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ABSTRACT

Measurement of transients of ambient power-line frequencey magnetic tickds
is becoming increasingly important because of the possibility that exposure to
such fields may produce effects to communication systems and various electronic

devices as well as hwman health.

Many studics have been concerned with magnetic field mensurements over o
wide frequency range but small attention has been paid to the measurement of

transient fields.

The objective of this study is to investigate the feasibility of developing o
magnetic field probe operating in a broad frequency range. including the power
line frequency (60 Hz). which would also be suitable for measurements of transient
fields (their magnitude and phase). The sensor was modeled. simulated using
computer simulation and finally designed. Its performance was tested in time and
frequency domains. The sensor, which provides constant amplitude and phase
response from 30 Hz to around 5 MHz for the magnetic field, has a minimal
response to the electric field (30 dB or less), a sensitivity of 0.48 V/A m™! and

wide dynamic range (greater than 40 dB).
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Notation

Various symbols, superscripts. subscripts. aceents and abbreviations used fre-
quently in this work are summarized below. All notation is fully defined where it
first arises in the text.

Symbols

a radius of the wire of the loop.
Agr common mode gain of the operational amplifier.
Az  differential gain of the operational amplifier.
A, effective cross sectional area of the loop.
A: normalized inductance per turn.
Ay  dc open loop gain of the operational amplifier.
Aw  cross sectional area of the winding.
b  diameter of solenoid coil.
b, winding width.
C. loop interwinding capacitance.
C: toroidal core factor.
d, outer diameter of the toroid of the transformer.
d;  inner diameter of the toroid of the transformer.
Erer  electric field amplitude inside the TEM cell.
E; electric field incident to the loop antenna.
Jiens  low cut-off frequency of the loop antenna.
fii  low cut-off frequency of transformer of stage i.
H  magnetic field intensity.
h  height of the toroid.

Hrgpy  magnetic feld intensity inside the TEM cell.

xiv



h,  effective height.
h,  winding height.
i,  input bias current of the operational amplifier.
K Nagoaka's constant.
L, inductance of the loop antenna.
. length of the sclenoid coil.
I, cffective length of the magnetic circuit.
I, total length of the conductor of the loop.
L; equivalent leakage inductance of the
L, open circuit parallel inductance of the transformer of stage i.
L,; open circuit series inductance of the transformer of stage i.
l, length of one toroidal turn. of stage i.
N, number of loop turns.
Ny  turn ratio of transformer of stage i.
Prgar power entering the TEM cell.
R, winding resistance of the loop antenna.
Ry  feedback resistor of the current follower.
R;. resistance per unit length of the wire of gauge i.
R;»  open loop input impedance of the operational amplifier.
R;  loading resistance.
R,; magnetic loss resistor of the transformer of stage i.
R,.; open circuit series resistance of the transformer of side i.
Ry, resistance per unit length of the conductor of the loop.
R,; total winding resistance of the transformer of stage i.
R.. resistance per unit length of the wire of the transformer.

V. output voltage of the transimpedance amplifier.
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resistor tolerance.
mduced open cireuit voltage.
iput offset voltage of the operational aplifier.

Input impedance of the current follower.

Greek Letters

G

A

Ho

i

He

Wo

propagation constant, 3 = 2%/,

wavelength.

permeaility of the free space.

initial permeaility of the core material.

effective permeability of the coil.

effcctive permeability of the magnetic circuit.

pole angular frequency of the operational amplifier.
resistivity of the copper wire.

time constant.



Acronyms and Definitions

AWG
BW
CML
CMRR
DUT
EM
EMI
EMP
ESD
MGL
MTL

American wire gauge.
bandwidth.

cyiindrical Moebius loop.
common mode rejection ratio.
device under test.
electromagnetic.
electromagnetic interference.
electromagnetic pulse.
electrostatic discharge.
multi-gap loop.

multi-turn loop.

network analyzer.

root mean square.

transverse electromagnetic.

xvii



Chapter 1

Introduction

Natural and man made electromagnetic (EM) transients such ax lightuing,
clectrostatic discharge (ESD). nuclear electromagnetic pulse (EMP) and those ns-
sociated with high power switching have broad frequency spectra. They can cause
electromagnetic interference (EMI) with communication systems and various clee-
tronic devices. Over the years, research has been conducted to characterize the
electromagnetic fields due to these transient sources [3-9}, [42]. Most studics have
been aimed at finding protection techniques and establishing design guidelines to
minimize susceptibility of telecommunication and electronic equipment. Charac-
terization of such transient fields requires electric and magnetic ficld sensors to
measure both the magnitude and phase of the field. The sensing device of such
sensors is usually an electrically small antenna. These antennas are considered
small since their size is a small fraction of the signal wavelength. This feature
provides both a higher degree of spatial resolution and small perturbation of the

electric field.



1.1 Motivation

Many EM ficld sensors have been developed over the years. In many cases
attention has been focused on the high frequency performance (above 500 MHz)
[42]. Most scnsors respond to the electric field. Recently. a broadband high
frequency magnetic field sensor has been developed by a group of researchers at

the University of Ottawa [27].

Biomedical research has raised the possibility that exposure to low level elec-
tric and magnetic fields of low frequencies may affect cancer development and
cause other biological effects [39]. Some of the data indicate that the field wave-
form, and specifically transient or pulsed fields, may be of importance {28]. Various
pulsed low frequency magnetic fields are also used in medicine for diagnostic and

therapeutic applications [50]. Hence, there is a need to characterize such fields.

This need for a magnetic field sensor suitable for measurements of transients
and pulsed fields at frequencies extending below the power line frequency (60 Hz),
and the limitations of existing sensors have provided the motivation for this work.
Furthermore, it was felt that modern integrated circuits and simulation techniques

would offer suitable tools for optimization of the design.

1.2 Objective

The objective of this thesis is to analyse and optimize the performance of a

magnetic field sensor similar to that described by Stuchly, et al. [27], but suitable

o



for operation below G0 Hz. The design of a magnetic ficld sensor shoukd meet the

following requirements:

Wide-band performance with a low cutoff frequeney {below G0 Hz).

Frequency independent transfer function within the range of operation.

Minimum perturbation of the measured ficlds.

Well defined directional response.

Wide dynamic range. .

High sensitivity

Minimal response to the electric field.

The selected design is to be evaluated in the frequency and time domains.

1.3 Thesis Organization

In Chapter 2, the basic concepts of the small loop antenna are outlined and &
critical literature review of different kinds of magnetic field sensor that have been

previously described is provided.

In Chapter 3, the low frequency limitations of a magnetic field sensor that was
built recently at the University of Ottawa [27] are given. The sensor performance

at low frequencies is described and modelled. The sensor’s cutoff frequencies are



derived. A simulation was carried out to show that. for specific design parameters.
the low cut-off frequency of the magnetic ficld sensor is determined by that of the
loop antenna. An attempt was made afterward to optimize the design of the
loop autenna in order to reduce further its low cut-off frequency. A non-linear
optimization technique was used to show the low frequency limitations of such
a design. It was shown that the magnetic field sensor had to be redesigned to

achieve the desired low frequency performance.

In Chapter 4. the structure of the loop is modified to obtain a magnetic
ficld sensor suitable for measuring fields below 60 Hz. This design is based on
a multi-turn antenna (solenoid) with a ferrite core, a balanced transformer, and
an instrumentation amplifier. Design criteria for each part of the magnetic field
sensor are given to justify the choice of the different components that have been

used.

In Chapter 5. the performance of the magnetic field sensor is investigated.
Thg: magnetic field sensor is modeled. then its performance is analyzed in both
time and frequency domains by using Hspice simulation. Measurements of the
sensor output parameters were performed in order to verify the simulated results.

and to get a full characterization of the magnetic field sensor.

In Chapter 6. the results are summarized and suggestions for future research

arc made.

Appendix A gives the procedure for the calculation of the inductance of a

multi-turn loop antenna.



In Appendix B, a brief deseription of a wideband transformer is given.

Appendix C provides more details of the nonlincar optimization method used

in Chapter 3 in order to minimize the loop antenna low cut-off frequency.

In Appendix D. the method used to identify the equivalent cireuit parameters

of the antenna and transformer is presented.

Appendix E contains the listings of all the components values used in the
design, data sheets of the operational amplifiers used and the listings of the sim-

ulation programs.
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Chapter 2

Background and Literature
Review

Magnetic ficld sensors discussed here are electrically small. They are formed
by loops with or without a ferromagnetic (ferrite) core. These sensors fall into
two groups, active and passive. Over a broad range of frequencies, these sensors

should have the following properties:

e Passive sensors:

(1) The sensitivity should be defined in terms of the geometry only, and

(ii) The impedance should be defined in terms of the geometry only.

e Active sensors:

The transfer function should be defined and simple across a wide frequency

band.

Two types of sensor transfer function are possible with, (i) the output propor-

tional to the measured field or, (ii) the output proportional to the time derivative

6



of the field. Most commercially available sensors of the magnetic field are of the

sccond type, and their response has to be integrated to obtain the actual measured

field.

In this Chapter., basic concepts regarding the small loop antenna are out-
lined. and a critical literature review of different kinds of magnetic field sensors is

provided.

2.1 Loop Antenna - Basic Concepts

An accurate characterization of the field in the near field of a radiation source
requires the use of small sensors to provide both a high degree of spatial resolution
and small perturbation to the field from the presence of the sensor [47]. An ideal
magnetic field sensor for this purpose would be an infinitesimal magnetic dipole. of
which a small loop is considered to be a good approximation. Such a sensor may
consist of a single turn loop [20] or 2 multi-turn loop, e.g. a single-layer solenoid

coil [1]. [45]. The loop is considered electrically small provided that [17]:

l. 01X (2.1)
and,
_IC_ > 3 (2.2)
26~ T
where:

len is the total length of the conductor
I./2b is the ratio of the length to diameter for a solenoidal coil.

=1



An open circuit voltage devcloped at the terminals of a small loop placed in

an electromagnetic field can be deduced {rom the Faraday-Maxwell relation [47]:

fEdl:—%[‘de.4 (2.3)

For harmonic ficlds. the integral § E d! evaluated along the loop length results

in an open circuit voltage at the terminal:

Ve = —jw fA pH dA (2.4)

Assuming that H is perpendicular to the loop plane and uniform over the

loop area, equation (2.4) becomes:

Ve = —jwpHA (2.5)

A response of the electric field can also be calculated by expressing V.. in
terms of the magnitude of the incident electric field E; and effective height A,
[17). For a uniform plane wave with the wave vector k and orientation as shown
in Figure 2.1, using the spherical coordinate.:s, the open circuit voltage can be

expressed as [17]:

Ve = jwN,AB; cospsiné = h.(¢,0)E; (2.6)
where
he(1,8) = 78 N, cospsiné (2.7)

3 is the propagation constant of the plane wave, 8 = 27/A.

Therefore. the open circuit voltage represents the response to the normal

component of the magnetic field, and to the average electric field in the plane of

8



the loop. In practice. for clectrically small loops. response to the E-field is usually

quite small so that often it can be ignored.

Figure 2.1: Plane-wave field incident on receiving loop

The input impedance of the loop can be expressed as:

Z, =R, +jwl, (28)

where

R, represents the total winding resistance of the loop when the loop

radiation resistance is neglected.

L. is the inductance of the loop antenna.

At low frequencies, the skin depth effect of the winding resistance for single-

turn loops and solenoidal coil can be neglected. R, is then equal to:

R, = Ry, % total length of conductor (2.9)

9



where R, is the resistance per unit length of a straight conductor with the same

cross section as the loop conductor.

The self inductance of a small loop of radius b, constructed of wire of radius

a can be determined from one of the many formulas available in the literature

[26).[51);

¢ For a single-turn circular loop [26];
Sb
Lo=pobd (111(“;) - 2) (2.10)

e For a tightly wound single layer solenoidal coil of length /. and radius b {51];

K po N24

L, I

(2.11)

where the factor K, known as Nagaoka’s constant is shown as 2 ratio of I./2b
in Figure 2.2!. Appendix A gives more information concerning the loop

inductance calculation.

For a magnetic field sensor loaded by a resistauce Ry, the Thévenin equivalent

circuit is shown in Figure 2.3. The output voltage of the sensor can be written as:

_ _JwpedHRy
* " jwL,+Rp+ R,

(2.12)

where 4. is the effective area of the loop antenna.

A, = A N,, where 4 is the cross-sectional area, and N, is the number of

turns.

'This Figure is taken from Antenna Engineering Handbook, Second edition [17],pp. 5-7.

10
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Figure 2.2: Nagaoka's constant vs length to diameter ratio of the loop

R, La

<+ - —p
Sensor - Load

Figure 2.3: Thévenin equivalent circuit of the loop antenna

The magnitude of the output voltage, V... is shown in Figure 2.4 as a

function of frequency [22].

Two regions can be identified

e For By + R, > wl,:
Vour = jwpoAH (2.13)

11



In this case. the output voltage is proportional to the time derivative of the

magnetic field.

e For B + R, € wl,:

Vot =
out La

— #0-4CHRL

(2.14)

In this case, a flat magnitude response is obtained since the output voltage

of the sensor is proportional to the magnetic field.

