4.2: Amplifier and the Polarization circuit
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Figure 4.3: Raw data with noise
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4.2 Discussions

Figure 4.1 is the picture of the coil that has been manually winded as a part of the
design.The bigger coil is the polarization coil which houses the two sensor coils.One of the
sensor coil(left) is where the hydrogen sample is placed and the other one(right)is kept
free as it will be used to cancel out the environmental noise.

Figure 4.2 is the enclosure that houses the two PCB,polarization circuit and the ampli-
fier circuit and also shows the total setup.As we have discussed earlier that the MOSFETSs
will get hot,thus for cooling down purposes the MOSFETSs are mounted on the enclosure
side walls.

After the device is turned on,the polarization process takes place and then comes the
signal acquisition process.Figure 4.5 shows a similar overview of the process that takes
place.

A
Polarization Signal acquisition
DC pulse » !
Larmor l‘-'q', N N
precession ! lt L ‘.’/\. > ¢
signal | '\,a" J V
E \/

Figure 4.4: Running sequence

4.2.1 Noisy Signal

Figure 4.2 is the received data signal received from Arduino analog pin.The data that we
received is very noisy which was beyond our expectation.It did not show any precession
signal from the proton.There are couple of possible reasons which might be causing the
problem.

The first problem that was addressed is,the signal that we are receiving from the op
amp OP177G in our amplifier limits the signal which has a range of -10 Volts to 10 Volts
and the arduino model that we used have the ability to detect analog input within the
range of 0V - 5V which clearly shows that most of the signals are getting saturated which
is the reason we end up getting no precession signal at all. Another reason could be is
that,the lab we did our tests on had object containing ferromagnetic materials and many
power lines which might be the reason of electromagnetic interference that caused the
signal to be swamped away.
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To overcome the first problem,that is to produce a signal that the arduino can detect
is to include a summing op-amp circuit in the amplifier PCB.The circuit schematic for
this specific purpose has been shown in figure 4.5.

Signal from Sensor (-10V to +1 nv;]
WA
R2 _OA ’. Arduine analog input
+
R
S VW
R3
R1=R2=R
R3=1/2R

Figure 4.5: Amplifer summing circuit

The figure shows that,if we already have a signal ¥} in the range of (-10V to 10V)
from the sensor and then we add another 10 volts DC supply and arrange this in the way
it is shown in figure 4.5 then the V,ut will be according to the equation 4.1 .

Viout) = EVl - &VZ wherell] = Ry = R (4.1)
Ry Ry

If we update the circuit like this then the original signal will be just shifted like the
picture shown in figure 4.6.Thus,the -10V will shift to 0V and the +10Volts will shift to
20V .Notice that,the output will be 20V only when R, = Ry = Rj3 and we do not want
that.This is because we already mentioned that arduino will be able to detect signals from
0V to 5V only,thus we need to adjust the resistor values so that the gain is always half of
input signal. The equation of the required resistor value is shown in equation 4.2.

1

Therefore we have to choose the resistor values so that it satisfies the equation 4.2 and
4.3 to get the range of V,ut between 0V to 5V which is detectable by the arduino.

Again to overcome the second problem,that is to avoid interference by the ferromag-
netic objects,the tests are required to run in outdoor environment conditions.For this we
require longer power cable to power the coils from the source.
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Figure 4.6: Shifting of the signal
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Conclusions and Future Work

5.1 Conclusions

This thesis mainly focused in prototyping a proton precession magnetometer (PPM) which
can lead us to explore the possibilities of cheaper MRI technology.Prototyping the mag-
netometer in order to detect the Earth’s magnetic field frequency was the project goal of
this thesis,however in longer term the research can be further extended for other industrial
and biomedical applications.

The whole process in prototyping this PPM has been explained throughout the the-
sis. The results above indicates that the designed PPM is not yet completely ready to
measure the Earth’s magnetic field due to some limitations and issues that arose during
the prototyping process.The first limitation was that Arduino analog input’s voltage range
0V to 5V which was not compatible to our prototype as our signal has range from -10V to
10V .For this reason the signals were always in the saturation stage which ends up with no
precession signal.Possible solution to the problem have been discussed.Solution to the sec-
ond problem was also addressed which is to conduct further experiments outdoors,where
there is minimal ferromagnetic objects so that there is no electromagnetic interference.

5.1.1 Future Work

It is recommended to use longer wires so that the coils can be kept further apart from
power lines and ferromagnetic objects.Using coax cable for the sensor inputs is also a good
option as this will minimize the risk of the tiny signal of the proton precession to be lost
before reaching the amplifier.

It is recommended to design the summing circuit in a PCB board however for testing
purposes a bread board can be used.It is necessary to use a 150Watt power supply to
power the polarization coil. This will ensure that the coil produces much larger magnetic
field which will confirm that all almost all the protons in the sample are polarized.
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Appendix A

Data sheets of components used in
the circuit

A.1 Datasheet of MOSFET used for the polarization
circuit
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International Po-sen
e Advanced Process Technology HEXFET® Power MOSFET
e Dynamic dv/dt Rating B
e .
e 175°C Qper_ahng Temperature Vpss = -150V
e Fast Switching |_
e P-Channel v R = 0.290
¢ Fully Avalanche Rated s DS(on) = ¥
e Lead-Free | 13A
Description s D=
Fifth Generation HEXFETs from International Rectifier
utilize advanced processing techniques to achieve
extremely low on-resistance per silicon area. This
benefit, combined with the fast switching speed and
ruggedized device design that HEXFET Power
MOSFETs are well known for, provides the designer
with an extremely efficient and reliable device for use
in a wide variety of applications.
The TO-220 package is universally preferred for all
commercial-industrial applications at power dissipation
levels to approximately 50 watts. The low thermal
resistance and low package cost of the TO-220 TO-220A8
contribute to its wide acceptance throughout the
industry.
Absolute Maximum Ratings
Parameter Max. Units

Ip @ Tg =25°C Continuous Drain Current, Vgg @ -10V -13
lp @ Te=100°C| Continuous Drain Current, Vgg @ -10V -9.0 A
I Pulsed Drain Current @ -44
Pp @Tg =25°C Power Dissipation 110 w

Linear Derating Factor 0.71 W/eC
Vas Gate-to-Source Voltage + 20 v
Eas Single Pulse Avalanche Energy@ 310 mJ
lag Avalanche Current® 6.6 A
Ear Repetitive Avalanche Energy® 11 md
dv/fdt Peak Diode Recovery dv/dt @ -5.0 Vins
Ty Operating Junction and -55 to+ 175
Tsra Storage Temperature Range oC

