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ABSTRACT
In near-surface transient electromagnetic studies, it is desirable to measure the tran-
sient response starting from the earliest possible time. This requires the current in the
transmitter loop to be switched off quickly, which necessitates working with a low
transmitter current. As for deep-target transient electromagnetic studies, the trans-
mitter current is as high as possible. The transmitter current’s turn-off waveform and
total duration affect the transient voltage response, especially at early times, which is
to be accounted for when interpreting transient electromagnetic data. This article dis-
cusses the difference in switching off low and high current in a horizontal loop used as
the source of the primary magnetic field in the transient electromagnetic method. Low
and high currents are turned off in fundamentally different ways. When the current to
be switched off is low, the loop can be represented as a symmetric combination of two
transmission lines grounded at the middle of the loop perimeter. Such a representation
of a loop allows calculating the current turn-off waveform at any point of the loop.
The waveform and total duration of switching off a low current does not depend on
its magnitude, but is determined by the period of natural oscillations of the current
in the loop and the resistance of a shunting resistor. Switching off a low current in a
loop can be represented as the sum of stepped current waves travelling along the loop
wire. As a consequence, the current at different points of the loop perimeter is turned
off at different times. In contrast to a low current, a high current is switched off
linearly in time and synchronously at all points of the loop perimeter. The wave phe-
nomena appear only at the very beginning of the current shutdown for a time interval
that is much less than the total current turn-off duration. Presentation of the loop
using a simple lumped-circuit model predicts the waveform and duration of the high
current turn-off that coincide with the measured ones. There are two reasons why
the article may be of interest to those engaged in the theory and/or practice of elec-
tromagnetic geophysical methods. First, it contributes to a general understanding of
how the current in the transmitter loop is turned off. Second, the article shows how
the parameters of a transmitter loop determine the current turn-off duration and thus
the minimum depth of the transient electromagnetic sounding method.
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1 INTRODUCTION

In the transient electromagnetic (TEM) sounding method, a
horizontal wire loop is usually used to produce the primary
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magnetic field. The duration (toff) and waveform of the trans-
mitter current turn-off affects the early-time TEM response.
According to Christiansen, Auken and Viezzoli (2011), the
duration of current turn-off affects the transient response for
two reasons. First, the induction currents in the earth depend
on the duration of the transmitter current shutdown. Second,
the time interval between the end of the transmitter current
shutdown and of the earliest measurement time changes de-
pending on the duration of the current shutdown. Most of-
ten, when accounting for these effects, one assumes that the
transmitter current is turned off linearly with time (Sokolov,
Tabarovsky and Rabinovich 1978; Raiche 1984; Asten 1987;
Fitterman and Anderson 1987; Christiansen et al. 2011). In
geophysical literature, transmitter and receiver loops are usu-
ally represented as an equivalent lumped circuit (Vishnyakov
and Vishnyakova 1974; Zakharkin 1981; Fu, Zhou and Tai
2007; Schamper, Auken and Sørensen 2014; Wang et al. 2016;
Sternberg, Dvorak and Feng 2017; Liu et al. 2019). Individual
elements of lumped systems are thought of being concentrated
at singular points in space. So the dependent variables of in-
terest depend only on time. In general, this will mean solving
a set of ordinary differential equations. A classic example is
an electrical circuit having passive elements such as resistor,
inductor and capacitor.

To induce transient eddy currents in the ground, a trans-
mitter unit generates in the loop rectangular current pulses
separated by pauses. In order to protect electronic switches
from overvoltage, a transient voltage suppressor (TVS) device
is connected in parallel to the loop, limiting, or clamping, the
voltage across the loop (Ferreira et al. 2004; Zhao et al. 2013;
Zhang et al. 2014).

Typically, the clamping voltage (Vc) is in the order of
hundreds of volts or more. On the one hand, constant voltage
clamping protects electronic switches from irreversible break-
down, on the other hand, it increases the duration of the
transmitter current turn-off, the earliest measurement time
and, accordingly, the minimum TEM sounding depth. Be-
cause of this, in near-surface TEM studies, the earliest part of
the TEM response is measured at low transmitter current. In
this case, the amplitude of the voltage surge across the loop
terminals does not exceed Vc, and the loop exhibits proper-
ties characteristic of a distributed system (Kozhevnikov 2016).
Unlike lumped systems, distributed systems are built based on
the assumption of being distributed in space. Therefore, the
physical quantities depend both on time and on space. In this
case, we will be solving partial differential equations.