The transition frequency corresponding to the 3dB point is determined by:

fo= (Ra + Ry) (2.15)
€ o L, -

|4

T 5

s 2 A

a * 3

< 8 Low frequency approximation High frequency approximation

$ 3

: £ g

s © e

- > s

o = o~

E _§ Py :

- = o

s 3 : Actual transfer

IR : function

2 s :

T

m -

@ ©

g >

Log (Frequency)

Figure 2.4: Magnitude of the transfer function of an electrically small sensor

If Ry is comparable to R, the transition

frequency is low and the sensor

will produce an output voltage proportional to the magnetic field over a wide

12



bandwidtli.

A sensor output proportional to the magnetic field (fat response) is nsnally
sought. Such kind of sensor does not need external integrators to convert sensor

output to a signal proportional to the field (derivative sensors).

2.2 Literature Review

As mentioned earlicr. magnetic field sensors can be passive or active. Both
tvpes have been described in several publications [3-9]. [24]. [42]. In this scetion,
a brief overview of the most common sensors is given. Their characteristies and

application are outlined.

2.2.1 Passive Magnetic Field Sensors

Passive magnetic field sensors are made with only passive components., They
were the first magnetic field sensors to be constructed. They are commonly nsed
in EMP and lightning applications. The major problem found when designing
magnetic field sensors is their response to the unwanted electric field. Some work
has been carried out in order to overcome this problem. This has led to the
development of very elaborated magnetic field sensor geometries [3-9]. Some of

the most important ones are discussed below.

13



Shielded Loop Magnetic Field Sensor

The shielded loop antenna is an example where the electric field is selectively
shielded while the magnetic field is unaffected [21). It is usually made of a coaxial
cable the shield of which has been interrupted as shown in Figure 2.5. The gap at
the top of the loop helps to discriminate against the predominant electric field. The
shielded loop can be shorted at the ground side half-way from the ground plane
as shown in Figure 2.6. This configuration, known as shielded half-loop sensor, is

commonly used for measurements of magnetic fields tangential to a metal surface.

Figure 2.5: Shielded loop antenna

P
\/

Half loop

Figure 2.6: Shielded half loop antenna
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Moebius Loop

The Moebius loop magnetic ficld sensor is a circular loop consisting of two
shielded coaxial arms which are split at the top to form a gap which is very small
compared to the loop dimensions as shown in Figure 2.7. The center conductor of
each coaxial arm is connected to the shicld of the opposite arm. as shown at points
C and D. Its configuration provides twice the equivalent area per turn and therefore
increases the sensitivity. Baum [5] showed that the Moebius configuration provides
twice the loop output voltage (the sensitivity of the loop is therefore increased by
a factor of two). The loop time-constant (total loop winding resistance over the
inductance of the loop) is increased by a factor of four and thus, the time derivative
cutoff frequency f. of the sensor is reduced by a factor of four. The Moebius loop
is further more a very effective magnetic field sensing device which has good noise

rejection properties (the electric field response is practically eliminated) [35].
D

AB

Figure 2.7: Moebius loop



Cylindrical Moebius Loop

A cylindrical Moebius loop (CML) sensor. shown in Figure 2.8%. is described
by Baum [7}. It consists of a two turn cable wired in Moebius configuration. The
CML sensor has all the characteristics of the Moebius loop described in the pre-
vious section. The current flows from one twin axial cable lead to the other. The
CML sensors are commonly designed to measure high frequency magnetic fields
since by increasing the length of the cylinder. the inductance of the cylindrical

loop decreases.

Figure 2.8: Cylindrical Moebius loop

Multi-gap Locp

The multi-gap loop (MGL) is used for high frequency magnetic field mea-
surements {3]. It has a cylindrical geometry formed from printed crcuit-board

material. On the cylindrical surface there are four distinct metal areas separated

2This Figure is taken from Sensor and Simulation Notes Note XLII (7]
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by a gap (the configuration when unfolded from the evlindrical surface is shown
in Figure 2.9°). Both the signals from gap 1 and 3 and the signals from gaps 2
and 4 arc combined together. The purpose this arrangement is to minimize the

undesired response to the E-ficld. This kind of sensor is commonly used for far

field lightning measurement.

100 - Ohim Coansal Cable

T X 11

100-0Ohm Ja—

Twwnaual Cable
=

Figure 2.9: Multi-gap loop

Multi-turn Loop

The multi-turn loop (MTL) is a coil consisting of N turns and having a
radius b with length [ as shown in Figure 2.10. It is commonly used in the
measurement of the time varying magnetic fields such as those produced in a
nuclear explosion (EMP) [16]. The MTL loop provides large equivalent area and

thus a large sensitivity to the measured fields. By using many turns, the inductance

3This Figure is taken from Measurements of System Responses to Transient Excitations [23],
pp. 272.
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of the sensor is increased by N2, Therefore. the upper frequency of the sensor
is decreased by N? when the sensor’s transfer function is proportional to the
ficld derivative [9). When used as a self integrating sensor. the low 3 dB roll-off
frequency of the MTL loop can be made small by increasing its inductance using

a ferrite core {44]. [43].

: L —
%
e,
Pty

Figure 2.10; Multi-turn loop

2.2.2 Active Magnetic Field Sensors

Developments in active linear components such as transistors and integrated
operational amplifiers have offered advances in the design of active magnetic field
sensors. These improvements include accuracy, sensitivity, and bandwidth perfor-

mance.

Several reports have been published typifying progress in this area {12], [24],

[26]. Maclntyre [46] used a coil preamplifier circuit which consisted of an opera-
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tional amplifier in a current follower configuration to auplify the current induced
in the loop antenna. The same configuration was used by a group of rescarchers
at the University of Ottawa [27] in a wideband magnetic tield probe for transient
IMEASUTCINEnts, They added a current transformer before the electronie cireuit to

further decrease the load resistance of the antenna.

Recently, Hauser [24] proposed in his 20 Hz-200 kHz maguetic flux probe
for EMI surveys, a sensor which was based on a balanced muldti-turn ferrite loup
antenna and a balanced circuit which consisted of two current followers and oue
differential amplifier. The main advantage of using a balanced configuration in

the amplification circuit was a reduction in the common mode noise.

Although, use of active linear networks for amplification in magnetic field
sensors has a lot of advantages, some problems can be encountered. For instance.
the active network can make up for losses in respect to signal strength by increasing
background in thermal noise {18]. This problem can be overcome by using noise

reduction techniques in the design stage.

2.3 Summary

In this Chapter, some of the properties of an electrically small loop antenna
have been discussed. Because they are easy to design and can be made to have a
low sensitivity for the electric field, they are attractive in the design of magnetic
field probes. Active field probes are increasingly being used due to developments in

linear integrated circuits. These advantages where reported to permit the design of
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broadband magnetic field probe for the measurement of transients [27]. However,
the frequency range covered by this sensor was from a few kHz to 100MHz. A
question arises about the feasibility of redesigning or optimizing the previously
used clectrically small loop antenna to cover frequencies as low as 60 Hz. This

question is addressed in the next chapter.



Chapter 3

Low Frequency Limitation of the
Previous Sensor

The magnetic field probe which was developed at the University of Ottawa
[27) operated in a wide frequency range from a few kHz to 100 MHz with a fiat
transfer function. Since many transients contain the power line frequency. it is

important tu extend the low frequency limit of this probe to below GO Hz.

From =z simple analysis of the equivalent circuit, given in Figure 2.3. for an
electrically small loop. it was shown that the transition frequency between the
derivative and flat response is given by:

R
fo=5—= (3.1)

- b

where L represents the total inductance and R is the total resistance including

the load.

A very low frequency can therefore be achieved by minimizing the total re-

sistance and/or maximizing the inductance. This can be accomplished by
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(1) minimizing the load input resistance using a current transformer for impedance
transformation. (i1) increasing the loop inductance by increasing the loop number

of turns N,.

In this Chapter. the existing design will be analyzed at low frequencies to find
the low frequency limitations. Following that, the impact on the high frequency
performance of any changes made to achieve low frequency performance will be

considered.

3.1 Description of the Sensor

The wideband magnetic sensor to be studied is depicted in Figure 3.1. This
sensor consists of, (i) an electrically small loop, (ii) two current transformers
(impedance transformer), (iii} a current follower (wideband transresistance am-

plifier).

Figure 3.1: Main parts of the magnetic field sensor

2
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The transformers and the current follower are loading the loop. To have o
very low transition frequency. it is important to maintain a very small loading re-
sistance. This is achieved through an optimization of the transtformer and current

amplifier design.

The primary purposcs of using a trausformer in this configuration are
(1) impedance transformation and (ii) the attenuation of the common mode clee-
tric field interference. Transformers behave differently for different kinds of core
materials used. Ferrite material with an initial permecability of 4300 has been
choscn for this application since it has a uniform characteristic over a very wide

frequency range {15].

The main criteria determining the suitability of the current follower in this

application are:

¢ Input impedance of the current follower Z,n, which should be very small

since it is a part of the loop antenna loading resistance.
¢ Transimpedance gain of the current amplifier V,,./I; should be large.

s Bandwidth (BW) should cover the whole operating frequency range.

The magnetic field sensor of Figure 3.1 is modeled as shown in Figure 3.2.
All the referred parameters in this equivalent circuit are transformed to the load

side of the circuit.



amp“out

Figure 3.2: Equivalent circuit of the magnetic field sensor

where

V.. the induced open loop circuit voltage.

R,  the winding resistance of the loop antenna.

L, theloop antenna inductance.

C. the winding capacitance of the loop antenna.
R, total winding resistance of first stage transformer.

L;, equivalent leakage inductance of the first stage transformer.
L, open circuit inductance of the first stage transformer.

R;g the shunt loss resistance of the first stage transformer represent-

ing the core losses.



Zcmp
Na

Ne

the equivalent of the primary and referred secondary self (stray)

capacitance of the first stage transformer.

total winding resistance of second stage transformer.
equivalent leakage inductance of the second stage transformer.
open circuit inductance of the second stage transformer.

the shunt loss resistance of the second stage transformer repre-

senting the core losses.

the equivalent of the primary and referred secondary self (stray)

capacitance of the second stage transformer.
the equivalent input immpedance of the current follower.
number of secondary turns of the second stage transformer.

number of secondary turns of the first stage transformer.

Primed and double primed variables indicate that these values have been

referred to the load side of the magnetic sensor. Primed variables are transformed

once (through one transformer), double primed variables are transformed twice

(through two transformers).

The inductance of the loop depends on the number of turns of the antenna,

N,. and the loop dimensions. Further details on the inductance computation is

given in Appendix A.
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3.2 Low Frequency Limit

When considering low frequencies, all the stray capacitances seen in Figure
3.2 behave as open circuits, they can therefore be neglected. The transformer leak-
age inductances are small compared to the transformer open circuit inductances.
Counscquently, they can also be neglected. The current follower input impedance
(Zamp) is assumed to be resistive and equal to Romp. This assumption is justi-
fied in view of the small value of capacitance (in parallel with the resistance) and

negligibiy small inductance associated with leads.

Hence at low frequencies, the magnetic probe equivalent circuit of Figure 3.2

is reduced to that shown in Figure 3.3.

R; L; R.wz R

out

Figure 3.3: Low frequency equivalent circuit of the magnetic field sensor

The low frequency limit is determined by the highest of the three frequencies:

fz: —_ Rﬂﬂ'-r + Rwl (3-2)

27'er1
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Rﬂmp + Rll‘l + th"—‘ -\-:l-‘l
371,23

ft‘.’. =

(3.3

Rump + Rwl + Rlu‘.‘-\rﬁ + Rul(-\'ﬂ -\'f'.'):

f.‘rns = 'BKL,,(-‘\.:I N 2 )3*

{3.-4)

It can be seen that these three frequencies are basieally determined by the
parameters of the specific components of the circutt, with only minor contributions

from other componcats. Therefore, the following can be designated:

fu  1s the low 3aB frequency of the transformer (t1).
feo  is the low 3dB frequency of the transformer (t2).

Fsens 15 the low cutoff frequency of the sensor.

Equations (3.2), (3.3) and (3.4) are the low frequency design formulas for
the magnetic sensor. The low roll-off frequency is the highest of fi). fio and foena.

Optimizing the low frequency performance requires the optimum choice of:

¢ The loop geometry (the number of turns, diameter. wire diameter. shape).
e The number of transformer turns (Ny);., ,, (for the two transformers).

¢ The ferrite core shape and material, since the open loop inductance of the

toroids has to be maximized (equations (3.2).(3.3)).

¢ The current follower characteristics, since it is desirable to have an input

impedance as small as possible (equations (3.2), (3.3) and (3.4)).
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As will be shown later, the current follower input resistance depends on the
open loop gain of the operational amplifier. the input resistance of the operational
amplifier and the feedback resistor of the current follower. For the operational

amplifier chosen, the input resistance is found equal to. Ry, = 0.782.

3.3 Simulation Results

The number of turns N,, Ny, and Ny, as well as the ferrite core material
type (characterized by its initial permeability p;), affect the values of Ry, Ryz, Ra,
L1, Ly and L,, which in turn determine the low frequency limit. The objective
of the simulation is to see how far it is possible to lower the roll-off frequency by

modifying independently the four key parameters (NVo, N, Nez and y;).

