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ABSTRACT This paper presents a new application field of a giant magneto-impedance (GMI) sensor. It
shows valuable findings for the GMI sensor on the possibility of a new receiving element in magnetic field
communication. The proposed GMI sensors serve as antennas and mixers in receiver systems. They have
the advantage of being easily implemented and in terms of mass production and manufacturing processes
due to the manufacture base on a printed circuit board (PCB). Their smaller size, lower cost, and higher
sensitivity have more advantages than conventional magnetic sensors, such as the magneto-inductive,
anisotropic magneto-resistive, and giant magneto-resistive sensors. Two types of PCB-based GMI sensors
are proposed. The first type of GMI sensor is directly wound around the solenoid-shaped pickup coil onto
an alumina insulation tube inserted with an amorphous microwire. The second type of GMI sensor has a
patterned pickup coil that does not require the winding of the coil, similar to the patterned pickup coil of a
micro electro-mechanical system-based GMI sensor. This GMI sensor provides a new geometry that can be
easily manufactured with two PCB substrates. The proposed GMI sensors achieve the equivalent magnetic
noise spectral density to the high-sensitivity characteristics of the pT/√Hz level. The equivalent magnetic
noise spectral density of 1.5 pT/√Hz at 20.03 MHz is obtained for the first type of GMI sensor, and 3
pT/√Hz at 3.03 MHz is achieved the second type. The analyzed results of the bandwidth and the channel
capacity for the two types of GMI sensors are acceptable. This first analysis confirms the possibility of the
implementation of GMI sensors in magnetic field communication. The results of this experiment confirm
the high performance of the proposed GMI sensors and their applicability in magnetic field communication.
The detailed experimental results of the proposed GMI sensors are presented and discussed.
INDEX TERMS Amorphous microwire, giant magneto-impedance (GMI), high sensitivity, magnetic field
communication, magnetic sensor.

I. INTRODUCTION

Magnetic sensors play an increasing role in wireless sensor
networks. Thus, studies have focused on the applicability of
these sensors to wireless communication systems in
underground and underwater environments. In these
environments, the conventional techniques of using
electromagnetic (EM) waves in the gigahertz frequency

band dramatically increase bit error rates. The non-uniform
soil, rocks, and water cause high levels of reflection and
attenuation of the communication signals, and this results in
channel unreliability [1], [2]. Techniques that use the
magnetic field can solve these issues. Specifically, the
wireless communication problems of multi-path
propagation and fading are resolved because most materials,
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FIGURE 1. Conceptual block diagram of a giant magneto-impedance
(GMI) receiver system for magnetic communication. The receiver
includes an antenna, mixer, oscillator, demodulator, and signal
processing unit. The demodulator converts the output signal from the
GMI sensor into baseband signals and then transmits the signal to the
signal processing unit.

except nickel, cobalt, and iron, have the same permeability
as air. Thus, magnetic communication has low
susceptibility to underwater and underground environments.
An important factor in magnetic communication is the
increase in voltage conversion ratio, which is expressed in
V/T units, to detect weak magnetic fields. Several
magnetometers, also known as magnetic sensors, are
available. Examples are magneto-inductive (MI), fluxgate,
Hall effect, anisotropic magneto-resistive (AMR), giant
magneto-resistive (GMR), superconducting quantum
interface device (SQUID), and optically pumped (OPM)
sensors [3]–[15]. These magnetic sensors are generally
known to have high-sensitivity characteristics [3]. Highsensitivity magnetic sensors are widely used in nearly all
engineering and industrial areas, such as automobile, highdensity magnetic recording, navigation, non-destructive
testing, magnetic marking and labeling, military and
security, biomagnetic measurements in the human body,
meteorological, aviation, and geomagnetic measurement
applications [3], [4]. For instance, the MI, fluxgate, and
GMR sensors are being used for measuring perturbations in
the magnitudes and direction of Earth’s field due to induced
or permanent dipoles in major applications of magnetic
compasses, munitions fuzing and mineral prospecting [4].
A two-axis fluxgate sensor that could be used in navigation
systems is currently being studied [10]. The Hall-effect
sensor is used for the application of non-contact switching,
magnetic memory readout and current measurements. The
AMR sensor is mainly being applied to the magnetic field
communication system and flexible electronics [11], [12].
The SQUID sensor is being used for measuring field
gradients or differences due to permanent dipole magnets in
major applications of brain function mapping and magnetic
anomaly detection. In addition, the research on SQUID
sensors for application to tomb exploration, airborne
transient electromagnetic, and magnetic resonance image

