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Abstract: The observed data of transient electromagnetic (TEM) systems is often contaminated by
various noises. Even after stacking averages or applying various denoising algorithms, the interfer-
ence of the system noise floor cannot be eliminated fundamentally, which limits the survey capabil-
ity and detection efficiency of TEM. To improve the noise performance of the TEM receiver, we have
designed a low-noise amplifier using the current source long-tail differential structure and JFET
IF3602 through analyzing the power spectrum characteristics of the TEM forward response. By the
designed circuit structure, the JFET operating point is easy to set up. The adverse effect on the JFET
differential structure by JFET performance differences is also weakened. After establishing the noise
model and optimizing the parameters, the designed low-noise differential amplifier has a noise level
of 0.60nv/ JHz , which increases the number of effective data 2.6 times compared with the LT1028

amplifier.

Keywords: low noise; junction field-effect transistor; transient electromagnetic method

1. Introduction

The transient electromagnetic (TEM) method is a classic geophysical exploration
method that detects the induction response of a geological body to emitted electromag-
netic (EM) waves. It distinguishes subsurface geological structures based on characteristic
differences in the amplitude and decay rate of the response of geological bodies with dif-
ferent resistivities. Due to the non-destructive propagation of EM waves in the subsurface
medium, TEM is widely used in mineral resource exploration, geological surveys, and
urban disease exploration. The TEM signal is characterized by high amplitude in the early
time and low amplitude in the late time. Therefore, in order to obtain a high-quality sig-
nal, it is necessary to use a wide frequency band, a large dynamic range amplifier, and a
high-precision acquisition system with high speed to collect high-quality TEM data for
subsequent data processing and data interpretation [1,2].

The observed signal is always interfered with by strong noise in practice. The noise
contaminates the signal, especially the late time, which is in low amplitude and represents
the deep geological information [3]. These kinds of noise are classified by their source.
Part of the noise is from the EM interference in the environment, which is called environ-
mental noise; the other part of the noises is from the TEM receiver, which is called the
system noise floor. Environmental noise has a certain pattern in statistics and can be elim-
inated by using algorithms such as half-cone gate filtering, minimum noise separation,
and improved algorithms based on temporal correlation [4-6]. However, these data pro-
cessing methods cannot eliminate the effect of the system noise floor, so the TEM receiver
needs to be optimized to obtain a more accurate signal.
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The amplifier noise floor of the TEM receiver is a major part of the system noise floor,
and there have been many related studies on TEM low-noise amplifiers (LNA) [7]. Chen
et al. designed an amplifier with a noise floor of 1.83nV/+/Hz using the low-noise inte-
grated operational amplifier (IOA) AD797 for the ZTEM receiving device [8]. Pi et al. used
the IOA LT1028 to design a low-noise preamplifier circuit with an ideal noise of
2.45nV/</Hz for urban TEM devices [9]. Low-noise IOA is mainly used in TEM pream-

plifiers currently [10,11], but the noise characteristics of IOAs are inferior to discrete com-
ponents due to the cost restriction, which also limits the noise optimization of subsequent
circuits [12]. To solve the problem, Wang et al. developed a 2nv/Hz ZTEM signal
conditioning circuit using the junction field-effect transistor (JFET) LSK389B in the heli-
copter TEM receiver, which introduced a new idea for the optimization of TEM devices
[13].

At present, JFET LNA is mainly used for the measurement and amplification of weak
signal sensors such as piezoelectric accelerometers, wireless radio frequency equipment,
and seismic accelerometers at present [14]. Scandurra proposed a feedback compensation
JEET differential amplifier circuit for low-frequency noise measurement circuits with the
noise floor of 1.00nvV/vHz @1.00kHz [15]. Cannata designed a 0.80nV//Hz @1.00kHz
single-ended amplifier based on discrete components JFET for low-frequency noise measure-
ment [16]. To summarize, JFET has a very low system noise floor and a wide stable noise
frequency band [17], which is very suitable for noise optimization of TEM receivers.

The rest of the paper is as follows: In Section 2, we analyze the time-frequency char-
acteristics of the TEM signal according to the TEM principle and forward response, and
clarify the requirements; Section 3 gives the JFET LNA for TEM receiver with the circuit
structure, model, and actual noise floor test; In Section 4, we conducted laboratory exper-
iments to compare the length of TEM effective data from the JFET receiver and the IOA
receiver. Finally, the optimization direction of the amplifier and the application effect in
transient electromagnetic systems are discussed.

2. The Analysis of TEM Signal

The TEM system consists of a transmitting coil, a transmitter, a receiving coil, and a
receiver. Its working principle is shown in Figure 1. A bipolar step pulse current is sent
through the transmitting coil by the transmitter. Meanwhile, a primary field is created,
surrounded, and transmitted in the form of smoke rings. Due to Faraday’s law of electro-
magnetic induction, geological bodies are excited by the primary field, and the eddy cur-
rent is induced underground with the secondary field when the pulse is on. When the
pulse is turned off, the secondary field starts decaying at different rates, which are related
to the conductivity of the subsurface layers. The voltage in the receiving coil is generated
by the secondary field and observed in the receiver. After TEM data interpretation, the
abnormality and subsurface layers can be known [18].