Three different toroids of different ferrite materials (different initial perme-
abilities) are considered and this just to see the effect of the ferrite core material on
the two roll-off frequencies of the two transformers. The geometry of the toroids
is kept the same. Three ferrite materials with initial permeabilities u; equal to

4300, 2000, S00 were selected.

The open circuit inductance of a toroid of an initial permeability 1;==4300 and

wound by N,=50 turns was measured. The measured value was 6.6 10~% Henries.

The open circuit inductance of any toroid having other initial permeabilities

u; and N, can therefore be found from:

6.6 x 10 i \»

Ly = 565 % 4300 "

(3.5)
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In this simulation. the loop radius " was kept constant equal to 3 em {this
value keeps the loop antenna electrically small for a loop number of turns N,
around 10 [27]). The equivalent input resistance of the current follower Rymp was

assumed equal to 0.7 Q.

A simulation was carried out to evaluate the dependance of for,. fu and fi

on Ny, Nu, Ve and p;. Results of this simulation are shown in Figures 3.4 through

3.8.

—

11
15. 2.0 5.0 20.0
Nu(turnsl

Figure 3.4: The 3dB low frequency performance of the second stage transformer
vs Ny
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Figure 3.6: The 3dB low frequency performance of the first stage transformer vs
Ne
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Figure 3.8: The 3dB low frequency performance of the loop vs Ny
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From this simnulation. it can be deduced that:

e fi depends only on the secondary number of turns of the first stage trans-

former (Ng).

e For N, greater than 15 and for p; greater than 4300. values of f;; as small
as 30 Hz can be achieved.

o fi is affected by both Ny and Np. However, for Ny and N2 values greater
than 10 turns. and for initial permeabilities u; greater than 2000, a lower

values of fy; than 30 Hz can be achieved (Figures 3.5 and 3.6).

e The number of turns of the transformers should be kept greater than or
equal to 15. This result will give approximately constant values of fyens as

well as f, and fe.

o Ferrite core types of higher initial permeabilities have a very good perfor-
mance at low frequencies. Their performance degrades at high frequencies

and a trade-off should be taken depending on the operating frequency range.

o The sensor roll-off frequency fien, is independent of the initial permeability

of both transformers.

¢ fiens dominates f,; and f; for the transformers with a number of turns (N,

and N») greater than 15.

¢ A minimum value of f,n, = 140 Hz can be achieved for N, = 10 and

.'Vu = Npp = 15 turns.



From this simulation. it was shown that the low frequeney linit is due to the
antenna loop rather than the transformers (for a specified munber of secondary
turns). Therefore. more attention should be placed on optimizing the design of the
loop antenna. This can be done, by minhmizing f,.,.. using a nonlinear constrained

minimization technigue which will be presented in the next section.

3.4 Sensor Optimization

A nonlinear multi-variable optimiz:tici subroutine which used NCONF (taken
from the International Mathematics and Scientific Library) was used to optimize
the design of the H-field sensor for a low frequency response. The details can be

found in Appendix C.

To minimize fyens. it is necessary to find a vector X of length N for which
Foens 15 minimum. The components of the vector X are related to some constraints

which should be defined in order to optimize the loop antenna design.

The point X at which f,.n, is calculated is 2 5 dimensional vector. The

components of X will be (z;).7 = 1......, 5 where :

1 resistance per one secondary turn of the transformer.
z, total length of the loop antenna wire.

z3; resistance per unit length of the wire of the loop.

z4 the radius of the loop (b).
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o5 the radius of the wire of the loop (a).

With N,=19 and N,; = N;» = 15. an optimization program which minimizes
Saens was written. The main outcome from this program shows that a frequency

as low as 120 Hz 1s achievable with:

= 0.798 mQ/turn.
To= 26m.

:r;= 2.6 mQ/turn.
Ta= 4.09 em.
Ts= 1.43 mm.

It can be deduced using Table C.4. shown in Appendix C, that a value of f,c,,

as small as 120Hz is achievable using:
o A loop wire of gauge AWG 9.

o A loop radius of 4 cm.

» A coil of a transformer of gauge AWG 23.

3.5 Conclusion

The low frequency limit of the design described by Stuchly et al. [27] was

evaluated in this Chapter. From this work it can be concluded that:

e If the 3 dB roll-off frequency of below 60 Hz is to be achieved with an air
loop antenna. it will lead to a multi-turn loop with big radius (greater than

3 cm) and large number of turns (greater than 30). This in turn will lead
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to a low 3 dB roll-off upper frequency because of the loug wire and / or the

inter-winding capacitance.

Alternatively. a very thick wire could be used for the multi-turn loop (low
resistance per unit length). But. this leads also to a bulky and heavy sensor.
Besides that. the problem of inter-windiug capacitance will not be elimi-

nated.

An alternative solution is to consider a usc of a ferrite core in the loop [1].11]
which would increase the inductance. but practically would not affect the

resistance.



Chapter 4

Design of a Magnetic Field Sensor

The H-field sensor described by Hauser [24] has the advantage of the very
low 3 dB cutoff frequency, bowever, its high corner frequency is limited to 2001Hz
which is small for wideband applications whereas the H-field sensor described by
Stuchly, et al. [27], has the advantage of a wide operating frequency range. In this
Chapter. the two advantages of these two probes were taken into consideration to
develop a new design of a magnetic field sensor with the features required of this

thesis.
4.1 General Overview of the Design

Calculations described in Chapter 3 showed the Limitations of an air loop
antenna in achieving the desired low roll-off frequency. An increase in the loop
inductance can be accomplished by using 2 multi-turn ferrite rod loop antenna.
The ferrite material can be chosen such that its effective permeability is high

enough to get high inductance and thus a low loop transition frequency (eq. 3.4).
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The loop antenna load resistance (R,,,,) can be lowered by choosing an op-
crational amplifier with high open loop gain (4g). Such amplifiers do not usually
opcrate at frequencies above tens of MHz, which is adequate for this design. This
can lead to the elimination of at least one of the transformers present in the

previous design.

For noise reduction. it is advantageous to use a balanced configuration. This
cun be done by loading the multi-turn ferrite loop antenna by a center-tapped

transformer and an instrumentation amplifier as that described by Hauser [24].

4.2 Loop Antenna Design

To obtain a low 3 dB roll-off frequency a high inductance is nceded while
maintaining a low resistance. This could be achieved by using a ferrite rod cored
antenna. The important considerations when selecting the ferrite material and
designing the antenna are size and material losses. The problem can be defined
as obtaining a given value of inductance in the smallest volume occupied by the
wire while keeping the total etfective resistance below a specified value. The loop
resistance depends not only on ohmic losses in the coil conductor but also on loss
mechanisms existing in the magnetic core material. Ferrite core losses are classified
as follows, (i) eddy current losses. (ii) hysteresis losses, and (iii) residual losses [34].
At low frequencies (below a few megahertz), for high permeability ferrites. eddy
currents are insignificant: also hysteresis losses are negligibly small [15]. Thercfore.

the magnetic losses can be neglected. The absence of eddy currents in the ferrite
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allows the high permeability of the material to be effective in producing a large

concentration of magnetic flux in the rod.
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Figure 4.1: Relative permeability of a ferrite rod vs the length to diameter ratio
for various material permeabilities



The effective permeability of a ferrite rod ix o funetion of it length to dinnreter
ratio as well as the material permeability. Curves shown in Figure 4.1 [17] indicate
that the effective permeability of a rod can be substantially smaller than the initial
material permeability. It also illustrates that the offective penmeability of o rod s

influenced by its dimensions and geometry more than by its material permeability.

To obtain high effective permeabilities. the ratio of length to diameter should
be large according to Figure 4.1. However. in practice, the length of the loop an-

tenna should be reasonably small in order to not excessively perturb the measured

field.

In order to evaluate how reliable is the data on effective permeabilities pro-
vided by the manufacturer (Figure 4.1), the offective permeability was evaluated
by direct measurements. The effective permeability of the rod material can be
evaluated by measuring the inductance of the loop antenna with and without »

ferrite rod core. The effective permeability of the coil can be expressed as:
L
f= — 4.1
o= T (4.1)

with;

Be = Mrod FL {4.2)

where.

L, inductance of the ferrite core antenna.

L, inductance of the air core antenna.
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F;  ewpirical factor which can be determined by an average of ex-

perimental results [17).

Htrod  apparent permeability of the rod material.

A measurement of a 20 turn loop antenna inductance (solenoid) was per-
formed using a network analyzer. HP 3577A. for cach kind of material. The

results are summarized in Table 4.1.

Table 4.1: Evaluation of the measured and calculated loop inductance

Core Type | Length Rod Initial Measured | Calculated | u.
Material Diameter | Permeability | Inductance | Inductance
(cm) (em) (uH} (uH)
#61 19 1.27 125 17.8 18.3 27.7
#33 19 1.27 300 28.5 294 414
#33 12 1.27 $00 19.7 20.3 30.7
Air - 1.27 - 0.642 0.663 -

It can be seen from Table 4.1 that it is advantageous to use a ferrite rod
made of material #33. of a length of 19 cm, since it gives a high effective rod
permeability and therefore the lowest 3 dB low roll-off frequency. Unfortunately.
this will result in a relatively long antenna which may perturb the EM field. To

avoid this problem, the rod material of length 12 cm is chosen for this application.

The difference between the apparent permeability (4,4 which is deduced from
Figure 4.1) and the effective permeability (p. from Table 4.1) of a given rod
material can be attributed to the fact that, even though the flux density in the

rod is increased over the flux density when the rod is absent, its presence does not
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increase the inductance of such a coil by the same factor since it furnishes only o

part of the magnetic circuit of the coil [15].

Figure 4.2 shows the effect of the number of turns (N,) of the loop on its
cut-off frequency (f,). when the loop is short circuited (Ry = 0). A wire of gauge
AWG 9 is used in this case (b = 0.63 cm). The decrease in the roll-off frequency
is very small for the number of turns greater than 20. Thercfore, 20 turns are

selected for the design.

30.0

15.0

————

5.0  10.0  15.0  20.0 2.0  30.0
N, (turns]

Figure 4.2: Selection of the loop number of turns

4.3 Transformer Design

For convenience, the term “analog transformer” is used in this section to

describe a transformer designed to carry a wide-band, low power harmonic sig-
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nal and the term “pulse transformer”™ is used for a transformer which carries a
pulsed signal. Since a pulse train has a definite frequency spectrum. the design
considerations for the two types of transformers are similar. However. the analog
transformer is specified in the frequency domain. whereas the pulse transformer is

specified in the time doman.

The difference between analog and pulse transformers resides in the fact that
the first one is usually required to transmit a specified bandwidth over which the
attcnuation should not exceed a specified value. whereas the second is required
to transmit a given pulse shape with a specified limit on the shape distortion.
Generally. a transformer design that gives a good, wide frequency response will

also give a good transient response.

Our objective in this section is to design a balanced wide-band transformer

with the following characteristics:

e A very low 3 dB roll-off frequency.
¢ Constant amplitude and phase over a broadband frequency range.

¢ Good performance in both the time and frequency domains.

From the lumped equivalent circuit of the transformer shown in Appendix B,
Figure B.2. it can be deduced that the shunt inductance, L, is responsible for the
low frequency roll-off in the analog transformer since its reactance progressively
shunts the circuit as the signal frequency decreases. In the case of the pulse

transformer, the shunted inductance causes the top of the pulse to droop because,
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during the pulse. the magnetizing current in L, increases almost liseardy with thme

causing a voltage drop across the source resistance.

The winding resistance R, is also hmportant in low frequencey analysis; how-
cver. IR, is the main cause of the mid-band attenuation in low frequency analog
transformers. In a pulse transformer. it is usually reflected as the attenntion of

the output pulse but. very often. has no effect on the pulse distortion.

In summary. it can be said that the shunt inductance as well as the wind-
ing resistance have significant effects on the low frequency performamce of the

transformer.

The high frequency roll-off of the transfer function of the transformer may be
due to cither the increasing series reactance of the leakage inductance L; or the
decreasing shunt reactance of the self capacitance C,,. or a combination of both.
as the frequency increases. In the pulse transformer. the leakage inductance. self
capacitance and source or load resistance, affect the delay as well as the rise and

fall times of the output pulse.

The performance of the toroidal corc depends on the effective permeability
which in turn depends on the initial permeability as discussed earlier. The shunt
or open loop inductance is the circuit element that is associated with the mag-
netizing current. Ideally this inductance should be as large as possible so that
the magnetizing current will be small. This can be accomplished by using enough
turns in the winding. However, if the core is physically too small, this will lead

to an increase in the winding resistance R,, (because of the thin wire}, causing a
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Ligh mid-band or pulse attenuation.

The ratio of the winding resistance R,. to the shunt inductance can be ex-

pressed by [34]:

R, Li. |1
el R _— 4,
I, = 1 (£3)
where
l, mwean turn length of the winding

I, cffective length of the magnetic circuit.
A,  cross sectional area of the winding.
A, cffective cross sectional area of the magnetic circuit.

pe effective permeability of the magnetic circuit.

Therefore. for a given toroid. R, is proportional to L, since the ratio R,,/L,
is independent of the number of turns. In order to get small ratios of R.,/L,. it is

important to select ferrites of high permeabilities.