FIGURE 2. Schematic view of the voltage response in a classical offdiagonal giant magneto-impedance configuration.

system being reported [13], [14]. The OPM sensor is
mainly being studied in the application of biomagnetic
measurement for the magnetoencephalogram and the
magnetocardiogram, and communication [15]. The trend of
magnetic sensor development is toward sensors that are
smaller, faster, more affordable, more sensitive, low power
consuming, and reliable in order to apply magnetic sensors
to the various fields mentioned above. Moreover, magnetic
sensors are being used in various applications because they
have a high-sensitivity resolution from the nano-tesla level
to the femto-tesla level and can detect weak external
magnetic fields because of their high-sensitivity
characteristics. The magnetic sensors, such as the above,
directly convert the magnetic field into voltage. The MI
method is generally used in near-field magnetic
communication. The near-field region in underground and
underwater magnetic field communication is defined
concerning the literature [11], [16], [17]. Specifically, the
definition of the near-field region in underground and
underwater magnetic field communication has been
reported in detail in the literature [17]. The near-field
region is defined by considering the three properties: the
wavelength λ , wavenumber k , skin depth δ . If the lossy
medium with the good conductors, given the distance r, the
near-field region can be expressed as follows. First, the
wavelength can be expressed as r ≪λ . Second, the
wavenumber can be defied as kr ≪ 2π . Third, the skin
depth can be written as r ≪ 2πδ . Here, the skin depth in
σ
1
good conductors with the
≫1 is δ =
. where σ is
ωε
π f µσ
the conductor conductivity, f is the frequency of the
transmitted signal, µ is the relative permeability for the
conductor. In other words, the near-field region can be
defied as r ≪λ = 2πδ . The values of the skin depth in the
underground and underwater medium environments
according to the composition of the in-organic materials
(i.e., rock, soil, mineral, water, etc.) are provided in
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literature [17]. The near-field region using the value of this
skin depth, is defined as follows. If the transmission
frequency range of 1-100 kHz in consideration of the
communication environments, by definition, the near-field
region is determined from several meters up to several
kilometers depending on the composition of the in-organic
materials in underground and underwater medium
environments. For instance, the results of the calculation for
the near-field region are as follows. In the granite material,
the calculated value is 6.3 km at 1 kHz and 700 m at 100
kHz in the underground medium. In the underwater
medium, the calculated value of the seawater is 100 m at 1
kHz and 10 m at 100 kHz. In addition, the calculated value
for the natural water is 1 km at 1 kHz and 100 m at 100 kHz.
Therefore, the magnetic field communication takes place in
short-range coupling in the near-field region. Our research
team aims to communicate underground and underwater
magnetic field within a near-field region of up to 300 m
using a giant magneto-impedance (GMI) sensor as the
receiving element by selecting the transmission frequency
according to the conditions of the underground and
underwater medium conditions. The MI method has an
inherent restriction because of a high path loss of 60 dB per
decade at short distances. To solve this problem, AMR
sensors have been proposed as replacements for
conventional MI communication systems [11].
The advances in nano-thin film technology have enabled
the development of GMR sensors, which exceed the
sensitivity of AMR sensors. However, these sensors are less
sensitive than GMI sensors, which are the focus of this
study. The sensitivity of a typical GMI sensor can be as
much as 500 times that of a GMR sensor [18].
Large impedance variations in CoFeSiB-based soft
amorphous wires, which are called “the GMI effect,” were
reported by Panina and Mohri in 1994 [19], [20]. The
results on the GMI sensor and “the GMI effect” are
currently being examined by several groups [21]–[23]. The
proposed GMI sensors have the advantage of being easier
to implement, less expensive, smaller, and higher
performing than the GMI magnetometers being studied by
the groups mentioned above. A previous study [24]
proposed the use of a high-frequency magnetic probe with a
1 mm-thick glass substrate and a GMI sensor element for
measuring EM radiation in a circuit.
Another study [25] proposed an off-diagonal GMI sensor
that uses software-defined radio. This research provides an
implementation concept of digital and real-time electronic
devices for GMI sensors in an off-diagonal configuration.
Although these studies focus on measuring only the
magnetic field strength, the reported physical principles and
outline models of the GMI effect demonstrate the potential
for the use of magnetic communication in underground and
underwater environments.
Fig. 1 shows the conceptual block diagram of receiver
systems using a GMI sensor in magnetic communication.

