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1. 身份证、职称证书、学历证书、学位证书扫描件

1.1. 身份证

（该处存放身份证的扫描件，扫描要求：彩色；分辨率72-110DPI）
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职称证书

（该处存放职称证书的扫描件，可按证书的重要性排序。扫描要求：彩色；分辨率72-110DPI）

1.2. 学历证书

（该处存放学历证书扫描图片，国外学历需附教育部学历认证书，可按证书的重要性排序。扫描要求：彩色；分辨率72-110DPI）
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1.3. 学位证书

（该处存放：学位证书扫描图片，国外学历需附教育部学历认证书，可按证书的重要性排序。扫描要求：彩色；分辨率72-110DPI）
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2. 近几年有代表性的成果、论文和著作

（该处存成果、论文的复印件，著作的封面及目录扫描件，须标出主要贡献的相关段落，被引用和评价情况相关内容的扫描件，可按重要性排序。扫描要求：彩色；分辨率72-110DPI）
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Abstract: Based on the core hysteresis features, the RTD-fluxgate core, while working, is
repeatedly saturated with excitation field. When the fluxgate simulates, the accurate
characteristic model of the core may provide a precise simulation result. As the shape of
the ideal hysteresis loop model is fixed, it cannot accurately reflect the actual dynamic
changing rules of the hysteresis loop. In order to improve the fluxgate simulation accuracy,
a dynamic hysteresis loop model containing the parameters which have actual physical
meanings is proposed based on the changing rule of the permeability parameter when the
fluxgate is working. Compared with the ideal hysteresis loop model, this model has
considered the dynamic features of the hysteresis loop, which makes the simulation results
closer to the actual output. In addition, other hysteresis loops of different magnetic
materials can be explained utilzing the described model for an example of amorphous.
‘magnetic material in this manuscript. The model has been validated by the output response
‘comparison between experiment resuls and fiting results using the model

Keywords: RTD-fluxgate core; hysteresis loop; arctangent model; simulation of the
output response
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1. Introductior

‘The fluxgate sensor has been widely used in magnetic feld measurements due to it high sensitivity,
smal size and low power consumption [1-3]. The traditional fluxgate sensor employs the output
second harmonic to detect the magnetic field. and it has developed slowly because of the probe noise,
the production process and the material constraints [4-7]. The RTD-fluxgate sensor developed by
Andd et al. [3-12], can detect the magneic feld by means of the corresponding relationship between
the residence time difference of the output pulse signal and the measured magnetic field. Owing to the
outstanding features of the RTD-luxgate sensor, such as high sensitivity, convenient processing, casy
‘miniaturization and digitzation, etc.. t has atracted more attention.

‘The shape of the hystereis loop which relaes to the features of magnetc core determines the final
output characterstcs of the RTD-fluxgate. Therefore, the precise fitting of the hysteresis loop
determines the fluxgate simulation quality [13-16]). Now there are some methods using simple
‘mathematical models that are equivalent to the hystersis loop, such s the sub-function model
proposed by Primdahi ef al. [17], the polynomial model described by BornhofR et al.[18] and the arc
tangent model presented by Trujillo et al. [19]. To obtain the changing rule of the hysteresis loop.
these methods approximately describe the hysteresis loop by a simple mathematical model. Another
category of methods to obiain the changing rul of the hysteresis loop is experimental measurement,
and the corresponding numerical rlationship is then created based on the measured results [20]. The
calibration methods that are usually used in experiments include the oscilloscope method, Hall effect
‘method and electroni integrator method. The oscilloscope method can be simple, intuiive and casily
understood, but the measurement parameters are not aceurate enough, and can only be used for
experimental illusration. The Hall effect and electronc integrator methods are both measured point by
point, and they are reltively more accurate, but what they measure are staic hysteresis loops which are
inconsistent with the dynamic working state of the core when fluxgate i repeatedly magnetzed [20-24].
Recently, a behavioral model for the RTD-fluxgate simulation of nonlincar hysteretic device was
proposed [25]. The dynamic behavior in the literature [25] s based on a bistable potential energy
function [10.26.27). Additional, the illustrated model parametrs, without any physical meaning, are
estimated to approximate the real values in a complex procedure. However, the aforementioned model,
based on a hysteresis state assume of FeSiB amorphous ferromagneic core marial, s instantancous
during the transiton of magnetization process between the two stable staes. Although the accuracy of
the output signal i time domain is improved as presented in the literature [27], the model cannot
reflct the magnetic features of common core materials because of the requirement for the magnetic
core hysteresis loop to have a large rectangle rati.

In order to obiain the accurate fiting of the dynamic changing rule of the hystereis loop when the
RTD-fluxgate is working and facilitae the numerical simulation of this kind of fluxgate, this paper
proposes  new arc tangent model containing 2 dynamic permeability parameter via analysis of the
working principle of RTD-fluxgate, ideal hysteress loop model, and arc tangent model. Compared
with the output response results of the RTD-fluxgate based on an ideal hysteesis loop model, the
novel arc tangent model which contains a dynamic permeabilty parameter and fits the actual dynamic
hysteresis loop improves the accuracy of the hysteresis loop simulation on soft magnetic materials and
reduces the deviation of the output response simulation of the RTD-fluxgate sensor.
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2. Working Principle of RTD-Fluxgate Sensor

When the RTD-fluxgate is working, the core of the sensor is magnetized by 2 periodically
altemating magnetic field to the states of two-way over-saturation. The target magnetic field can
influence the rsidence time of the magnetc core in positive and negative saturation staes. In practice,
we may obiain the values of target magnetic fields by detecting the time difference of the output pulse
signals which reate o the states. If the arget magnetic fild s zero, since the exciting magneti field
only exists in the axial dircction ofthe sensor, the residence times of the magnetic core in positive and
negative saturation staes are the same, and the time difference between them is zro, AT =T~ T~
‘and their sum is the excitation signal cycle, T*+ T~ = T, as is shown in Figure 1a. If a target magnetic
ield H, exists along the axis of the sensor, this field is superimposed on the excitation magnetic field,
5o that the residence times of the magnetic core in positive and negative saturation states are differen,
then the ime difference between them is not zero, AT = T* ~T# 0, a i shown in Figure b (28]

Figure 1. The schematic diagram of the ouput pulse signals: (8) there is no target
‘magnetic field; (b)ther s a target magnetic field.