The high frequency or transient response depend on the leakage inductance
which is equal to {15], [34]:

b
= o N2 1, —2.
Li=puy N° 1, The (4.4)

The ratio of the open circuit to the leakage inductances is given by the fol-

lowing equation [34]:
Lp - 3#wa
L T,k Cr (45)
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where

h.  winding heighr,
b.  winding width.
[, mean turn length.

Cy core factor.

L

C] = .4"

{4.6)

In order to obtain large L,/L;. a muiti-turn winding is desirable since it
increases b, (equation 4.4). However. this is contradictory to the requirement of an
optimum geometry for minimum R,,/L,. A trade-off may be sought by increasing
b, and decreasing h, by an amount that does not increase R, /L, beyond a few

percent.

The desired low frequency performance of the transformer is ensured by se-
lecting a ferrite toroid material with a high effective permeability and  large value

of core factor ;.

Ferrite material manufacturers specify in the data sheets the effective length

and the cross sectional area of the magnetic circuit. The inductance per turn 4,

is also specified.



The inductance L of N turns is:

L=4; N* (4.7)
and
Ho He
4 = 4.8
L C, (4.8)

At high frequencies. the leakage inductance is reduced by; (1) selecting a rea-
.s;onnbl_v number of turns (but such that the ratio R,,/L, will not exceed a specified
value imposed by the low frequency criteria) (i) selecting an optimum core ge-
ometry (to fulfill the kigh frequency criteria) and (iii) reducing the resonating

capacitance by providing uniform spacing between the windings.

In this design, a Fair-Rite toroid made of material 75 has been selected. Its
part number is 5975004901, Its characteristics are gathered in Table 4.2. A center

tapped transformer was made using S turns in each secondary side of wire AWG

24,

Table 4.2: Characteristics of the toroid selected

A (mm?) | 203
I, (mm) 39.4
A; (nH/turn) | 3240
d, (mm) 16
dy (mm) 9.6
hy (ram) | 6.35
I, (mm) 19.1
Cy (mm™) | 1.94
Lhe 5000
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4.4 Electronic Circuit Design

The output current of the transformer is processed to be converted to an
output voltage by an instrumentation amplifier. The circuit, as illustrated in
Figure 4.3, shows that the two front ends are current followers and the output

stage is a differential amplifier.

The main parameters determining the suitability of the current follower in this
application are input impedance Z,m;, gain V./I; and bandwidth. These charac-
teristics are closely interrelated and are largely determined by the operational
amplifiers selected. For the differential amplifier, the gain-bandwidth product as
well as the offset drift parameters are of great importance. In this section, some
design criteria are given which justify the circuit architecture and the operational

amplifier selection.

4
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Figure 4.3: Electronic circuit
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4.4.1 Current Amplifier Design Criteria

The current follower. as depicted in Figure 4.4, is convenient for this appli-
cation in the sense that it approaches the ideal current meter. There is essentially
no voltage drop across the measuring circv’t since with sufficiently large open
loop gain, the input impedance becomes very small [2]. Indeed. this configura-
tion usually provides a stabilized transfer function (V. /I;) thut has the dimensions
of impedance. Such a circuit is often called a current to voltage converter or

transimpedance amplifier.

Figure 4.4: Current amplifier configuration

The input impedance of the current amplifier loading the loop antenna is a
very important design parameter which affects the low frequency performence of
the magnetic field sensor. Assuming that the operational amplifier has cne pole
frequency wp, such that the gain can be expressed as A(s) = #:-?—‘_;, then the

amplifier input impedance can be calculated by one of the following formulas:
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e Forw <y

iy
Zl‘ mp == Rl‘l ‘l-'-.]‘
Zonl = Rl (
e Forw 2 wo:
1+ =
lzumpl = |Rm“R_{ = I (-lll”
Ao
e For 3 > Ao
| Zump] = Rinl| By (4.11)
where
s complex angular frequency.
Ay low frequency open loop gain.
R,  operational amplifier input impedance.
R;  current amplifier fecdback resistance.
Ap and R;, are given in the operational amplifier data sheets.
The output voltage of the current amplifier is given by [2]:
R+ R, .
Ve==Ry(l;i + v, L1 + 1) (4.12)

R.R;

where

V.  current amplifier output voltage.

49



I, current amplifier input current.
Ry feedback resistance.
R, current source resistance,
r.s  input offset voltage.

i, input bias current.

Thercfore. the current amplifiers should have the following features:
(1) current noise and bias current drift as small as possible. (ii) high operational
amplifier open loop gain 4. and (iii) high slew rate and fast settling time for

transient response considerations.

4.4.2 Differential Amplifier Design Criteria

The purpose of using a differential amplifier is to get an output propor-
tional to t1 e difference between the two input signals. Its circuit configuration. as
illustrated in Figure 4.5. is especially useful when each of the input signal is con-
taminated by common mode noise. or a noise source which is the same or common
to both input signals. The circuit has two inputs and one output, and ideally, the

output from this amplifier depends only on the difference between the inputs.

For the analysis purposes, the input signals to this amplifier have been sepa-
rated into two components: the differential and common mode components. As-

snming that our circuit is perfectly balanced and that vy = —v4/2 and va=v4/2
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represent the signals whose difference vy should be amplified and that o, rep
resent a common mode noise signal which is assumed in egnal amounts ar both
terminals of the ampliier. The purpose of using the differential amplifier is o
amplify the differential portion of the input signal while rejecting the conmon
mode component. The ability of a specifie amplifier to accouplish this task is

indicated by its common mode rejection ratio which ix detined as [36):

CMRR = i’ (4.13)
where.
Ay —2 = (1.14)
ot
and.
Ao = = (4.15)

Aq and A, represent respectively the differential and common mode gain of

the differential amplifier.

The differential gain of the operational amplifier may be found by setting
Cem=0:
[} Rz

Ag==2

= — 4.1CG;
vy Ry ( ’

The common mode gain of the differential circuit can be found by lettiag the

two sources vq/2 equal zero:

s R
Ao = (14 22y T/ B :

AL B (4.17
R, )1 + /R, R )

)1



It is apparent that A4, =0 if the resistors are perfectly balanced. However.
in practice. it is ltkely impossible to get a CM RR equal to infinity, because two
resistors can never be perfectly identical. In reality. resistors are specified to some

tolerances and it can be shown that [36):

‘ _ 1+ Ry/Ry
CMRR = === (4.18)
where T, is the resistor tolerance.
Ao
/N
Vgr B
ai FAVAVAN X
v
d
Vyo HI .
NV
+
Ry §

7777

Figure 4.5: Differential amplifier configuration

In summary, in this application, the differential amplifier circuit requires pre-
cise resistor matching to achieve a high common-mode rejection ratio. The slew
rate and settling time are the specifications which determine the transient re-
sponse. The restrictions on the full power response and slew rate should be ob-
served in order to limit distortions and unexpected dc offsets at the output of the

amplifier.



4.4.3 Operational Amplifier Selection

Following the criteria outlined. the OP37 precision operational amplitior has
been selected for the current amplifiers. It has the advantage of a high open
loop gam {120 dB). small input bias currenr (40 nA) and low drift offset voltage
(0.64V/°C). and a wide gain-bandwidth product (63 MHz). A feedback capacitor
is added to the current amplifier architecture to compensate, in part. the stray

capacitances due to the antenna and current transformer.

For the differential amplifier. the low distortion precision wide bandwidth
ADIG1S has been selected. It offers a fast settling. a very high slew rate and «

large gain-bandwidth product of 160 MHz.

The chip resistors that have been chosen in this configuration are within 1%

tolerance which cnsure a high CAfRR in the differential amplifier (= 50 dB).

The layout has been optimized for high frequency performance {(using Hi-Wire
software). Surface mount technology and chip resistors and capacitors have been

used. It is this circuit which has been used in the subsequent measurements.



Chapter 5

Simulation and Measurements

In order to evaluate the performance of a magnetic field sensor consisting
of a multi-turn ferrite-cored loop antenna, a center tapped current transformer
and a balanced current and differential amplifier, AC and transient analysis were
performed using Hspice! simulation. Test measurements in both the time and

frequency domains were made to characterize the sensor.

5.1 Hspice Simulation of the Magnetic Field Sen-
sor

Hspice software for electric circuit simulation has been used to analyse the
behavior of the magnetic field sensor in the time and frequency domains [29]. The
choice of this software for this application was made because of the variety of

options it offers. Furthermore. Hspice furnishes an internal operational amplifier

VHspice is a simulation program more commonly used for computer aided design of integrated
circuits, Meta-Software Inc. [29].



macro-model which can be used directly in this simulation. Additionally, there
is the possibility of using algebraic expressions which facilitates AC and transiont
analyses (bandwidth. rise/fall time ete..). In this section. the Hspice model of the
magnetic field sensor is derived. simulation is then performed of AC and transient

analysis of the probe.

5.1.1 Hspice Magnetic Field Sensor Model

The magnetic field sensor has been modeled as shown in Figure 5.1.

Figure 3.1: Hspice magnetic field sensor model

where,

V,. Theinduced open loop voltage transformed to the secondary side
of the transformer.
R, The equivalent winding resistance of the loop antenna trans-



Cu'

formed to the secondary side of the transformer.

The inductance of the loop antenna transformed to the secondary

side of the transformer.

The diclectric loss resistance due to the rod material transformed

to the secondary side of the transformer.

The cquivalent stray capacitance of the rod antenna transformed

to the secondary side of the transformer.
The series loss resistance of the transformer.
The open loop series inductance of the transformer.

The equivalent winding resistance transformed to the secondary

of the transformer.

the equivalent stray capacitance of the transformer.

The leakage inductance of the transformer is omitted from the equivalent

circuit since a perfect coupling between the primary and secondary windings is

assumed. For high permittivity toroids, this assumption is justified.

The induced open voltage source, given by equation (2.3), is proportional to

the time derivative of the magnetic field. It can be modeled by an R-C circuit and

a voltage controlled voltage source of gain 4 which reflects the magnitude of the

magnetic field received by the antenna. The gain A can be expressed as;

4= Mok ;:: Ié:l"EM N, (5.1)
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where

pto  adr permeability,
yt.  cffective permeability of the antenna.
A, cffective area of the loop antenna.
Hrgy  magnitude of the magnetic field intensity in the TEM cell.

N, turn ratio of the transformer.

Equivalent circuit parameters have been measured as derived in Appendix D.
All measurements have been made in the experimental system described in section
5.2. The measured gain is 4 = 6 10°. Other parameters are summarized in Table
5.1. These parameters Lave been obtained from Figures D.1 and D.2 (Appendix
D). These Figures show Bode (impedance) diagrams for the loop antenna, and the
secondary of the transformer. respectively. On each diagram five point have been

identified and used in calculating the equivalent circuit parameters, namely:

¢ The 3 dB low roll-off frequency ( fieg) indicated when the phase ¢ = 45°.

¢ The mid-band frequency impedance when it is purely inductive, i.c ¢ = 30°

(Z at f = fm).
e The resonant frequency ( fo).
e The frequency f;, 3 dB below fp, when ¢ = 45°.

e The frequency f;, 3 dB below fy, when ¢ = —45°.
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The identified parameters of the loop antenna and transformer are gathered

in Table 5.1,

Table 5.1: Magnetic field sensor parameters identificatior

Parameters Loop Antenna | Transformer
side 1 | Side 2
Sfaap (Hz) 16 25.6 | 22.6
Z at f = fi(dB) 21.55 264 | 21.44
fi (MHz) 14.9 0.82 | 0.82
f2 (MHz) 27.9 172 | 17.9
fo (MHz) 19 4 4.15
R.(mQ) 2 - -
Lo(pH) 19.7 - -
Co(pF) 3.55 - -
R, (KQ) 3.4 - -
L, (pH) - 148.7 | 187.7
R, (1) - 0.91 | 1.18
R, (mQ) - 239 | 26.7
Cuw(pF) - 10.6 7.8

The clectronic circuit model can be readily derived since the Hspice simu-
lator offers an internal operational amplifier model which generates a subcircuit
macro-model in the output listing. In this application, an operational amplifier

macro-model is created when its model parameters are specified in the simulation

program.

5.1.2 Hspice AC Analysis of the Sensor

Figure 5.2 shows the AC simulation of the sensor. It indicates constant

amplitude from 27 Hz to 27 MHz (£ 3 dB). The phase is constant from 27 Hz to
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oMo

3.3 MHz (£45°). The difference in the bandwidth for the magnitude and phase

is due to the tune-out capacitances used in parallel with the feedback resistors in

the two current {foilowers.
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Figure 5.2: Hspice AC simulation
5.1.3 Hspice Transient Analysis of the Sensor

Figure 5.3 shows the impulse response of the sensor. The ripples in the
output voltage are due to the resonant frequency which is around 27 MHz (sce

Figure 5.2).

