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ABSTRACT This paper presents the topology of a novel approach to magnetic communication using a
differential magnetic induction (MI)-based receiver and a differential MI receiving sensor. In this paper,
a differential MI sensor based on two ferromagnetic cores is proposed as a receiving sensor, unlike the
air coil-type MI sensor in the conventional search coil sensor concept. This differential MI sensor has the
advantages of ultra-high sensitivity characteristics of the pT/

√
Hz level, which can detect weak magnetic

fields in magnetic communication; moreover, the sensor is smaller than a conventional air coil MI sensor.
The proposed differential MI sensor contributes to improving sensor performance by increasing its signal-
to-noise ratio. The design and fabrication of the proposed MI sensor were based on a printed circuit board
(PCB). The pickup coil of the PCB-based MI sensor directly wound the pickup coil onto a ferromagnetic
core composed of Ni-Zn ferrite material. To analyze the key factors that affected the performance of the
receiver, the magnetic field-to-voltage conversion ratio (MVCR) and equivalent magnetic spectral density
measurements of the proposed PCB-basedMI sensor were performed.Wireless digital communication using
quadrature phase shift keying (QPSK), which is less sensitive to noise and has a high data rate, was used to
evaluate the proposedMI-based receiver. The transmitted and received waveformswere compared to confirm
that the transmitted digital data were accurately received as a result of the final demodulation of the receiver.
Additionally, several performance metrics, such as constellation and error vector magnitude, were measured.
The results of the comprehensive analysis confirmed the applicability of the proposed differential MI-based
receiver to a magnetic field.

INDEX TERMS Magnetic induction sensor, magnetic induction-based receiver, ferromagnetic core, mag-
netic communication.

I. INTRODUCTION
Wireless communication systems are based on radio fre-
quency (RF) bands, which typically vary from 1 MHz to
6 GHz [1], [2]. For example, Wi-Fi operates at 2.45 GHz,
most cellular networks operate from 800 MHz to 3 GHz,
and millimeter waves use 28–60 GHz [3]. However, in many
applications, RF communications may not be able to provide
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good signal quality. For example, in underwater sensor net-
works, RF signals can quickly fade after depths of 1 m.
In underground mine exploration systems, communication
devices usually cannot reach each other through RF channels
if they aremore than 10m apart. In these applications, non-RF
wireless media, such as magnetic or acoustic channels, may
play more important roles because of their strong penetration
capability in water/ground environments [1]. Specifically,
magnetic induction (MI) is a reliable and high-speed wire-
less communication method in underwater environments.
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While acoustic signals propagate at an extremely slow speed
(∼1,500 m/s), MI waves propagate at a speed of 3.33 ×
107 m/s. When the acoustic data rate is ∼kb/s, MI can
reach ∼Mb/s. In inland water (e.g., fresh water), MI can
easily reach >50 m transmission distance without signifi-
cant fading loss. Moreover, compared with acoustical com-
munication, the advantages of MI communication include a
scalable bandwidth over a wider spectral range, negligible
propagation delay, and less susceptibility to surroundings [2].
This MI communication technique is insensitive to water
turbidity, water depth, reflections by materials and surfaces,
interference by sound and light, and Doppler spread and
delay spread. In addition, using a magnetic field with the
MI communication technique could solve the wireless com-
munication problem of multipath propagation and fading
with respect to conventional communication techniques using
electromagnetic (EM) waves [4], [5], [6]. Because of these
advantages, our research team implemented an MI-based
receiver using a MI sensor at pT/

√
Hz levels that detected

weak magnetic field signals as a receiving element, and
aims to achieve magnetic communication over tens to hun-
dreds of meters in underwater and underground media con-
ditions. An important aspect of magnetic communication
is an increased magnetic field-to-voltage conversion ratio
(MVCR), which is expressed in V/T units, to detect weak
magnetic fields [7]. Several magnetometers, known as mag-
netic sensors, are available, such as fluxgate, giant magneto-
impedance (GMI), anisotropic magneto-resistive (AMR),
giant magneto-resistive (GMR), and tunneling magnetore-
sistance (TMR) [7], [8], [9], [10], [11], [12], [13], [14],
[15], [16], [17]. These magnetic sensors are known to have
high sensitivity characteristics [8]. Specifically, theMI sensor
based on a ferromagnetic core [18], [19], [20] has a sensitivity
within tens of pT/

√
Hz, which is superior to the above-

mentioned sensitivity of magnetic sensors. This MI sensor
also has the advantages of small size, low cost, and easy
implementation, so it could be a viable alternative for use as
a receiving element in magnetic communication.