To further analyze the characteristics of TEM signals, we use the TEM forward mod-
eling to generate ideal signals for time-frequency analysis. Since the actual geological lay-
ering is very complex, it is difficult to fully cover the condition of multi-layer forward
modeling. Because the TEM has the characteristics of a strong response in a low-resistance
medium and a weak response in a high-resistance medium, the actual geological response
will be higher than the pure high-resistance response and lower than the pure low-re-
sistance response. Therefore, we set the high-resistance uniform half-space to 100 Q-m and
adjust the transmitting magnetic moment to 1 x 10* A-m? and the receiving equivalent
area to 128 m? [19]. The forward modeling based on the sinusoidal numerical filtering
algorithm is used to obtain the forward response within 1 ms, as shown in Figure 2 [20,21].
It is observed that the early TEM forward response is five orders of magnitude higher than
the late response. Therefore, to identify the late signal, not only a high-amplification am-
plifier is required, but also the noise floor of the amplifier is limited; otherwise, it is ex-
tremely difficult to obtain useful information on TEM from the circuit noise. Since the
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noise power spectrum is mainly used to measure the noise characteristics of LNA, we
calculate the power spectral density (PSD) of the forward response in 100 Q-m pure high
resistance as a reference index for designing the LNA. The results in Figure 3 show that
the low-frequency PSD of the TEM signal is larger and the high-frequency PSD is smaller
and below 1nv/+/Hz . Therefore, when designing the amplifier, it is necessary to ensure
that the amplifier has a stable gain and an extremely low noise floor in the whole fre-

quency band to obtain high-quality TEM data and lay the foundation for subsequent data
denoising and data interpretation.
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Figure 1. Schematic diagram of TEM survey.
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Figure 2. The TEM forward response.
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Figure 3. The PSD of TEM forward response.
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3. Optimal Design of JFET LNA
3.1. Selection of LNA Circuit Components

Because of the characteristics of the wideband and large dynamic range of the TEM
signal, the suitable amplifier must have a sufficient gain-bandwidth product, as men-
tioned, and a low-noise cascade amplifier circuit needs to be designed to achieve reliable
signal amplification. The Frith formula, shown in Equation (1), reflects the relationship
between the overall noise of the cascaded circuit and the noise of the circuits at all levels
as follows:

F, -1 F -1 F, -1
F=F+2*—+2—+.-+ M (M =23, (1)
Kl Kle Kle '”KM—I

F is the total noise figure of the cascaded amplifier, Fu is the noise figure of the M
amplifier, and Kwm-1 is the gain of the M1 amplifier. The noise of the cascaded amplifier is
mainly restricted by the first-stage amplifier, and the influence of the latter stage is
slighter, which means reducing the noise floor of the first-stage amplifier is the primary
consideration when designing a low-noise system for weak signal detection.

To optimize the noise floor of the first-stage amplifier circuit, a low-noise device must
be selected as the core of the circuit. Common choices of low-noise devices are bipolar
transistors (BJTs), JFETs, and IOAs. Because B]JT devices and B]JT-type IOAs have a low
noise floor in low-frequency and mid-frequency bands, they are generally used to make
TEM preamplifiers, but with the development of low-noise JFET, such as LSK389B and
25K3320. These components significantly reduce device voltage noise when their own
current noise is negligible. These give low-noise JFETs the advantage of a low device noise
floor and simple noise components, which are more suitable for making LNAs. In order
to select the low-noise device for the preamplifier, we compared the noise performance of
common low-noise devices, and the results are shown in Table 1.

Table 1. Comparison of noise performance of low-noise devices.

Device Model en (nv/VHz ) in (pA/v/Hz)
AD745 3.2 (f=1kHz) 0.007 (f=1 kHz)
AD797 0.9 (f=1kHz) 2.0 (f=1kHz)
AD8672 2.8 (f=1kHz) 0.3 (f=1kHz)

OPA847 0.92 (f>1 MHz) 3.5 (f>1MHz)
INA163 1.0 (f=1kHz) 0.8 (f=1kHz)
LT1028 0.85 (f=1kHz) 1.0 (f=1kHz)
LSK389 0.9 (f=1kHz) ——
IE3602 0.5 (f=100 Hz) ——

Table 1 shows that IF3602 has very low voltage noise (0.5nv/+/Hz @100Hz ) and the

noise frequency is only 100 Hz. The principle of a JFET is using the electric field effect in
the semiconductor to change the barrier width of the gate PN junction by controlling the
gate-source voltage Vcs and using the pinch-off of the depletion layer to control the inter-
nal carriers. No current flows between the gate and the source, so the current noise is
negligible. This feature simplifies the noise model of the JFET amplifier circuit. According
to the comparison, we proposed a low-noise differential circuit design for the JFET IF3602
and combined the noise model to optimize the external circuit.