A number of simulations were performed for different rise and fall times of the

input pulse. The rise and fall time of the output pulse were calculated from 10% to
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907 of the maximum magnitude of the output pulse. The results are summarized

in Table 5.2 (the difference between the rise and fall times of the output pulse is

due to the mismatching between the the components of the transformer referred

to each side of the balanced model of Figure 5.1).
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Figure 5.3: Hspice pulse response of the sensor

Table 5.2: Calculated rise and fall times

Input pulse Output Pulse
Rise time | Fall time | Rise time | Fall time

(ns) (ns) (ns) (ns)

64 64 78.3 69.7

40 40 52.9 44.6

24 24 40.6 29.6

16 16 344 27.6
| 8 8 28.4 21
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5.2 Measurements

No attempt has been made to simulate some features of the magnetic Held
sensor (e.g clectric field interference or dynamic range). For full performanee
analysis of the sensor. measurements in both the time and frequeney domains

have been performed.

The following equipment was used in the experiments:

HP 3577TA NETWORK ANALYZER 3 input. dual trace. synthesized.
5 Hz-200 MHz programmable Network Analyzer (NA) [19].

35676A Reflection / Transmission test kit. an integral part of the HP

3577A network analyzer.

HP Graphics Plotter, model 7470 A, compatible with the network ana-

Iyzer.

e TEM Cell operating from few Hz to 1 GHz [30], [31], {43].

Tektronix 11802 Digital Sampling Oscilloscope.,

5.2.1 Frequency Domain

The performance of the sensor in the frequency dom:in can be analyzed by

measuring its transfer function T (forward gain and phase).

Figure 5.4 shows the block diagram of the experimental arrangement (nodes
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€. 17 and "C.. 3" are connected). The probe is inserted vertically as depicted
1 2 I A i

in Figure 5.4. The probe should be small compared with the dimensions of the

TEM cell so that it is reasonable to neglect the higher order modes exited by

the discontinuity produced by the probe [3S]. The TEM cell is chosen such that.

the TEM cell cutoff frequency (1 GHz for the TEM cell used) is higher than the

highest test frequency. The TEM cell cutoff frequency is defined as the frequency

at which higher order modes begin to propagate [30]. Below the cut-off frequency.

and when the cell is terminated with its characteristic impedance (5082), a TEM

field exists within the cell structure. This TEM field approximates a plane wave,

and, consequently a well defined and uniform field exists over the central portion

of the cell.

C, 4

Test probe >
—-\ 3
WA
.2 5

oS

Figt.ire 5.4: Block diagram of the transmission experiment

1 \ /
Amplifier TEM Cell Attenuator
y y (Cut-off Freq. 1.GHz) 20 dB
¥
Network
Analyser 4
He 3577 A




Before the transfer function of the sensor is measured, it is necessary to nor-
malize the system (this removes. the electric length of the cables used, and imper-

fections in the source flatness).
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Figure 5.5: Transfer function of the magnetic field sensor

A typical transfer function is shown in Figure 5.5. It has been obtained
with an input level set to the Network Analyzer (NA) at 8 dBm corresponding to
the magnetic feld intensity of Hrgy = 5.54 mA/m (rms) in the TEM cell (the

procedure followed to compute Hrgas is given in the next section). The magnitude
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of the transfer function s within = 3 dB for frequencies between 30 Hz and 25
MHz. The phase deviates from constant by £45° for frequencies from 30 Hz to 5
MHz (the difference in bandswidelh between the magnitude ond phase 1s duce to the
tunc-out capacitanee used to compensate in part the equivalent stray capacitance
of the antenna and the transformer). In the next sections, the probe performance
is evalaated in more details by measuring its sensitivity. dynamic range and noise

level.

Sensitivity

The scnsitivity is defined as the ratio of the output voltage to the strength of
the magnetic field perpendicular to the coil plane (i.e parallel to the ferrite rod):

it is equal to:

S. = Vour 5.9
Hrenr (5-2)

The magnetic field Hrgys can be expressed as:

VYore: A
Hrea = —@;—! (5.3}
n

where

Vrear rmms voltage between the septum and the outer surface of the

TEM cell.

n intrinsic impedance for the free space (n = Ergm/Hrem =
377 Q).
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E-”.;_u cleetrie field in the TEX cell,

d distance between the seprum to the outer surface of the TEM

cell (d=8.3 cin for the TEM cell used).

Combining equations (5.2) and (5.3). the scnsitivity ean be ealendated from

the magnitude of the transfer function (I7) as:

S, _ ‘ vul

= — yd 19,0
Vrea

Vrea cquals 224 mV for a power entering the TEM cell Prpy=-20 JdBum,
For such conditions. the output voltage is found equal to 1, = 0.33 V. The

sensitivity is then found cqual to S, = 0.47517/4 w1,

Electric Field Response

The septum of the TEM cell is a horizontal plane. The E-ficld inside s
therefore vertical whereas the H-field is horizontal. The loop is positioned perpen-
dicular to that in Figure 53.4. Figure 5.6 indicates the electric field response of the
probe when it is positioned as indicated above. It shows :hat the clectric field in-
terference due to the 60 Hz power lines and its harmonics i~ important. The sine
results were obtained when this experiment was performed in a shiclded room (the
power supply of the electronic circuit can’t be taken outside the shielded room).
This result proves that the 60 Hz noise is not picked up by the loop antenna but
by the leads of the electronic circuit. From mid-band frequencies, the response of

the probe to the electric field is 40 dB below that of the magnetic field; this result
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can theoretically be justified by the balanced configuration of the probe which is
well suited for the great reduction of the common mode electric field noise pick-up.
However, as was shown before, the configuration of the probe cannot be made per-
fectly balanced. This results in the deterioration of the common mode rejection
ratio of the circuit which in turn favors the electric field noise pick-up.
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Figure 5.6: Electric field interference
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Dy namic Range

The dynamic range of the sensor was measured as in Figure 5.4 (nodes
*C1.2" and “C3.4" are connected). The 25 W amplifier was used to strengthen
the magnetic field inside the TEM cell. Its gain was set to 42 dB. For various
values of Prgys. starting from -13 dBm up to 27 dBm. the transfer function is

plotted as shown in Figure 5.7.
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Figure 5.7: Dynamic range measurement of the sensor
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Figure 5.8: Noise level of the sensor

The noise level was measured. as indicated in Figure 5.8. It is very small at
mid-band frequencies (-126 dBm at around 100 kHz). It can be scen from Figure
5.7 that a high frequency distortion starts to appear at a power entering the TEM

cell of Preas equals 27 dBm. The dynamic range of the sensor is hence greater

than 40 dB.
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5.2.2 Time Domait

The input pulses were produced by an HP 80824 pulse generator with various
risec and fall times. The pulses were then recorded using the 11802 digitizing
sampling oscilloscope.  Figure 5.9 shows the response of the probe to an input
pulse of a width of approximately 620 us. Two pulses are shown: one is the pulse

at the input of the TEM cell and the other is at the output of the sensor.

From this Figure. it is scen that the magnetic probe output is nearly identical
to the input pulse for the pulse width selected. The percent droop of the output
pulses is fairly small and their rise and fall times follow those of the input pulses
up to certain limit. The percent droop ¢ and the rise time limit ¢, of the output

pulse can be expressed by [42):

® = 9.0033 (5:5)
and,
0.35
t, = — {5.6)
fa
where

fi : Low 3db roll-off frequency of the probe.
f» : High 3db roll-off frequency of the probe.
t¢ : Input pulse width.

The low 3 dB roll-off frequency is found equal to 30 Hz. This will yield to a

percent droop of 6§ = 3.6% for the 620 ns pulse width selected.

Table 5.3 indicates the measurement of the rise and fall time of the output

pulse for different rise and fall times of the input pulse. The rise and fall times of
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the output pulse s measured using the 11800 series digital sampling oscilloscope
[48]. Values were obtained by averaging several samples of measaren:ents to avoid
crrors introduced by the 60 Hz power lines. This justifies the difference between
the input and output rise and fall times. Table 5.3 shows also that there is a
limiting rise time in the output waveform which is associated with the upper
frequency roll-off of the sensor (equation (5.6)). In our experiment. the risc time
limit was found approximately equal to 13 ns. This gives. using equation 3.6, a
high roll-off frequency of fo = 27 MHz which is the same as that found from the
frequency domain measurements within the errors of calculation. For a faster rise
time, consistent overshoots which are due to the effects of the stray capacitances

in the circuit arc obtained.

Table 3.3: Rise and Fall Time Measurements
]

Input pulse ~ OQutput Pulse
Rise Fall Rise Fall
Time (ns} | Time:(ns) | Time (ns) | Times (ns)
108.6 108.9 98 94.8
31.9 31.9 29.3 30.58
12.6 12.8 12.8 11.7
3 3 12.9 11.9
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Chapter 6

Conclusions and
Recommendations

In this thesis. the feasibility of designing broad-band magnetic field sensors
using ferrite core loop antenna has been investigated. The sensor studied consists
of an clectrically small loop antenna. ferrite core and a trans-impedance amplifier.
Constant amplitude and phase were the main requirements for the sensor to be
suitable for measurements of transient or pulsed fields including the power line

frequency (60 Hz).

1. The initial stage of the work was to evaluate the low frequency limit of the
sensor with an air loop antenna. An example of low frequency analysis was
carried out on a magnetic field sensor recently developed at the University
of Ottawa [27]. Three equations for low frequency design of the sensor were
derived. Sim:ulation was carried out to show that the sensor loop roll-off
frequency is usually higher than the other roll-off frequencies due to the

transformers. and therefore is a critical parameter in the design.

-~}
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2. The second stage was to design o new broadband magnetie Held seusor st

isfving the requirements outlined. This sensor wis modeled and stmulaned,

m both time and frequencey domains. vsing Hspiee. Results showed thae:

e Constant gain (£ 3 dB) is provided from 27 Hz to 27 MHz.
e Constant phase (£45°) ix provided from 27 Hz to 8§ MHz.,

e There is very good reproduction of the input pulse to the outpuat (for

an input pulse rise time greater than 30 ns).

Measurement followed the Hspice simulation of the sensor to find some other
characteristics of the magnctic scusor and to confirm the results of the sh-

ulation. Experimental results show that:

o Constant amplitude (£ 3 dB) of the sensor output is provided for a
wide frequency range going from 30 Hz to 25 MHz.

¢ The phase of the output voltage of the sensor is within £435" constant
from 30 Hz up to 5 MHz. The difference between the high roll-off
frequencies of the amplitude and phase of the outpur i1s due to the
capacitance that is inserted in the front stage of the clectronic cireuit
to compensate, in part, the winding capacitance of the loop antennn

and the transformer.
e The sensor provides 2 sensitivity of S, = 0.48V/Am™}.

¢ The electric field response of the sensor is 40 dB below that of the -
netic field and this at around 100 kHz. At low frequencies, the seusor

electric field response to the 60 Hz power line frequency and its har-
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wonies is inportant. This is believed due to the leads and conneetions

from the power supply to the electronice circuit.
e The dynamic range of the sensor is greater than 40 dB.

o Transieut analysis of the sensor output shows that a good pulse repro-
duction can be obtained for an input pulse rise thme greater than 30

ns.

A good agrecment has been obtained between simulated and measured results.
The differences that exist between the experimental and simulated high roll-off
frequency are small and within the uncertainties of measurements and values of the
parameters used in the simulation. The main differences are due to the fact that

the transformer leakage inductances have been neglected during our simulation.

The sensor high roll-off frequency is limited by the resonant frequency of the
ferrite rod antenna. It can be increased by changing the length of the rod but
this will increase losses and yield relatively big antennas. Besides that, when the
length of the rod is increased, the low roll-off frequency of the ferrite rod antenna
will be further decreased. The high roll-off frequency of the sensor will decrease
such that the length of the rod will worsen the high frequency performance of the

probe.

The designed probe can be used when measurements of low frequency mag-
nectic fields are required. The self resonant frequency of the ferrite rod material
limits the high frequency performance of the probe. Future improvement in the

ferrite material properties will certainly extend the use of this design to higher
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frequencies magnetic ficld measurements.

Future improvement of this destegn should take tuto consideration the following
g k

suggestions:

e Optimize further the design of the forrite loop antenna. A special study

should be made to optimize the rod length and ferrite material.

¢ Improve the clectric field response of the 60 Hz and its harmonies by using
a completcly shielded box for the clectronic circuit and providing batteries

for the electronic cireuit power supply.



Appendix A

Inductance of a Single Layer
Solenoid

The self inductance of a long, thin solencidal coil consisting of a single layer,

wound so that the insulating gap between successive turns is negligeable is given

by [51]:
uN*A

L. = T

(A.1)

where, N is the number of turns, L. ic the length of the coil and 4 is the cross

sectional area of the turns (4 = = b? for turns of radius ).

For coils of a limited length, the field is no longer uniform and the inductance
is a function of the ratio length to its to radius. The value of L, should be
multiplied by a correction factor A known as Nagaoka's constant, and which

could be evaluated by mean of the following formula [51]:

1 .
1+0.9(&) — 0.02(£)*

K=
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If the turns are spaced apart. a correction factor should be taken into account

so that the inductance has to be multiplied by:

l.(A+ B)
Cor=1-"3 K
where
A=23log 3'45 b
and

2.5 .
B = 0.036(1 — 3+ +3.8N%).

3 is the center-to-center distance between two successive turns.

b |

-7

(4.3)

(A4)

(A.5)



Appendix B

Theory of a Wideband
Transformer

The transformer shown in Figure (B.1) consists of two copper coils physically
placed so that the magnetic field in one links the magnetic field of the other.

through a ferromagnetic (ferrite) core.