Soldering Temperature, for 10 seconds 300 (1.8mm from case )

Mounting torque, 6-32 or M3 screw 10 Ibfsin (1.1MNem)
Thermal Resistance

Parameter Typ. Max. Units

Ruse Junction-to-Case —_— 1.4
Rocs Case-to-Sink, Flat, Greased Surface 0.50 — °CIW
Roua Junction-to-Ambient _ 62

11/5/03




IRF6215PbF Infernational
TR Rectifier
Electrical Characteristics @ T, = 25°C (unless otherwise specified)
Parameter Min. | Typ. | Max. | Units Conditions
VieriDss Drain-to-Source Breakdown Voltage -150 | =— | — V | Vag =0V, Ip=250pA
AVigripss/AT) | Breakdown Voltage Temp. Coefficient | — [-0.20| — | V/°C| Reference to 25°C, Ip = TmA
Ro Static Drain-lo-Source On-Resistance ===l ., | Yeas 1l lom b0 S Te 5
S(on) — [ —oss Vas=-10V, Ip = -6.8A ®, T, = 150°C
Vasiih Gate Thresheld Voltage 20 | — | 4.0 v Vos = Vas, Ip = -250pA
s Forward Transconductance 36 | — | — s Vpg = -50V, Ip = -6.6A
Ipss Drain-to-Source Leakage Current — T 22:0 HA xgi; 1223 :z: ; g: T,2150°C
Gale-lo-Source Forward Leakage — | — [ 100 Vs = 20V
lass Gate-to-Source Reverse Leakage — | —[-100 nA Vas = -20V
Qy Total Gate Charge — | —] 88 Ip = -6.6A
Qgs Gate-to-Source Charge — | — | 81 nC | Vps=-120V
Clgd Gate-to-Drain ("Miller") Charge —_— | —] 35 Vas = -10V, See Fig. 6 and 13 @
tdon) Tum-On Delay Time —_— 14 | — Vop = -75V
1, Rise Time — | 3 | — - Ip = -6.6A
| Lot Tum-Off Delay Time = 88 | Re=6.80
1y Fall Time —_— | 37 | — Rp = 12Q2, See Fig. 10
: Between lead, o
) Internal Drain Inductance — | 45 [— 6mm (0.25in) /‘l;
L from package BAL
Ls intainal Sounce Induetance — |75 | and center of die contact —1
Ciss Input Capagcitance — | 860 | — Vaes =0V
Coss Outpul Capacilance — [ 220 [ — | pF | Vpg=-25Vv
Cres Reverse Transfer Capacitance -_ | 130 | — f=1.0MHz, See Fig. 5
Source-Drain Ratings and Characteristics
Parameter Min. | Typ.| Max. | Units Conditions
Is Continuous Source Current |l =a MOSFET symbal o
(Body Diode) A showing the
lsm Pulsed Source Current integral reverse s
(Body Diode) @ i i p-n junction diode. d
Vsp Diode Forward Voltage —_—| —| 16 V | Ty=25°C,Is= 6.6A, Vgs=0V®
e Reverse Recovery Time — | 160 | 240 ns | Ty=25°C, Ir = -6.6A
Q. Reverse RecoveryCharge — 12| 1.7 pC | di/dt = -100A/us @
ton Forward Turn-On Time Intrinsic turn-on time is negligible (tum-on is dominated by Lg+Lp)
Notes:

@ Repetitive rating; pulse width limited by
max. junclion temperature. ( See fig. 11)

@ Starting T,=25°C, L= 14mH
Rg =25, lag = -6.6A. (See Figure 12)

@ lgp = -6.BA, dildt < -620A/us, Vpp < Viempss.
Ty<175°C

@ Pulse width < 300us; duty cycle < 2%.
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IGR Rectifier
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Fig 2. Typical Output Characteristics,
2.5
Ip =-11A
I | I ’
L/
20 V.
S
J’/
= 15 7
8 "
g
o 10 A ’
= o
A1
0.5
00 V§§ =-10V

€0 40 20 0 20 40 &0 80 100 120 140 160 180
T, , Junction Temperature (°C)

Fig 4. Normalized On-Resistance
V's. Temperature




IRF6215PbF International

C, Capacitance (pF)

-lsp . Reverse Drain Current (A)

TOR Rectifier
2000 Vos- OV, 1= 1MHz B M =%6hA T
Giss = Cgs +Cga+ Gus SHORTED Vpg =-120V
\ rss = Cga s Vps =-75V
1600 .~ _T_QT_:_C_(‘E +Cog g 1 Vps = -30V
N N\ 8 ))'/’
\ b g
N /
1200 N a~ 812
\, ™ 3 ///
Coss \..,____ @ // /
800 I\']\ 2 4 /!
o]
Cr5 \ 8 ///
~
N N 0 l
400 q \ >(5 4
N —— FOR TEST CIRCUIT
5 - . SEE FIGURE 13
1 10 100 0 20 40 &0 80
-Vips . Drain-to-Source Voltage (V) Qg, Total Gate Charge (nC)
Fig 5. Typical Capacitance Vs. Fig 6. Typical Gate Charge Vs.
Drain-to-Source Voltage Gate-to-Source Voltage
100 100 T T T TTTTT y
[ OPERATION IN THIS AREA LIMITED 111
— S BY RDS:oI:\} ) TTIT1
— — = o ]
/4 k‘ \ 10ps
0 Ty= 75r’; ’/ § K \‘\ ]
7/ T,=25°C § 1[N b h
/ / 5 A Y N N
r A 2 10 - L w 7 100y
& . N
/1 | s
1 f ¥ o / I\ N
f f 2 q N TS
J' l' "\ 1ms
f ]’ Te =25°C \
a = \
[ T, =175°C h N
o1 | I Vas = OV , Lsingle Puise \l10ms
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-Vgp , Source-to-Drain Voltage (V) -Vpg » Drain-to-Source Voltage (V)
Fig 7. Typical Source-Drain Diode Fig 8. Maximum Safe Operating Area
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TR Rectifier

-lp, Drain Current (A)
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Tc, Case Temperature (°C)

Fig 9. Maximum Drain Current Vs.