The diagram corresponding to the GMI sensor shows an
antenna and a mixer. The GMI effect is the impedance
variation of the magnetic material used as an element for
amplifying small signal variations in an external magnetic
field. To extract messages from external magnetic signals,
the appropriate demodulation and signal processing units
are connected to the back end of the GMI sensor stage.
Given that high sensitivity is the most notable characteristic
of GMI sensors, a receiver system design based on the GMI
effect enables high-performance magnetic communication.
This paper aims to provide a comprehensive analysis of
the GMI sensor used as a radio frequency (RF) front end
module corresponding to the preceding stage of demodulation units in a receiver system for magnetic
communication. The main characteristics for determining
whether a radio receiver is well designed for a given
purpose are gain, dynamic range, and noise spectral density.
Specifically, when using the GMI sensor as a component of
the receiver, the gain mentioned above means a voltage
conversion ratio of magnetometers. These characteristics
are analyzed by measuring two fabricated test GMI sensors.
From this analysis, the bandwidth and channel capacity of
these sensors are characterized. In addition, the equivalent
magnetic noise spectral density, which dominantly affects
the minimum signal level measurable in the magnetic
communication channel, is analyzed in the frequency
domain.
The remainder of this paper is structured as follows:
Section II presents the theoretical background. An offdiagonal GMI sensor can be considered the same as the
combination of an antenna and a mixer of the main
components in a receiver system. It also explains the
important physical characteristics of the GMI sensor.
Section III describes the design of the proposed GMI
sensors. Section IV gives the measurement strategies and
experimental evaluation results, including the device
characteristics. The concluding remarks and future work
proposals are provided in Section V.
II.

THEORETICAL BACKGROUND

This section explains the theoretical background. The offdiagonal GMI sensor can be considered the same as the
combination of an antenna and a mixer of the main
components in a receiver system (Fig. 1). It also describes
the important physical characteristics of the GMI sensor
(Fig. 2). As illustrated in Fig. 2, the sensing element
consists of a pickup coil wound around an amorphous
ferromagnetic microwire. The operation of an amorphous
microwire at a high frequency, MHz, generates an induced
voltage in the pickup coil. Here, as the number of turns of
the pickup coil increases, the intrinsic sensor sensitivity
(which corresponds to the off-diagonal term ∂Z 21 ( B ) / ∂B )
increases, and the excitation frequency tends to decrease
[26]. The parasitic capacitance occurs according to the
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(a)
(b)
Figure 3. Schematic view of the proposed giant magneto-impedance (GMI) sensors: (a) Type A GMI sensor. (b) Type B GMI sensor.

number of turns of the pickup coil. As the number of turns
of the pickup coil increases, the parasitic capacitance value
decreases [26], [27]. As a result, the parasitic capacitance
must be reduced to increase the intrinsic sensor sensitivity
of the GMI sensor, and increasing the number of turns of
the pickup coil is advantageous for increasing the intrinsic
sensor sensitivity. However, as the excitation frequency is
lowered, the number of turns of the pickup coil must be
determined in consideration of the frequency of the external
alternating current (AC) magnetic field to be sensed. The
determined number of turns of the pickup coil is shown in
Section III.
The induced voltage is proportional to the off-diagonal
term Z21 of the impedance matrix of the two-port network
sensing element, and this term Z21 is relatively less affected
by the parasitic capacitance than the term Z22. Moreover,
this induced voltage depends on the frequency and strength
of the external magnetic field [26], [28]. For excitation, the
angular frequency applied to the amorphous microwire for
GMI is ωex , the excitation current amplitude is Iac, the
static field (bias field) is B0, and the induced voltage in the
pickup coil can be expressed as

∂ Z 21 ( B )
v c =  Z 21 ( B0 ) +

∂B


B = B0


⋅ b ( t )  ⋅ I ac ⋅ sin(ω ex t ) . (1)