When one coil, primary, is connected to a gencrator, the other coil, secondary,
is connected to a load, an alternating current in the primary coil will produce an
alternating magnetic field common to both coils. This results in the transfer of

electric energy from the input circuit to the output coil and the load [34].

The voltages induced in the primary and secondary are proportional to the

number of turns (N7, V,) in the respective coil:
— =—=N, (B.1)

N, is called the turn ratio of the transformer.

If there is a perfect magnetic coupling and no loss of energy in form of heat,
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the output power equals to the input power which yiclds to the following current

relationship between primary and secondary:

I-) _\.1 -
R 9
L=, ¢ (B.2)

To obtain a relationship in terms of impedance, we multiply equations (B.1)
by (B.2):
z .a
?‘: = _‘\'t. (B'3)

ts for that reason that transformer can be used for impedance transformation

purposes.

Figure B.1: Transformer Diagram

Broad-band transformers use magnetic cores and are designed to transfer
energy over a wideband of frequency. Their equivalent circuit is as shown in

Figure B.2 [15).



ALY YL Y Y LAAAL ldeal transformer

Es = Cun Lp R, Coz— ;RL

Figure B.2: Lumped equivalent circuit of the transformer

where

E, source voltage.
R, source resistance.
Cu1  primary winding capacitance.
C.» secondary capacitance referred to primary side.
R,; resitance of primary winding.
R, secondary resistance referred to primary side.
Ly primary leakage inductance.
L,  secondary leakage inductance referred to the primary side.

L, inductance due to magnetic core.
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R, Losses due to magnetic core.

R, Load resistance referred to primary side.
L p A

The 3 dB roll-off frequency is given by:

fadp = L% (B.4)

where R is the sum of the winding .a.nd source resistance. At high frequencies,
the linkage of magnetic flux between primary and secondary windings. is in general
not complete. The difference, or the leakage fux associated with the leakage
inductance, limits the high frequency transfer function of the transformer [40].
The interwinding and stray capacitances are also important in determining the
high frequency performance of the transformer. When single layer windings and
toroid cores of appropriate sizes are utilized, the capacitance between the windings

c¢an be made small.
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Appendix C

Optimization of the Low Cut-off
frequency of the Previous Sensor

;

The nonlinear multivariable optimization Subroutine. NCONF (taken from

the International Mathematics and Scientific Library). was used to minimize f,n..

Designation of functions and parameters is as follows:

CALL(FCNM.ME. N, XGUESSJIBTYPEXLB,XUB,XSCALE,IPRINT MAXITN.X,FVALUL)

TWhere

FCN a user-supplied subroutine to evaluate the function at a given
point.

M total number of constraints.
ME npumber of equality constraints.
N number of variables.
X the point at which the functions are evaluated.

XGUESS vector of length N containing an initial guess of the of the com-
puted solution.

IBTYPE indicates the types of bounds on variables.
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XLB vector of length N containing the lower bounds on variables.
XUB vector of length N containing the upper bounds on variables.
XSCALE vector of length N containing the value of the objective function.
IPRINT indicates the desired output level.
MAXITN maximum number of iteration allowed.

FVALUE scalar containing the value of the objective function.

In this Appendix. we show how the design constraints and boundary values

are derived according to the different design assumptions made.

C.1 Design Assumptions

Some of the simulated results, found in Chapter 3, are taken into consid-
eration to characterize the components of the vector X to be optimized. All the

design assumptions are stated below:

e The loop wire antenna should be easy to wind and should present a small
resistance per unit length. Although AWG 9 has a small resitance per unit
length, it is considered to be at the limit to be easily wound. A selection of
a loop wire greater than AWG 14 will give a relatively big loop resistance

per unit length.

¢ The loop antenna should be made small and with a high sensitivity over the
operating frequency range. A loop raduis “b” between 2 and 4 centimeters
garantees these two design conditions for 2 loop antenna number of turns

N, =10 turns.
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e The secondary coil of the two transformers should be casy to wind around the
toroid sclected and should give a small resistance per unit length. Secoudary
coils of a gauge between AWG 23 and AWG 32 is suitable with the geometry

of the toroids selected.

e The same number of secondary turns (N Ni2) of the secondary winding of

both transformers. equal to 15 is assumed (see analysis in 3.3).

® Romp equals 0.7 Q.
All the assumptions made are summarized in Table C.1.

Table C.1: Assumed design values

N, 10
Nu 15
Ny 15
ly, (mm) 19
b (cm) 2<b< 4
(AWG) of the loop 9 < AWG < 16
(AWG) of the transformer | 23 € AWG < 32

C.2 Design Equations

The minimization of f,.n, is related to the optimal choice of the loop wire as
well as that of the transformer since all the components of the vector X depend
on them. It is therefore necessary to express f,en, as a factor of (z;),z = 1,....., 5.

Where
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£y  resistance per one secondary turn.

r; total length of the loop antenna wire.

rz resistance per unit length of the wire of the loop.
ry the radius of the loop (b).

zz the radius of the wire of the loop (a).

The resistance R of a copper wire of, length [, resistivity p. and diameter d.
at low frequencies can be expressed as:

4l

R=p—% (C.1)
For the loop antenna, the resistance is:
R, =l.Ru. (C.2)
where
l, : is the length of the loop conductor.

R.. : is the resistance of the loop conductor per unit length.

R.. and !, can be expressed by:

Rwa - _2 (0-3)

P
wa

I,=bN, + C (C.4)

where “ C ™ is a correction factor due to the spacing between the loops and
the wire in the end connections. The parameter “C” is measured and found equal

to 7 em for NV, = 10.
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The resistance of the loop antenna can be expressed as a function of X ax

»
follows:

(2N, 7 egt+ C
R =2NamratC)p (C.5)

)

The low frequency winding resistance of a trausformer is expressed by:

R, = N\R.:(ds — dy + 2h) (C.6)
where
N; secondary number of turns of the transformer.
R,: the resistance per unit length of the wire of the transformer.
ds  outer diameter of the toroid.
dy inner diameter of the toroid.
h  height of the toroid.
Where:

4 -
R*“:,-.dfm (C.7)

where d,. is the diameter of the transformer wire.

The winding resistance is therefore:

R, = 4N,(d, — d; + 2h)—2 (C.8)

—
# wt
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C.3 Parameter Inter-relationships

Two components in the X vector are interrelated.

o The radius of the loop (i) is related to the total length of the loop antenna
(x2) by:

| 23 =22 N,z4+C (C.9)

e The resistance per unit length of the wire of the loop z3 is related to the

radius of the wire of the loop z4 by:

g = £ (C.10)

wx}
In this case of minimization, there are no inequality constraints.

The numerical relationships given by equations (C.9) and (C.10) are given in
Table C.2.

Table C.2: Design constraints

1% constraint xo = 62.4x, + 0.07
97¢ constraint | 3.14z5z5% = 1.724 10~®

C.4 Boundary Conditions

The boundary conditions are defined here as the upper and lower bounds

of the components of X vector. They can be defined by two five dimensional
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veetors (X, Xy ). All the bound values should satisfy equations (C.9) and (C.10).
They are set according to the design assumptions that were stated at the previous

sections. All those assumptions are going to be restated in this section.

The first assumption states that the coil of the transformer is made of wire
with gauges between AWG 23 and AWG 32. This gives the first compouents of
the boundary vectors:

le(l) = R23c’w (C-ll)
Xop(1) = Rozelu (C.12)

where

l, length of one toroidal turn.
Ras.  the resistance per unit length of the wire of gauge 23.

Raa.  the resistance per unit length of the wire of gauge 32.

The values of Ry, Razc, Rizc and Rg. are obtained from Table C.4'.

The second assumption characterizes the wire of the loop antenna that should
be of gauge between AWG 9 and AWG 13. This gives the third and fifth compo-

nents of the boundary vector since they are interrelated by the second constraint:
Xus(3) = Riac (C.13)

X1(3) = Ra. (C.14)

where
1This table is reproduced from Fair-Rite 10** edition [15] |
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Ry.  the resistance per unit length of the wire of gauge 9.

Ry the resistance per unit length of the wire of gauge 13.

The values of Rais. and Ryp. are obtained from Table C.4. The fifth compo-

nents of the boundary vectors were deduced from equation (C.10):

X.(5) = 71’;9 (C.15)

Xu(5) = ‘/i (C.16)

The third assumption states that the loop radius (z4) should be between 2
and 4 ecm. This gives the second and fourth upper and lower boundary values
which are also interrelated by equation (C.9):

Xu(2) = 27N, Xup(4) + 0.07 (C.17)

Xi(2) = 27N, X (4) + 0.07 (C.18)
Table C.3 shows the numerical values of the boundary parameters.

Table C.3: Boundary values

————

Lower bounds Upper bounds
Xip(1) (Q/turn) [ 798 107° | X,.s(1) (R/turn) | 10.2 1072
Xu,(g) (m) 1.3 Xu,,(z) (m) 2.6

X(3) (Q/m) | 2610~ | Xu(3) (m) | 13.210°°
X5(4) (m) 2102 Xu(4) (m) 410-% |
Xp(5) (m) | 64510°% | Xo(5)(m) | 1.451072
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Table C.4: DC Resistance of Annealed Bare Copper Wire

Gauvge DIAMETER INCHES AREA | WEIGHT | LENGTH | RESISTANCE AT 68°F (20° C}

(AWG) ]
or Cicular | Pounds | Feet | Ohms | Feet Ohms

(B3S) Min. Nom, Max. Mils perM' | porlb. | perM |pecOnm | perlb.

9 N3 1144 1158 13090, 2WE 3.2 T8 1262 01999

10 1009 JA019 029 10280, N3 J1.82 9989 | 1001, onn
1 0B983 09074 09ES B2, 24.82 40,12 1260 T4, 05053
12 08000 08081 .0se2 €530, 1977 50.50 1.588 6298 .0803s
13 o724 | 07196 | 07268 $178. | 1568 6380 2.003 4933 az2m
14 06344 05408 05472 007, 1243 80.44 2525 P60 2032
15 DSES0 05707 05754 3257, 9858 1014 kRi. N4 a2
18 05031 05082 05173 2583, 818 1279 4016 2490 S126
17 04481 04526 045N 2048, 6200 163 5.064 1975 8167
18 03990 04000 04070 1624, 4917 2034 6.385 1565 t.299
19 02553 03589 03625 =%, 3899 256.5 8.051 1242 2065
2 03164 03196 03228 022 3052 R4 1095 98.5 k3.«
21 02818 02845 02874 | 810 2452 4078 12.80 m1n S22
2 02510 02535 02560 | 6424 1.945 5142 16.14 8195 8.301
b~ o~ 8 02257 02280 | 5095 1542 6484 2036 49,13 1320
224 01950 02010 02030 | 4040 1223 817 25,67 3806 2059
25 770 01790 01810 | 3204 96899 1031, 37 30.90 < B
. 01578 01564 01610 | 2541 682 1300, 4081 450 52,08
27 B1406 01420 C14de | 2015 800 1629, S\ 154 847
28 01251 01264 0y | 1588 AB3T 2067. 64.90 1541 1342
29 omns 026 013r | 1267 S35 2607. 81.83 2 2133
30 00953 01003 01013 1005 2042 287, 1032 963 392
k1) 008828 | 008928 | 009028 | 79.7 2413 4145, 1301 7685 5393
=2 007850 | .007950 | 008050 | &3 1913 5227, 164.1 6095 857.6
n 00698C | 007080 [ 007180 | 50.13 517 8581, 69 4833 1264,
3 LDOG205 | 00305 | .006405 | 29.7% 1203 8310, 2609 3833 2168,
35 00S515 | 005615 | 00515 | 3152 09542 | 10480, 330 3.040 448,
k] 004300 | 005000 | 005100 | 25.00 07568 | 13210, 414.8 241 5432
a7 004353 | 004453 | 004553 | 19.83 0600t | 16660, 5.1 1.912 anz.
3 003865 | 003965 | 004065 | 1572 06758 | 1010, 6586 1516 13860,
33 00543 003531 003631 1247 L3774 | 26500. s 1202 22040,
L] 003045 | .003145 | 003245 9.888 02933 | 33410, 1048, 09534 | 35040.
41 006270 00280 00290 7.8400 02373 | 42140, 1323 7559 | 55750,
42 00239 00248 00258 62001 D877 | 53270, 1573, 5877 | B9120.
L5 00212 ooz 00232 49284 01432 | 67020, 2104, ATS3 | 141000,
44 00187 00197 00207 3.8809 01175 | 85100. X672, 374 | 227380,
45 00165 00176 00186 3.0978 00338 106600, 3348, 2987 | 356890,
48 o4z 00157 D067 24549 00746 |134040. 4207, 2377 |563900.
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Appendix D

Equivalent Circuit Parameter
Identification of the Antenna and
Transformer

The eq: :valent circuit parameters of the antenna and transformer may be
identified by measuring their impedance over a wide range of frequency. Figures
D.1 and D.2 show the plots of the impedances as a function of frequency. From
the magnitude response, it ca.n be seen that above a low 3 dB cutoff frequency,
faap, the impedance increases to a value Z, at a rate of 6 dB per octave and then

decreases at a rate of -6 dB per octave, with one pole roll-off.