3.2. Overall Design of Low-Noise JFET Amplifier Circuit

Based on the characteristics of the TEM signal analyzed in Figures 2 and 3, we de-
signed the amplifier circuit shown in Figure 4. According to the functions of each cascade
amplifier, the LNA circuit is divided into a four-level structure, as shown in Figure 5. The
first-stage circuit is a differential circuit based on the JFET IF3602, which can achieve low-
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noise and high-gain amplification for the received signal. The low noise floor of the am-
plifier circuit means that the impact of circuit noise on the signal-to-noise ratio (SNR) of
the TEM signal is weak. Besides, the high gain in the first-stage circuit weakens the impact
of the noise floor in the post-stage circuits. For the differential circuit, it also has the char-
acteristics of high differential mode magnification and low common mode magnification,
which can effectively suppress the interference of common mode noise and enhance the
anti-interference ability of the TEM device.

The second-stage circuit is an amplifier made from the low-noise IOA LT1028 with a
high-pass filtering function. Although the noise floor of the LT1028 IOA is not as good as
IF3602, its equivalent voltage noise is only 0.85nv/</Hz , and the IOA circuit is easy to
design because of its simple structure. Therefore, it is very suitable to be the secondary
amplifier. In addition, as shown in Figure 3, it is necessary to reduce the impact of a low-
frequency component of TEM to avoid the early signal saturation. Therefore, adding high-
pass filtering can make full use of its amplitude-frequency characteristics, to reduce the
amplification factor of low-frequency components, and avoid early signal saturation.

The third-stage circuit contains a precision differential amplifier INA105, which in-
tegrates a laser-corrected 25 kQ precision resistor to ensure the gain accuracy of the inter-
nal feedback amplifier circuit and reduce the impact of resistance temperature drift on the
accuracy of the differential amplifier.

An RC low-pass filter network is used in the fourth stage with a 257 kHz cut-off fre-
quency, which includes the ideal signal frequency band in forwarding modeling, to avoid
the influence of high-frequency noise on the circuit and ensure the quality of TEM signals.
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Figure 4. Schematic diagram of low-noise amplifier circuit.
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Figure 5. Schematic diagram of the function of the low-noise amplifier circuit.
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3.3. Design and Analysis of JFET Differential Low-Noise Amplifier Circuit

As an important part of the LNA, the JFET differential amplifier circuit needs to have
the characteristics of low noise and high gain. As a voltage-controlled device, JFET must
work in the amplification mode when used for signal amplification. At that time, the de-
pletion layer is partially pinch-off, the input AC signal causes the width of the depletion
layer to change slightly, and the output drain current also changes accordingly. The signal
is amplified at the output. The noise floor and amplification capability of JFET are also
limited by the internal channel. The JFET must be operated at a suitable static operating
point to make it both low-noise and high-gain.

In practice, due to the limitations of manufacturing technology and semiconductor
doping technology, JFET devices will show a large performance difference even in the
same batch [17], resulting in the unequal current in the left and right branches of tradi-
tional JFET long-tail differential circuits. This problem makes the circuit design difficult
because of the static operating point offset. Fortunately, the IF3602 not only has excellent
amplification characteristics and noise performance but also integrates a pair of matched
low-noise JFETs, which greatly reduces the impact of JFETs differences on performance.
In addition, we introduce a source-coupled differential amplifier circuit design, in which
a current source is used to replace the tail resistors in traditional long-tail differential cir-
cuits. Compared with the long-tail differential circuit, the higher equivalent resistance of
the current source gives the circuit an extremely strong common-mode signal rejection
and can provide stable current output for the branch. Usually, the following three corre-
lated variables need to be considered when setting the static operating point of the JFET:
drain-source voltage Vbs, gate-source voltage Vcs, and drain current In. However, the new
source-coupled differential amplifier circuit design reduces the variables to Vos and Vs,
which simplifies the difficulty of circuit design. The DC path and the AC path were ana-
lyzed in this part, where the DC path is used to stabilize the static operating point for the
device for optimum performance of the JFET; the AC path determines the amplification
capability of the circuit. The results will provide theoretical support for subsequent circuit
noise analysis and circuit optimization.