Case Temperature
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+
Fig 10a. Switching Time Test Circuit
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Fig 10b. Switching Time Waveforms
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Notes:

t|-|
L2
1.Dutyfactor D= t1/t 2
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Fig 11.
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Fig 12a. Unclamped Inductive Test Circuit

las

\
\
\\

-~ tp—>

V(BR)DSS

Fig 12b. Unclamped Inductive Waveforms
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Fig 13a. Basic Gate Charge Waveform
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TR Rectifier

D.U.T"

IRF6215PbF

Peak Diode Recovery dv/dt Test Circuit

—<+ Circuit Layout Considerations

f—rd + Low Stray Inductance
M @

mj‘ + Ground Plane

+ Low Leakage Inductance
Current Transformer

) » dv/dt controlled by Rg 1+
* |p controlled by Duty Factor D" T Voo
« D.U.T. - Device Under Test

* Reverse Polarity of D.U.T for P-Channel

@ Driver Gate Drive

. PW.
B0 Petiod 0= "Pariod
H
[Vas=tov] ***
{( )
)Y
@ [DUT Igp Waveform
Reverse
Recovery | Body Dicde Forward
Current Current
difdt
@|pour Vpg Waveform )
Diode Recovery -
dv/dt \."
[Yoo]
Re-Applied J— (
Voltage Body Diode  ’ Forward Drop
@ |inductor Curent S-*_________'_,_,_J—-"%“-‘-—-—
Ripple < 5% ['s0]
i

EkE

Vae = 5.0V for Logic Level and 3V Drive Devices

Fig 14. For P-Channel HEXFETS
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IRF6215PbF _
TOR Rectifier

TO-220AB Package Outline

Dimensions are shown in millimeters (inches)

— lOsa(a5) 3.78 (148
287 (13) 10:29 (405) /?35“_|39, 4.69(.185)
aﬁa:maj—l as] 4.20 (165}
A7) 132 (052)
i 1.22 (048)
S 5 647 ( 265)
] 4 610 (240)
15.24 ( 600) !
14.84 ( 584)
i N LEAD ASSIGNVENTS
t = s HEXFET 1GBTs, CoPAGK
1 28 |l ¥ 1- GATE 1- GATE
2-DRAIN 2- COLLECTOR
| i) 3-sounce 3-EMITTER
s I| |l i 4 DRAIN 4. COLLECTOR
13,47 {.550) 4.06 {160}
t 355 (.140)
e 083 (037) 055 (.022)
1.40 (055) = % oes (21 - X 0.5 (018)
ax -
1.15 (045} K3 ETINC ] CELT) 292(115)
h = 104)
TE 264 1104)
%
NOTES
1 DIMENSIONING & TOLERANGING PER ANS! ¥14.5M, 1962 3 DUTLINE GONFORMS TO JEDECOUTLINE TO-22048
4 HEATSINK & LEAD MEASUREMENTS DO NOT INCLUDE BURRS

2 CONTROLLUING DIMENSION - INCH

TO-220AB Part Marking Information

EXAMPLE: THISIS AN IRF1010
LOT CODE 1788
ASSEMBLED ON WW 18, 1997 INTERNATIO NAL

IN THE ASSEMBLY LINE "C* RECTIFIER
-pe " LOGO
Note: "P~in assembly line

PART NUMBER

|

. ™ pate cooe

position indicates "Lead-Free™
ASSEMBELY YEAR T = 1997
LOT CODE WEEK 19
LINE G

Data and specifications subject to change without notice.

International
IR Rectifier

IR WORLD HEADQUARTERS: 233 Kansas St., El Segundo, California 90245, USA Tel: (310) 252-7105
TAC Fax: (310) 252-7903

Visit us at www.irf.com for sales contact information.11/03
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N A
VISHAY.

4N35, 4N36, 4

N37

Vishay Semiconductors

Optocoupler, Phototransistor Output, with Base Connection

A [1] 6B
c E}L <E| c
Ne [2] 4 ]E
\ .
e ‘s BSi
DESCRIPTION

Each optocoupler consists of gallium arsenide infrared LED
and a silicon NPN phototransistor.

AGENCY APPROVALS

* Underwriters laboratory file no. E52744

* BSI: EN 60065:2002, EN 60950:2000

* FIMKO; EN 60065, EN 60335, EN 60950 certificate no. 25156

FEATURES

* Isolation test voltage 5000 Veums

* Interfaces with common logic families

* Input-output coupling capacitance < 0.5 pF
* |ndustry standard dual-in-line 6 pin package

* Compliant to RoHS directive 2002/95/EC and in
accordance to WEEE 2002/96/EC

APPLICATIONS

* AC mains detection

* Reed relay driving

* Switch mode power supply feedback

* Telephone ring detection

* Logic ground isolation

* Logic coupling with high frequency noise rejection

©

RoHS

COMPLIANT

ORDER INFORMATION
PART REMARKS
4N35 CTR > 100 %, DIP-6
4N36 CTR = 100 %, DIP-6
4N37 CTR > 100 %, DIP-6
ABSOLUTE MAXIMUM RATINGS (1)
PARAMETER | TEST CONDITION SYMBOL VALUE UNIT
INPUT
Reverse voltage Va 6 v
Forward current Ig 50 mA
Surge current t<10ps IFsm 1 A
Power dissipation Piss 70 mw
OUTPUT
Collector emitter breakdown voltage Vceo 70 v
Emitter base breakdown voltage Veso 7 v
Ig 50 mA

Collector current

t<1ims I 100 mA
Power dissipation Paiss 70 mw
COUPLER
Isolation test voltage Viso 5000 Vs
Creepage =7 mm
Clearance =7 mm
I:r?éactlueo:e él::;kness between emitter = 0.4 mm

Document Number: 81181 For technical questions, contact: optocoupleranswers@vishay.com www.vishay.com

Rev. 1.2, 07-Jan-10
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4N35, 4N36, 4N37

N\ A
VISHAY.

Vishay Semiconductors Optocoupler, Phototransistor Output,
with Base Connection

ABSOLUTE MAXIMUM RATINGS (1)
PARAMETER | TEST CONDITION SYMBOL VALUE UNIT
COUPLER
Comparative tracking index DIN IEC 112/VDE 0303, part 1 175

) . Vig = 500 V, Ty = 25 °C Rio 1012 Q
Isolation resistance Vio =500 V. Tamy = 100°C Ro ot 5
Storage temperature Tatg -55to+ 150 °C
Operating temperature Tamb -55to+ 100 °C
Junction temperature T; 100 °C

max.10 s dip soldering:
Soldering temperature @ distance to seating plane Tag 260 °C
z1.5mm

Notes

M Tamp = 25 °C, unless otherwise specified.
Stresses in excess of the absolute maximum ratings can cause permanent damage to the device. Functional operation of the device is not
implied at these or any other conditions in excess of those given in the operational sections of this document. Exposure to absolute
rmaximum ratings for extended periods of the time can adversely affect reliability.