The following values of the phase are identified: 45° at fagp, 90° at midband
frequencies, 45° when f = f;, 0° when f = f,, -45° when f = f, and approaches

-90° as frequency increases.

The impedance of the device under test (DUT) can then be approximated by
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[32]
ld7ps

Z = . ) D-l
brT 24+ BWs+ f,.5 (D-1)
where:
BW=f - =i (D.2)
Q
and
fr=hH f2 (D.3)
@ is the quality factor of the DUT and s is the frequency.
REF LEVEL /01v MARKER SB6 363, 97442z
89. S00JB 1S. 00048 MAG CUDF> 2l. 55348
0. Odeg 4S. 00O0deg MARKER S6 363. 974Hz
PHASE (UDF> B8. 477deg
LIR B | DB
f ﬁpf o
Ph 1} 2
” N
} // \\-.—
34— )ﬂ’ ™
:f/ﬂ f o A \
™
f 2as o . /]
L [T ~Magnitude \ j
L~ N
=
L~
A
yd
2l
ot
10 100 1K 10K 100K iM i0OM 100M
START 10. COOH=z STOP 200 000 DO00. O0DH=z

Figure D.1: Bode diagram of the loop antenna impedance
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REF LEVEL 701V MARKER 22 360. §BOHz
64. S00d8B 10. O00OdB MAG CUDF> 26. 4657d8B
0. Odag 45, 000daeg MARKER 22 360. 680Hz
PHASE <UDF) 87. 916dag

T LI L)

N / N

\\// )
phese

/
/¢¢ \7\\*

AN

/.47 T
;/
y4
/5/
4/
...-"5//"
10 100 1K 10K 100K 1M 10M
START 10. OOOH=z STOP S0 000 0900. OOCHz

Figure D.2: Bode diagram of the secondary impedance of each side of the trans-
former

Figure D.3 shows the model of the DUT. where

Zar o 38,
L T

Figure D.3: Model of the DUT
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1 winding resistance of the DUT

: winding inductance of the DUT

: core losses resistor of the DUT

: stray capacitance due to winding and diclectric losses of the DUT

OB

b

From the equivalent circuit, Zpp T is equal to:

R + L,
Zpur = T (D)

2 By 1 .
S+ (F+ R,Cp)°+ Rp L C,

Comparing the two expressions of Zpyr. and neglecting the effect of R, with
respect to R, (the winding resistance of the wire used in either the antenna or

transformer has a very small resistance per unit length). it can be deducea that:

Saap = % (D.5)
i

= D.G

i 2= /L C, (D-6)

. 1 -

BW = spr (D.T)

The equivalent circuit parameters of the DUT could be then identified by

following the procedure outlined below,

1. Specify in the Bode diagram, fam, fi, f2, fr, and the amplitude of the

impedance at the mid-band frequency where the phase is 90°.

o

Calculate the inductance L. L approximates to the open circuit series in-

ductance for the transformer.
3. Calculate the winding resistance R,, from equation D.5.
4. Calculate C;, from equation D.6.
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5. Deduce R, using equation D.T.

Table D.1 summarizes the parameters calculated from this procedure.

Table D.1: Parameters of the DUT

parameters | Loop Antenna | Transformer

Side 1 | Side 2

L {pH) 19.7 148.7 | 187.7
R, (m) 2 23.9 | 26.7
C, (pF’) 3.55 10.6 7.8
R, (k) 3.4 0.91 1.18
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Appendix E

Component Values, Program
Listings and Data Sheets

This Appendix gives the values of all the components used in both the okd
and new design of the magnetic field sensor. The operational amplifiers data sheets

are also given.

E.1 Characteristics of the Magnetic Sensors

E.1.1 Old Design

The characteristics of all the components used in the previous design of the

magnetic field sensor are summarized in Table E.1.
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Table E.1: Old design parameter values

Operational
Amplifier OPAG21
Transformer
coil AWG 24
Loop wire
gauge AWG 9
Initial
permeability 4300
| R, 5@9

E.1.2 New Design

The characteristics of all the components used in the new design of the magnetic

field sensor are summarized in Table E.2.

Table E.2: New design parameter values

C; | 50pi

R, | 2120

R, | 1640

R, | 10000

R, | 39.2Q
([ Neo | 8

Differéntial amplifier AD9618

Current follower QP37



Loop wire gauge AWG 9

Ferrite rod material #33

Transformer coil gauge

AWG 24
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E.2 Data Sheets

e OP37 Operational Amplifier

Model AD OFYIG AD OPITE AD OP.3TE
Paramerer Syabol Mia Typ Max Mis Tre Max Mia Typ Maxx
OPEN LOOPGAIN Ay 08 1,500 1,000 1,900 1,000 1,500
400 1.500 200 1,500 00 1500
00 $00 250 700 350 00
430 1,000 700 1300 50 1,500
OUTPUT CHARACTERISTICS
Voltage Swang Vo TS =138 128 =138 128 z133
=100 =115 z100 =115 zles =113
zIl0 =133 =14 =135 =17 =138
Open-Loop Output Reustance Ro 0 0 0
FREQUENCY RESPONSE
Gain Bandwadth Praduct Gaw 43 [+ 43 43 45 63
- 0 - L ] - L]
Siew Rate SR 1 17 11 ” 11 17
INPUTOFFSET VOLTAGE
Lnival Ves 3 100 20 0 10 b3
55 220 L 140 20 [
Aversge Drift TCVoe 04 13 03 1.3 0.2 .
Loog-Teom Sability Voy'Time 0.4 2.0 03 1.5 o2 1.0
Adjuyment Rangr - =4.0 =4.0 =4.0
————
INPUT BIASCURRENT .
Inivia} HY =13 =z =12 =55 =16 =40
=3 =150 } =9 4 =60
INPUT OFFSET CURRENT
Initial los 12 k3 S0 7 »
20 135 4 o] 10 50
TNFUTNOBE
Voluage S p 0.09 028 0.03 0.1% 0.08 0.12
Voitage Denrity o s 30 33 535 s 35
33 5.6 3.1 45 33 45
32 45 30 3z 3.0 L% 3
Current Demiry i 1.7 - 1.7 40 L2 4.0
1.0 - 1.0 2.3 1.0 3
0.4 0.6 04 0.6 04 0.6
INPUT VOLTAGE RANGE
Common Mode CMVR =118 =123 =l =123 =0 =123
=105 =113 =105 =Ii.3 =105 =113
Comman-Mode Rejoction
Ratio CMRR 1 120 106 123 114 126
9% 113 102 121 110 124
INPUT RESISTANCE
Differencial Ry 0 4 1.2 5 1.5 1]
Common Mode Rm 2 .5 3
POWER SUFPLY
Rated Performance =15 =15 =15
Opcnating =(4-18) =(4-18) ={4=18)
Cu;m?:. Quiccent lo 33 56 10 48 30 48
Rejection PSR 2 2 1 10 1 1
2 32 2 16 2 15
Power Conscmption Py 100 m % 140 % 148
OPERATING TEMPERATURE RANGE
TamTow | =25 -38 -25 -35 -25 +35
PACKAGE OPTIONS'
Plastic Mini- DIP(N-8) ADOP-37GN ADOP-37FN ADOP-37EN
Cerdip(Q-D) ADOP.37GQ ADOP-37FQ ADOP-37EQ
TO-99(H-08) ADOP-37GH ADOP-37FH ADOP-37EH
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\

AD OP-37C

—AD OP.37A Gn‘m_ Lass
Min Ty Maz Mia Tre Maz Mis Trp Maz
™) 1.500 1000 1,300 1,000 1,900 Ry #2M1 Voem » = 10V VaV
00 1.300 520 1.500 00 1,500 Ry 211 Vouy = = 10V VeV
00 500 230 700 250 00 Ry =600, Vo s = [V.Vy = 24V (V¥
300 300 500 1,000 [ 1,200 Ry #2W, Vo » = 10V, T, » muniooua| ViV
2115 =135 120 =131 120 =133 Ry 224} v
=100 =113 TI00 =115 zl0.0 =115 Ry >6000; v
105 =130 16 =132 115 =138 Ry #2211, T, = suntomax v
7 0 0 lovy * OA Vorr = OV Q
45 63 4 63 L1 63 {.= 10kH: MH:
- 63 - 0 - 0 f,o IMH: MH:
1} 17 11 17 1n [ Ry #2ki} Vias
k] 100 by ] 10 3 \Nae 1} MY
n 300 0 200 » [} T. = cuntomax wy
0.4 1.e 0.3 1.3 0.2 s T, » oun 1o max WV C
04 20 0.3 1.5 0.2 1.0 Nowe D) uVmonth
=4.0 =40 =40 R, = 10k0) oV
=15 =30 =12 =55 =10 EY ] oA
238 =150 EP | z9 =20 Y T, = mintomax ol
R ) 9 50 s 13
3 15 b b 3 15 o T, = in tomax aA
0.09 0.5 0.08 013 o.08 .1z 0.1Hzt0 10H: RV
33 30 3.5 5.3 35 3.5 L= 10Hz aVi
33 56 3] 4.5 kR | 4.5 £, = 30H: oV
32 45 3.0 EX | 30 kX ; 1, = 1000Hz avivi:
1.7 - 1.7 4.0 1.7 4.0 = 10H:
1.0 - 1.0 2.3 1.0 2.3 f, = 30Hz pAsvHr
0.4 0.6 0.4 0.6 04 0.6 £ = 1000H:
=118 =123 =110 =123 =110 =123 v
=102 =115 =103 =118 =103 =15 T, = mun tomax v
100 120 106 123 114 126 Vems =11V dB
» 116 100 119 108 12 Vesa® = 10V, T, » qun tomax 4B
0.2 4 1.2 s L5 [ M
2 2.5 3 Gi
=15 =15 =15 v
= {4=11) ={4=11) ={4=18) v
33 5.6 3.0 4.6 30 4“6 Via =15V mA
2 2 1 10 ) 10 Ve =4Vio = 13V VA
4 L] 2 20 2 113 Vie 24.5Vio = 18V, T, minlomaz  [pV/V
100 17 %0 140 %0 140 Vour =0V =W
-55 ~125 | =55 125 | -5% - 125 "
ADOP.37CQ ADOP.37BQ ADOCP-37AQ
ADOP-3ICH ADOQP-37BH ADOP.37AH

Smfmmm»mmwdumuudmmnm

dectncal teit. Resules from those

uard 1o caloul

leveh. All min and o specificstions are guarantend, -Ithwduu)ylm
thown in boldface are tesied oo alt producton unity.
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e AD9618 Operational Amplifier

(Unless otherwise noted, A, = +10: =¥, = =5 V: R, = 1000 02:

DG ELECTRICAL CHARACTERISTICS Rua = 100 )

1 ADSISAQY | ADSSLEBQY

!
Tem Ml . ADMISNIR SQUS2/3338 TQTZ308 |

Paramater Coaditions Temp Lewel Sab*  Min Typ Max M."!DMBJM'-TWM-I::UI"'
Taput Offser Vohuge™ * «2C | 1 =11 +05 <22 =11 <035 +22{00 ~0S~L1 aV
Input Offact Volage TC Fl IV IR IR IR B IR RS S N -
Input Biss Currense® . : !
lovering ~5C 1 1 T a5 0«45 <450 45 ! =200 <20 A
Noinverting «3C 1 1 =25 #5 435 =2 =% <35 1 =13 =5 +18 ' pA
loput Biss Curreat TC i ;
Noninverting Fll IV =50 +30 ~125 =30 30 <125] -0 +30 «12%: pARC
Inverting Fai IV =50 +40 +130 - =50 <40 +130: =30 ~40 =30 pASC
Noainverting -25C ¥ e : S i e i K0

Input Capecitance . i .
Nomnverting «BC VO, 15 . 1.5 i 15 : pF

Common Mcde Input Range T T - i 2 =10 =12 =10 =1.2 c =0 =12 v

" T Tanto+25C — 1,3 :o=l4=ls t4 =15 Pzta=ls Y

Common Mode Rejection Ratio Fll O 456 50 & 50 & '5%0 e 1 dB

Power Supply Rejection Ratic AV, = 5% Ful 1 14 56 X & ) % @ ;dB
To ! Arde ¢ v i ' 3 3 3 . Mn
Nonlinearty Arde szciv | P s Pos  ppm

Ourput Voitage Range i -3¢ 1 i =33 =37 =33 =37 £33 =37 1V

Output Impedance . Atde «225C. v ] ) 0.03 : 0.0% H 0.0% ‘n

Qutput Current (30 0 Load) | Tes2Co0Ta., — 0 L2 |60 |60 60 , mA

P TeTo e i@ i3 1so Iso % ' @A

—— ' ' i 1 } |

ACELEC (Unless otherwise noted, A, = +10; 2V, = =S¥, R, = 1 kX:

TRICAL CHARACTERISTICS ‘v, = 100
J I I ! f | ADsstsAQY ADs1EBQ |
' i v Tem M3 | ADWIEINTR | SQSZRnE | TOQTZEOE |

Parameter Coaditioas -Temp Leved Seb*  Min Typ Max M.muu Mia Typ Maz  Usic

FREQUENCY DOMAIN '