The DC path of the JFET amplifier circuit is shown in Figure 6, where BJT T1, Rs, and
Re are formed as a current source to output a stable current of Ip = (-Vss=Ven)/Re . Due to
the high symmetry of the circuit, Ip1 = Ip2=0.5], . After determining the quiescent operating
current of the JFET, only the operating voltages Vbs and Vs need to be considered. For
JFET, the stable amplification must be achieved in the amplification mode. It is necessary
to keep the Vps > 0, Vas < 0 where Vb = Vop — IpiRi = Vop — I;2R2 and IpiRs = Ve + Ip2Rs .
The JFET gate is grounded during DC analysis, so Vc = 0 . The current source maintains
the stability of the loop current, so Ip1 and Ipz2 are known. According to the external resis-
tors Ri, Rz, Rs, and Ry, the static operating point of the amplifier circuit can be calculated,
avoiding the problem of static operating point setting caused by the interaction of Vas,
Vs, and Ib in the JFET circuit. In order to ensure that the IF3602 has excellent noise char-
acteristics, it needs to be set at the minimum noise static operating point “Vos=3V, Ip=5
mA” in the datasheet. After calculating the theoretical external parameters, the Ri1 and Rz
should be fine-tuned to fit the minimum noise static operating point in the datasheet as
much as possible, ensuring that the IF3602 can stably exert its noise performance ad-
vantages.

The AC path of the JFET amplifier circuit is shown in Figure 7. Because the differen-
tial circuit contains excellent differential mode signal amplification capability and com-
mon mode noise suppression capability, the current source at the common terminal does
not be amplified. Therefore, the current source can be ignored in the AC equivalent circuit.
Besides, the amplification capabilities of the circuits on both sides are the same, so only
one side of the circuit needs to be considered when constructing the small-signal model
to analyze the magnification. The single-side small-signal model is shown in Figure 8. It
can be seen from Figure 8 that the amplification factor of the differential amplifier circuit
satisfies the following;:



Micromachines 2022, 13, 2211

7 of 15

4,=(-¢g,R)/0+g,R))=(-¢g,R,)/(0+g,R,) )

g is the JFET transconductance, which is affected by the internal conduction channel,
so it is only related to the static operating point. The source-coupled differential amplifier
circuit constructed by the current source not only simplifies the circuit design but also
stabilizes the noise performance and amplification capability of the JFET IF3602. Ao is the
magnification of the differential amplifier circuit, and its value mainly depends on the
ratio of the external circuits Ri1 and Rs or Rz and R4. The purpose of Rs and Ru is to stabilize
the source potential of the JFET. In order to maintain the amplification ability of the circuit,
their values are relatively small (less than 10 Q). Therefore, maintaining the JFET in the
amplification area, keeping the JFET working near the static operating point of minimum
noise, and increasing the values of Ri and Re at the same time will significantly increase
the amplification factor of the differential amplifier circuit and ensure the performance of
the first-stage differential amplifier circuit.

Vop

Vss

Figure 6. DC equivalent path of JFET differential circuit.
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Figure 7. AC equivalent path of JFET differential circuit.
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Figure 8. Analysis of AC small signal model of JFET differential circuit.
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3.4. Noise Analysis and Parameter Optimization of JFET Differential Amplifier Circuit

The equivalent model of the circuit is constructed by analyzing the AC and DC path
signals of the circuit. In order to further optimize the noise performance and amplification
performance of the JFET IF3602 differential amplifier circuit, a noise equivalent model was
built as shown in Figure 9. en1 and en2 are the equivalent noise sources of the IF3602, ens
and ens are the equivalent thermal noise sources of the drain resistors Ri and Rz, and ens
and en are the equivalent thermal noise sources of the source resistors Rs and Rs. T1, Rs,
and Re constitute the current source I. According to the previous analysis of the AC path,
the current source does not get amplified as the AC signal, and its equivalent noise source
is suppressed by the differential amplifier circuit as a common-mode signal, which can be
ignored.

For the equivalent noise sources en1 and en2 of IF3602, the noise source is input from
the gate, and the differential amplifier circuit can be equivalent to a common source am-
plifier circuit, and its amplification factor is (-g,R,)/(1+g,R,) . The sum of the output

noise of en1 and en2 at the output of Voun is as follows:

SR e+ g,R,) G)

For thermal noise sources ens and ens of R1 and R, the noise source PSD satisfies
[akTR, and [axTR, , k is the Boltzmann constant, and T is the temperature in Kelvin.

These sources influence on the output end directly, and R: and Rz are equal, so the sum of
the output noise of ens and ens at the output end is as follows:

Ve @

The PSDs of thermal noise sources ens and ens of Rs and Reare f4x7R, and [4x7R,

, respectively, and their resistance values are equal. The thermal noise is input from the
source of IF3602 and output at the drain after being amplified. In the circumstances, the
differential circuit should be equivalent to a common-gate amplifying circuit, and its am-
plification factor is g, R,/(1+g,R;). The sum of the output noises of ens and ens at the

output is as follows:

J2g,R e, [+ g,R,) 5)

According to the circuit superposition theorem, the sum of the output noise of the
IF3602 differential amplifier circuit at the output end is as follows:

€ FETowt = \/2€n32 + z(enl2 + ensz )(g.R, )2 /(1 +g,R; )2 (6)

Usually, to avoid the influence of circuit amplification on noise results, it is necessary
to normalize the output noise by dividing it by the circuit’s amplification (i.e., the transfer
function) and convert it into equivalent input noise to measure the noise floor of the cir-
cuit. The equivalent input noise of the differential amplifier circuit is as follows:

e _ Chou
nJFETin — A
|4,

: = \/2611]2 +2en52 +2en32 (1+ng3)2 /(g.mI{I)2 (7)