LA =) ST

In Figure 1, H,is the coercive field, H, is the target magnetic field, T* is the time interval between
the positive pulse and negative pulse of the output signal, and T~ i the time interval between the
negative pulse and positive pulse of the output signal.

3. Foundation of the Fixed Hysteresis Loop Model

As described in the working principle of the RTD-fluxgate, the output response of the sensar s
relatd to the two-way over-saturation and the farget magneti field s detected based on the difference
between the residence times in two sates. The dynamic hysteresis loop reflects the dynamic working
rocess of the core and the states of output signal. but the magnetization process transiton between the
o stable states is not. intantaneous, therefore, an accurate descrption of the hysteresis loop can
affect the RTD-luxgate research.
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3.1. The Relationship between the Dynamic Permeability Parameter and the Output Response of the
RTD-Fluxgate Sensor

‘The features of the flux density & are reflected by the coil voliage. Assuming that the excitation
signal is a sine wave, as shown in Equation (1):

[0}

‘The expression of the output signal is shown in Equation (2) below:
dg_ dB-A dB dH B -
LN RN L SN A ol coston +0) @

According to the Faraday law of electromagnetic induction, under the condition that the sensing
‘component parameters of the sensor and the amplitude of the excitation field are constant, the maximum
dynamic permeability of the core determines the maximum amplitude of the output signal.

‘The ideal hysteresis loop is shown in Figure 2, where the curve form is fixed, and the magnetic
‘permeabiliy is infinte at the positions of the coercive field. The static hysteresis loop is shown in
Figure 2b, where the curve variation corresponds to the static features of the core, not the actual
dynamic changing rule. When the fluxgate is working, the excitation magnetic field not only has to
overcome the coercive field He of core in this direction but also needs to overcome the extemal
‘magnetic field. That means the coercive field H is increased in ths direction, and vice versa. If there.
s 2 measured magnetic feld, the let and the right branches of the hysteresis loop are asymmetrical, so
the maximum voltage amplitude of the output signal will become smaller, as shown in Figure 2c.

Figure 2. (a) The ideal hysteresis loop model. (b) The static hysteresis loop model. ¢) The
actual dynamic hysteresis loop model.

@ ) ©

In Figure 2, s and s, represent the position of the maximum dynamic permeabilty when the
core is reversely and forwardly magnetized. respectively. In order 1o verify the relationship between
the hystersis loop and the output signal, the experimens arc implemented under two different
conditions (here i the extemal magnetic feld and there is no extemal magneti fiekl), as shown
in Figure 3.
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As shown in the comparison between Figure 3,if there is a extemal magnetic field,the amplitude of
the output signal becomes smaller and the values of the positive and negative peaks become different.
That means that the maximum dynamic permeabilites of the hysteresis loop become smaller
simultancously both in reverse and forward magnetization curves, il # liims. Figure 3b shows
that if the distance between an adjacent positive peak and negative peak is changing. a time difference
will emerge. In Figure 3b, the first cycle (0~0. ) of the output signal s taken as an example. The
‘peak appears at the position of maximum permeability of the forward magnetization and the bottom
‘appears at the position of maximum permeability of the reverse magnetization. As the time distance
between them becomes smaller, 50 the positions of Higus and s, are moved and the greater the
‘measured magnetic fieldis, the more distance the two positions will move toward the same orientation,
then the time diffrences of the output signal will become greater,as shown i Figure 2c. If the direction
of the measured magnetic fieldis eversed, the two positions will move to the opposite direction.

Figure 3. The output signal of the sensor: (a) there is an external magnetic field: (b) there
s no external magnetic field.
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®

In summary, the caculation of the level of variation of the maximum dynamic permeability between
the forward magnetization curve and the reverse magnetization curve in a hysteresis loop can caculate
the time difference of the sensor output signal. Because the forward magnetization time and the reverse.
‘magnetization time compose a magnetization cycle, the same as the cycle of the magnetic excitation
fild. The variation of the time difference of the output signal is reflected by the changing of the
‘maximum permeability positions. Therefore, the fiting accuracy of the hysteresis loop, especially at
the positions of the maximum permeability, dircetly affects the output response simulation quality of
the RTD-fluxgate established by the fitting equation.

3.2, The Dynamic Permeability Model
To improve the fluxgate simulation accuracy, Trujilloef al. focused on the output response of the
fluxgate through the SPICE simulation mode. Based on the shape features of the hysteresis loop, the

arc tangent model is established viaits trigonometic function, s shown in following equation [19]:
B(H) = 2B,. | w)arctan(H 1 Hy) ®
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where:
Hy=2B It @

In Equations (3) and (4, 8 is the core flux density, Bu is the saturation flux densiy, o s the
‘permeabilty in vacuum state, H is excitation magnetic field and e s the value of elative permesbilty
of core when H=0.

Based on Equation (3, the sauration flux density parameter  eplaces 28,/ and the permeability
‘parameter  replaces 1/Ho. In order to improve the fting accuracy of the hysteresis loop model, taking
into account that the coercive iel i the hysteresis loop i always hindering the reltive change of the
excitaton magnetic field,the correction term <H, s included in the are angent model, so Equation (3)
can be revised as Equation (5):

BH)=a-arctan5-(H + He)] ©

I the mode described by Equation (5), the permeability parameter i a pending constant. Through
appropriste transformation of Equation (5), Equation (6)can be given by:

Btan(Bl ) /(HEH,) ©

‘According to Faraday's law of clectromagnetic induction, the core lux density 5 i the integral of
output signal ampliude, s0 the core flux densiy can b obtained by measuring the induced voliage of
the RTD-fluxgate second col, and then under the condition that . £ and He are known, the values of
the permeabiliy parameter § can be calculatd using Equation (6).

In a magnetically shielded room, a precision current source (KEITHLEY 6221) s used to drive a
Helmholiz coil to generate a fixed external magneti ficld. A high precision data acquistion module
(NI PXI-4495) is used to collect the sensor output signals under the condition of a 100 mA, 5 Hz sine
excitation feld. The measured induction voltag is integrated to gt the changing rules of the core flux
density B. The secton permeability parameter 4 of the curve is obtained by taking the reverse
‘magnetzation data & of the hysteresis loop into Equation (6), s shown in Figure 4. The permesbilty
parameter s varid by the changing of the exctation magnetic fild A

Figure 4. The actual changing curv of the permesbilty parametr /.