A review of the literature revealed several previous
MI-based communication systems for underground and
underwater applications [21], [22], [23], [24], [25], [26],
[27], [28], such as two low-frequency MI-link systems, MI
communications, and MI localization [22], [26], [27], [28].

However, the topic of this paper is not the MI commu-
nication link and the MI communication system. In this
research, we focused on experimental verification by design-
ing and manufacturing an MI-based receiver with a very
low-frequency band for application in magnetic commu-
nications in underground and underwater environments.
As described above, as the receiving element of the MI-based
receiver, an MI sensor based on a ferromagnetic core with
ultra-high sensitivity characteristics was used instead of the
commonly used air coil-type MI sensor or receiving loop
antenna. The advantage of the MI sensor is that it can
have ultra-high sensitivity characteristics due to its ferro-
magnetic core with high permeability, which can increase

the communication range of the receiver. In addition, an MI
sensor based on a ferromagnetic core has advantages in size,
mass, and performance compared to an air coil-type MI sen-
sor or receiving loop antenna [1], [18], [19]. Therefore, the
volume of the MI sensor-based receiver can be drastically
reduced compared with the volume of the loop antenna-based
receiver.

Previous studies have been conducted on magnetic sensor-
based receivers to increase the range ofmagnetic communica-
tion [29], [30], [31], [32]. Specifically, as a detector, the AMR
sensor was applied to an MI communication system [29].
This AMR detector was presented as a small, lightweight
receiver unit suitable for mobile applications. However, the
sensitivity of the AMR detector was nT/

√
Hz, which is lower

than that of the MI sensor based on the ferromagnetic core
of pT/

√
Hz. In [29], the design of the AMR-based receiver

and experimental verification were not presented in detail.
A GMI-based receiver for magnetic communication was pre-
sented in [30]. The results of on-off keying (OOK) demodula-
tion at 60 kHz using the GMI-based receiver were presented.
Compared with the proposed MI-based receiver, in the case
of the GMI-based receiver, there was a limitation in having
the complicated configuration of the receiver. The reason
is that, an additional configuration was required to apply
the excitation frequency and DC bias to the GMI sensor,
which determined its sensitivity and magnetic noise level.
In addition, because the GMI-based receiver had a super-
heterodyne topology, a local frequency had to be applied,
which could have increased the complexity of the receiver.
OOK modulation is the simplest modulation method, but it
has the limitations of vulnerability to noise and a slow data
rate. Therefore, the GMI-based receiver configuration and the
OOK modulation method are sensitive factors in increasing
the communication range in magnetic communication.

To solve the limitations of the GMI-based receiver and
increase its magnetic communication range, this paper
proposes an MI-based receiver that uses a ferromagnetic
core-based MI sensor as a receiving element. An MI sensor
that does not require an excitation frequency or DC bias
could reduce the complexity of an MI-based receiver. The
sensitivity of the MI-based receiver proposed in this paper,
which corresponds to the equivalent magnetic noise spec-
tral density (EMNSD), exhibited ultra-high sensitivity within
2 pT/
√
Hz. TheMVCR of the proposedMI sensor also exhib-

ited approximately 268 kVrms/T. Accordingly, it can increase
the range of communication. In this paper, a differential MI
sensor [33], [34] with two ferromagnetic cores is proposed
as a receiving element instead of a conventional MI sensor
based on a ferromagnetic core [18], [19], [20]. Generally, the
differential MI sensor reduces common mode noise, and the
output voltage of the sensor shows increased characteristics
compared with the conventional MI sensor. In other words,
the signal-to-noise ratio of the sensor tends to increase, which
can contribute to improving the performance of the sensor.
Therefore, an MI-based receiver of differential type in which
a differential MI sensor is considered a receiving element
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FIGURE 1. Schematic view of the proposed magnetic induction (MI)
sensors: (a) basic MI sensor. (b) differential MI sensor.

is proposed. To determine its application to magnetic com-
munication, an experimental evaluation was performed on
the proposed MI sensor and differential MI-based receiver
at the laboratory level by replacing the transmission antenna
by a Helmholtz coil. In the proposed MI-based receiver, the
quadrature phase shift keying (QPSK) modulation method,
which is less sensitive to noise and has a high data rate, was
adopted, and an experimental evaluation was performed.

