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Abstract

To help in the comparison of excitation sources for time-domain airborne electromagnetic
(TD-AEM) systems, we develop an heuristic model of the response of the ground, represented by
a conducting loop. For our comparison, our model includes the system waveforms. This model also
includes a reception interval for on-time measurements, allowing the simulation and analysis of
different electrical targets in both on-time and off-time. The results show that, for high-resistance
targets, the use of the rectangular pulse excitation has the greatest response intensity during the off-
time period, and for low-resistance targets, the use of the half-sine or the triangular pulse excitation
has a higher signal-to-noise ratio during the on-time period. Results also show the influence of the
pulse width on the response and may help in the selection of the pulse width while designing a

survey.
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1. Introduction

A TD-AEM system has the advantages of being fast, flexible, and efficient and has become a
popular system in mineral resources exploration [1-2]. The system is widely used in mineral
resources exploration, hydrogeological investigations, and for unexploded ordnance detection [3-
6]. A typical TD-AEM exploration system uses a transmitting coil to generate a pulsed magnetic

field (primary field), which generates eddy currents in the subsurface and then stimulates an
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inductive magnetic field (secondary field) (Figure 1). Finally, the system analyzes this secondary

field to determine the location of the underground ore.
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Fig.1. TD-AEM Operating Principle

At present, the time-domain electromagnetic (TDEM) transmitting waveform is mainly a
square wave, a trapezoidal wave, a half-sine wave, or a triangular wave, while the measurements
are principally observed in the absence of transmitting current (transmitting current I(t)=0), the so-
called off-time observation. However, one of the biggest drawbacks of off-time observation is that
due to the high time constant of a high-conductivity target, the eddy current decay is very slow,
resulting in a weak secondary field, while a high-conductivity target represents the most valuable
high-grade ore. Although the early GeoTech's VTEM system had a function for obtaining B
through the dB/dt integral to improve the sensitivity [7], the problem of the weak response for high-
conductivity targets has not been fundamentally solved.

Many of the international and recently-developed advanced AEM systems have an on-time
detection function, that is, the secondary field is collected during the transmitting current (I(t)=0).
Examples of these systems include CGG's GeoTEM and MegaTEM fixed-wing systems with a
half-sine current [8], Aeroquest's AeroTEM rotor system with a triangular wave [9], and GeoTech's

VTEM-Plus rotor system with an approximately trapezoidal wave [10]. Therefore, it is of great
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significance to study the principles that govern the on-time and off-time transient responses of
different excitation sources to obtain a suitable design and system optimization and to achieve
appropriate results. The present study focuses mainly on the influence of the excitation source on
the trapezoidal pulse source [11-14]. The impact of various excitation sources on the response,
especially the on-time detection, has not been reported in the literature.

Liu reported the response of the step, square wave, trapezoidal wave, triangular wave, and
half-sine wave during the off-time and the response model was the exponential attenuation of the
conductor loop in free space [15]. In this paper, the response of various excitation sources during
off-time are discussed more in-depth and the conducting loop model [16] is extended to the
response during the on-time period. On this basis, many important principles of on-time response
are revealed, which can provide theoretical guidance for future TD-AEM system calibration and

the design of systems with on-time measurement functions.

2. Typical Excitation Response

The TD-AEM system response model is shown in Fig. 2, where I(t) is the transmitting current,
i(t) is the conducting loop induced current, V(t) is the receiving coil response voltage, and R and L
are the loop resistance and inductance respectively. The waveform excitation response mentioned
below refers to the voltage response (dB/dt) captured by the receiver coil [16]. There are four
typical pulse excitation shapes, including rectangular, trapezoidal, triangular, and half-sine. In
order to facilitate a theoretical comparison, the step current is also discussed. In the following
discussion, the impulse response function of the system is derived for the response of the step
current. Subsequently, the impulse response function is convolved with each excitation source to
obtain the corresponding system response. The response of the ground is represented as an

electrical circuit, in the same way as Grant and West [17], shown on Figure 2.
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Fig.2. Free Space Loop Coil Response Model
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Fig.3. Typical Excitation Shape
The step current shown in Figure 3 (a) can be expressed as:

Laep(D=L,[ 1-u(1)] (1)

where o is the peak current and u(t) is the unit step function [14]. Based on the model shown in
Figure 2, the response of the step current is given as:

Vo (0 =25(0) ~ ¢ () 2)

where a=-Mt_M¢rlo/L, Mt is the mutual inductance of the transmitting coil and the free space loop

coil, M¢r is the mutual inductance of the free space loop coil and the receiving coil [14], and z=L/R
is the loop coil time constant.