In this regard, it is interesting to compare turn-offs of
high and low current in the transmitter loop. In this paper,

we first present experimental data illustrating how a large
current is turned off in a 300 m by 300 m loop. Then, we show
that presentation of the loop as an equivalent lumped circuit
accounts for the measured high current turn-offs. After this,
we discuss high and low current turn-off waveforms measured
at different points of the 500 m by 500 m loop perimeter.
Next, we consider the representation of a loop as a symmetric
combination of two transmission lines and show that such a
model explains the low current turn-offs. In conclusion, we
discuss and give a summary of the main results of our research.

2 INSTRUMENTATION AND METHODS

Measurements the results of which are presented and dis-
cussed in the article, were performed using FastSnap equip-
ment (Sharlov et al. 2017a; http://fastsnap.com.au/) consisting
of the transmitter and receiver units. The transmitter unit is
essentially a full-bridge converter, consisting of insulated-gate
bipolar transistors and a constant voltage-clamping circuit.
The transmitter unit is powered from a battery and gener-
ates bipolar rectangular current pulses separated by pauses.
Depending on the transient electromagnetic (TEM) response
decay rate, the duration of the pulses and pauses is 20 to
1000 milliseconds; the amplitude (I0) of current pulses ranges
from fractions of an ampere to 30 amperes. In the case of
purely resistive load, the current turn-off time does not ex-
ceed 0.6 μs. The FastSnap transmitter unit clamps the voltage
across the loop at about 500 volts with 1.5KE avalanche Tran-
sil diodes, the instantaneous response of which makes them
particularly suited to protect voltage-sensitive devices.

The receiver unit records the TEM voltage response at a
sampling interval of 25 ns to 205 μs.

The transient electromotive force (EMF) induced in the
receiving loop is fed to the input of the amplifier with a gain
from 1 to 280. The output voltage of the amplifier is digitized
by 14-bit or 24-bit analog-to-digital converter (ADC) (de-
pending on sampling rate). The maximum number of samples
in one record is 14,000. Each record is saved in the long-
term memory of the computer, which enables further digital
processing of the TEM data.

The TEM response curve is measured in separate over-
lapping segments with parameters optimized for each stage of
the TEM response. At early times, the measurement is carried
out at low transmitter current, small gain and high sampling
frequency. The later segments of the TEM voltage response
are recorded at a higher transmitter current and/or a larger
gain, and a lower sampling frequency. Each portion of the
TEM signal is recorded repeatedly, after which the individual
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records are stacked. When measuring later parts of the TEM
response, the number of individual records increases. At the
final stage, all segments are combined into the resulting TEM
voltage response curve. Usually, the number of segments is in
the range of 5–10.

To further enhance S/N ratio, digital filtering procedures
can be used at different stages of the signal processing. Raw
time-series data can be filtered before averaging, while av-
eraged data can be filtered afterwards with other settings.
Before the assembly of separate records into a final TEM volt-
age curve, linear sampling is interpolated to the logarithmic
scale. Filtering is not mandatory and is applied only when
necessary to remove noise of specific types. In most cases,
the full dynamic range of the final voltage response is about
140 dB, which allows measuring the voltage ranging from
several volts to about one tenth of a microvolt.

The transmitter and receiver units are connected to a con-
trol PC (a laptop) via a digital communication line adapter and
transmission lines that may reach 400 m long. The transmitter
and receiver units are synchronized internally (GPS antenna)
or externally (cables). The transmitter is managed either man-
ually by a built-in control panel or automatically by a program
run on the control PC. A built-in GPS indicates longitude, lat-
itude and altitude.