The equivalent noise source en: of the JFET is related to the static operating point,
which can be regarded as a fixed value after referring to the minimum noise static oper-
ating point setting in the datasheet. The value of Rs is very small and leads to the thermal
noise introduced into the input is extremely limited. Therefore, the optimization of resis-
tor Ri should be focused. From Equation (6), the thermal noise of Ri resistance at the input
terminal equivalently is as follows:
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e = Ve (14 €, R 1 (g,R,)} = JMT(1+g,R,) / g, 'R, ()

¢ Voutl ¢ ‘
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Vss

Figure 9. JFET differential circuit noise model.

When increasing the resistance value of Ri, the input noise of Ri will decrease accord-

ing to Equation (8), and the amplification factor will increase according to Equation (2).
The whole optimization meets the requirements of the increasing the gain of the first stage
and decreasing the noise floor of the circuit. However, increasing Ri will inevitably cause
the offset of the static operating point of the circuit; therefore, the supply voltage of the
amplifier circuit must be increased synchronously to roughly keep the static operating
point of the JFET as described in the datasheet (Vps = 3V, Ip = 5mA). After optimization,
the parameters of the amplifier circuit shown in Figure 4 are finally determined as shown
in Table 2.

Table 2. Circuit device parameters.

Components Component Type Component Value
Ry, R2 1% Resistor 2.4 kQ 0805 x 2 1.2kQ
1, J2 1F3602 Low Noise N-Channel JFET Pair InterFET
Rs, Rs 1% Resistor 0805 10
T BJT 2N1711
Rs 1% Resistor 0805 00
Re 1% Resistor 3.6 kQ 0805 x 4 900 Q
Cy, Cs 4.7 uF Y5V 0805 Capacitor x 4 18.8 uF
Cy, G Y5V 0805 Capacitor 10 nF
R7, Ro 1% Resistor 0805 510 O
Rs, Rio 1% Resistor 0805 100 Q
A1, A2 Low Noise IOA LT1028
Ri1, Rz 1% Resistor 0805 5.1 kQ
Ris, Rig, Ruo 1% Resistor 100 €3 0805 x 2 50 Q
Ris, Ris, Ri17, Ris INA105 Built-in Resistor 25 kQ
As Precision Difference Amplifier INA105
R2o 1% Resistor 0805 910 Q
Gs Y5V 0805 Capacitor 860 pF
Vob Lithium Battery +12'V
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Vss Lithium Battery -12V

3.5. Noise Testing and Analysis

The instrument can only measure the output noise power spectrum of the amplifier
circuit. The actual noise floor of the sensing system needs to be converted through the
transfer function. First, the transfer function of each level, the overall transfer function in
Figure 4, needs to be calculated, and the results are shown in Equations (9)—(13) as follows:

I/aut (S) _ Vaut (S)

H. e (8) = V() Vo (5)—V. (5) =H, (s)H,(s)H (s)H ,(s) 9)
H(s)=4,= (_ngl)/(l +g,R;)= (_ngz)/(l +g,R,) (10)
H,(s)= (_SCIRII)/(I +sCR,)= (_SC3R12)/(1 +sC;R,) (11)

H3(S):Rl7/(R13+R15):RIS/(R14+R16) (12)
H,(s)= 1/(1+SC5(R19+R20)) (13)

The final transfer function can be calculated by substituting the parameters in Table
2 into Equation (9). The result is shown in Figure 10.

55 i ! R
50 ¢t
i% 45t
a0t
3
35
10 10* 10
Frequencv/Hz

Figure 10. Overall amplitude-frequency characteristic curve of low-noise amplifier circuit.

The gain of the IF3602 LNA circuit is kept stable at 55 dB in the 100 Hz-100 kHz.
Because the PSD of the TEM low-frequency signal is large, if the gain at the full band is
maintained stable, the signal will be more likely to saturate in the early stage. In this case,
a non-ideal high-pass filter can be used to reduce the gain of the amplifier circuit for low-
frequency signals, because the gain of the non-ideal high-pass filter is weak in the low
frequency and large in the high frequency. A more accurate TEM secondary field signal
can be recovered by adding a transfer function correction during data processing. The
noise PSD at the output of the circuit was detected using an Agilent 35670A dynamic sig-
nal analyzer when shorted the input under EM shielding conditions. In order to record
the noise floor of the amplifier circuit detail, the output noise floor of the IF3602 low-noise
amplifier and LT1028 amplifier in the frequency bands of 0-800 Hz, 800-1600 Hz, and 1.6-
52.8 kHz were collected and spliced. The equivalent input noise floor of the two is shown
in Figure 11.