The remainder of this paper is structured as follows:
Section II presents the design of an MI sensor. A receiving
element that replaces a receiving loop antenna or air coil-type
MI sensors for magnetic communication is designed as a
magnetic sensor based on a ferromagnetic core. Section III
describes the system configuration for the experimental
evaluation of the proposed MI sensor and the MI-based
receiver. Section IV describes themeasurement strategies and
discusses the results of the experimental evaluation of the
proposed MI sensor and the MI-based receiver. Concluding
remarks and recommendations for future work are provided
in section V.

FIGURE 2. Eddy current penetration depth of the copper coil for the MI
sensor as a function of frequency.

TABLE 1. Design parameters of MI sensors.

II. DESIGN PROCEDURE
A. DESIGN OF AN MI SENSOR
Fig. 1 shows the structure of the proposed MI sensor designs
for use as a receiving element to replace a receiving loop
antenna or air coil-type MI sensors in magnetic communica-
tion. The considered magnetic material used in the ferromag-
netic core was Ni-Zn soft ferrite with a relative permeability
of 700. The shape of the ferromagnetic core is cylindrical, and
the size has a diameter of 5 mm and a length of 30 mm. The
MI sensors are based on a printed circuit board (PCB) sub-
strate with FR4 material composed of a relative permittivity
of 4.6.

As shown in Fig. 1(a), a basic MI sensor was designed to
compare and verify the performance of the differential MI
sensor shown in Fig. 1(b), which was used as the receiving
sensor in the differential MI-based receiver.

As shown in Fig. 1(a), the PCB-based MI sensor directly
wound the pickup coil onto the cylindrical ferromagnetic
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FIGURE 3. Block diagram of the differential MI-based receiver.

core. An enameled copper wire 0.1 mm in diameter was
used for the pickup coil, the width of which was 25 mm.
Here, the wire diameter of the copper wire was selected in
consideration of the eddy current penetration depth of the
copper wire. This is because both the inductance and the
quality factor of the coils at radio frequencies with respect to
the eddy current penetration depth are affected by the eddy
current flow in the highly conductive ferromagnetic core.
In particular, with increasing frequency, the eddy current loss
increases rapidly as the skin depth of the ferromagnetic core
became smaller than the core thickness. Therefore, the eddy
current penetration depth of the copper wire corresponding
to the pickup coil was analyzed according to the frequency.
The eddy current penetration depth was defined by equation

δ =

√
2ρ
µω

. where ρ is the resistivity of the copper and its

value is 1.7× 10−8�m, µ is the permeability of copper(i.e.,
corresponding to µr × µ0, µr = 1, µ0 = 4π × 10−7H/m),
and ω is the angular frequency. Fig. 2 shows the calculated
eddy current penetration depth for the copper coil of the
MI sensor as a function of frequency using the equation of
eddy current penetration depth. The frequency considered
for magnetic communication in this paper is 20 kHz. The
calculated eddy current penetration depth of the copper coil
was approximately 0.46 mm at 20 kHz. The wire diameter
of the copper pickup coil of the MI sensor considered was
0.1 mm, and the wire diameter of the copper coil within
the eddy current penetration depth was selected. The total
number of turns on the pickup coil was 3,000 in 12 layers, at
250 turns per layer. The pickup coil was soldered to the coil
pad. The left side of the coil padwas connected to port 1 along

a signal line. The right side of the coil pad was connected to
the ground through a via.

Fig. 1(b) shows the differential type of PCB-based MI
sensor. In the proposed differential MI sensor, a pickup coil
configuration was added to the basic MI sensor structure
shown in Fig. 1(a). This differential MI sensor has a dif-
ferential connection between the pickup coil and the port:
the starting point of pickup coil 1 is connected to port 1,
and the end point of pickup coil 2 is connected to port 2.
Accordingly, the pickup coil in the proposed differential MI
sensor measures the same field but in the opposite direction.
For this reason, the current directions of the two pickup coils
(pickup coil 1 and pickup coil 2) are opposite to each other,
and a 180◦ phase difference occurs between the two coils.
In addition, this differential MI sensor could produce twice
the magnitude of the induced voltage with a 180◦ phase dif-
ference, which contributed to improving its performance. The
design parameters of the proposed MI sensors are presented
in Table 1.