V(t)=1(t)*h(t) 3)

The system impulse response can be obtained by substituting (1) and (2) into equation (3).

h(t) = —a5'(t) + gé(t) - %e"”u(t) 4)

When the input current is I(t), the corresponding system response is obtained as:

V(t) =—al'(t) +§ 1(t) - T%e-“f [ 1(a)eeda (5)
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The time domain of each excitation source in Figure 3 is expressed as follows:

Isquare (t) = U(t + A) - U(t) (6)
o 4dI(t)=i(t+A)u(t+A)—i(t+A—A)u(t+A—A)—i(t+A)u(t+A)+itu(t) (7)
pezoidal Al Al 1 1 Al 1 1 Al
. T . T
i sine () = st(t +A)u(t+A)+sin Xtu(t) (8)
2 4 A A, 2
Itriangular (t) = Z(t + A)U(t + A) _X(t + E)u(t + E) + Ztu(t) (9)

The equations (6) to (9) are substituted into the equation (5), and the full-time domain response

of each excitation source is obtained as follows:

Ve (1) = —2[S (L + A) = 5(t)] + B [e™u(t+A)-u(t) | (10)
T
Viraperoica (1) = —Ai e [e ™ ut+A)—e M u(t+A-A) —e M ult+A) +u(t) | (11)
1
1 A . Al N
Vha,f_sme(t)=%a (A )2 (cos%t—;sm%tj[u(MA)—u(t)]_%a e(mjz (e u(t+a)+u() ] 12)
1+ — 1+ ==
T A
Vo )= 58 Ut )20 L 5) ) (13

3. Receiver Response Signal During Off-Time

3.1 Initial Response Value

From the equations (2) and (10) to (13), the response of the receiving coil during the off-time
(t>0) is:

Vi, () =— 2" (14)
T
a —tlt f4—AlT
Vsquare (t) =—¢ (e _1) (15)
T
a _ T -Alt A AT
Vtrapezoidal (t) = _A_e v I:e & (1_e ol )+1_e Ml ] (16)

1
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7a e
Vi -sine (1) = __—g(e_Nr +1)
A
() an
A
Vtriangular (t) = _%et/r (1_ eiA/ZT )2 (18)

By calculating the limits for (14) - (18) respectively, the off-time initial response values are

obtained as follows:

+ : a
Vstep (O ) = Ilmvstep (t) = (19)
t—0 T
T a A
Vsquare (O ) = tlirpvsquare (t) = ; (e A _1) (20)
+ - a —Alt AT AT
Vtrapezoidal (O ) = IILI;Q \/trapezoidal (t) = _Kll:e (1_ € ) +1-e :I (2 1)
. za 1 _A/
] ) — ) __r=_ - T 1
Vhalf -sine (O ) tILrgthalf—sme (t) A (71’2' jZ (e + ) (22)
1+ —
A
. . 2a _A/27\2
Vtriangular (0 ) = llirpvtriangular (t) = _X(l_ € Az ) (23)
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Fig.4. Initial Value of Off-Time Response
By normalizing (19) - (23) on -a/A, the off-time initial response value varies with /A as shown
in Figure 4, where the ratio of the edge width and the pulse width of Trapezoidal 1 and Trapezoidal

2 are 0.1 and 0.2 respectively.
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3.2 Discussion of the Initial Response Value

It can be seen from Fig. 4 that the initial value of the response signal is affected by t/A. The
influences of various values for t/A are discussed in the flowing section.

When t/A is small:

(D When 1/A<0.1, the initial values of the step excitation and the square wave excitation tend
to be identical and the initial response value is inversely proportional to t/A. Therefore, in the off-
time period, for low-conductivity targets, the excitation effect of the square wave is the same as the
excitation effect of the step wave, and its value is the highest for all the responses.