To study the current turn-off, we used the FastSnap mea-
suring unit as a precise digital oscilloscope to record the volt-
age across a shunt resistor that was connected serially with
the loop wire. The current was calculated as V(t)/Rsh. To es-
timate the retardation (lag) in the current turn-off, we placed
the shunt resistor at various points on the loop perimeter P. If
we take one of the loop terminals as the reference point, and
the distance from this terminal along the wire as the x coordi-
nate, the x coordinate of the other terminal corresponds to P.
Usually, the current turn-off was recorded at x = 0, P/4, and
P/2. Figure 1(a) illustrates the general measurement set-up,
and Fig. 1(b) shows the shunt resistor placed in the central
point of the loop perimeter (x = P/2).

3 HIGH CURRENT SWITCH-OFF AND
EQUIVALE N T L UMPE D- C I R C UI T MODEL

Figure 2 shows the measured turn-off waveforms of a high
current in a 300 m by 300 m loop. The measurements were
carried out in the spring of 2017 on the ice cover of Lake
Baikal as a part of an experiment to study the intrinsic tran-
sient response of the FastSnap measuring system (Sharlov,
Kozhevnikov and Sharlov 2017b). A current shunt with resis-
tance Rsh = 0.003 ohm was placed at the midpoint of the loop

Figure 1 Field set-up for measuring current’s turn-off in a loop: (a)
general view; (b) a shunt resistor placed in the middle point of the
loop perimeter. FastSnap units: Tr, transmitter; Rc, receiver. Receiver
unit records the voltage V(t) across points 1 and 2, after which the
current I(t) is calculated as V(t)/Rsh.

perimeter. As evident from Fig. 2, the current decays linearly
with time; only at the earliest times one can see some retar-
dation effects which, as we show in this paper, are due to the
fact that a loop is essentially a distributed circuit.

Figure 3 displays the plot of current turn-off duration
versus the amplitude of current pulses in the 300 m by 300 m
transmitter loop. Small crosses indicate the measured data,
the solid line is the calculated regression line, and the dotted
line is the extrapolation of the regression line to the region of

Figure 2 High current turn-offs in the 300 m by 300 m transmitter
loop.
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Figure 3 Relationship between the current pulse amplitude (I0) and
duration of the current turn-off (toff) for the 300 m by 300 m trans-
mitter loop. Small crosses represent the experimental data. The solid
line is the linear regression plot; its extrapolation to the region of high
and low currents is shown as a dashed line.

higher (I0 > 23 А) and lower (I0 < 5 А) currents. According
to Fig. 3, the current turn-off duration (in μs) in the 300 m by
300 m transmitter loop can be estimated using the formula:

toff = 5.6 I0. (1)

In Fig. 4, the transmitter loop is represented as an equiv-
alent circuit with lumped inductance L0, capacitance C0 and
resistance R0. The battery and the switch are connected in se-

Figure 4 Presentation of the transmitter loop as an equivalent lumped
circuit. The voltage source and the switch are connected in series with
the loop. To limit the surge voltage induced across the loop during the
current turn-off, the loop is shunted by a transient voltage suppressor
(TVS) device.

ries with the circuit. Upon closing the switch, after some time
the steady current I0 = V0/R0 will flow through the loop. At
the instant the switch is opened, a voltage surge arises across
the loop terminals (points 1 and 2 in Fig. 4). If its ampli-
tude, Vmax, does not exceed the switch failure, or irreversible
breakdown voltage Vbd (such as one at which the switch is
damaged), then (Ott 2009, p. 320)

Vmax = I0

√
L0/C0. (2)

When the transmitter current is high and/or the loop in-
ductance is large, Vmax can exceed Vbd, and the failure of the
switch will occur. As mentioned above, the loop is usually
shunted by a TVS device clamping the voltage across the loop
at the constant value Vc < Vbd and thus protecting the switch
from the failure. In this case, the voltage across the loop very
quickly rises to Vc, after which it remains equal to Vc until
the current is turned off. Since during this time the loop ca-
pacitance C0 is shunted by very low dynamic resistance of the
TVS device, the current switching-off obeys the equation:

L0
dI
dt

+ I R0 = Vc. (3)

Since usually L0(dI/dt) >> IR0,

L0
dI
dt

= Vc, (4)

whence it follows that

dI
dt

= Vc

L0
. (5)