12} Refer to wave profile for soldering condditions for through hole devices (DIP).

ELECTRICAL CHARACTERISTICS (1)
PARAMETER | TEST CONDITION | PART ‘ SYMBOL MIN. TYP. MAX. UNIT
INPUT
Junction capacitance Ve=0V,f=1MHz G 50 pF
Ip=10 mA Ve 13 1.5 v
Fi d voltage @
orward voliage 1= 10 MA, Tamp = - 55 °C Ve 09 13 17 v
Reverse current @ Ve=6V In 0.1 10 PA
Capacitance Ve=0V,f=1MHz Co 25 pF
OUTPUT
ol B 4N35 BVeeo 30 v
ollector emitter breakdown
voltage® lc =1mA 4N36 BVceo 30 v
4N37 BVeeo 30 v
Emitter collector breakdown
voltage? lg =100 pA BVeco 7 W
OUTPUT
4N35 BVceo 70 v
Collector base breakdown
voitage @ lg =100 pA, lg = 1 pA 4N36 BVcag 70 v
4N37 BVcag 70 v
4MN35 I 5 50 nA
V=10V, 1 =0 eg
4N36 lego 5 50 nA
] Vee=10V,Ip=0 4N37 Iceo 5 50 nA
Collector emitter leakage current !
' ge cu 4N35 loeo 500 A
Vee=30V, [r =0,
Tamy = 100 °C 4N36 leeo 500 pA
4N37 lceo 500 pA
Collector emitter capacitance Vee=0 Cee 6 pF
COUPLER
Resistance, input output 2 Vig =500V Rio 10M1 Q
Capacitance, input output f=1MHz Cio 0.6 pF

Notes

1 Tamp = 25 °C, unless otherwise specified.
Minimum and maximum values are testing requirements. Typical values are characteristics of the device and are the result of engineering
evaluation. Typical values are for information only and are not part of the testing requirements.

) |Indicates JEDEC registered value.

www.vishay.com
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N A
VISHAY.

4N35, 4N36, 4N37

Optocoupler, Phototransistor Output, Vishay Semiconductors
with Base Connection

CURRENT TRANSFER RATIO

PARAMETER TEST CONDITION PART SYMBOL MIN TYP. MAX UNIT
4N35 CTRy: 100 %
Voe=10V, lg = 10 mA 4N36 CTRpg 100 %
) 4N37 CTRpe 100 %
DC current transfer ratio (1!
4N35 CTRpc 40 50 %
Ve =10V, I = 10 mA, -
Ta=-55°Cto+100°C | 4N%8 | CTRnc 40 50 %
4AN37 CTRpc 40 50 %
Note
) Indicates JEDEC registered values.
SWITCHING CHARACTERISTICS
PARAMETER TEST CONDITION SYMBOL | MIN. TYP. MAX. UNIT
Switching time Vee =10V, Igc=2mA, R . =100 Q ton Lot 10 ps
Note
1 Indicates JEDEC registered values.
TYPICAL CHARACTERISTICS
Tamb = 25 °C, unless otherwise specied
1.4 15 -
b I Mormalized to: |
—~ 13 V=10V, 1, =10mA, T, =25°C
= ——y
s i T, ‘5&/ £ | CTRy,, Ve =04V
g ' / 2 1of
I t . o L
CERR =2 = 3 [ T,=50°C /
| T I
§ 1.0 / / E %
S / Z o5
£ o9 X e | ]
A [ T,=85°C £ | NCTR(SAT)
0.8 = r NCTR
07 A i i d il b b il iill A b i lidl 0.0 L 111113 i sl A EETT
0.1 1 10 100 0.1 1 10 100
i4n25_o1 I - Forward Current (mA) 4n2s_03 I - LED Current (mA)
Fig. 1 - Forward Voltage vs. Forward Current Fig. 3 - Normalized Non-Saturated and Saturated CTR vs.
LED Current
1.5 — 1.5 T
Normalized to: Normalized to: I
e Vee=10V,l.=10mA, T, = 25° o V=10V, 1 =10mA, T, =25°C
5 CTRegy =04V 5 CTRpy Vee =04V /
- °
E o g 1o
s T,=267°C s T,=70°C
5 5
Z = /
© 05 L 05 "‘/j\“*
1 o b
= [
% =—{J=— | NCTR{SAT) g == | NCTR{(SAT)
—o— | NCTR == | NCTR
0.0 ol
0 1 10 100 0.1 1 10 100
4n25_02 Iy - LED Current (mA) i4n25 04 I, - LED Current (mA)
Fig. 2 - Normalized Non-Saturated and Saturated CTR vs. Fig. 4 - Normalized Non-Saturated and Saturated CTR vs.

LED Current

LED Current

Document Number: 81181
Rev. 1.2, 07-Jan-10
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4N35, 4N36, 4N37

e
VISHAY.

Vishay Semiconductors Optocoupler, Phototransistor Output,

with Base Connection

15 - 15 T
Normalized to: [ . & Normalized to:
o Vge =10V, I, =10mA, T, =25°C e V= 9.3V,I = 10mA, T, =25 °C
'6 CTF[CE(S&'I VCE = 0‘4 V / 5
§ 1.0 E 1.0
3 T,=85°C / T e
2 Aé 2 /
' 05 i 05
« =2 25°C éy
[&] NCTR(SAT) = 50 °C 2
z NCTR g 70°C
0.0 PEESPETY 0.0 PR PP i
0.1 1 10 100 0.1 1 10 100
i4n25_05 I - LED Current (mA) i4n2s_08 le - LED Current (mA)

Fig.

5 - Normalized Non-Saturated and Saturated CTR vs.