Eq. (1), which is related to the AC component, shows a
classic amplitude modulation. The key to Eq. (1) is the
detection of the small signal b(t), and it is important for the
differential term of Z21 for amplifying b(t). When the
angular frequency of the external magnetic field is ω TX ,
b ( t ) = A sin(ω TX t ) , and Eq. (1) can be written as

v c = c1 ⋅ sin(ω ex t ) +

A
∂Z ( B )
⋅ I ac ⋅ 21
2
∂B

TABLE I. Design parameters of GMI sensors
Number of
GMI
GMI
turns of
Number of
wire
wire
Type
the pickup
core
diameter
length
coil
A

100 μm

30 mm

250

1

40 × 30 × 2
mm3

B

100 μm

30 mm

27

5

40 × 35 ×
1.8 mm3

voltage vc has the three frequency components of the ωex ,
ωex ± ω TX . The output voltage of the GMI sensor is shown

as the combination of an antenna and a mixer (Fig. 1). To
extract the frequency component corresponding to ω TX
from the three frequency components, a demodulation
process is required. First, the two frequency components
with ωex , ωex + ω TX are extracted from the three frequency
components using the band pass filter that passes only the
frequency components above ωex in this demodulation
stage. Second, it uses a frequency mixer. A local frequency
corresponding to the excitation frequency of the GMI
sensor is fed to the frequency mixer from an external
oscillator, as shown in Fig. 1. Therefore, this local
frequency and ω TX frequency cancel each other in the
frequency mixer, and only the ω TX frequency component is
extracted. After this demodulation stage, the output voltage
vc can be written as
v c = G ⋅ I ac ⋅

B = B0

,

(2)

⋅ {sin(ω ex + ω TX ) t + sin(ω ex − ω TX ) t }

where c1 and A are arbitrary constants. The output

Overall
PCB Size

∂ Z 21 ( B )
∂B

⋅ b (t ) ,

(3)

B = B0

where G is the gain associated with the demodulation stage.
Through Eq. (3), the voltage conversion ratio corresponding
to the small-signal gain can be defined as
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Sv =

∂ vc 1
∂Z ( B )
= I ac ⋅ 21
∂b G
∂B

,

(4)

B = B0

where ∂Z 21 ( B ) / ∂B is the intrinsic sensor sensitivity. The
ability to obtain a large value is important for amplifying
the small signal. In addition, intrinsic sensor sensitivity
should be highly linear because it depends on the frequency
and strength of the external magnetic field. The equivalent
magnetic noise spectral density bn is obtained as the ratio
between the output voltage noise spectral density en and the
voltage conversion ratio Sv. It can be written as
e
(5)
bn = n .
Sv
The units of the equivalent magnetic noise spectral density
are T/√Hz.
Bandwidth, an area in the spectrum, is necessary for
transmitting information signals centered on the frequency
of the carrier signal. The following formula is applied to
calculate the bandwidth of the proposed GMI sensors.
According to Shannon’s channel capacity [29], it can be
expressed as
S 

(6)
C = BW × log 2  1 +  ,
N

where C is the channel capacity, i.e., the bit transfer rate,
and the unit is bit per second (bps). BW refers to the
bandwidth, which is generally based on 3 dB. The units are
expressed in hertz (Hz). S / N is the signal-to-noise power
ratio.

(a)

III. DESIGN OF A GMI SENSOR

Fig. 3 shows the structure of the two GMI sensor designs.
The two types of GMI sensors use a soft magnetic material
composed of a CoFeSiB amorphous microwire with a
diameter of 100 µm and length of 30 mm. They use a
structure in which the amorphous microwire is commonly
embedded on a printed circuit board (PCB) substrate. The
difference between the two types of sensors is the pickup
coil pattern.
As shown in Fig. 3(a), the first type of GMI sensor, Type
A, is directly wound around the solenoid-shaped pickup
coil onto an alumina insulation tube inserted with an
amorphous microwire, and the pickup coil is composed of a
primary coil. The number of turns for the pickup coil was
250 with a single layer. A copper wire with a 0.1 mm
diameter was used. The alumina insulation tube has an
outer diameter of 0.8 mm, inner diameter of 0.4 mm, and
length of 26 mm. The reason for using an alumina
insulation tube is the difficulty in precisely winding the coil
directly around the amorphous microwire without breaking
the microwire. Therefore, the pickup coil can be effectively
wound using an alumina insulation tube. Both ends of the
amorphous microwire that are inserted into the alumina
insulation tube are connected by being mounted on the core
pad of the PCB substrate after silver plating treatment. The