@
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Figure 4 shows that the arc tangent model to which only the corrction term of coercive fild is
added may not accurately reflectthe dynamic permeability parameter /3 of the hysteresis loop. Taking
into account that the changing characterstics of the  curve fits the linear characteriti of the Lorentz
function, ic., the permeability parameter increases sharply when the amplitude of the excitation
‘magnetic fieldis close to the coercive field, and vice versa. Through maiching the high order fitting
terms based on the Lorentz function, the permeabilty parameter /in Equation (5) is replaced as the
dynamic permeability parameter f, a shown in Equation (7):

Polt=3 B s He ¥ I

I Equaton (7), P s a fiting parameter which can be obtaned by fiting the actual permeability
parameters rom Equations (5) and (6). The value of N can be appropritely seleced sccording t0 the
precison requirment. The are tangent model that contains the dynamic permeability parameter is
Shown in Equation (8):

BT mar-arctanl, (H £ HO)l ®
whee the parameter i adjusted by considering the characerstics of the core reltive permesbility
and the effctsofthe external magnetc field, 50 the i n Equation (4 is a variabe value.

By using the Matab softwar, when the exciation magnetc field  is known and the core flux
density B is obtained by taking integraton with the output signal amplitude, the messured data of
hystereis loop are fitted by Equation (8) with an exteral magnetic field of 0.4 A/m. The comparison
among actualdat, fted data and the deal hyseress loop s shown i Figure .

Figure 5. The comparison between actual measuring curve and two fitting curves of the
hysteresis loop.

In Figure 5, the actual data s the measured hysteresis loop, the ideal data s the ideal hysteresis loop,
‘and fitting data is the hysteresis loop fited by Equation (8). The difference of dynamic permebility
‘parameters between actual data, ideal data and ftting data curves is shown in Figure 6.
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Figure 6. The contrast curve of dynamic permeability parameters.

14) el

In Figure 6, the relatively fla parts reflct the changing dynamic permeability parameter of the
hysteresis loop. which s near the position of the saturatured flux density. The varying parts in the
‘middle of Figure 6 demonstrate the sharp changing of the dynamic permeability parameter in the
intermediate part of the hysteresi loop. and i peak point i the maximum permeability, which i close
0 the coercive field. This point s the peak of the RTD-fluxgate sensor output signal in accordance
with Faraday’s law of electromagnetc induction.

As seen from Figure 6, there is a significant difference between the ideal hyseresis loop and the
‘actual hysteresis loop conceming the dynamic permeabilty parameter, because the dynamic permeabil
parameter 5 of the ideal hysteress loop is an infinite value. Meanwhile, the arc tangent model (8).
containing 2 dynamic permeabilty parameter, makes up the lack of the ideal hysteresis loop and
adiusts the permeability parameter 3 appropriately and makes the curvature of hystereis loop model
(i.. the core permeailty) correct dynamically with the changing of the excitation magnetic field
The proposed model describes the feaures of the core hystereis loop more accurately when the
RTD-fluxgat is working. Therefore the feaures of the core materials, such as permeabilty . saturation
u density B and cocreive field H, can be reflected intuiivly by the BH curve. This s beneficial for
the selection of core materials. The fting data of the dynamic permeability parameter fp fited by the
Equation (7) s similar o the actual dta of the dynamic permeability parameter in Figure 6.

Because the output signal peaks of RTD-fluxgate sensor correspond (o the positions of masimum
core dynamic permeability, and the fiting of dynamic permeabiliy parameter affects the output
response simulation of the RTD-fluxgate. As seen in Figure 7, the relative deviation of the dynamic
‘permeability parameter fited by the Equation (7) is less than 3%, which is useful for rescarchin the
output response of RTD-fluxgate sensor.
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Figure 7. The relative deviation between the fitted dynamic permeability parameter and
the actual dynamic permeability parameter.

Relative Deviation (%)
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4. Analysis of the RTD-Fluxgate Output Response Based on the New Model

4.1. The RTD Fluxgate Ouiput Response Based on the Ideal Hysteresis Loop

I the ideal condition that the maximum permeabilty of hysteesis Ioap a the positon of cocrcive
field i infinite, Ando er al. proposed the ouput response of RTD-fluxgate under a sine excited
‘magnetic fel, as shown in Equation 9) 29-31:
H +H"
AT —[msml HHT ) aresing
i,

©

In Equation (9), . is the maximum magnetic field of excitation signal, 1, is the magnetic field
inside the core; a i the angular frequency of the excitaton signal, H, i the coercive feld. As the
output response of the RTD fluxgate i established based on the ideal hysteresis loop model and the
ideal excitation signal, the relative pemeability of the actual hystresis loop i not an infinte value
which is changed while the vary of excitation magnetic field. Therefore, as the positions of the
‘maximum permeabiliy cannot be confirmed accurately from the time diffrence output response of the
RTD-fluxgate which is based on the ideal hystresis loop model. Thereis a time difference deviation
owing o the fact the hysteresis state ransition time of the core satus can b neglected.

4.2, The RTD-Fluxgate Output Response Based on the Dynamic Hysteresis Loop

In order to verify the accuracy of the proposed model and analyze the output response of the
RTD-fluxgate conveniently, another type of analysis of the output response of the RTD-fluxgate is
obtained by using Equation (8). According t the RTD-fluxgate output principle, the fluxgate output
signal is the derivative of the core magnetic induction, so the output induction voltage signal of the
fluxgate sensor in the corresponding excitation magnetic field can be obiained by deriving the
‘magnetic induction of the itting signal, as shown in Equation (10):
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“The output response of the RTD-fluxgate s proportional fothe magnetc iel of the measured arget,
50 the time diffeence can be obiained through the time point related t the output signal peaks by
derivating Equation (10). Afier the deriviaion, the form of Equation (10) is changed as shown in
Equation (11):

o)

an
n=b- 11y (i

S .(n-l)-(.—zy-ulxlld"'l}

ey

. N an
20 A0 mxm‘]-{Z[r_ .(n—z)-(llxllc)“‘]‘h-(llxlk).%}
z = -
[+piwHzHr T
There exiss only a mumerical reslt, not an analytical result because Equation (11) is the
transcendental equation. In order to verify the output response cffecis, which are based on the ime
diffrence of the dynamic hystersss loop, the following trestments are done and the detals of the
process ar shown in Figure §

Figure 8. The flow chart of the output response of the RTD-fluxgate by the fiting model,
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As shown in Figure 8, firsly, the output voltage signal of the sensor can be obiained through
experiments, and integrated to get actual flux density 3 that plays an action on the core. Under the
condition that a, H and Hy are known, the value of the actual dynamic permeability parameter /3 can be
calculated according to Equation (6). The fiting parameter P, can be calculated through Equation (7).
Then an arc tangent model based on the dynamic permeability parameter and fitting core flux density
B can be obained by the combination of Equation (8) and i which is derived from Equation (7).
Finally, the time difference output response of the RTD-fluxgate under the corresponding conditions
can be calculated by Equations (10) and (11).