Fig. 8 - Normalized CTRgy, vs. LED Current and Temperature

LED Current

35 10 3 T
= A & F Normalized to:
E %0 /// § L 1,=10mA, T,=25°C
§ > 50 °C. / g 1
- o F
K 4 —— £
= 5 o [
5 W i
3 25°C 85 °C .
3 10 ! £ E — Nib, T, = - 20 °C
[ 5 F — =Nib, T, =20°C
¥ B =4 H = Nib, T, = 50°C
il - — Nib, T, =70 °C
0 0.01 MR ETT Ll MR ETIT
0 0 20 30 40 50 60 0.1 1 10 100
4n2s 06 I - LED Current (mA) i4n25_08 I - LED Current (mA)
Fig. 6 - Collector Emitter Current vs. Fig. 9 - Normalized Photocurrent vs. | and Temperature
Temperature and LED Current
10 1.2 =0°C
EERT -
T'f' & 10 . h i
g 1 Fl |
= =
__.——--_-.
£ o - 8 -20°C
5 v V=10V g 08
'g 100 -~ s Mormalized to:
< // _ < I, =20 A, V. = 10V,
G 1 Typical \ T.=25°C
i e w 062
a P &
& 10 p =z
102 b " L L . L 0.4 il AR RET ERRETT
-20 0 20 40 60 B8O 100 1 10 100 1000
anzs_.07 T, - Ambient Temperature (°C) Mpea 1o I, - Base Current (A)

Fig. 7 - Collector Emitter Leakage Current vs. Temperature

Fig. 10 - Normalized Non-Saturated hgg vs.
Base Current and Temperature

www.vishay.com
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N A
VISHAY. 4N35, 4N36, 4N37

Optocoupler, Phototransistor Output, Vishay Semiconductors
with Base Connection

w 15 T
= Normalized to: Vo=
3 V=10V, I, =20 pA co=5V
= 70°c_50°C T,=25°C
2 10
@ f=10kHz R
2 DF = 50 %
@
N
I Yo
E 05
Q
= I = 10 mA A
1 ~
Y P TN PP L
s 1 10 100 1000
in25_11 I, - Base Current (uA) 4n25_14
Fig. 11 - Normalized hgg vs. Base Current and Temperature Fig. 14 - Switching Schematic
1000 T 25
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= Ve =50V, V, =15V 2
>
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3 ol / 20 @
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5 \ v <
= kel
= =
g >( g
o o
2 10 ~ 15 8‘
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1 el il
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Fig. 12 - Propagation Delay vs. Collector Load Resistor
Ie
~ -lp
V(_; ‘R
toun
V= 1.5V
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Fig. 13 - Switching Timing
Document Number: 81181 For technical questions, contact: optacoupleranswers@vishay.com www.vishay.com
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4N35, 4N36, 4AN37 VISHAY.

Vishay Semiconductors Optocoupler, Phototransistor Output,
with Base Connection

PACKAGE DIMENSIONS in millimeters

7.62 typ.
712+ 03
65+0.3
i)
(=]
H
[+
(]
0
' o
1o #
S w
0.5+0.1 H A1
-
a 025 |
7.6210 9.5 typ.
JUL
14771 2 123
PACKAGE MARKING
4N35
b\
V YWW 24
o]
2176424
www.vishay.com For technical questions, contact: optocoupleranswers@vishay.com Document Number: 81181
Rev. 1.2, 07-Jan-10
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VISHA-Y. Legal Disclaimer Notice
v www.vishay.com V|shay

Disclaimer

ALL PRODUCT, PRODUCT SPECIFICATIONS AND DATA ARE SUBJECT TO CHANGE WITHOUT NOTICE TO IMPROVE
RELIABILITY, FUNCTION OR DESIGN OR OTHERWISE.

Vishay Intertechnology, Inc., its affiliates, agents, and employees, and all persons acting on its or their behalf (collectively,
“Vishay"), disclaim any and all liability for any errors, inaccuracies or incompleteness contained in any datasheet or in any other
disclosure relating to any product.

Vishay makes no warranty, representation or guarantee regarding the suitability of the products for any particular purpose or
the continuing production of any product. To the maximum extent permitted by applicable law, Vishay disclaims (i) any and all
liability arising out of the application or use of any product, (i) any and all liability, including without limitation special,
consequential or incidental damages, and (iii) any and all implied warranties, including warranties of fitness for particular
purpose, non-infringement and merchantability.

Statements regarding the suitability of products for certain types of applications are based on Vishay's knowledge of
typical requirements that are often placed on Vishay products in generic applications. Such statements are not binding
statements about the suitability of products for a particular application. It is the customer's responsibility to validate that a
particular product with the properties described in the product specification is suitable for use in a particular application.
Parameters provided in datasheets and / or specifications may vary in different applications and performance may vary over
time. All operating parameters, including typical parameters, must be validated for each customer application by the customer’s
technical experts. Product specifications do not expand or otherwise modify Vishay’s terms and conditions of purchase,
including but not limited to the warranty expressed therein.

Except as expressly indicated in writing, Vishay products are not designed for use in medical, life-saving, or life-sustaining
applications or for any other application in which the failure of the Vishay product could result in personal injury or death.
Customers using or selling Vishay products not expressly indicated for use in such applications do so at their own risk.
Please contact authorized Vishay personnel to obtain written terms and conditions regarding products designed for
such applications.

No license, express or implied, by estoppel or otherwise, to any intellectual property rights is granted by this document
or by any conduct of Vishay. Product names and markings noted herein may be trademarks of their respective owners.

@ 2017 VISHAY INTERTECHNOLOGY, INC. ALL RIGHTS RESERVED

Revision: 08-Feb-17 1 Document Mumber: 91000
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5 Pin Configuration and Functions

P, D, and DGK Packages
8-Pin PDIP, SOIC, VSSOP
Top View

Rg II o E‘ Rg
Viin IZ E Vs
Vi E E‘ Vo

V= E E Ref

Pin Functions: 8-Pin

iN /o] DESCRIPTION
NO. NAME
1,8 Ra — Gain setting pin. For gains greater than 5 place a gain resistor between pin 1 and pin 8.
2 V=in | Negative input
3 Vi | Positive input
4 V- — Megative supply
5 Ref | Reference input. This pin must be driven by a low impedance or connected to ground.
6 Vo o Output
T V+ —_ Positive supply
Copyright @ 2000-2015, Texas Instruments Incorparated Submit Documentation Feedback 3
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*’? TEXAS
INSTRUMENTS