(b)

Figure 4. Experimental environment configuration of the proposed
giant magneto-impedance (GMI) sensors: (a) Fabricated GMI sensors.
(b) GMI measurement system.

pickup coil is connected to the coil pad by soldering.
In the second type of GMI sensor, Type B, the pickup
coil is patterned without winding the coil. Specifically, the
PCB 1 structure of this sensor has a new geometry. The
pickup coil is patterned on the front side of the PCB 1,
which has negative etching with 110 µm-deep grooves in a
straight line on the back side. On the back of PCB 1 are five
parallel negative types of grooves in which the five
amorphous microwires are inserted. Thus, this type has a
multi-core configuration.
The composition of the multiple amorphous microwires
allows for increases in the voltage conversion ratio of the
GMI sensor. The proposed structure of Fig. 3(b) has the
advantage of facilitating the formation of 1–5 amorphous
microwires. The PCB 1 substrate is mounted with the PCB
2 substrate, and the patterned pickup coils on the PCB 2
substrate (omitted from Fig. 3[b]) and the front surface of
the PCB 1 substrate are connected by soldering. The
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(a)

(b)

(c)

Figure 5. Comparison of the induced voltage (left) and voltage conversion ratios (right) of the two types of giant magneto-impedance sensors for
(a) 1 kHz (Type A and Type B). (b) 30 kHz (Type A and Type B). (c) 100 kHz (Type A and Type B).

number of turns for the pickup coil in the Type B GMI
sensor is 27 with a single layer, and the pickup coil is
composed of a primary coil. The five amorphous
microwires are connected by being mounted on the core
pad (omitted from Fig. 3[b]) of the PCB substrate after
silver plating treatment (Fig. 3[a]). The Type B GMI sensor
can be easily implemented with two PCB substrates. The
design parameters of the proposed GMI sensors are

presented in Table I.
IV. RESULTS AND DISSCUSSIONS
A. EXPERIMENTAL SETUP AND CONFIGURATION

The designed GMI sensors are fabricated, as shown in Fig.
4(a). For the experimental evaluation of the sensors, an
experimental measurement environment (i.e., a GMI
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measurement system) is configured (Fig. 4).
The characteristics of the sensing elements, such as the
AC magnetic field response, voltage noise spectral density,
and equivalent magnetic noise spectral density, are assessed
by the GMI measurement system.
For the external AC magnetic field, three candidate
frequencies, namely 1 kHz, 30 kHz and 100 kHz, are
selected to verify their applicability for underwater and
underground magnetic field communication within the
frequency range of 100 kHz in the near-field region. As
shown in Fig. 4, the fabricated Helmholtz coil is used as a
transmitting antenna. The signal input of the external AC
magnetic field is supplied from the function waveform
generator (Keysight, 33250A) to the Helmholtz coil. The
Helmholtz coil transmits an external AC magnetic field to
the GMI sensor in the form of a sine wave, which is a
continuous wave. To receive an external AC magnetic field,
input conditions to the GMI sensor are required to drive the
GMI sensor. The input conditions of the GMI sensor can be
set by setting the excitation frequency and the excitation
voltage with AC voltage and direct current (DC) bias. The
excitation parameters and bias condition corresponding to
these input conditions affect the equivalent magnetic noise
of an off-diagonal GMI sensor, and the equivalent magnetic
noise varies according to these conditions. The DC bias
current can decrease the equivalent magnetic sensor noise
level in the white noise region because of the magnetic
domain wall movement of the amorphous microwire [30].
The input for the excitation frequency and the AC voltage
input of the excitation voltage for Type A and Type B GMI
sensors is fed from the signal generator (Keysight, E8257D),
and the DC bias input of the excitation voltage is supplied
from the DC power supply (Keysight, E3613A). The signal
analyzer (Rohde & Schwarz, FSV4) is used to collect the
output data of the sensor. The GMI measurement system is
operated through a control personal computer (PC).
To validate the possibility of using GMI sensors in
magnetic field communication, the Helmholtz coil is used
to measure the bandwidth of the sensors under the external
AC magnetic field of 0.001–100 kHz. The bit transfer rate
is calculated through the analysis of the results. The
detailed analysis is presented in sub-section E of section IV.
The AC magnetic field response is measured for the
operation of the Type A fabricated sensor at an excitation
frequency of 20 MHz and Type B at an excitation
frequency of 3 MHz. The difference in the excitation
frequencies for the two sensors is the result of the intrinsic
sensor sensitivity characteristics ( ∂Z 21 ( B ) / ∂Z ( B ) ) of Eq.
(1). In other words, the excitation frequency changes
because of the difference in the number of pickup coil turns
and the configuration of the multicore. Thus, the GMI
sensors have different excitation frequencies.
The Type A sensor uses an excitation voltage of 3.3 Vpp
and a DC bias of 50 mVdc. The Type B sensor uses an