(2) The excitation responses of the trapezoidal, half-sine, and triangular excitations are close
to their respective limits when t/A is small, that is, the initial response of the three excitation sources

is independent of ©/A. Normalized limit of (21) - (23) can be obtained as:

Voo (0°
e T (24)
1
- Vhalf -sine (O+)
s | " (25)
- Vtriangular (0+)
A ara |2 (26)

As can be seen from (24), when A is constant, the smaller the edge time A; of the trapezoidal
wave, the stronger the response signal is. As can be seen from (25) - (26), the initial value of the
half-sine is /2 times the initial value of the triangular wave but it is far less than the trapezoidal
wave response.

When t/A is large:

(D When 1/A>1.0, the response amplitude of the step excitation results in a first-order decrease,
and the response amplitude of the other pulse excitation results in a second-order decrease. The
results show that, when detecting high-conductivity targets during off-time, the response amplitude
of the trapezoidal, triangular, and half-sine waves are relatively small. If the response amplitude
has to be increased, the excitation amplitude has to increase or the frequency of the excitation
source has to be reduced. When the frequency is reduced by half, the signal amplitude becomes 4-
fold.
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2 When 1/A>1.0, the response curves are parallel to each other, that is, the response ratio of

the various pulse excitation waves is constant when t/A is large. When using the square wave signal

as a reference, the ratios of (20) - (23) to the reference are as follows:

Vtrapezoidal (0+) — lim T 1- eiAl/T + e”/A (1— eAl/T) -1 ﬁ (27)
#la-0 Vsquare (0+) #/A-0 Al 1_eif/A A

Vioar-sine (07)| ar l+e™” 1 2
80| Vo (07) T a0l A l+[m jZ 1—e | 5 (28)

A
_A2e\2 |

Vtriangular (O+) . 2t (1—9 Az ) 1

| im | =5 (29)
A0 Ve (07) | <asof A 1—e™" 2

The following is a further discussion of the physical meanings of these ratios. When t>0, A/

T —0, the system's response (5) is simplified as:
__i —t/r 0
V) =-—e Lgumz (30)

where the integral term is the area surrounded by the excitation waveform and the time axis.
It can be seen that the initial value of the off-time response is proportional to the area enclosed by
the excitation waveform and the time axis when t/A is large. The equations (27) - (29) represent
this principle and the results show that by increasing the area enclosed by the excitation waveform
and the time axis of the area, the initial response value can be improved. In other words, it is shown
that increasing the amplitude and decreasing the frequency increases the signal amplitude.

(3 When the edge of the trapezoidal wave is steep, the signal increases slightly due to the
increase in the area enclosed by the time axis but in general, the edge time is negligible compared
to the time of the whole pulse, that is, 1-A1/ A =1; Therefore, even if the edge is very steep, the
response signal will not change much.

(@ When 1/A=0.4, the half-sine and triangular waves achieve the best excitation effects (closest
to the step response); Therefore, the optimal frequency should be selected when detecting a target
with different conductivities. The optimal excitation pulse width of the trapezoidal wave is related

to the edge; the steeper the edge, the smaller the ratio of the time constant to the optimal pulse
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width is. The square excitation waveform does not result in the optimal pulse width; the greater the

pulse width, the closer the response amplitude to the step signal is.

4. Receiver Response Signal during On-Time

From the above discussion, it is evident that the decrease in conductivity causes the time
constant of the target to decrease and the inductive signal is rapidly attenuated during the off-time.
Therefore, these excitation sources are very efficient for measuring low-conductivity targets but
are not ideal for high-conductivity targets. The main reason is that if the target conductivity is high,
the eddy currents generated by the front edge of the excitation waveform in the target body and the
eddy currents generated at the trailing edge of the excitation waveform cancel each other out,
resulting in a significant reduction in the off-time response. Additionally, by increasing the
compensation coil can reduce the dynamic range of the receiving circuit requirements, so that
capture on-time signal becomes feasible [10]. Therefore, it is necessary to study the characteristics

of the on-time response.

4.1 Definition of the On-Time Receiving Interval

By normalizing the amplitude of (10) - (13) on -a/A and normalizing the time t on pulse width
A, the time domain responses of various excitation waveforms are obtained as shown in Figure 5,
where the loop time constant =A and the trapezoidal wave A1/A=0.05.