Thus, the current’s decay rate is constant and equal to
Vc/L0, which means that the current turns off linearly with
time. Because of this, (5) can be written as

I0

toff
= Vc

L0
, (6)

whence

toff = I0
L0

Vc
. (7)

The inductance of the 300 m by 300 m loop, measured
by an LCR meter, is 2.86 mH. Substituting in (7) Vc =
500 volts, and L0 = 2.86 × 10−3Н for different I0 values indi-
cates that calculated turn-off durations differ, on the average,
from the measured ones by about 8.5%. This means that an
equivalent lumped circuit reasonably accounts for turning off
high current in the transmitter loop.
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4 HOW LOW AND HIGH CURRENT
TURN-OFFS DIFFER

In near-surface transient electromagnetic (TEM) studies, it
is desirable to take measurements starting from the earliest
possible time, which entails the need to work with a low
current in the transmitter loop. In this case, the voltage surge
across the loop does not reach Vc, and the current switch-off
differs from that considered above.

The distinction between the switching off of low and
high currents is illustrated by the current turn-off waveforms
measured at different points of the 500 m by 500 m loop
perimeter. The measurements were carried out in the Olkhon
region on the western shore of Lake Baikal. Current turn-
off waveforms were studied by recording the voltage across
a 0.075 ohm shunt resistor connected serially with the loop
wire at x = 0, P/4, and P/2. Disconnecting the loop from
the battery may result in high-frequency current oscillation
(oscillation mode). Because of this, the loop is usually shunted
by a resistor the resistance of which enables optimal oscillation
damping (matching mode). In the case under consideration,
the loop was shunted by a 500 ohm resistor. Figure 5 displays
turn-off waveforms for low (0.75 A) and high (9 A) currents.
The current turn-off waveforms and the total current turn-
off durations for high and low currents are fundamentally
different.

The low current turn-off waveforms bear no resem-
blance to a ramp function and depend on the location of the
measuring current shunt. Not counting some ‘second-order’
features, the waveforms of low current’s turn-off can be
represented as a sum of delayed step functions. This is
especially evident in Fig. 5(b), where both time and current
scales are adjusted to show the details of the low current
turn-off. Although the turn-off waveforms differ depending
on the position of the measurement point along the loop
perimeter, one can determine the total off time as such after
that the current becomes close to zero at all points of the loop
perimeter.

As for the high current (see Fig. 5a), by and large it
decreases linearly and synchronously with time at all points
of the loop perimeter; delay effects are noticeable only at
the beginning of the current shutdown. The time interval
during which the delay is observed is about 15 μs, while
the total duration of the current shutdown is about 100
μs. Because of this, it is reasonable to assume that once
the current is switched off, the after-effect of the retarda-
tion does not contribute significantly to the overall TEM
response.

Figure 5 Current turn-off waveforms recorded at different points of
the 500 m by 500 m loop perimeter. (a) High (9 A) and low (0.75 A)
current turn-offs. (b) Detailed picture of the low current switching
off. At t0, the transmitter disconnects the loop from the battery.

Figure 6 shows low and high current turn-off waveforms
for the midpoint of the loop perimeter (x = 1000 m). As it
is easy to see, turning off a large current involves two stages.
First, during the time interval from t0 to about 25 μs, delay
effects are observed. Over this interval, which equals the turn-
off time of the small current, the high current decreases from
9 A to 7.35 A, and the time dependence of the high current
decay is exactly the same as of the low current. At t > 25 μs,
the high current is switched off linearly.

Along with experimental current turn-off waveforms,
Fig. 6 displays the calculated regression line for the high cur-
rent turn-off over the time interval from t0 to 100 μs (coef-
ficient of determination R2 = 0.99). As estimated from the
linear fitting plot, the total turn-off time is about 95 μs. The
inductance of the 500 m by 500 m loop measured with an
LCR meter is 5 mH. Substitution in (7) Vc = 500 volts, L =
5 × 10−3 H, I0 = 9 A gives toff = 90 μs, which agrees well
with the measurement (see Fig. 5a) and linear fitting results
and indicates, once again, that in simulating the shutdown of
the high current the loop can be considered as a circuit with
lumped elements.
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Figure 6 Low and high current turn-off waveforms for the midpoint
of the loop perimeter (x = 1000 m) and a linear graph fitting the high
current turn-off over the time interval from t0 to 100 μs (coefficient
of determination R2 = 0.99).