(a)

(b)

Figure 6. Voltage noise spectral density: (a) Type A giant magnetoimpedance (GMI) sensor. (b) Type B GMI sensor.

excitation voltage of 3.3Vpp. The external frequencies used
for the Helmholtz coil are 1, 30, and 100 kHz, which are the
candidate frequencies for magnetic field communication.
As the applied voltage to the Helmholtz coil, voltage
change from 0.001 V to 10 Vpp is used, and this indicates a
change in the magnetic field strength of the Helmholtz coil.
B. DYNAMIC RANGE AND VOLTAGE CONVERSION
RATIO

The induced voltage (vc) with a unit of mV, which
represents the dynamic range for the GMI sensors, and the
voltage conversion ratio (Sv) with a unit of kV/T are shown
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(a)

(a)

(b)

(b)

Figure 7. Equivalent magnetic noise spectral density: (a) Giant
magneto-impedance (GMI) sensor Type A with the applied voltage
conversion ratio of 4.95 kV/T. (b) GMI sensor Type B with the applied
voltage conversion ratio of 4.15 kV/T.

Figure 8. Bandwidth: (a) Giant magneto-impedance (GMI) sensor
with Type A. (b) GMI sensor with Type B.

in Fig. 5.
Fig. 5(a) shows the induced voltage and voltage
conversion ratios for the GMI sensors under an external
frequency of 1 kHz. When the Helmholtz coil operates at 1

the GMI sensors at an external frequency of 1 kHz are not
guaranteed and that the voltage conversion ratio value
changes with the strength of the Helmholtz coil.
The induced voltage and voltage conversion ratio under
an external frequency of 30 kHz are shown in Fig. 5(b). The

kHz, the Helmholtz coil has an impedance |Z| of 73.77 Ω.
An induced voltage of up to 87.1 mV and a voltage
conversion ratio of 0.19 kV/T to 4.65 kV/T are achieved for
Type A. For Type B, the induced voltage is 50.7 mV, and
the voltage conversion ratio is 1 kV/T to 2.8 kV/T. The
results confirm that the output linearity characteristics of

Helmholtz coil has an impedance |Z| of 3.05 kΩ at 30 kHz.
The two types of GMI sensors are guaranteed high linearity
characteristics for the induced voltage. The achieved
induced voltage and voltage conversion ratios are 2.5 mV
and 4.95 kV/T for Type A and 2.1 mV and 4.15 kV/T for
Type B, respectively.
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TABLE II. Bandwidth characteristics of giant magneto-impedance sensors
3dB
Channel
3dB
Channel
External
Bandwidth
capacity
Bandwidth
capacity
frequency
(Type A)
(Type B)
(Type B)
(Type A)

TABLE III. Summary of the performance of giant magneto-impedance
sensors
Parameter