As shown in Figure 5, the response of the square excitation decays exponentially over the
entire on-time period and the definition of the on-time signal reception interval is (-A, 0). The
trapezoidal excitation response changes drastically at the rising and falling edges and the response
amplitude is high. The trapezoidal excitation edge time is very short, during which the received
signal is affected by the coil transition process and an accurate secondary field signal cannot be
obtained. Therefore, the on-time acquisition region of the trapezoidal excitation response is defined
as (-A+Ag, -A1). The half-sine excitation response does not mutate during the on-time period,
therefore, the on-time signal acquisition interval of the half-sine excitation response is defined as
(-A, 0). The triangular excitation response has one mutation in the on-time interval and the
amplitude increases with the mutation; therefore, the on-time signal acquisition interval of the

triangular excitation is set to (-A/2, 0).
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Fig.5. Pulse Responses of Different Excitations in the Time Domain, Where Part A Is Square

Excitation Response, Part B Is Trapezoidal Excitation Response, Part C Is Triangular Excitation

Response, and Part D Is Half-Sine Excitation Response.

4.2 On-Time Initial Response Value

According to (10) to (13), the response of each excitation waveform in the on-time acquisition

interval is as follows:

Vsquare (t) = ;ei(HA)/T ) (_A <t< O)

V. a

t
1

1 A .
Vhalf-sine(t)zia (coszt——sm t

A nT

A 2
1+[Aj
T

V,

triangular A

rapezoidal (t) = _Ze_(H—A)/T (1— eAllr): (_A + Al <t< —Al)

o ()i

(-A<t<0)

W)

(t) _ ée—(HA)/r (ZeA/21 _1)‘ (—A /2<t< 0)

(31)

(32)

(33)

(34)

Then, the initial values of the different excitation responses are obtained as:
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Ve (-A) = limV, . (1) = 2 (35)
t—>-A T

square

. a AT
Vtrapezoidal (_A + Al) = t—!!mA Vtrapezoidal (t) = K (1_ € Ml ) (36)
* 1
. ra
Viait -sine (—A) = tILrPAVhan e (1) = _K (37)
Vo (A= lim V.. () =22 (2—e 38
Irlangular( ) tJ—A/Z Irlangular( ) A ( )

By normalizing (35) - (38) on -a&/A, the on-time initial response value varies with 7/A as shown
in Figure 6, where the ratio of the edge width and the pulse width of Trapezoidal 1 and Trapezoidal

2 are 0.1 and 0.2, respectively.

10
) ————tiax e
[<5]
(2]
c
o e o I I T P e ey e e S N T T N R
o
[72]
[5]
o
D 1
N
=
IS
P
o
zZ
N
0.4 N
—— Square response \\
-+++ Trapezoidal response 1 \
. ‘&
Trapezoidal response 2 .
- - Half-sine response ‘\\
Trianguler response N
I .
0.01
0.01 0.1 1 10 100
T/A

Fig.6. Initial Value of On-Time Response

4.3 Discussion of the on-Time Initial Response Value

(1) When t/A is small (7/A<0.1), the response amplitude of the square excitation is largest and
the response amplitude of the trapezoidal excitation is smaller than that of the square excitation but
greater than that of the triangular excitation and the half-sine excitation.

The responses of the trapezoidal excitation, triangular excitation, and half-sine excitation tend
to be constant and do not change with the time constant. The response amplitude of the trapezoidal

excitation increases with an increase in the slope of the rising edge.
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By comparing (20) - (21) with (35) - (36), it can be found that in the low-conductivity region,
the off-time response of the trapezoidal wave excitation is the same as the on-time response
amplitude; however, the on-time acquisition requires the elimination of the first field and the on-
time acquisition noise is greater than the off-time acquisition noise [9]. Therefore, the square
excitation and the trapezoidal excitation are not suitable for on-time signal acquisition.

(2) When /A is large (t/A>1), the trapezoidal excitation response and the square excitation
response are less than the triangular excitation response and the half-sine excitation response. The
square excitation response and the trapezoidal excitation response decrease with the time constant.
It can be seen that the responses of the trapezoidal and the square excitation will decrease with an
increase in the conductivity during on-time; therefore, the trapezoidal and square excitation sources
are not suitable for detecting high-conductivity targets.