According to Figure 11, the noise floor of the IF3602 differential amplifier at 100 Hz,
1 kHz, and 10 kHz are 2.15nv/Hz , 1.120V/yHz , and 0.60nV/VHz respectively,

which are lower than the corresponding frequency noise of the LT1028 as follows:



Micromachines 2022, 13, 2211

11 of 15

3.50nV/~/Hz , 3.04nV/+/Hz ,and 2.39nV/+/Hz . The noise floor of the IF3602 circuit is sig-
nificantly lower than the noise floor of the LT1028 circuit in the TEM band of 100 Hz-52.8
kHz.

Figure 12 compares the actual noise curve of the IF3602 differential amplifier circuit
with the calculated one based on Table 2 and Equation (7). The actual noise is close to the
theoretical noise, and both of them reach below 1nv//Hz above 1 kHz. However, the

noise floor is different at low frequencies. The reason is that, when calculating the ther-
motical noise, only the corresponding noise of the device at 100 Hz given by the datasheet
was used. However, the JFET is seriously disturbed by 1/f noise at low frequency in prac-
tice, and the amplitude of 1/f noise is inversely proportional to the frequency. So, in the
high-frequency band, the theoretical noise is close to the actual noise, and the actual noise
floor deviates from the theory.
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Figure 11. Comparison of the noise floor between the IF3602 circuit and the LT1028.
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4. Indoor Comparison Experiment

To further compare the performance of the IF3602 LNA in the receiver, we experi-
mented with the simulation using a small-loop TEM device in the laboratory. Figure 13
shows the schematic diagram of the comparison test. The devices are shown in Figure 14,
and the parameters of the device are as follows:

e  The radius of the small loop transmitting coil used is 26.5 cm;
e  The number of turns of the transmitting loop is 10;

e The transmitting current is 6 A;

e  The radius of the receiving coil is 10 cm;

e  The number of turns of the receiving loop is 32.

To keep the circuit filter from interfering with data observation, a low-noise LT1028
amplifier board with an amplification factor of 10 was used as the pre-stage, and the same
post-stage circuit as the IF3602 low-noise circuit was added, which was adjusted to have
the same frequency band and similar gain as the IF3602 amplifier. Both groups of experi-
ments were taken 128 times superposition average to avoid the influence of the amount
of superposition on the quality of the received data. The results are shown in Figure 15.

According to the results, the IF3602 amplifier receiver has a smoother signal and
higher data quality than the LT1028 amplifier receiver after taking a double logarithm.
The effective data length of the IF3602 amplifier raw data is 800 ps, which is about 2.6
times longer than the LT1028 amplifier receiver.

TEM Receiver
LT1028 Amplifier
O Receiving Coil o— a)—' Wave Filter |

1F3602 Amplifier

| AD Acquisition |

Transmitting Coil |<—| TEM Transmitter |<—| PC |

Receiving N i
Coil C 7

Transmitting
Coil

Figure 14. The laboratory simulation comparison test and TEM devices.

The relationship between TEM detecting depth and detecting time is described using
formula 4 = /27/64, , 0is the electrical conductivity of the geological body and 10 is the

vacuum magnetic permeability. Since the location of the experiment remains unchanged,
the electrical conductivity values of the two geological bodies are the same, and the
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vacuum magnetic permeability is a fixed value, so the performance of the system is only
determined by the effective length of the data. The receiver with the IF3602 amplifier in-
creases the TEM theoretical maximum detection depth to about 1.6 times that of the orig-
inal system, according to the result and the TEM detecting depth formula. In addition,
because of the smoother performance of the IF3602 receiver observed data under 128 times
of superposition, it is suggested that the number of superpositions can be reduced to have
the same SNR as the LT1028 amplifier receiver while still accessing the higher detection
efficiency.

1072 - '
&
21073
2
g10* §
< —— LT1028 LNA 300ps” :
| [=—1IF3602LNA i i
10° : : : :
10° 10" 10 10°
Time/us

Figure 15. Comparison of the data observed by the receiving device in the laboratory.

5. Discussion

The IF3602 LNA has better noise characteristics than the current TEM common
LT1028 LNA, and its noise reduces to 0.60nV/+/Hz at 10 kHz. By comparing the IF3602

LNA TEM receiver and the LT1028 LNA TEM receiver, the observed signal of the receiver
with the IF3602 LN A has a significant improvement in effective data length and data qual-
ity. The detection depth is increased to 1.6 times that of the former LT1028 system. How-
ever, we hold that there are still the following problems, which limit its application and
use effect.

Due to the limitations of the JFET device manufacture, the parameters between the
devices are quite different, which requires strict pairing before use. Even if the IF3602 used
in the experiment has been paired, there are still differences in the internal JFET. The sym-
metry of the circuit is not as good as that of the ideal differential circuit. The ignored cur-
rent source also introduces circuit noise. Although the IF3602 has a pair of paired JFETs
built-in, its high cost and its inside JFETs parameter difference limit the application of low-
noise JFETs.