B. DESIGN OF AN MI-BASED RECEIVER
Fig. 3 shows a block diagram of the detailed structure of the
differential MI-based receiver. The signal was digitally mod-
ulated in the direct digital synthesis (DDS) of the transmitter
(Tx) and sent to the Helmholtz coil. The Helmholtz coil acts
as a transmitting antenna and transmits a modulated signal to
the receiver (Rx).

The differential MI sensor, which is the receiving element
of the Rx, detects a modulated signal. Here, the differential
MI sensor was placed in the zy-plane inside the center of the
Helmholtz coil, and two ferromagnetic cores wound around
the pickup coils in the differential MI sensor were located
along the z-axis to detect the modulated signal. In addition,
the magnetic field (i.e., corresponding to the magnetic flux
density) of the Helmholtz coil in Fig. 3 (i.e., corresponding to
the fabricated Helmholtz coil in Fig. 4) used as a signal source
was measured. Fig. 5 shows the magnetic field measurement
results in the z-axis of the Helmholtz coil. Themeasured aver-
age uniformmagnetic field was 106.7± 0.5µT, and the range
of the uniform magnetic field was 70 mm. The size of the
differential MI sensor is smaller than the range of measured
uniform magnetic field. Moreover, in the differential MI sen-
sor, the gap between the two pickup coils (pickup coil 1 and
pickup coil 2, Pg in Table 1) was 28.5 mm, which is smaller
than the measured uniform magnetic field range of 70 mm.
Accordingly, a uniform magnetic field is generated along the
z-axis of the Helmholtz coil, and the differential MI sensor
detects a magnetic field signal within a uniform magnetic
field. The differential MI-based receiver consisted of two
parts. The first part of the MI-based receiver was the signal
amplification unit (i.e., corresponding to À of the differential
MI-based receiver shown in Fig. 4(b)). This part consists of
analog RF circuits. The second part of the MI-based receiver
is the demodulation unit (i.e., corresponding to Á of the
differential MI-based receiver shown in Fig. 4(b)). This part
consisted of an oscilloscope onboard module mounted on
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FIGURE 4. Experimental environment configuration : (a) MI measurement system; (b) MI based-receiver evaluation system.

a Tx, Rx controller PC (omitted from Fig. 3; see Fig. 4).
Therefore, it could be implemented as digital demodulation
processing in the Tx, Rx controller PC.

III. SYSTEM CONFIGURATION
The experimental measurement environment of the designed
MI sensor and MI-based receiver for the experimental
evaluation of the magnetic communication possibility was
configured (see Fig. 4).

A. EXPERIMENTAL SETUP AND CONFIGURATION
OF AN MI SENSOR
Fig. 4(a) shows the configuration of the experimental envi-
ronment (i.e., an MI measurement system) of the proposed
MI sensor. The key characteristics of the proposed MI sensor
were assessed using the MI measurement system.

The Helmholtz coil was used as a transmitting antenna.
It transmitted an external AC magnetic field to the MI sen-
sor when the external AC magnetic field was generated
in the signal generator (Keysight, 33500B) and fed to the
Helmholtz coil. The magnetic flux density generated inside
the Helmholtz coil, where the MI sensor was located, was
defined by the equation B = (4/5)3/2µ0NI/R, where µ0
is the permeability constant, I is the current applied to the
Helmholtz coil, and N and R are the turns and radius of the
Helmholtz coil, respectively [35].

A signal analyzer (Rohde & Schwarz, FSV4), oscilloscope
(Teledyne LeCroy,Wavesurfer 510), and LCRmeter (HIOKI,
IM3536, omitted from Fig. 4) were used to collect the output
data from the MI sensor. The MI measurement system was
operated through a control PC.

B. EVALUATION SYSTEM CONFIGURATION FOR AN
MI-BASED RECEIVER
Fig. 4(b) shows the experimental evaluation system of the
differential MI-based receiver. To verify the possibility of

magnetic communication, the modulation signal with a mes-
sage signal was in the QPSK modulation format.