The amplitude of the half-sine excitation response remains constant regardless of the time
constant. When t/A>1, the response amplitude of the triangular excitation gradually decreases to
half the amplitude of the low conductivity and remains constant. Therefore, the triangular and half-
sine on-time signals can detect low-conductivity targets. The advantage of a half-sine wave is that
it is easy to obtain a large peak magnetic moment for deep detection. The advantage of the
triangular wave is that the primary field response is simple and is suitable for shallow low-
resistance detection as well as early signal acquisition and processing. In addition, since the
excitation responses of the triangular wave and the half-sine wave are less affected by the value of
T, the excitation source frequency can be appropriately increased to increase the number of signal

superimpositions, thereby improving the signal-to-noise ratio and the spatial resolution.

5. On-Time and Off-Time Full Response Comparison

In the above section, the principle of the initial response values during on-time and off-time
has been discussed respectively. However, the principle of the whole time-domain response has
not be fully revealed yet. In this section, three more examples are taken, which are the triangular
excitation used by AeroTEM, the half-sine excitation used by MegaTEM, and the trapezoidal
excitation used by VTEM. Through average samples in various periods over off-time and on-time,
multi-channel responses normalized on -a/A are obtained and analyzed.

Figure 7 and Figure 8 are the curves of the normalized response of the triangular and half sine
energies with t/A. It can be seen from the figures that the on-time response of the triangular and
half-sine excitation on high conductivity orebodies is much greater than that of the off-time,

however the on-time response of the triangular and half-sine excitation on the low conductivity
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orebodies is almost the same as the off-time response. When detecting high conductivity target
bodies, the response of the triangular excitation tends to a same constant value at different channels,
while the response of the half-sine excitation tends to be different, especially that responses near
the start and end positions of the excitation waveform are high. By comparing Figure 9 (a) and
Figure 9 (b), it can be found that response of the on-time trapezoidal wave excitation is almost the
same as the off-time one, regardless of the ore’s conductivity is high or low. The above principles
are consistent with the results in [18] using the uniform half-space model. Moreover, the on-time
response in Figure 7 is consistent with the experimental data in [19].

According to the above analysis, it can be proved that the free space loop coil model can reflect
the response of on-time period. Considering that the airborne TDEM noise during the on-time is
much higher than off-time, the use of off-time acquisition in the detection of low-conductivity ore
bodies can get a higher signal-to-noise ratio. The on-time responses of half-sine and triangular
excitation are sensitive to high t/A ore body, so a high response signal can be obtained by reducing
the pulse width A. A low A means a high excitation frequency, and a high frequency also means an
increase in the number of receiving signal overlaps, which is much beneficial for noise reducing,

ratio improving, and exploration deepening.
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Where, A: Off-Time Response, B: On-Time Response
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Conclusions

The response principle given by the free space conductive loop coil model has a simple
mathematical expression, which easily reveals the characteristics of the off-time and on-time

responses of different excitation waveforms. The conclusions provide general and significant

guiding principles.

The square excitation and the trapezoidal excitation are suitable for off-time acquisition and
are not suitable for on-time acquisition. In the low-conductivity region, the on-time responses of

the square excitation and trapezoidal excitation are comparable to the off-time response amplitude
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but the on-time acquisition noise is greater than the off-time acquisition noise; therefore, a higher
signal-to-noise ratio can be obtained for the off-time acquisition.

Ground-based TDEM systems typically use square wave or trapezoidal wave excitation for
detection but in high-conductivity regions, the on-time and off-time signals will decrease with an
increase in the conductivity; therefore, the detection capability for high-conductivity targets and
the resolution will decrease.

The half-sine excitation and triangular excitation are suitable for on-time acquisition. In the
high-conductivity region, the response amplitude of the triangular excitation and the half-sine
excitation hardly decreases with an increase in the conductivity; therefore, the high-conductivity
target can be detected and the target’s resolution can be improved. In addition, by improving the
transmitting magnetic moment, a strong off-time signal can be obtained and the off-time response
signal-to-noise ratio and detection depth can be improved.

In the off-time, the trapezoidal, triangular, and half-sine excitations have the optimal pulse
width, that is, when ©/A=0.4, the system can obtain the optimal response signal. Therefore, for
targets with different conductivity, the best excitation source frequency needs to be chosen for the
measurements. The square excitation does not have the best pulse width and the greater the pulse
width, the greater the signal amplitude is. In the on-time, since the response amplitude of the half-
sine excitation and the triangular excitation is not related to the target’s conductivity, the frequency
of the excitation source can be increased to increase the number of signal superposition times, thus
improving the signal-to-noise ratio and the spatial resolution of the system.
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