Figure 7 demonstrates switch-off waveforms of the 0.2 A
(top) and 0.75 A (bottom) currents for x = 0, 500 and 1000 m.
The dot marks the instant when the loop is disconnected from
the battery. It can be seen that for fixed x, turn-off waveforms
of 0.2 A and 0.75 A current are similar.

In Fig. 8, the solid line shows the 0.2 A current turn-off
waveform, and the small crosses show the turn-off waveform
of the 0.75 A current. When plotting graphs for the 0.2 A
current, the current values were multiplied by 3.75 = 0.75
A/0.2 A, so that the graphs for both currents are shown at
the same vertical scale. In this case, it is clearly seen that the
turn-off waveforms of the 0.2A current are identical to those
of the 0.75 A current. Thus, if the transmitter current does not
exceed that at which the voltage surge across the loop reaches
Vc, the shape and duration of the turn-off do not depend on
the current magnitude.

5 TRANSMISS I ON L I N E MODE L

The above presentation of the loop as an equivalent lumped
circuit (see Fig. 4) does not explain switching off a low current.
Recall that when a low current is turned off, the amplitude
of the voltage surge across the loop is less than Vc; therefore,
the clamping device does not affect the current shutdown. Ex-
perimental data have indicated that in this case the loop ex-
hibits properties typical of a transmission line (Kozhevnikov
and Nikiforov 1998; Kozhevnikov and Nikiforov 2000;
Helwig and Kozhevnikov 2003; Kozhevnikov 2006, 2009).
These data can be summarized as follows:

1. The input impedance of a loop depends on frequency in
the same way as the input impedance of a transmission line
shorted at the output.
2. In an open loop, switch-off gives rise to standing current
and voltage waves.
3. When the loop is shunted by a resistor with a resistance
that minimizes high-frequency current oscillations (matching
mode), one can clearly see a delay, or retardation in the step-
wise current turn-off relative to the time instant of disconnect-
ing the loop from the battery.

It may seem that a transmission line has little in common
with a transmitter loop. However, due to its symmetry, the
loop can be represented by a combination of two identical
transmission lines. The lines are formed by the loop wire and
the underlying ground and are grounded at the point where
the lines’ outputs meet. The current or voltage source can also
be represented as a combination of two identical sources with
the common point grounded.

Figure 9(a) shows a square loop, a battery with the
voltage V0 and a switch. The length of the wire form-
ing the loop is equal to P. When the switch is closed, the
steady current (I0) flows in the loop. A matching resistor,
R1, is connected across the loop. At time t = 0, the switch
opens, and the current supplied from the battery becomes
zero.

In Fig. 9(b), the same loop is shown as a combination of
two transmission lines. A battery with voltage V0/2, a resistor
with resistance R1/2 and a switch are connected to the input
of each line. At t = 0, each switch disconnects ‘its] line from
‘its’ battery. Since, due to the symmetry of the loop, points
O and P/2 have the same potential, they can be grounded,
which would not affect the voltage and current distribution
along the loop. Therefore, the calculation of switching off the
current in the loop can be reduced to the calculation of the
current turn-off in a transmission line having length of l = P/2
and shorted at its output (Fig. 9c).

Unlike the lumped circuit, the transmission line is de-
scribed by distributed (per-unit-length) parameters, namely,
resistance (R), inductance (L), capacitance (C) and insulation
conductance (G). Per-unit-length resistance and inductance of
an actual transmission line are time and frequency dependent.
The current I(t, x) in the transmission lines after the loop
has been switched off obeys the equation (Kozhevnikov 2006,
2009):

∂2 I
∂t2

− 1
LC

∂2 I
∂x2

+ 1
L

∫ t

0
R(τ )

∂ I(t − τ )
∂t

dτ = 0. (8)

C© 2020 European Association of Geoscientists & Engineers, Geophysical Prospecting, 68, 1676–1688



1682 N.O. Kozhevnikov, M.V. Sharlov and S.M. Stefanenko

Figure 7 Switch-off waveforms of 0.2 A (a) and 0.75 A (b) currents at different points of the 500 m by 500 m loop perimeter.