SBOS062B - SEPTEMBER 2000-REVISED DECEMBER 2015 www.ti.com
N, D, and DBQ Packages
16-Pin PDIP, SOIC, SSOP
Top View
- v |
Vi | 1 16 | Vg
Vi | 2 15 | Vi
Raa | 3 14 |Rgg
Rea | 4 13 | Rgg
Ref, | 5 12| Refg
Vo | B 1| Vgg
Sense, | 7 10 | Sensep
V-8 9 | v+
Pin Functions: 16-Pin
PIN
o DESCRIPTION
NO. NAME
1 V-ina | Negative input for amplifier A
2 LAY | Positive input for amplifier A
34 Rea _ Gain setting pin for amplifier A. For gains greater than 5 place a gain resistor between pin 3 and
: pin 4.
5 Ref, | Reference input for amplifier A. This pin must be driven by a low impedance or connected to
A ground.
6 Voa o Qutput of amplifier A
7 Sensey | Feedback for amplifier A. Connect to VOA, amplifier A output.
8 V- — Negative supply
9 W+ — Positive supply
10 Senseg I Feedback for amplifier B. Connect to VOB, amplifier B output.
1 Ve o Qutput of amplifier B
12 Ref | Reference input for amplifier B. This pin must be driven by a low impedance or connected to
B ground.
Gain setting pin for amplifier B. For gains greater than 5 place a gain resistor between pin 13 and
13, 14 Reg —_ pin 14
15 V+ing | Positive input for amplifier B
16 V=ina | Negative input for amplifier B
4 Submit Documentation Feedback Copyright ® 2000-2015, Texas Instruments Incorporated
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6 Specifications

6.1 Absolute Maximum Ratings

over operating free-air temperature range (unless otherwise noted) "

REVISED DECEMBER 2015

MIN MAX UNIT

Power supply voltage, W+ to V— 36 v
Input signal voltage 2 (V=)=07 (V4) +07

Input signal current (2 10 mA
Output short circuit Continuous

Operating temperature =55 125 °C
Lead temperature (soldering, 10 s) 300 °C
Storage temperature, Ts_ng -55 125 °C

(1) Stresses beyond those listed under Absolute Maximum Ratings may cause permanent damage to the device. These are stress ratings
only, which do not imply functional operation of the device at these or any other conditions beyond those indicated under Recommended
Operating Conditions. Exposure to absolute-maximum-rated conditions for extended periods may affect device reliability.

(2) Input signal voltage is limited by internal diodes connected to power supplies. See text.

6.2 ESD Ratings

VALUE UNIT
Viespy  Electrostatic discharge | Human-body model (HBM), per ANSI/ESDA/IEDEC JS-001 (V) +500 v
(1) JEDEC document JEP155 states that 500-V HBM allows safe manufacturing with a standard ESD control process.
6.3 Recommended Operating Conditions
over operating free-air temperature range (unless otherwise noted)
MIN NOM MAX UNIT
W+ \ power supply +135 15 +18 v
Va Input common mode voltage for Vg = 0 +11.25 v
Ta Operating temperature -55 125 °C
6.4 Thermal Information: INA126
INA126
THERMAL METRIC PDIP solc MSOP UNIT
8 PINS 8 PINS 8 PINS
ReJa Junction-to-ambient thermal resistance 52.2 116.4 167.8 ‘Cw
Rejciopy  Junction-to-case (top) thermal resistance 418 62.4 60.9 “CIW
Ress Junction-to-board thermal resistance 294 577 889 “CWw
W Junction-to-top characterization parameter 18.9 10 7.3 “CMW
Wi Junction-to-board characterization parameter 292 57.1 87.3 ‘CMW
Rascibot) Junction-to-case (bottom) thermal resistance - - - “CW

(1) For more information about traditional and new thermal metrics, see the Semiconductor and IC Package Thermal Metrics application
report, SPRAG53.
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6.5 Thermal Information: INA2126
INA2126
THERMAL METRIC " PDIP solc MSOP UNIT
16 PINS 16 PINS 16 PINS
Reua Junction-to-ambient thermal resistance 39.3 76.2 115.8 “CMW
Rauc top) Junction-to-case (top) thermal resistance 26.2 37.8 67 “CMW
Rese Junction-to-board thermal resistance 201 335 58.3 “CMW
wir Junction-to-top characterization parameter 10.7 75 19.9 “CWw
Yo Junction-to-board characterization parameter 19.9 333 57.9 “CwW
Rescibot) Junction-to-case (bottom) thermal resistance - - - “Cw

(1) For more information about traditional and new thermal metrics, see the Semiconductor and IC Package Thermal Metrics application

report, SPRAS53.

6.6 Electrical Characteristics

at T, = 25°C, Vg =215 V, R =25 kQ ( unless otherwise noted)

PARAMETER TEST CONDITIONS MIN TYP MAX UNIT
INPUT
MA126P, U, E; INA2126P U E +100 4250
Offset voltage pv
INA126PA, UA, EA; INAZ126PA, UA, EA 150 1500
NA128P, U, E, INA2126P, U E 0.5 +3
Offset voltage versus P WVrEC
RTI INA126PA, UA, EA; INA2Z126PA, UA, EA +0.5 +5
VNA126P, U, E 5 15
Offset voltage versus power supply Vg=2135V INA2126P, U, E
PV
(PSRR) to £18 VINA126PA, UA, EA 5 50
INAZ2126PA, UA, EA
Input impedance INA126P, U, E; INAZ2126P, U, E 107 4 Q| pF
) Rs=0 (V=) - 05 (V+) + 0.5
Safe input voltage W
Rs=1ki V=) - 10 (V+) +10
Common-mode voltage range Vo=0V +11.25 +11.5 W
Channel separation (dual) G=5 dc 130 dB
INA126P, U, E
Re=0, INA2126P, U, E b 94
Common-mode rejection Vem=211.25V INA126PA, UA, EA 74 %0 dB
INAZ126PA, UA, EA
NA2126U (dual S0-16) 80 94
INPUT BIAS CURRENT
) INA126P, U, E; INA2126P, U, E =10 =25
Input bias current nA
INATZEPA, UA, EA; INAZ126PA, UA, EA -50
Input bias current vs temperature +30 pAFC
INAT26P, U, E; INAZ2126P, U, E 0.5 12
Offset current na
INA126PA, UA, EA; INAZ126PA, UA, EA 0.5 +5
Offset current vs temperature 10 pAFC
GAIN
Gain G=5t0 10k ViV
Gain equation G =5+B80 kR VI
INA126P, U, E
Vo =414V INA2126P, U, E s 201
Gain efror G°= 5 ' TR
INA2126PA, UA, EA 20,02% 20.08%
Gain error vs temperature G=5 2 +10 ppmifC
INA126P, U, E
‘ Vo= £12V INA2126P, U, E 0.2% +0.5%
Gain error G=100
INAT2BPA, UA, EA +0.2% 1%
INAZ126PA, UA, EA ’
Gain error vs temperature G =100 25 +100 ppmi°C

6 Submit Documentation Feedback
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Electrical Characteristics (continued)

at Ty = 25°C, Vg =215 V, R = 25 kQ ( unless otherwise noted)