However, we hold that the above problems can be ameliorated by the following im-
provements. Before the circuit is manufactured, it is recommended to use a graphic in-
strument to test the JFET parameter curve and try to select a JFET with similar parameters.
If the test conditions are not available, i.e., the parameter characteristic curve cannot be
tested, first, a simple circuit can be designed about the minimum noise static operating
point in the datasheet, then measure the actual static operating point of each JFET, and
select a JFET with good consistency. This can effectively reduce the introduction of com-
mon-mode circuit noise caused by JFET parameter difference. Matching can effectively
reduce the demand for JFETSs such as the IF3602 that have been matched by manufacturers
and can effectively reduce the cost of JFET LNA circuits.

6. Conclusions

In order to improve the survey capability and accuracy of the TEM system, we have
designed a low-noise differential amplifier for the TEM receiver by using the low-noise
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JEET IF3602 according to the power spectrum characteristics of the TEM forward re-
sponse. Additionally, effectively increase the effective length and quality of the TEM ob-
served data.

Firstly, based on the model of TEM forward response, we created the theoretical sig-
nal by homogeneous half-space. Secondly, we analyzed the power spectrum characteris-
tics of the TEM signal to determine the requirements of the TEM amplifier noise floor and
frequency bands. Thirdly, we designed a source-coupled differential amplifier circuit us-
ing the IF3602 low-noise JFET. We applied a current source to replace the resistance in the
conventional long-tail circuit for providing stable current output for the left and right
branches to simplify the JFET static working point settings. Besides, the parameters of the
low-noise circuit were optimized combined with the theoretical model of the circuit and
noise. Results of the noise test indicate that the designed circuit achieves good noise char-
acteristics performance with a minimum of 0.60nV/+/Hz---@10kHz , which is signifi-

cantly lower than the performance of the corresponding frequency point of the LT1028
LNA. It can improve the ability of the system to distinguish TEM signals. Compared with
the LT1028 LNA, the designed IF3602 low-noise circuit can increase the effective data
points of the observed data by about 2.6 times and the theoretical detection depth by about
1.6 times under the same experimental conditions. In addition, under the condition of the
same number of superpositions, the signal amplified by the IF3602 LNA is of high quality
and smoother, which proves that reducing the noise floor of the preamplifier can not only
improve the data quality but also greatly help improve the survey capability and detection
efficiency.

Therefore, this study is of great significance for the design of preamplifier circuits in
TEM receivers. In future work, we will continue to explore new circuit design schemes,
such as parallel noise reduction design, to further improve the detection performance of
the TEM receivers.

Author Contributions: S.W.: JEET amplifier design, experiment design, writing, discussion. Y.Z.
(Yugqi Zhao): noise floor test, LNA circuit making, discussion. Y.S.: the PSD programing, discussion,
English editing. W.W.: discussion, experiment assistance, English editing. ].C.: discussion, TEM data
processing. Y.Z. (Yang Zhang): research guidance, editing, discussion. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was supported by the National Natural Science Foundation of China (Grant
Nos. 41827803), Jilin University Youth Teacher Student Cross disciplinary Cultivation Project (2022-
JCXK-32) and the Engineering Research Center of Geothermal Resources Development Technology
and Equipment, Ministry of Education, Jilin University.

Data Availability Statement: Upon reasonable request, the data supporting this investigation are
available from the corresponding authors.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Chen, J,; Pi, S;; Zhang, Y.; Lin, T. Weak Coupling Technology with Noncoplanar Bucking Coil in a Small-Loop Transient Elec-
tromagnetic System. IEEE Trans. Ind. Electron. 2022, 69, 3151-3160. https://doi.org/10.1109/TIE.2021.3066940.

2. Lin,].; Chen, ].; Zhang, Y. Rapid and High-Resolution Detection of Urban Underground Space Using Transient Electromagnetic
Method. IEEE Trans. Ind. Inform. 2022, 18, 2622-2631. https://doi.org/10.1109/T11.2021.3104012.

3. Spies, B.R. Depth of Investigation in Electromagnetic Sounding Methods. Geophysics 1989, 54, 872-888.
https://doi.org/10.1190/1.1442716.

4. Larsen, ].].; Pedersen, S.S.; Foged, N.; Auken, E. Suppression of Very Low Frequency Radio Noise in Transient Electromagnetic
Data with Semi-Tapered Gates. Geosci. Instrum. Methods Data Syst. 2021, 10, 81-90. https://doi.org/10.5194/gi-10-81-2021.

5. Sun, Y,; Huang, S.; Zhang, Y.; Lin, ]. An Efficient Preprocessing Method to Suppress Power Harmonic Noise for Urban Towed
Transient Electromagnetic Measurement Data. Measurement 2021, 186, 110171. https://doi.org/10.1016/j.measure-
ment.2021.110171.

6. Huang, S; Wang, S.; Sun, Y.; Zhang, Y. Efficient Processing Power Harmonic Noise with Fluctuation Frequency in Urban Tran-

sient Electromagnetic Surveys. Rev. Sci. Instrum. 2021, 92, 044501. https://doi.org/10.1063/5.0040092.