‘The experimens are validated under the conditions of excitation magnetic fields 100 mA sine at
5 Hz, 80 mA sine at 5 Hz and 100 mA sine at 10 Hz and a range of external magnetic ields from 0.08
AJm t0 10 Afm with a 2.0 A/ interval in the magneticall shiclded room. A couple of output signals
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are selected for fiting. The output ime D-values of the RTD-fluxgate which are actually measured, and
those calculated by Equations (9) and (11) are shown in Figure 9, respectively.

Figure 9. The output time D-values contrast of the RTD-fluxgate. Datal is the outpu ime
D-value in the (100 mA, § Hz) sine excitation magnetic field. Data2 is the ouput time
D-value in the (80 mA, 5 Hz) sine excitation magnetic field. Data3 is the ouput time
D-value in the (100 mA, 10 Hz) sine excitation magneic field.

RTD(s)

e (aim)

As seen from Figure 9, the output time D-values of the RTD-fluxgate calculated by Equation (11)
‘approximate the output fime D-values which are actually measured. The relaive deviation contras curves
between the D-values of the RTD fluxgate output time under two different conditions (Equation (9)or (11))
‘and the actual values are shown in Figure 10

Figure 10, The relative deviation contrast curves between the output fime D-values of the
RTD-fluxgate under two different conditions s and the actual value.

Relative Deviation(%)

' b aim)

‘The corresponding relative deviation contrast values are 2.9%-—4.4% and 1.0%-3.4%, respecively.
‘The sensitivity of the proposed RTD-fluxgate output response is closer to the practical application
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compared with the math model, so the proposed model can minimize the deviation between the
‘magnetic features of the core material in simulation and the practical application materias.

5. Conclusions

A special ar tangent model s proposed to make the elative fitting deviation of the hysteresis loop
Tess than £3%. The described model changes the original permeabilty parameter to the dynamic
‘permeabilty parameter and involves the coercive field i the excitation magnetic field. The physical
parameters @, fip and He can describe the hysteresis loop more accuratly. The model is useful for
rescarch on the output response of RTD-fluxgate sensors and selecting the core materials. The absolute
values of reltive deviation between the output time D-values of the RTD fluxgate and the actual
Valuesare less than 3.4%. In addition, the illutzated model makes up for the drawback that the fxing
shape of the ideal hystereis loop model could not accurately reflect the actual dynamic varation of the
hystersis loop, fis the core hystersis loop more accurately, and minimizes the deviation between the
‘magnetic features of the core material in simulation and practical application materials. The model
provides a theoretcal basis forrescarch on the simulation of the sensors’ output responscs.
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Abstract: An aircoil sensor (ACS) is a type of induction magnetometer used 35 a
ransducer to measur the varations of a magnetic ield. This device is widely applied in
helicopter transient clecromagnetic method (TEM) exploration. Most helicopter TEM
explorations generste common-mode noise and require extreme ACS specifcations, both
of which inevitably challenge geophysical explorations. This study proposes a diffeential
ai-core coil combined with a diffeential pre-amplifie o reduce the common-mode noise
induced in exploration. surveys. To. satisfy the stringent performance requirements,
including the geometric parameters and clectrical specfication, the physial calculatons
in theory and the cquivalent schematic of an ACS with noise locaton are investgated,
respectively. The theory calculation and experimental result for the optimized ACS are
then compared on the bass of a differential stucture. Comrespondingly, an ACS is
consructed with  mass, resulant effctve arc, 3 B bandswidth, signal-to-noise rato, and
normalized equivalent input noise of 2.5 kg, 5.5 m? (diameter is 0.5 m), 71 kHz, 20 (the
varying magnetic fiekd strength is 1 nT/5), and 543 nV/in, respecively. These data are
Superior 1o those of th traditional induction sensor 3D-3. Finaly, a field experimen is
performed with a fabricated sensor to show  valid measurement of the fime-varying
magnetc fild ofa helicopter TEM system based on the designed ACS,
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1. Introduction

‘The helicopter transient electromagnetic method (TEM) is 2 popular geophysical method that is
‘mainly used by three commercially operational companies: Acroquest Lid. (AcroTEM, Mississauga,
ON, Canada). Geotech Lid. (VTEM, Aurora, Canada). and THEM Geophysics Inc. (THEM, Gatincau,
QC. Canada) [1]. An air-coil sensor (ACS), which is well known as the search coil magnetometer of a
helicopter TEM system, is one of the most important sensors used to measure the variations of a
‘magnetc ield [24). The ACS is widely used in space rescarch, geophysical exploration, and other elated
studies because ofits wide 3 0B bandiwidih, low noise, and robustness [5.6]. I different cases, helicopter
TEM exploration requires the physical parameters (e.g. mass, size), 3 dB bandwidth, and equivalent
input noise (EIN) of an ACS in a different and strict manner [7). For instance, the EIN of ACS for
helicopter TEM exploration should be smaller than the spectra magnitude of the natural magnetic ield
o obtain effcient measurements. Furthermore, the 3 dB bandwidth should be higher than 50 kHz [S].
An ACS generally consists of two parts, namely an air-core coil and a pre-amplifie. An air-core
‘composed of a wound coil without a magnetic core and acts 2s 2 transducer that converls the Fte of
change of flux density into an output voltage signal derived from the fundamental Faraday's law of
induction. A pre-amplifir is an electronic amplifier used to amplify the possibly extremely weak
signals in a wideband and plays an important ole n signal-to-noise ratio (SNR) [9]. A pre-amplifie is
considered the most important par of a helicopter TEM receiver because it directly affecs performance.
“Thus, the custom design and fabriation of an ACS with optmized performance are necessary.