Solving (8) is a tough problem in a general case. How-
ever, even presentation of the loop as a combination of two
lossless, or ‘ideal’ transmission lines the parameters of which
do not depend on the time or frequency clearly illustrates the
difference between turning off low and high currents. For a

lossless transmission line, equation (8) reduces to the simple
wave equation:

∂2 I
∂t2

− 1
LC

∂2 I
∂x2

= 0. (9)

Figure 8 Turn-off waveforms of the 0.2 A (small crosses) and 0.75 A (solid line) currents. When plotting graphs for 0.2 A current, current’s
values were multiplied by 3.75. An inverted triangle marks the instant of time when the transmitter disconnects the loop from the battery.
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Figure 9 Transmitter loop, battery, switch and matching resistor R1 (a); same loop, battery and matching resistor presented as two identical
transmission lines A and B, two batteries and two resistors (b); line A grounded at the output.

An illustrative picture of turning off the current is given
by solving equation (9) using a technique that allows one
to ‘see’ how the current in an ideal loop is switching off
at various points of the loop perimeter after disconnecting
the battery from the loop’s terminals (Peterson, Gregory, and
Durgin 2009; Kozhevnikov 2009, 2016). This technique is
used to present the current switching off as a superposition
of current waves travelling in opposite directions along trans-
mission lines formed by the loop wire and the ground.

First consider switching off the steady current I0 in a
non-shunted (R1 = �) loop. When the switch disconnects the
loop from the battery, at the input of each line there appears
a step-like current wave. In the case being considered (R1

= �), the direction, or polarity, of the current forming the
step-like wave is opposite to that of the steady current which
was flowing in the loop before the switch has been opened,
and the amplitude of this negative current step is equal to I0

(Fig. 10a).
The waves are travelling to the point x = P/2. When

they reach this point, which has zero potential and therefore
can be considered as grounded, the reflected waves arise here
that are travelling back to the loop’s terminals. Thus, the to-

tal current in each line is the sum of the steady current and
the two current waves: the first wave is travelling from the
terminal towards the central point of the loop perimeter, the
second wave—from this point back to the terminal. When
the reflected waves reach loop terminals, they are again re-
flected, since the transmission line is open at x = 0 and x =
P (R1 in Fig. 9a and, therefore, R1/2 in Figs 9b and 9c are
equal to infinity). From this point on, the current distribution
along each of the lines is the sum of three travelling waves and
the steady-state current. Later, new reflections occur, and the
superposition of waves travelling in both directions manifests
itself as a standing wave with period T. In a lossless line, this
process would continue perpetually.

The ‘snapshots’ of the current distribution I(x) along the
perimeter of a lossless loop at fixed times (Fig. 10a) and I(t)
waveforms at fixed points of the loop perimeter (Fig. 10b)
indicate that the closer the observation point is to the centre
of the loop perimeter, the more the current turn-off retards
(relative to the instant at which the switch disconnects the loop
from the battery). The current distribution along the loop is
symmetrical about the Y-axis; however, there is no symmetry
with respect to the X-axis. Therefore, if the loop is located on
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Figure 10 Current turn-off in an ideal (lossless) non-shunted (R1 = �) loop (free oscillation mode). (a) Snapshots of the current distribution
along the loop perimeter. (b) Current versus time plots for some points of the loop perimeter. At t = 0, the loop is disconnected from the battery.
T is period of the current free oscillations.

the surface of an electrically asymmetrical ground, the early-
time transient electromagnetic (TEM) response will depend
on the location of the loop terminals.