Bandwidth (-3 dB) , : : ’ ‘
Small Signat Vour=2Vpp 'Fall O 4,56 13 160 1130 160 “130 160 MHz
Large Signal  Vors5Vpp  Full IV ' 150 120 150 f120 1% . MHz

Bandwidth Variation vi. Ay A -l cd L e2C YV s ' 35 i 35 i MHx

Ampliude of Paking (<30 MHz) Tv T w~%C = O 4,56 0 : 0 04 1 0 04 :gB

T*Tow - u 45,6 0 : o o7 ¢ 07 ,dB

Amplitude of Peaking (>S0MHzy Tw T_to ~X'C -~ 1] 4,56 0 . 0 06 ! ¢ 06 'dB

TeTo - n 4,56 0 6 12 ¢ 12 .dB

Amplirade of Roll-Off (<75 MHz) Fai @ 4,56 0.8 ‘ 05 12 05 12 d¢B

Phase Noalineanty deto 75 MH: «25C V 0.5 . 0.5 [ A3 . Degree

2nd Harmoaic Drstorsion 2Vpp;43MH:r Fo) IV -3 -7 - -33 =78 -83 ~75 [ dBe

2Vppi20MHz Fal IV -63 -55 -63 -5 -63 -55 dBc
2Vppi60MH: Ful 0 45,6 -5 -43 -51 -43 -51 -43  dBe

3rd Harmonxe Distortion 2Vp-p;43MH: Full w -85 =77 -83 =77 ! -85 =77 dBc

Vppi MM Full IV -70 -6 - -~ -6 | -7 -62 . dBec
2Vpp 60MH: Ful I 4,56 -62 -5 . -62 -54 . -62 -54 dBc
1sput Noisc Voluge 10 MHz “BCI Vv : 1.2 . 12 12 ' sVA/HT)

loverting loput None Carrent | 10 MHz eweiv |0 ) 2o
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ADWILAQY ADS1SBGY
Ted M) ADWMISINIR  SQISZBABT  TQTZIORS

_P_l_l"l_ﬂtjﬂ L . Conditioas Temp Level Sub* Mia Typ Maz M Typ Max  Mis Typ Max  Unis
Average Equivaicnt Integraied

luput \'uu-: \ulu;e 0.1 to 200 MMz ~2C vV b 3 i L uV, m
TIME DOMAIN
Slew Rate Voor "4VStep  Fol IV 1800 1400 1300 1400 1300 Vi
Rase/Fall Time

Voer ® 2V Siep Fal IV 2 L2 e 12 26 m

ot ™ 5V Siep T~ +3Cio ' - ™ 2} 2123 M m

T-T. - w 23 3 3 2204 m

Overshoot Vorr *<VSiep Full IV 2 T 0 W )
Settling Time :

To0.1% Voor " 2V Siep - Full v 9 L I} 1 LI §. o

To 0.02% Voor *2VSwp | Ful IV 14 “ o W D =

To0.1% " Vox = 4VSep Ful IV 10 0 16 10 % m

To 0.02% « Voer v 4VSwep « Fal IV 173 s M e M m
2xOverdnve Recovery 1o : :

22 mV of Final Value . Ve =06VSkp | «C |V % 0 ) m
Propagation Delay ! «NC .V 2 2 2 n
Differential Gain® ; Ful v 0.0 . 0.0t 0.0
Diffcrential Phase” | , Fall IV o.02 0.02 0.02 Degroe

— : ! _ -
POWER SUPPLY REQUIREMENTS i % i
Quicacent Current 1 H : I '
~h , Ful 0 42,3, L n N4 mA
-1 { Full | l L3 n 8 TRt S 31 43 !mA
1 For applications heip, call Computer Labs Divnion at (919) 663.9511. ‘

NOTES
'Absolute maxinyum tatings arc limiting valucs to be apptied individually and beyond which the servicaability of the aircuit may be impared. Functonal
operability is pot necenarly implied. Exposure to absolute maximum rating conditions for an extended peniod of tme may affect device reliabality,
*Qutput it short circuit protected to ground, bot oot to supplict. Continvots short circwt to ground may affect devicr relability.

"Typical therma) impedances (part soldered oate board):
Mini-DIP: 8,, = 130°C/C; 8, « 30°C/W.

Side Brazed/Cerdip: 8, -II.O“Q"W ] 20T, !
SOIC Packages 07 = M50 b = e, 'EXPLANATION OF TEST LEVELS
Ceramic Gull Wing: 6, = L20°C/W; 0, = 20°C/W. Test Level ) .
:Mmmbzwpmzymm“mmm I« 100% production tested. :
Maasured with respet 1o the inverting input. T - 100% production tested at +25°C and sample rested at °
*Typical is defined as the mean of the dismribution. . . ", . H
’qum"JMH:R._-ISDﬂ;Av-*IO. . Mﬁdmmm. Athanngof]gndcdmmdonci
*Contact factory regarding MIL-883 parns in “Z" packages. ' on sample basis. [
Specifications subjeet 1o change without poObEe. III - Sample rested only. i
i IV - Parameter is guaranteed by design and characierization
! EXPLANATION OF MILITARY SUBGROUPS ! tesung.

V - Parameter is a typical value only.

V1 - Al devices are 100% production rested at +25°C. 100%
producrion tested at temperature extremes for extended
temperature devices; sample tested at temperature

Subgroup 3 - Static tests at minimum rated operating | . extremes for commercial/industrial devices. _—

Subgroup ] - Stanc tests at +25°C.
(5% PDA czlcnlated against Subgmup 1 for high-rel versions., )
Subgroup 2 Static tests at maximum rated operating :

temperarure. ERIN RMA
Subgroup4 - Dynamic tests at +25°C. ORD, ‘l‘em:e:::? TION
Subgroup 5 - mDymmpﬂa::u:ts at maximum rated operating _ Moddl _‘ Range - Package .
Suogroup 6 - Dynamic tests at minimum rated gperating AD9618IN , 0to ~70°C Plastic DIP
: temperature. ; ADS6I8IR . 0w +70°C SQIC
 Subgroup 7 - Functional tests at +25°C. AD9613AQ , —40°Crwo ~85°C  Cerdip
Subgroup8 -~ Functional tests at maximum and minimum . AD9618BQ ~40*C o ~-B5°C  Cerdip
_ rated temperatures. AD96I8SQ -55*Cto ~125°C  Cerdip
Subgroup 9 - Switching tests at =25°C. ADSSISTQ ~55*Cwo ~125°C G:rdgp
Subgroup 10 - Switching sests at maximum rated operating AD9618SQ/883B  -55°Cto ~125°C  Cerdip
temperature. AD9618TQr383E -55C1c -125'C  Cerdip
Subgroup 11 - Swirching tests ar minimum rated operating ADS6185Z* ~-55*C 1o =125°C  Ceramic Gull Wing
iemperature. _ADISTZ® _ -$5'Cio ~125°C _Ceramic Gul} Wing
_‘Egb_group 1_2 - Perwdu:_ll! sample tested.  *Conuact factory regarding MIL-883 parts in “Z" packages.
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E.3 Computer Program Listings

¢ Hspice frequency analysis of the magnetic probe

FEQUENCY ANALYSIS OF THE MAGNETIC FIELD SENSOR

* THIS IS THE SOURCE SETUP

SHNSLRENABUIBSSSIE IS OUBENNRRNRRRERNENNS

vin 10a0c 1

cin 12 1e-15

rin 201

sinil 3020 Geb
ein2 7 020 =6e6

*probs antenna + transformer

$measured loop antennc inductence
$measured loop ontennc resistance

Sdue to the losses in the rod
$interwinding antennc copacitance
$second. winding resistonce

Sperallel induc. of the toroid(maet.75)
$3econd. winding copacitance

$losses due to eddy currentkhysterisis
$measured loop antenna inductance
$measured loop antenna resistance

$3econd. winding resistance
$second. winding resistance
$parallel induc., of the toroid(mat.75)
$3econd. winding capacitance

lal 3 4 1.26m
rol 4 S 12Bm

rpl 5 0 217.6k
cal S 0 55.4¢
rwi S 9 23.5m
{zel 5 6 1.480—4
ewl 5 0 10.8p
rael 6 0 915

lo2 7 8 1.26m
ro2 8 3| 128m

rp2 21 0O 217.6% $due to losses in the rod
ca2 21 0 55.4¢
rw2 21 11 20.7m
lza2 21 22 1.877¢—4
cw2 21 0O 7.8
rse2 2 0 1184

$icases due to eddy currentihysterisis

*operational omptifiers{balanced conf.)

xlop 8 17
x20p 11 19

12 100 S0 op3?
13 100 90 op37

x3ad 15 14 out 100 90 od9618

.mode | op37 omp

+ srpos=17x srnegmi7x ibm20.00n ibos=i5n
+vo3=30.00u frequb3x delphsm?1 cmrr=122 rout=70
+avalx isc=S0m voposm3.7 vonege—3.7 pwr=iQ0m
+veemS5.00 veem=5.0 temp=25.00 psrr=114

SRSV PLNONBESURSSRANRSASHRNGNSFBRREROBROOD
.medel ad9618 amp

+ srpos=1800x arnegwiB800x ib=d.Su

+vos=0.5m freqmi60x delphs=50 cmrr=60 rout=0.08
+avw3x {3c»70m voposm3.7 vonegw=3.7 pwr=300m
+vcem5.00 veem=5.0 tempm25.00 psrr=60

SHORO LSRN B SRR NN ANNOUBBERORRGOORS
€112 9 12 5.6

ri12 9 12 272

ri70 17 0 272

€213 11 13 5.6p

r213 11 13 272

ri90 19 0 272

74 13 14 162

r8S 12 15 162

r40 14 O 1t000
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rs6 15 40 1000

riS4 40 out 39.2

rload out 0 50

-optionza nomod pogtmi

-0 dec 20 le1 5¢7

+Mmaa3 maxvalue max vdb{out) frommlel tomieS
«mecs freq-3db1 when vdonut;-—SB.Sz

-meas freq-3db2 when vdb(out)w-35 62 tdmixhz
-moas freq4S when vp(out,0)w—uas tdmixhz
.prént vdb(out) vp(out,0)

.en
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¢ Hspice transient analysis of the magunetic probe

TRANSIENT ANALYSIS OF THE MAGNETIC FIELD SENSOR

SESSANBNINRI BRI NBEASUNNABRESIRNSNEREER

* THIS IS THE SOURCE SETUP
SANBABEDANAI ISR ERNEIOINGNERORNANRGONERS
vin in 0 pu(0 10 70n 70n 620n 1u)
*vin in O sin(0160000)

cin in 2 1e15

rin 201

sint 3020 6eb

sin2 7 020 -5eb

*probe antenna + transformer

la1 3 4 1.26m Smeasured loop antenna inductonce

ral 4 5 128m $measured loop antennc resistance

rpl 5 0 217.6k $due to the losses in the rod

cqgl S 0 S55.41 $interwinding ontenna capacitance

rwl 5 9 23.5m $second. winding resistance

(F 13 5 6 1.48¢—4 Sparallel induc. of the torcid(mat.75)
cwl 5 0 10.6p $second. winding copacitance

rsel 6 0 915 $losses due to eddy currentXhysterlisis
le2 7 8 1.26m $mecsured loop antenno inductance

ra2 8 21 128m $mecsured loop antenna resistance

rp2 21 0 217.6k $due to losses in the rod

ca2 21 0 S5.4f1 $interwinding cntenna ccpocitance

rw2 21 11 20.7m $2econd. winding reszisztence

Ise2 21 22 1.877«—4 S$parallel induc. of the toroid{mat.75)
cw2 21 0 7.8 $3econd. winding capacitence

rse2 2 0 11384 $losses dus to eddy currentkhysterisis

*operational amplifiers(balanced conf.)

xlop 9 17 12 100 90 op37

x20p 11 19 13 100 90 op37

x3ad 15 14 out 100 90 od9618

Jnodel  op37 amp

+ srpos=17x srnegui7x bm20.00n ibosmiSn
+vosm30.00u frequE3x delphs=71 cmrr=m122 routm70
+aveix iscmS0m voposm3.7 vonege—3.7 pwr=100m
+veem. 00 veen—5.0 tempw25.00 psarr=114
SOSRBANSRURS BN BRSNS RERORRIRN A DU RSO RAR
.mode| ad9618

+ srposw1800x srnegwm1B800x ibmd.Su

+vosnd.5m fregeiGOx deiphaw50 cmrref0 rout=0.08
+avm3x [scw70m voposm3.7 vonegw=3.7 pwra300m
+veem5.00 voem—5.0 tempw25.00 psrr=50

RGO NO SRR ORRNRRNSRNEGCENADNORAEPRBRERS
c112 9 12 5.5

r112 9 12 272

r170 17 0 272

€213 11 13 5.6p

213 11 13 272

e190 19 0O 272

74 13 14 162

r85 12 15 162
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r40 14 0 1000

rS6 15 40 1000

ris4 40 out 39.2

rlead out 0O 50

.options nomod post=i

.tran 4ns 1u

.parom vawl4 27m wvb=iim

mea3 tran risetime trig v(out) valm*vbh* risemt
+ targ v(out} val=’0.9%a' risem)
.meas falltime trig v{out vol='0.9%va* fall=
+ td=400ns  targ v{out) val=s'vh" fqliml
print wv(out)

end
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