At present,the commercial ACSs for helicopter TEM exploration mainly include a rigid-coi sensor
from Geonics Lid. (PROTEM, Mississauga, ON, Canads) and a 3D-3 sensor [10], which have high-cut
limits of 3 and 28 kbz and equivalent arcas of 31.4 and 200 n, respectively. Although the equivalent
areas of such sensors satisfy the requirement of helicopter TEM, their bandwidth is narrow, thus
limiting the detection depth in helicopter TEM exploration. The MTEM-AL sensor developed by
Phoenix Geophysics (Canada) has an cquivalent arca of 100 ¥, and it bandwidth can reach up to
50 khz. Given such parameters, the sensor from Phocnix can satisfy the requirement of helicopter
TEM exploration. However, its diameter is as large as 2.1 m, which camnol meet the ACS size
requirement of a helicopter TEM system. Therefore, a custom ACS with optimized specifications for
helicopter TEM exploration should be developed.

This manuscript (a) presents an optimized ACS combined with differential air-core coils and
pre-amplifiers to reduce the common-mode noise: (b) investigates the physical calculation of air-core
coil in theory and the electrical equivalent schematic with noise source o overcome the siringent.
performance requirements; (c) analyzes the technical specifications of an ACS, such as mass, size,
bandwidih, EIN, and SNR; (d) presents optimization rescarch for ACS specificatons to meet the
stingent requirements for helicopter TEM application; and (e) presents performance tests and field
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‘experiments on an ACS in comparison with an AeroTEM system to verify the valid measurement of
the time-varying magneti field of the optimized ACS.

‘The rest of the paper is organized as follows. Section 2 illustrates the physical structure and
electrical equivalent model of the air-core coil. Section 3 presents the equivalent schematic of ACS.
with noise location. Section 4 describes the optimized performance research for ACS with a
differential structure. To verify the performance of the designed ACS, shiclding room measurements
and field experiments are conducted 1o show the feasibility and reliability of the fabricated ACS.
Finally, Section § provides the conclusion of the study and cites recommendations for future research.

2. Equivalent Electrical Model of an Air-Core Coil

To reduce common-mode noise, the ACS uses two mirror air-core coils that are connected in
Serics and are wound by several tums of wire (Figure 1) [3]. The connection of these air-core coils is
‘used as a common ground connected 1o a differential pre-amplifier. As depicted in Figure 1b, a typical
air-core coil is designed with a single layer [3] to decrease the distributed capacitance and increase the
3 dB bandwidih.

(a)

Figure 1. (a) Air-core coil with a differential structure; (b) typical design of an air-core
coil (I—length of the air-core coil, D—diameter of the air-core coil, d—diameter of wire,
‘and n—number of turns).

The ACS coils are wound by several tums of wire, which may correspond o a series combination
of resistor, inductor, and capacitor as a second-order circuit (Figure 2) [3].

+
o Top
N P
o ~o—
- ==
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Figure 2. Schematic of the air-core coil, where r, L, and C are the resistance, inductance,
‘and capacitance of the air-core coil,respectively.
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Given the symmerical structure of the air-core coil, two second-order circuits are constructed in
‘parallel with the common ground. The specifications of the ir-core coil (¢.g.. D and ) can directly
affect the quality of the receiving signal, which emerges as a longitudinal resolution in helicopter
TEM exploration.

To frther analyze the mass, sensitivity, and SNR of the air-core coil, the area of an annulus of
‘wood of the frame of a single-layer air-core coil is determined by using the following formula:

- >-0) o

Considering that many tums of wire are wound in a 0.1 m-thick ring wooden frame, the mass of
the air-core coil is approximately calculated with wood density p

M=p 3 [(D~(D=0.1)-n-d+(D=0.0%-0003] @

where p-Z.(D~0.1)"-0.003 isthe mass of the center wooden connection shown in Figure 10.

3

For the clectical performance analysi, the resolution of the ai-core coil i limited by the self-thermal
noise. This noise V: depends on the resistance r of the air-core coil and has a temperature 7 with a
coefficient equal to the Boltzman factor ks = 138 x 10 W-o/K.

)

her i the letrcal ressivity o wire.
Accoing 1o Faraday's law of inducton, the ouput signal ¥ induced n a cil subected 10

varying magnetic ek i ivn b the fllowing cquation:
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where i the magneic flu pasin through he air-core cil,and 2. s the magnitude of th varying
‘magnetic field. The SN of theair-core coilis expressed as

©)

“The cquations cted in the preceding paragraphs indicate that parameters n and D, s the sringent
physical requirements for the mass and size of the ACS, are limited by the load and dimension
capacity in helicopter TEM exploration. For the clectical performance, the output signal  increases
‘proportionally to nD?, and the self-thermal noise ¥; only goes up by yJaD . Therefore, the optimum
values of D and n for an aircore coil can be determined by considering the required SNR. The
discused parametersof the air-core coil determine th clecrial equivalent parametes (., fesstance,
inductance, and capacitance), which are critical to the selection of the operational amplifier for 2
diffeential pre-amplifir.
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3. Equivalent Schematic of ACS with Noise Source
‘The common-mode and parasitic signals observed in connecting wires are generally significantly

reduced by using a differential structure. Figure 3 presens the schematic diagram of an original differential
ACS and a differentil air-core coil, integrated with a differential pre-amplifir, with noise locations.

| Differential

Figure 3. ACS circuit with equivalent noise locations.

“The preceding figure llstrates that the ACS is symmetrical (op and bottom sectons) as spit by a
green line in haf, The ACS consists of three sages, namely,the air-core cil, diffeential gain, and
differenial amplifier stages. The ir-core coil is used to ffecively increas the magnetc flux density
through the coi, which is indicated by the variations of the magnetic field. A two-stage differential
amplifir is designed by using three operational amplifers at the diffrential gain and differental
amplifir stages t achieve a high gain and a high common-mode reection ato. Two resistors, Ris and
e, ane connected o the air-core coilin paralll s a matched reistor to adjustthe working state of the
ai-core il in accordance with th requirement of helcopter TEM exploration. Easy gain control is
relized by changing the value of one single resitor Rs, which can amplify the low ampliude sensed
Signal in the order of ew mV to the operatonal range for further rocessing in several volt.