Type A

Type B

1 kHz

0.49 kHz

16 kbps

0.6kHz

17 kbps

Dynamic range

a
Max. 2.5 mV

a
Max. 2.1 mV

10 kHz

3 kHz

75 kbps

3.3 kHz

72 kbps

Voltage conversion
ratio

a
4.95 kV/T

a
4.15 kV/T

30 kHz

10.3 kHz

222 kbps

12.7 kHz

240 kbps

Average white noise

3.5 nV/√Hz

3.5 nV/√Hz
15 nV/ Hz

17 kHz

339 kbps

21.5 kHz

379 kbps

Average sensor
noise

10 nV/√Hz

50 kHz

Sensor noise

a
7.4 nV/√Hz

a
12.3 nV/√Hz

70 kHz

20 kHz

385 kbps

26.4 kHz

447 kbps

Average equivalent
noise

b
2 pT/√Hz

b
3.7 pT/√Hz

Equivalent noise

a,b
1.5 pT/√Hz

a,b
3 pT/√Hz

Bandwidth (3 dB)

a
10.3 kHz

a
12. 7kHz

Channel capacity
(bit transfer rate)

a
212 kbps

a
240 kbps

90 kHz

26.7 kHz

497 kbps

34.2 kHz

557 kbps

The induced voltage and voltage sensitivity under the
external frequency of 100 kHz using a Helmholtz coil are
shown in Fig. 5(c). The Helmholtz coil has an impedance
|Z| of 3.40 kΩ at 100 kHz. The achieved induced voltage
and voltage conversion ratios are 0.84 mV and 1.7 kV/T for
Type A and 0.74 mV and 1.67 kV/T for Type B,
respectively.
These results confirm that the induced voltage has linear
characteristics. However, the induced voltage and voltage
conversion ratios are lower than those in Fig. 5(b).
Regarding the applicability of magnetic field
communication, the results shown in Fig. 5 confirm that
among the three external frequencies (1, 30, and 100 kHz),
30 kHz provides the best performance characteristics for
the induced voltage and voltage conversion ratios. In
addition, Type A exhibits better performance characteristics
than Type B. Therefore, Type B does not perform as well as
Type A. The reason is the difference in the number of turns
for the pickup coils in the GMI sensors. The number of
turns for the Type B pickup coil is 9.3 times less than that
for the Type A pickup coil.
C. VOLTAGE NOISE SPECTRAL DENSITY

Fig. 6 shows the voltage noise spectral density (en) results
for the GMI sensors. The excitation conditions are the same
as those in the AC magnetic field response. The excitation
frequencies of the GMI sensors and the external magnetic
field of a frequency range of 1–100 kHz for magnetic field
communication are considered in the noise level
measurements. Thus, the considered frequency bandwidth
for the noise level is 19.98–20.12 MHz for Type A and
2.98–3.12 MHz for Type B.
Figs. 6(a) and (b) show the voltage noise spectral density
for Type A and Type B. The measured average white noise
for Types A and B are the same. The value is 3.5 nV/√Hz.
The average noise levels of approximately 10 nV/√Hz and
15 nV/√Hz are achieved for Type A and Type B,
respectively. The exception is the excitation frequency

a
Relative comparisons of the performance of Type A at 20.03 MHz and
Type B at 3.03 MHz.
b
Relative comparison of the voltage conversion ratios of 4.95kV/T at
20.03 MHz for Type A and 4.15 kV/T at 3.03 MHz for Type B.

region in the considered frequency range. Specifically, for
an external frequency of 30 kHz, the noise levels of
approximately 7.4 nV/√Hz at 20.03 MHz and 12.3 nV/√Hz
at 3.03 MHz are achieved for Type A and Type B,
respectively.

In both results, the noise levels are measured at high
frequencies in the MHz region; thus, the flicker noise 1/f is
very small. Large noise values are found at the excitation
frequencies for the two types of GMI sensors. Both sensors
appear to have excellent noise characteristics of tens of
nV/√Hz levels. However, the Type A GMI sensor seems to
have better noise characteristics than Type B.
D. EQUIVALENT MAGNETIC NOISE SPECTRAL
DENSITY