'SED DECEMBER 2015

PARAMETER TEST CONDITIONS MIN TYP MAX UNIT
Monlinearity G=100, Vo=214V +0.002% £0.012%
NOISE
f=1kHz 35
f=100 Hz 35 n\ivHz
Voltage noise
f=10 Hz 45
fa=0.1Hzto 10 Hz 0.7 Wep
f=1kHz 60 fAlNHz
Current noise
fa=0.1 Hzto 10 Hz 2 Phgp
QUTPUT
Positive voltage R =25k (V+)-09 (V+) =075 -
Negative voltage R.= 25 ki2 (V=) + 0.95 V-) +0.8
Short-circuit current Short circuit to ground +10 /-5 mA
Capacifive load drive 1000 pF
FREQUENCY RESPONSE
G=5 200
Bandwidth, -3dB G =100 E: kHz
G =500 1.8
Slew rate Vo=210V, G=5 0.4 Wips
10-V step, G=5 30
Settling time, 0.01% 10-V step, G= 100 160 Hs
10-V step, G = 500 1500
Overload recovery 50% input overload 4 Hs
POWER SUPPLY
Voltage range #1.35 15 18 \
Current (per channel) lo=0 175 +200 HA
Specification termperature range =40 85 *C
Operation temperature range 55 125 (]
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el nsom
6.7 Typical Characteristics
at T, = 25°C, Vg = £15 V (unless otherwise noted)
70 TTTT 110
0 8= 000_- __ 100 ~_
~~ 2 g AN
50 P E ~
G =100 ™ 2 b
= N
_ a0 ity s 70 N G =1000
o) I \ @ ~ |
= x 60
T W G=20 2 . |
8 | ~N g %0 G =100
20 G 3 40
10 S E 30 NG =5
%
0 ! 8 20 —]
10
-10 0
100 1k 10k 100k M 10 100 1k 10k 100k ™M
Frequency (Hz) Frequency (Hz)
Figure 1. Gain vs Frequency Figure 2. Common-Mode Rejection vs Frequency
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T =
[T &= 1000
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= M T TN : : NN
& n ~ ~L|| G=10 5 N AL
= 80 ~ = 80 =
3 ™ N ‘\L ] N ~
E ™ ™. T g \‘\‘\. ‘\\
5. 60 P q D}C\ 80 < ».
2 ?-.\ \\ E "-..,2 G =101
N
@ 40 ods N @ 40 ™
[t 3 N o )
g ™~ g _ :‘\.
=} ™ o G= N
o 20 o 20 N
\-‘h
0 0
10 100 1k 10k 100k M 10 100 1k 10k 100k M

Frequency (Hz)

Figure 3, Positive Power Supply Rejection vs Frequency

Figure 4. Negative Power Supply Rejection vs Frequency

Frequency (Hz)

15 5
| ‘ . ee lext
i itad by A, Outpul SWing—s = R —
< 10 umted by e —T— 1 | s ! Limited by A, output swing 22 %
H ] g T ' i |
2 £ Vg = 5V H
g s E] Vg = +5VI0V___ -
g © 9 L N i
@ 2 Vier = 2.5V
z 0 Vo = 0
= =
* g -1
g S § 2
E Q
Q - e
o 4 | | 3 -3 I — —— 1 -
- £ - output Swing—"
" Limitcd by A, outpul swing—see fext -4 Limited by Az |
=15 . =5
=15 =10 -5 0 5 10 15 -5 4 -3 -2 -1 0 1 2 3 4 5
Qutput Voltage (V) Qutput Voltage (V)
Figure 5. Input Common-Mode Range Figure 6. Input Common-Mode Voltage Range
vs Output Voltage, Vg =215 V vs Output Voltage, Vs =5V
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Ultraprecision Operational Amplifier

0P171

FEATURES

Ultralow offset voltage
Ta=25°C, 25 pV maximum
Outstanding offset voltage drift 0.3 pV/°C maximum
Excellent open-loop gain and gain linearity
12V/pV typical
CMRR: 130 dB minimum
PSRR: 115 dB minimum
Low supply current 2.0 mA maximum
Fits industry-standard precision operational amplifier
sockets

GENERAL DESCRIPTION

The OP177 features one of the highest precision performance of
any operational amplifier currently available, Offset voltage of the
QOP177 is only 25 pV maximum at room temperature. The ultralow
Vos of the OP177 combines with the exceptional offset voltage
drift (TCVos) of 0.3 pV/°C maximum to eliminate the need for
external Vos adjustment and increases system accuracy over
temperature.

The OP177 open-loop gain of 12 V/uV is maintained over the full
+10V output range. CMRR of 130 d B minimum, PSRR of 120 dB
minimum, and maximum supply current of 2 mA are just a few
examples of the excellent performance of this operational amplifier.
The combination of outstanding specifications of the OP177
ensures accurate performance in high closed-loop gain
applications.

PIN CONFIGURATION

8] Vos TRIM
7] v+

Vos TRIM[1]| e gpq77

v-[4] (Not to Scale)
NC = NO CONNECT

Figure 1. 8-Lead PDIP (P-Suffix),
8-Lead SOIC (5-Suffix)

00288001

This low noise, bipolar input operational amplifier is also a cost
effective alternative to chopper-stabilized amplifiers. The OP177
provides chopper-type performance without the usual problems
of high noise, low frequency chopper spikes, large physical size,
limited common-mode input voltage range, and bulky external
storage capacitors,

The OP177 is offered in the —40°C to +85°C extended industrial
temperature ranges. This product is available in 8-lead PDIP, as
well as the space saving 8-lead SOIC.

FUNCTIONAL BLOCK DIAGRAM

v+ (@)
Rs* § (OPTIONAL NULL) £ Ry l
d O 4 o ®
Ria 2R
28
% Q; L| %Q. b Qu Q2
maj |/m3 Qg EL i} OUTPUT
NONINVERTING oy R [ ¥Yo; TG Cz
epuT O B
o Yo, 2Rs
Yo, Koy 1.
E 26
INVERTING R4 J Oz Qe [
INPUT . qﬂ
. Qyyq
() G Yoy, (
v- @& g
"Ryn AND Ry ARE ELECTRONICALLY ADJUSTED ON CHIP AT FACTORY. g
Figure 2. simplified Schematic
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SPECIFICATIONS

ELECTRICAL CHARACTERISTICS

AtVs=+£15V, Ta = 25°C, unless otherwise noted.

Table 1.