‘Noise contributio i the symmetrial strucure ofa pre-amplifertht can be analyzed in half. The
EIN of ACS Verconsiss of three components (i.,input voltage noise ¥, input currnt nois Jn, and
‘Nyquist noise 7, = JSETR, of allresistorsin Figure 3) [11,12] All thse noise contributions can be
combined to obtan Vo a5 expressed belov:

(0,2, + (WKTR Y G}

where Ziu s the impedance of al resistors that input curent nose flow through, and 7 denotes the
environmental temperature a all resstance Ry
s from amplifiers Uy and U can be obained as
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‘where ¢ and e, are the input voltage noise of amplifiers U and Uy, respectively, and G is the gain of
amplifier Uy

‘The noise /,Zus generated by the input current noise of amplifiers Uy and Us flowing through the
three stages of ACS can be expressed as

= 2y (i f o[ e
1.2,0= 2 +(uR, ;( - ) ®
‘where s and s e the input curent nois of amplifiers Us and U, respectively.
' 5+ jol,
Z=(5+ job) | — | Ry = ——— 2
oG LGk G+ ) ©
& &,
r1% 0y

Ra=R IR, [
‘The Nyquist noise 7, produced by all resistors included in Figure 3 can be obiained as

)

[ 7z x.]

| —Z 2 R

ooty B G
‘where @ s the angular frequency, o = 2af.
"The ttal FIN Vi can b clclted 3 7, =51, depending on the complte symmetical
sructure of the pre-amplifier
“The above analyss veife th eletrical parameters of the air-<cre coil in accordance with the
requiementofhelicoptes TEM explortion. An ACS withlow input noise can be achieved by adoping
an opertional amplife wih reasonable input voliage noise and input currnt noise. Selcting a
resitor with an approprite resisance is nother means fo obain such an ACS. The optimization
proces of the specifications of the ACS s discused n Sction 4.

4. Specification Optimization of the ACS.
4.1. Geometry Optimization of the Air-Core Coil

‘The geomery of the air-core coil is optimized to determine the values of 1 and D that meet the
‘physical requirement of helicopter TEM exploration for a given air-core coil frame and a minimum
‘acceptable wire diameter. However, this study does not optimize the air-core coil parameters as fixed
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factors. Moreover, the simulations are conducted solely on the basis of analytical Equations (2) and (5)
to identify the best air-core coil geometry configuration.

By using Equation (2), the contour map of the air-core coil mass M is shown in Figure 4, in which
the value of M depends on those of n and D.

Figure 4. Contour map of the air-core coil mass M versusits n and D.

The orange line in the above figure represents the air-core coil mass M set as 2.5 kg. The aim for
optimizing the geometry of the air-core col is expressed as
subject to M(n,D)=2.5kg (13)

Figure 5 depicts the contour map of the air-core coil SNR, which s influcnced by D) and r, based on
Equation 5).

“The carth electical conductivty in half-space models s generally set 25 0.01 S/m. The deviation of
detection depth caused by the ACS self-noise should not exceed 2%. As such, the ar-core coil SNR
should be at least 20 when the magnitude of the varying magnetic field (secondary field) is 1 nT/s.
‘Accordingly,the optimum vlues of D and n can be calculated with the fllowing equation:

subject to SNR(n.D) 220 4

Figure S illustrates that the values of D and  in the defined zone (the area surounded by the purple

linc) can satisfy the minimum required value of theair-core coil SNR.
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s

Figure 5. Contour map of the air-core coil SNR versus its n and D.

To intuitively optimize the values of D and , the contour maps of air-core coil mass M, size, and
SNR are drawn in Figure 6.

Number of turns

" +
Diamieter (m)

Figure 6. Contour maps of air-core coil mass M, size, and SNR.

In the above figure, the air-core coil mass M is set as 2.5 kg (as depicted by the red line) o reach the
maximum load capacity in helicopter TEM exploration. The optinum value of D and n should be in
line with the red line. The blue line shows that the diameter of the air-core coil is 0.5 m, which is the
maximum dimension capacity of a helicopter TEM system. In practical applications, the diameer of
air-core coil should be less than 0.5 m; hence, only the lef part of the blue line in Figure 6 is accepted.
Finally, the minimum SNR value of the air-core coil is configured as 20 (denoted s the green linc) to
‘guarantee that the deviation of detection depth would not exceed 2%. The SR of the air-core coil in
the upper part of the green line is higher than 20. On the basis of the above analysis, the optimum
values of D and n are expressed as follows:
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(subject to M(n. D)
subject o D<0.5 m
[subject 10 SNR(n, D) > 20

Ske
as)

Correspondingly, the vlues of D and n i the ed line as wellin the purple shaded part all meet the
stingent requiremens for helicopter TEM exploration. The diameter s D = 0.5 m, and the number of
tumsisn =28,

42, Optinizaton or Electical Specification o the Pre-Amplifier
To optmize the combinaton of the aitcore coil and pre-umplifier, we investigated the EIN
contributions f ACS by usin diffrent operatonal amplifes. Two low noise opertional amplifiers
(i, AD797 (Analog Devices Inc.) and AD745) are adopted. AD797 has an input voltage noise
¥, =09 nV/fFiz , which is the lowest among the commercial operational amplifiers, and a relatively
high inpu currnt noise ., =20 pA/FEZ@ 2 k. Conversly, AD745 yilds a sightly higher input
voltage noise V, =29 nVATZ than ADT97, and it has an extremely low input curent noise
960/ @ 2KHz.. Figure 7 shows the EINs of ACS by using AD797 and AD745. The EINs
cousist of input volage noise s, input current ois s, and Nyqist noise 7.

2

1
i

w

e

EIN (V7%

"

Figure 7. EINs of ACS calculated using AD797 and AD745.