Now consider the loop shunted by a matching resis-
tor with the resistance R1 equal to twice the high-frequency
characteristic impedance Z of the transmission lines. In this
case, current waves travelling from the central point of the
loop perimeter to the loop’s input do not reflect, and the
current turn-off terminates. Field measurements have shown
that for wires commonly used in TEM surveys, R1 is in
the range 350–500 ohms (Kozhevnikov and Nikiforov 1998;
Kozhevnikov and Nikiforov 2000; Helwig and Kozhevnikov
2003; Kozhevnikov 2006, 2009; Kozhevnikov and Helwig
2014).

Figure 11(a) shows snapshots of the current distribution
along the perimeter of a lossless loop at various times after
disconnecting the loop from the battery. The loop is shunted
by a matching resistor R1 (not shown in the figure). Figure
11(b) indicates that the current turn-off waveforms differ de-
pending on the position of the observation point on the loop
perimeter. According to Fig. 11, in the case being consid-
ered (lossless matched loop), the total time during which the
current is turned off is equal to the half-period (T/2) of the
current’s free oscillations.

In Fig. 12, experimental graphs of the 0.75 A current
turn-off (see Figs 7 and 8) are shown together with those cal-
culated using the presentation of the loop as a combination
of two lossless transmission lines (see Fig. 9). The modelled
current turn-off waveforms of Fig. 12 are calculated for T =
25 μs, a value providing the best fit between the experimental
and model data. The period of the natural current oscilla-
tions in the non-shunted (R1 = �) loop, as found by direct
measurement, is 27.2 μs.

As Fig. 12 indicates, presentation of a loop as a combina-
tion of two lossless transmission lines accounts for the main
features of the low current turn-off. In details, the current
turn-offs in actual and ideal loops differ. Due to the frequency
dispersion of an actual loop’s parameters, the current turn-off
waveforms are smoothed compared with those for a lossless
loop. Near the loop terminals, there is a short current pulse of
negative polarity. These ‘second-order’ phenomena were dis-
cussed earlier (Kozhevnikov and Helwig 2014; Kozhevnikov
2016), and are not considered in this article.

6 D I S C U S S I O N

As shown above, due to symmetry, the loop can be represented
as a symmetrical combination of two transmission lines. In
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Figure 11 Switching off the current in a lossless loop shunted by a resistor with resistance equal to twice the characteristic impedance of
transmission line (matching mode). (a) Current’s distribution along the loop perimeter for fixed points in time. (b) Current’s turn-off waveforms
at various points of the loop perimeter.

principle, the transmission lines theory can explain the shut-
down of an arbitrary current in the transmitter loop. How-
ever, since the resistance of the TVS is extremely nonlinear,
finding the solution for an arbitrary current is a difficult task
(Peterson, Gregory, and Durgin 2009). Therefore, we limited

ourselves to considering two cases, namely, turning off low
and high currents.

When the current being switched off is low, the volt-
age across the loop terminals does not exceed the TVS
clamping voltage. In this case, the TVS resistance is much

Figure 12 Measured (solid line) and modelled (dashed line) turn-off waveforms of 0.75 A current at various points of the 500 m by 500 m loop
perimeter. The inverted triangle marks the instant of time when the transmitter disconnects the loop from the battery.
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higher than the characteristic impedance of transmission
lines, and current turn- off can be represented as the sum
of stepwise current waves travelling along the lines in both
directions.

When the current being switched off is high, the dynamic
resistance of the TVS is much less than the characteristic
impedance of the transmission line. In this case, the loop be-
haves as an equivalent lumped circuit, and the current decay
is described by an ordinary differential equation (3).

Note that, in principle, presentation of a loop as a combi-
nation of two transmission lines can explain switching off both
low and high currents. As for the equivalent lumped-circuit
model, it correctly predicts turning off the high current, but is
not able to explain turning off the low one.

Since the solution of the wave equation with account
for all details of turning off the transmitter current is hardly
possible, at the moment we only briefly comment on these
details.

According to Figs 5(a), 11 and 12, turning off a high
current in a 500 m by 500 m loop can be represented by the
solution of wave equation (9) as a superposition of travelling
step-current waves. The decay of a high current (see Fig. 5a)
as a whole occurs linearly, and only at the earliest times is
complicated by the same wave phenomena that constitute the
low current turn-off. These wave effects are seen also in the
earliest portion of the high current turn-off for a 300 m by
300 m loop (see Fig. 2).