Fig. 7 shows the results of the equivalent magnetic noise
spectral density for the two types of GMI sensors. The
equivalent magnetic noise spectral density bn can be
obtained with Eq. (5). For an external frequency of 30 kHz,
the considered voltage conversion ratio for Type A and
Type B is approximately 4.95 kV/T of 20.03 MHz and 4.15
kV/T of 3.03MHz, respectively. For the voltage noise
spectral density en , the results in Fig. 6 are applied.
The results of the equivalent magnetic noise spectral
density for Type A and Type B are shown in Figs. 7(a) and
(b). The calculated average equivalent magnetic noise of 2
pT/√Hz and 3.7 pT/√Hz is achieved for Type A and Type
B, respectively. The exception is the excitation frequency
region in the considered frequency bandwidth. In Fig. 7, the
dash-dotted lines for Type A and Type B refer to the noise
reflected by the white noise in Fig. 6 and the voltage
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conversion ratio in Fig. 5. Specifically, the equivalent
magnetic noise of 1.5 pT/√Hz at 20.03 MHz is achieved for
Type A and 3 pT/√Hz at 3.03 MHz for Type B.
In both results, the pT√Hz levels indicate that the GMI
sensors have superior equivalent magnetic noise
characteristics. Moreover, Type A seems to be superior to
Type B.
E. BANDWIDTH AND CHANNEL CAPACITY

The bandwidth is measured to verify the possibility of using
GMI sensors for receiving audio signals in magnetic field
communication (see Fig. 8 for results). The bandwidths of
the GMI sensors are measured by fixing the voltage of the
Helmholtz coil to 3Vpp and varying its external frequency
from 0.001 kHz to 100 kHz. The bandwidth and channel
capacity results are summarized in Table II.
Fig. 8(a) shows the measured bandwidth for Type A. A 3
dB bandwidth of approximately 10.3 kHz at a center
frequency of 20.03 MHz is obtained. The channel capacity,
i.e., the bit transfer rate, for Type A is calculated with Eq.
(6). The calculated channel capacity is 222 kbps when the
measured signal-to-noise power ratio value is
approximately 65 dB.
The measured bandwidth of Type B is shown in Fig. 8(b).
A 3 dB bandwidth of approximately 12.7 kHz at a center
frequency of 3.03 MHz is achieved. The channel capacity
for Type B is calculated at 240 kbps when the measured
signal-to-noise power ratio value is 57 dB.
The bandwidths for the two types of GMI sensors
increase as the external frequency increases. The bandwidth
and channel capacity results for Type B are better
characteristics than those for Type A. In addition,
considering only the bandwidth and channel capacity
characteristics facilitates the selection of an external
frequency corresponding to a high frequency of almost 100
kHz. However, the results, as illustrated in Fig. 5, indicate
that the best voltage conversion ratio is obtained with the
30 kHz external frequency rather than the 1 and 100 kHz
frequencies. The measured bandwidth and channel capacity
at 30 kHz are reasonably acceptable. Therefore, the
selection of an external frequency of 30 kHz is deemed
appropriate.
Moreover, given the overall device characteristics of the
sensor and bandwidth characteristics for Type A and Type
B, Type A is a sensor with excellent characteristics and
may be used as a test sensor for application in magnetic
field communication. Conversely, Type B has better
bandwidth characteristics than Type A. Type B achieves
excellent equivalent noise spectral density characteristics of
pT/√Hz levels similar to Type A. Type B has advantages in
terms of mass production and manufacturing process
compared with Type A. Therefore, Type B can also be a
test sensor for application in magnetic field communication.
This study confirms the possibility of using the proposed
GMI sensors as audio receivers in magnetic field

communication. The experimental evaluation of the
proposed GMI sensors is successful. The key aspects of the
performance of the GMI sensors are summarized in Table
III.
V. CONCLUSION

This study has presented the results of an experimental
approach to the applicability of high-sensitivity PCB-based
GMI sensors in underground and underwater magnetic field
communication within a frequency of 100 kHz in the nearfield region. The equivalent magnetic noise spectral density
of the pT/√Hz levels is obtained through the experimental
evaluation of the proposed GMI sensors. These results
indicate that a weak magnetic field can be received in
magnetic field communication in the near-field region.
When an external frequency of 30 kHz is used, the
bandwidth and channel capacity are found to be suitable for
the use of GMI sensors in magnetic field communication.
As a result, the possibility of applying the proposed GMI
sensors to a receiving element for magnetic field
communication, which is a new application field, can be
confirmed. Studies on modulation and demodulation
methods (e.g., frequency shift keying and the phase shift
keying) and transmission methods (e.g., synchronous and
asynchronous methods) as communication methods for
magnetic field communication will be conducted in future
studies. Moreover, a demodulation circuit of a GMI
receiver using a GMI sensor, which performs an
experimental evaluation of the GMI receiver, will be
designed and implemented.
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