The whole frequency bandwidth can be divided into two regions (ic., 1/ and broadband
regions) [13.14]. In 1 region, EIN exhibis a 1/ slope with regard to frequency and is reduced to ts
‘minimum value at the comer frequency. For AD745, the comer frequency is 40 Hz, which is smaller
than that of AD797 (ic., 100 Hz). Frequencies higher than the comer frequency are called the
broadband region, in which the EIN is flat and is the mainly usable bandwidth of helicopter TEM
exploration. In this region, the EIN of AD797 and AD7S is as low as 183nVyHz and
2150V, respectively. Given tht he disrbution parameters o the designd ai-ore cil (.
resistance, capacitance, and inductance) are extremely small, their contributions to the EIN can be
neglected at frequencies lower than 10 kHz. Nevertheless,the impedance of these parameters increases
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with increasing frequencies higher than 10 kHz. This case indicates that the magnitude of the EIN
‘expands along with the increase of frequency. These finding simply that in using the designed air-core
coil, AD797 produces a smaller EIN compared with AD745.

Considering that EIN consists of input voltage noise V, input current noise I, and Nyquist noise T,
the noise source conribution map is expressed as in Figure § to analyze the contributions of such
noises to the EIN.

w

3

EIN (V1)

i

I i C i " r
Freauency (t2)

Figure 8. Noise source contribution map of ACS.

According to Figure , he 1 volage nois i the maln nois source when the frequency is lower
han 100 Hz. When the fequency varies between 100 and 10 Kz, Vi (128 nV/yiz ) and T
(L318VIFE) both primariy generate he EIN. When the frequency increases to higher than
10 Kbz, the impedance ofth disribtion parameters increases along with th EIN. Reducing Vs and
7uis helpful to minimize the EIN of the picked up ACS.

5. Experiment
5.1, Realization of ACS.

Considering the optimum value of the geometric parameters from the model calculaton, an
experimental model of ACS was fabricated as shown in Figure 9.

‘The diameter D, number of turns . and length 1 of the air-core coil are 0.5 m, 25, and 0.045 m,
respectively. Furthermore, the resultant effective area of the air-core coilis .5 ¥, and s mass is 2.5 kg
with a ring wooden frame. By contast, the length, resulant effective area, and mass of the 3D-3 are
0.6 m. 50 m?, and 16 kg, respectively. These data show that compared with the 3D-3, the designed
ACS is more suitable for helicopter TEM exploration.
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Figure 9. Experimental model of ACS.

To detect the induced voltage, a low-noise operational amplifier AD797 was used (o design and
construct an appropriate electronic ciruit n accordance with Figure 3. The specifications of the ACS
are listed in Table 1

‘Table 1. Fabricated parameters of ACS.

Parameters Symbol Value
Dismeter of air-core coil ) 05m
Dismeter of wire: a 05mm
Number of turns " x
‘Wooden frame density i 730 kg
Resistiviy of wire o L7 10% Ol
Length ofsi-core coil 1 005 m
Resistance ofar-core coil " 330
Inductance of aie-core oil L 2370
Capacitance of aircore coil c 13 pF
Resistor Ro=Re; R Ry= R Ry = Ru Rur= Rz 1S KO3 1000; 22,6 k0% 1K 1340
Gain of pre-amplifier G 72
Ope UL U U, AD97

5.2, Frequency Response Comparison of ACS and 3D-3 Sensor

All measurements are performed inside a magnetic shielding room built with high permeability and
inductivity materials. Correspondingly, this room provides the experiment with a sufficient shielding
factor (i.e., 40 dB) from both electric and magnetic field noises.

‘The frequency responses of the proposed sensors are first compared using a calibrated solenoid with
13 nT/mA scale factor, which applies an exteral excitation field, to verify their respective frequency
response performances. The calibrated solenoid is then driven by a current source generator (6221,
Keithley Instruments Inc., Cleveland, OH, USA), and the induced output voliage of the sensors is
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measured using a dynamic signal analyzer (356704, Agilent Technologies Inc. (Santa Clara, CA,
USA)). Figure 10 shows th frequency response comparisan of the fabricated ACS and 3D-3 sensor.

g
E

b G r " i
Frequency (H)

Figure 10. Comparison of the frequency response of the proposed sensors.

As shown in the preceding figur, the ACS works i a less under-damping sat to guarantee that
e recived signal s fe of disotion. The normalized response amplitude s flat until the frquency
s igher than the selF-resonant frequeacy at 71 kHz. Aferthe self-tesonan frequecy,the esponse
amplitade of ACS s rapiy decreased. Given tha the esulant ffecive area ofthe commercal sensor
3D-3 s 50 m?, which i g than that of the ACS, the 3 dB bandwidh can oy g0 up t0 28 kHz.
Hence,the 3 dB bandwidh ofth designed ACS s as high as 71 kiz, which meets the requirement of
helicoptes TEM exploration, withenough gan sability. The 3D-3 sensor s suiabl fo low frequeacy
detection pplicatins.

5.3 EIN of ACS.
‘The ACS is then placed in the center of the shielding room to achieve the greatest shiclding factor,

and the dynamic signal analyzer 35670A s employed ouside the room to measure the EIN of ACS.
Figure 11 displays the results.

Figure 11. EIN of ACS.
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The EIN in the 1/f region linearly decreases with the increase of frequency unil it reaches the
commer frquency. Contrarly,the EIN inth broadband rgion is as low s 1.83nV.jFiz_ and can become
10 kHz The EIN in this region is low compared with the geomagnetic field in the same frequency
band. In additon, the EIN begins 1o rise with the growth of frequency higher than 10 kHz. The
agreement between the experimental and simulation resuls shows the reliability of the ACS model
with noise location. The self-comer frequency of the dynamic signal analyzer 35670 s 320 Hz,
which is higher than the comer frequency of the designed ACS. As such, the tesing result cannot
exactly show the designed ACS specifications at frequency lower than 320 Hz.

Given that the ACS measures the time-varying magnetic field, its clectrical performance is
evaluated using the normalized value nV'/n?. The normalized value equivalent to the square root of the
integration of EIN?in 3 dB bandwidth i described below.

e

£, =Y a6

5

where B and Sar the 3 0B bandwidth (71 kH2) and resulant effcivearea ofthe ACS (5.5 ), especively.
Consequently, the normalized EIN is calculated as 5.43 nV/m?.

5.4, Field Experiment

The research on mineral resources in Tongbai county in Henan province, China, has clearly
improved in recent years. In this study, a helicopter TEM system is utilized to accelerate the rate of
exploration in this area and to explore its geological features and metallogenic belt. In particular,
large-scale helicopter TEM exploration is performed by using the designed ACS, which consists of a
helicopter TEM system, to conduct a field experiment in this region. Figure 12 illustraes an example
of a helicopter TEM system.