When commenting on a short undershoot of the current
after the linear shutdown, which is similar to that shown in
Fig. 2, Wang et al. (2016) explain it as a combination of TVS
and transmitter loop responses at the final stage of current
turn-off. The authors present a detailed simulation of linear
current shutdown, but do not provide the corresponding equa-
tions with which it would be possible to calculate the current
undershoot.

Along with large, flexible, single-turn transmitter loops,
small multi-turn loops are also widely used in transient electro-
magnetic (TEM) surveys. Since the inductance of a multi-turn
loop is proportional to the square of the number of loops’
turns (Grover 1973), a large current in such a loop is turned
off slowly. Suppose that instead of a single-turn square loop
with the side length A, one wants to use a multi-turn square
loop with a side length a, and a = A/n, where n is an integer.
Suppose also that the magnetic moment of the multi-turn loop
and current in it should be the same as those of a single-turn
loop. Obviously, both loops must have the same effective area,
whence it follows that the number of turns N, forming a small
loop, is equal to n2.

It is straightforward to show that the inductance of such
a multi-turn loop is n3 times larger than of a single-turn loop
with the same magnetic moment. Accordingly, the duration
of the current turn-off in a small multi-turn loop will be n3

times longer than in a large single-turn loop. Because of this,
the multi-turn loop is not suitable as a source of the primary
magnetic field in the near-surface TEM studies.

7 C ONCLUDING REMARKS

As shown by the field measurements and simulation results,
the high and low currents in a transmitter loop are turned off
in fundamentally different ways.

During turning off the low current, the voltage surge
across the loop does not exceed the clamping voltage Vc. In
this case, the transmitter loop manifests itself as distributed
network that can be represented as a symmetric combination
of two transmission lines grounded at the central point of the
loop’s perimeter. This presentation of the loop allows, using
the transmission lines theory, to calculate the current at any
point of the loop perimeter for any instant of time.

If the voltage surge is lower than Vc, the turn-off wave-
form and duration do not depend on the current’s magnitude.
In this case, the duration of the current turn-off is determined
by the period of natural current oscillations and of the resis-
tance of a shunting resistor. To suppress natural current and
voltage oscillations optimally, the resistance of a matching re-
sistor has to be equal to twice the characteristic impedance of
a transmission line formed by the loop wire and the underly-
ing ground. For an ideal (lossless) loop, the turn-off time is
equal to half the period of the loop’s natural oscillations. An
actual loop consists of lossy transmission lines the parameters
of which depend on frequency/time; because of this, the total
time of the current turn-off is usually somewhat above T/2
(Kozhevnikov 2016).

In principle, the low current can be turned off even faster.
If one connects the matching resistor in series with the loop
wire in the middle of the loop perimeter, step-like current
waves travelling to this point from the loop terminals will not
reflect here, and the current shutdown will end at time t = T/4.
It is the shortest possible duration of the transmitter current’s
turn-off.

If the current being turned off is low, the early-time pri-
mary magnetic field (due to the retardation effects) differs
from that assumed by the conventional theory of the transient
electromagnetic (TEM) method.

As for the high current, it is such that during its shutdown
the voltage surge across the loop would exceed the clamping

C© 2020 European Association of Geoscientists & Engineers, Geophysical Prospecting, 68, 1676–1688



Turning off low and high currents in a transmitter loop 1687

voltage Vc if it were not limited by means of a clamping circuit.
In this case, the current is switched off synchronously and
linearly with time at any point of the loop perimeter. The
wave phenomena manifest themselves only at the beginning
of the current’s shutdown for a time that is much less than
the total turn-off time. The measured waveform and duration
of the high current turn-off are in good agreement with those
predicted by an equivalent lumped-circuit model.

In our opinion, there are two reasons why the article may
be of interest to those engaged in the theory and/or practice of
electromagnetic prospection methods. First, it contributes to
a general understanding of how the current in the transmitter
loop is turned off. Second, the article shows how the pa-
rameters of a transmitter loop determine the current turn-off
duration and, thus, the minimum depth of the TEM sounding
method.
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