Micromachines 2022, 13, 2211 15 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Lin, T.; Zhou, K,; Cao, Y.; Wan, L. A Review of Air-Core Coil Sensors in Surface Geophysical Exploration. Measurement 2022,
188, 110554. https://doi.org/10.1016/j.measurement.2021.110554.

Chen, C,; Liu, F.; Lin, J.; Zhu, K.; Wang, Y. An Optimized Air-Core Coil Sensor with a Magnetic Flux Compensation Structure
Suitable to the Helicopter TEM System. Sensors 2016, 16, 508. https://doi.org/10.3390/s16040508.

Pi, S.; Yan, F.; Zhang, Y. Optimization and Design of Wide-Band and Low-Noise Air-Core Coil Sensor for TEM System. IOP
Conf. Ser. Earth Environ. Sci. 2021, 660, 012006. https://doi.org/10.1088/1755-1315/660/1/012006.

Lin, F.; Wang, X.; Chen, K.; Hu, D.; Gao, S.; Zou, X.; Zeng, C. The Development and Test Research of a Multichannel Synchro-
nous Transient Electromagnetic Receiver. Geosci. Instrum. Methods Data Syst. 2018, 7, 209-221. https://doi.org/10.5194/gi-7-209-
2018.

Wang, L.; Zhang, S.; Chen, S.; Luo, C. Fast Localization and Characterization of Underground Targets with a Towed Transient
Electromagnetic Array System. Sensors 2022, 22, 1648. https://doi.org/10.3390/s22041648.

Gao, J. Noise Sources and Noise Characteristics of Amplifiers. In Detection of Weak Signals; Gao, J., Ed.; New Series of Textbooks
“Information, Control Desire System”; Tsinghua University Press: Beijing, China, 2011; p. 82, ISBN 978-7-302-53067-1.

Wang, Y.; Shi, J.; Shi, H. Low noise optimization design of conditioning circuit for ZTEM airborne magnetic sensor. Chin. J. Sci.
Instrum. 2018, 39, 187-194. https://doi.org/10.19650/j.cnki.cjsi.J1803600.

Levinzon, F.A. Measurement of Low-Frequency Noise of Modern Low-Noise Junction Field Effect Transistors. IEEE Trans. In-
strum. Meas. 2005, 54, 2427-2432. https://doi.org/10.1109/TIM.2005.858534.

Scandurra, G.; Cannata, G.; Ciofi, C. Differential Ultra Low Noise Amplifier for Low Frequency Noise Measurements. AIP Adv.
2011, 1, 022144. https://doi.org/10.1063/1.3605716.

Cannata, G.; Scandurra, G.; Ciofi, C. An Ultralow Noise Preamplifier for Low Frequency Noise Measurements. Rev. Sci. Instrum.
2009, 80, 114702. https://doi.org/10.1063/1.3258197.

Levinzon, F.A. Ultra-Low-Noise High-Input Impedance Amplifier for Low-Frequency Measurement Applications. IEEE Trans.
Circuits Syst. Regul. Pap. 2008, 55, 1815-1822. https://doi.org/10.1109/TCSI.2008.918213.

Lin, J.; Jia, W.; Pi, S;; Zhang, Y. Research on non-coplanar eccentric self-compensation zero-coupling receiving-transmitting
technology for small size TEM. Chin. |. Sci. Instrum. 2020, 8, 150-159. https://doi.org/10.19650/j.cnki.cjsi.J2006515.

Yu, C,; Fu, Z,; Zhang, H.; Tai, H.-M.; Zhu, X. Transient Process and Optimal Design of Receiver Coil for Small-Loop Transient
Electromagnetics: Receiver Coil for Small-Loop Transient Electromagnetics. Geophys. Prospect. 2014, 62, 377-384.
https://doi.org/10.1111/1365-2478.12093.

Chen, J; Yan, F,; Sun, Y.; Zhang, Y. Applicability of transient electromagnetic fast forward modeling algorithm with small loop.
Prog. Electromagn. Res. M 2020, 98, 159-169. https://doi.org/10.2528/PIERM20071602.

Xu, Z.; Fu, Z.; Fu, N. Firefly Algorithm for Transient Electromagnetic Inversion. IEEE Trans. Geosci. Remote Sens. 2022, 60, 1-12.
https://doi.org/10.1109/TGRS.2020.3047826.



	1. Introduction
	2. The Analysis of TEM Signal
	3. Optimal Design of JFET LNA
	3.1. Selection of LNA Circuit Components
	3.2. Overall Design of Low-Noise JFET Amplifier Circuit
	3.3. Design and Analysis of JFET Differential Low-Noise Amplifier Circuit
	3.4. Noise Analysis and Parameter Optimization of JFET Differential Amplifier Circuit
	3.5. Noise Testing and Analysis

	4. Indoor Comparison Experiment
	5. Discussion
	6. Conclusions
	References