Figure 12. (a) Location site of the helicopter TEM system; (b) example of a helicopter TEM.

In Figure 12b, the ACS is located in the bias center of the transmilting coil, which is shown in the
red box. Cortespondingly. the field experiment for the ACS-based helicopter TEM system and
AeroTEM s compared, and the cross-section maps of different survey lines are shown in Figure 13.
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Figure 13. Cross-section maps of different survey lines detected by the (a) ACS-based
helicopter TEM system and (b) the AcroTEM system.

‘The above figure illustrates that the anomaly shape and its location detected by the ACS-based
helicopter TEM system and AetoTEM system are nearly the same. The las three sampling channels
(i channels 15, 16, and 17) of these helicopter TEM systems are shown in the lower part of
Figure 13, given that the cross-sections of these channels can reflct the performance of system noise.
‘The noise of the helicopter TEM systems can reach 24 and +30 /s, respectively. This result shows.
the satisfactory performance of the designed ACS in accurately measuring the time-varying magnetic
field of a helicopter TEM system.

6. Conclusions and Prospects

For this study, an ACS with a differential structure was designed, built, and tested to reduce the
‘common-mode noise induced in helicopter TEM exploration surveys. The basic working principle and
physical structure of the air-core coil with a ring wooden frame is claborated, and a generalized
electrical model of it i introduced. The schematic diagram of an ACS with noise location is introduced
and analyzed correspondingly. To overcome the siringent performance requirements for helicopter
TEM exploration, the design and optimization procedures are theoretically described and simulated in
Matlab. The diameter and number of tums of the air-core coil as well as the operational amplifier of
the pre-amplifier were designed and optimized. Morcover, an example of the ACS was built and
tested. The mass, resultant effective area, 3 dB bandwidth, SNR, and normalized EIN were determined to
be 2.5 kg. 5.5 m (diameter is 0.5 m), 71 kHz, 20 (exciting field strength is 1 nT/s), and 5.43 nV/im?,
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respectvely. The conformity between the experimental and simulation results confirms. the
optimization theory. Finally a field experiment was performed with a fabricated sensor 1o show the
reiabilty of a helicopter TEM system based o the designed ACS.

Compared with other receiving sensors, the proposed ACS can have a smaller size, higher 3 dB
bandwidih, and lower input noise. All these properties are highly critical for helicopter TEM
exploration, paticulaly for it stringent performance requiremens. Accordingly. the specificatons of
the ACS can be changed in accordance with the requiremens of helicopter TEM exploration on the
basis of the described optimization procedures. In our future works, the noise sources of the ACS (e.£.
‘noise produced by atitude variations) for aeral light will be explored.
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A bird calibration deviee of Helicopter-borne TEM with concentric bucking loop
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Abstract The maltiple instrument calibrations of flying helicopter-borne_time domain
clectromsgneric method (HTEND e

iminate the covironmental time-varsing effect on the
system during flight, Using the bird calibration device to solse the problem that the wire-loop
method ca

achieve. e consider the bird model of H1

EM with the concentric bucking loop,
propose the bird device space models and the coil circuit models. snd analyze the tramsmitter
magnetic field distribution. the bucking loop's effect and the relationship. between it and the
receving cal. the space information of the calibration device and s signal detecting method.
Conelusions are s follows; (1) the bucking Ioop that losses 0. 899% of the transmitting area can
ncrease 44,5 dB of the signal dynamic range, (2) The caibration device i levely placed between

the bucking loop and the sransmitting cals, 1t has more turns and greater radius and it is closer

o the bucking loop. its signal response is stronger, (3) When the inductance of calibeation coil
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Rescarch on borchole-surface joint electrical double-parameter
‘monitoring for the hydraulic fracturing in oilficlds
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Abstract  Hydraulc fracturing is one of the most widely used and the most effctive methods in
EOR for old oililds and ity cilfield exploitation. So fracture
‘monitoring i critcal for ilfeld exploration and explotation. Tn terms of ow resistivity and high
polarizability of fracturing flids in strsta, this work adopts the joint method of borchole to
and induced polarization to monitor the hydravlic ractures in the ilfeld. Based
on the mirror principle. the abnormal potentials of conduet current and polarized current are

surface resit

computed for any geometry of fractures via threc-dimensional finite time diference. The fusion
‘abnormal of double parameters is derived through nomr-equal weight fusion to improve the abilicy
of anomaly identifcation. Simulations show the data fusion for double parameter clectrical
methods has the advantage of extracting anomalies. Based on the forward modeling. we
developed the borchole-surface joint electrical instrument for fracture moritoring with double
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Development of sensor used for grounded electrical source air-ground
transient electromagnetic detection
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Abstract: Based on onedimensionsl layer model. the signal charscteristcs of the detection with
probing depth of 1000 m were analyzed the forward modeling. Furthermore.  the basic
performance parameters of the receiver sensor were determined. The physical model of the sensor was.
bt the sensor frequency characterisics under different matching conditions and their impacts on
sensitvity were analyzed. On the basis of constructng the equivalent model of noise sources. the
variations o noise sources with frequeney characteristics were given. At the same time., the solution
0 nbibit high source impedance was given. An anomaly coil was used in field experiment in order 1o
test the output characterstc of the sensor. Experiment results agree with theoretical calculaion. and.
o charscteristic of the sensor can effectively meet the detection need.
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Abstract: M luric (MT). sounding requires s wide frequencyrange magnetic sensor to large depth

range detection. However, the voltage s ey .+ and the effective arca of the mag=

netic core because of skin effect when i at high Sov improving the.

apparent permeability and effective arca of the magnetic core i the main method 1o increase the sensitivity and expand
the frequency band of the sensor. In this study a magnetic core made of high resisance laminated magnetic metal
sheets is used and magnetic flux concentrators are added on both sides of the magnetic core, which increases the effec=
tive arca and apparent permeabiliy of the magnetc core, and eventually increases the sensitiity of the senvor, Calibra=
tion resuls indicat that the frequency range of the sensor is 0,001 Hz ~10 kHz and it sensitiviy is 0.24 V/ (uT + He)
bedow 1 Haz, and 0.75 V/aT above 1 Hz, which could meet the requirements of large depth range detection.
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