OP177F OP177G
Parameter Symbol Test Conditions/Comments | Min Typ Max | Min Typ Max | Unit
INPUT OFFSET VOLTAGE Vos 10 25 20 60 [
LOMNG-TERM INPUT OFFSET'

Voltage Stability AVos/time 03 0.4 HV/mo
INPUT OFFSET CURRENT los 0.3 1.5 0.3 28 nA
INPUT BIAS CURRENT Is -02 +1.2 +2 -02 +1.2 428 | nA
INPUT NOISE VOLTAGE en fo=1Hzto 100 Hz? 118 150 118 150 | nVrms
INPUT NOISE CURRENT in fo=1Hzto 100 Hz? 3 8 3 8 pATrms
INPUT RESISTANCE

Differential Mode? Rin 26 45 185 45 MO
INPUT RESISTANCE COMMON MODE | Rinem 200 200 GO
INPUT VOLTAGE RANGE* IVR +13 +14 +13 +14 v
COMMON-MODE REJECTION RATIO | CMRR Vem=+13V 130 140 115 140 dB
POWER SUPPLY REJECTION RATIO PSRR Vs=+3Vto£18V 115 125 110 120 dB
LARGE SIGNAL VOLTAGE GAIN Avo Rz 2 kQ), Vo=£10V° 5000 12,000 2000 6000 VimV
OUTPUT VOLTAGE SWING Vo Ruz 10 kQ £13.5 £14.0 £135 £140 v

Rz 2 k() +12.5 +13.0 +125 +13.0 v

Ruz 1kQ +12.0 $125 +120 +125 v
SLEW RATE? SR Ruz2kQ 0.1 03 0.1 0.3 Vius
CLOSED-LOOP BANDWIDTH? BW Ave =1 0.4 0.6 04 0.6 MHz
OPEN-LOOP OUTPUT RESISTANCE Ro 60 60 0
POWER CONSUMPTION Po Vs =+15V, no load 50 60 50 60 mw

Vs =+3V, no load 3.5 4.5 3.5 4.5 mwW
SUPPLY CURRENT Isy Vs =15V, no load 16 2 1.6 2 mA
OFFSET ADJUSTMENT RANGE Re =20 k0 +3 +3 mV

' Long-term input offset voltage stability refers to the averaged trend line of Vos vs. time over extended periods after the first 30 days of operation. Excluding the initial

hour of operation, changes in Ves during the first 30 operating days are typically less than 2.0 pV.

2 Sample tested,
? Guaranteed by design.
*Guaranteed by CMRR test condition.

*To ensure high open-loop gain throughout the £10V output range, Ay istested at —10V s Vo= 0V,0V sVas +10V,and -10V = Vo s +10 V.

Rev.H | Page 3 of 16
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At Vs =+15V, -40°C < T = +85°C, unless otherwise noted.

Table 2.
OP177F 0OP177G
Parameter Symbol | Test Conditions/Comments | Min  Typ Max | Min Typ Max | Unit
INPUT
Input Offset Voltage Vos 15 40 20 100 | W
Average Input Offset Violtage Drift' | TCVos 0.1 03 0.7 1.2 7N
Input Offset Current los 0.5 2.2 05 45 nA
Average Input Offset Current Drift? | TClos 15 40 1.5 85 pASC
Input Bias Current la =02 +24 +4 +24 +6 nA
Average Input Bias Current Drift? TCle 8 40 15 60 pA/C
Input Voltage Range® VR +13 135 +13 #1335 v
COMMONM-MODE REJECTION RATIO CMRR Vew=+13V 120 140 110 140 dB
POWER SUPPLY REJECTION RATIO PSRR Vi=+3Vto 18V 110 120 106 115 dB
LARGE-SIGNAL VOLTAGE GAIN* Avo Ruz2kQ, Vo=+10V 2000 6000 1000 4000 V/mV
OUTPUT VOLTAGE SWING Vo Rz 2kQ +12 13 +12 13 v
POWER CONSUMPTION Po Vs =15V, no load 60 75 60 75 mW
SUPPLY CURRENT lsy Vs=15V, noload 20 2.5 2 25 mA

T TCVos is sample tested.

? Guaranteed by endpeint limits.

* Guaranteed by CMRR test condition,

*To ensure high open-loop gain throughout the 10V output range, Ao is tested at =10V s Vo <0V, 0V = Vo < 410V, and =10V < Vo < +10V.

TEST CIRCUITS

00280-003

O OUTPUT

Vos TRIM RANGE IS
TYPICALLY 3.0mV

b
00289-004

O+20V

PINOUTS SHOWN FOR
P AND Z PACKAGES

00260005

Figure 5. Burn-In Circuit

Rev. H | Page 4 of 16




0P177

ABSOLUTE MAXIMUM RATINGS

Table 3.

Parameter Ratings

Supply Voltage +22V

Internal Power Dissipation’ 500 mW
Differential Input Voltage +30V

Input Voltage +22V

Qutput Short-Circuit Duration Indefinite
Storage Temperature Range —65°Cto +125°C
Operating Temperature Range —40°C to +85°C

Lead Temperature (Soldering, 60 sec) 300°C
DICE Junction Temperature (T)) -65°C to +150°C

THERMAL RESISTANCE

64 is specified for worst-case mounting conditions, that is, 84 is
specified for device in socket for PDIP; 6, is specified for
device soldered to printed circuit board for SOIC package.

Table 4. Thermal Resistance

' For supply voltages less than £22 V, the absolute maximum input voltage is
equal to the supply voltage.

Stresses at or above those listed under Absolute Maximum
Ratings may cause permanent damage to the product. This is a
stress rating only; functional operation of the product at these
or any other conditions above those indicated in the operational
section of this specification is not implied. Operation beyond
the maximum operating conditions for extended periods may
affect product reliability.

Package Type B1a Bic Unit
8-Lead PDIP (P-Suffix) 103 43 ‘W
8-Lead SOIC (5-5uffix) 158 43 “C/wW
ESD CAUTION
ESD (electrostatic discharge) sensitive device,
Charged devices and circuit boards can discharge
A without detection. Although this product features

patented or proprietary protection circuitry, damage

‘2'\ may occur on devices subjected to high energy ESD.
Therefore, proper ESD precautions should be taken to

avoid performance degradation or loss of functionality.

Rev.H | Page 5 of 16
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TYPICAL PERFORMANCE CHARACTERISTICS
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Figure 6. Gain Linearity (Input Voltage vs. Output Voltage)
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Appendix B

Project attendance form

B.1 Overview
This appendix contains the consultation meetings attendance form as required by the

department.Both the supervisor and the student had to sign off the consultation meetings
form for the official record of the meetings.
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