Themodulation signal with message data was generated by
the DDS (National Instruments, PXIe-5442) mounted in the
Tx, Rx controller PC, converted into an analog signal, and
sent to the Helmholtz coil. The Helmholtz coil with N =
90 turns and R = 150 mm transmitted an analog modu-
lation signal to the differential MI sensor. The differential
MI sensor detected an analog modulation signal and sent
it to the signal amplification unit (i.e., corresponding to À
of the differential MI-based receiver shown in Fig. 4(b)) of
the differential MI-based receiver. In this stage, the signal
amplifier unit was responsible for amplifying the analog
modulation signal and removing harmonic bands outside the
passband. The Tx, Rx controller PC with the demodula-
tion unit (National Instruments, PXIe-5122) of the proposed
MI-based receiver (i.e., corresponding to Á of the differential
MI-based receiver shown in Fig. 4(b)) decoded the modula-
tion signal received from the signal amplification unit and
output it to the Rx monitor.

IV. RESULTS AND DISCUSSION
This section discusses the results of the experimental evalu-
ation of the proposed MI sensor and the MI-based receiver.
To verify magnetic communication, we chose the lowest
frequency band (19 kHz–21 kHz) recommended by the Inter-
national Telecommunication Union-Radio communication
Sector/Study Groups 1 (ITU-R/SG1) as standards of wireless
power transmission. Therefore, the experimental results were
based on a center frequency of 20 kHz, corresponding to an
external AC magnetic field.

A. EVALUATION OF A MI SENSOR
The experimental evaluation was conducted on the proposed
MI sensors using the experimental measurement environment
shown in Fig. 4(a).
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FIGURE 5. Magnetic field measurement results in the z-axis of the
Helmholtz coil.

The characteristics of the sensing elements that determine
the performance of a sensor, such as induced voltage, MVCR,
voltage noise spectral density, and equivalent magnetic spec-
tral density, were assessed using an MI measurement system.

A voltage applied to the Helmholtz coil uses a voltage
change from 0.001 Vpp to 10 Vpp, which represented a
change in its magnetic field strength. At this time, the mag-
netic field strength was as high as 1µT, as shown in Fig. 6.
The induced voltage with a unit of mVrms, which represented
the dynamic range of MI sensors, and the MVCR with a unit
of kV/T, are shown in Fig. 6. The general induced voltage
of the MI sensor with the ferromagnetic core was defined as
follows [18], [19], [20]:

vout = −
dφ
dt
= −

NAµ0µrdH
dt

= −
NAdB
dt

(1)

When the sinusoidal magnetic flux density B =

B0 sinωt = µ0µrH0 sin(ωt) was considered, the induced
voltage of the pickup coil for the MI sensor was written as
follows:

vout = −NAωµ0µrH0 cos(ωt) (2)

where 8 is the time varying magnetic flux passing through
a pickup coil of the MI sensor, N is the turns of the pickup
coil, A is the cross-section area of the ferromagnetic core,
µ0 is the permeability constant, and µr is the relative per-
meability of the ferromagnetic core. Improving the values
of these parameters increases the induced voltage and sen-
sitivity of the sensor. However, the improving effect of these
parameters is limited because raising these parameters may
amplify thermal and magnetic noises [20]. Therefore, it is
necessary to design a sensor that considers the optimization
of these parameters, and the induced voltage of the MI sensor
was measured taking this into consideration. The measured
induced voltage shown in Fig. 6(a) is the induced voltage
obtained as the root mean square (RMS) of the vout in Eq. (2).
From Eq. (2), the MVCR of the MI sensor shown in Fig. 6(b)

FIGURE 6. Results of the induced voltage and magnetic voltage
conversion ratio (MVCR) of the basic MI sensor and differential MI
sensor: (a) Induced voltage at 20 kHz; (b) MVCR at 20 kHz.

was obtained by the slope of the induced voltage shown
in Fig. 6(a).

Fig. 6 shows the measured induced voltage and MVCR
of the two proposed MI sensors at an external frequency of
20 kHz. When the Helmholtz coil was operated at 20 kHz,
the resistance of the Helmholtz coil was 1.68 k�. An induced
voltage of up to 267.8 mVrms and an MVCR of 268 kVrms/T
were achieved using the basic MI sensor with the pickup coil.
The achieved induced voltage and MVCR were 266.6 mVrms
and 267 kVrms/T in pickup coil 1 in the differential MI sensor
and 267.6 mVrms and 268 kVrms/T in pickup coil 2 in the
differential MI sensor, respectively. These results confirmed
the highly linear characteristics of the induced voltage under
a magnetic field of up to 1 × 10−6 tesla. Here, in order to
evaluate the measured MVCR of the differential MI sensor,
an initial evaluation of the theoretical limit of MVCR for the
differential MI sensor is required. An initial evaluation of the
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TABLE 2. Performance metrics of the proposed MI sensors.

FIGURE 7. Equivalent magnetic noise spectral density (EMNSD) of the MI
sensors to which MVCR of each MI sensor is applied.

theoretical limit of the MVCR for the proposed differential
MI sensor was performed using Eq. (19) in the literature [19].
The equation is defined as follows:

S =
S0√

(1+ α)2 + (β2 + ∂2

β2
− 2) · γ 2 + γ 4

(3)

where α is a coefficient that can be expressed as α = R/R0,
R is the resistance of the pickup coil, and R0 is the load
resistance (i.e., corresponding to the input resistance of the
voltage buffer connected to the output of the pickup coil,
R0 = 2 × 104�). The factor β = R

√
C/L is considered,

the factor γ = 2π f
√
LC is written, f is the center frequency,

L is the inductance of the pickup coil, and C is the parasitic
capacitance of the pickup coil. The absolute sensitivity S0
can be described as S0 = 2 × 10−7π3ND2, where N is the
number of turns of the pickup coil (N = 3000), and D is the
outer diameter of the pickup coil (see Table 1, Pd =7.5 mm).
TheMVCR of the differential MI sensor was calculated using
Eq. (3). The values obtained from the impedance measure-
ment results in Fig. 10(a) were used for the R, L, andC values
of the pickup coil used in the calculation.

The calculated MVCR of pickup coil 1 in the differential
MI sensor is 294 kVrms/T at 20 kHz, and the calculated
MVCR of pickup coil 2 in the differential MI sensor is

FIGURE 8. Output voltage characteristics at 20 kHz for each pickup coil of
a differential MI sensor in the time domain.

296 kVrms/T at 20 kHz. Therefore, the measured MVCR of
the differential MI sensor is lower than that of the calculated
differential MI sensor. Consequently, it was confirmed that
the measured MVCR of the differential MI sensor was well
measured below the theoretical limit.

In addition, the induced voltage andMVCR results showed
performance characteristics similar to both the basic MI
sensor and the differential MI sensor. In addition, similar
to the results of the induced voltage characteristics and
MVCR characteristics, the performance characteristics of
each pickup coil wound on the ferromagnetic core of the
differential MI sensor were almost the same within the mea-
surement error range.

Fig. 7 shows the EMNSD of the proposed MI sensors
obtained from the signal analyzer. The frequency band-
width for the EMNSD measurements was 19.5–20.5 kHz.
The EMNSD en in magnetic communication determines the
weakest detectable magnetic signals, which can be obtained
by dividing the voltage noise spectral density (VNSD) vn with
units of nVrms/

√
Hz into the MVCR Sv. It was defined as

follows:

en =
vn
Sv

(4)

The units of the EMNSD are T/
√
Hz.
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FIGURE 9. Electrical circuit model of the differential MI sensor.

Regarding the basic MI sensor with the pickup coil, at a
center frequency of 20 kHz, with an MVCR of 268 kVrms/T
and an average VNSD of 450 nVrms/

√
Hz, the average

EMNSD was 1.68 pT/
√
Hz. The results of MVCR and aver-

age VNSD shown in Table 2 were applied; the average
EMNSD was 1.31 pT/

√
Hz at 20 kHz for pickup coil 1 in

the differential MI sensor and 1.86 pT/
√
Hz at 20 kHz for

pickup coil 2 in the differential MI sensor. In order to evaluate
the measured EMNSD of the differential MI sensor, an initial
evaluation of the theoretical limit of noise for the differential
MI sensor was performed. A thermal noise equation, one of
the intrinsic noises of the sensor, was used to theoretically
calculate and evaluate the sensor noise. Because the proposed
differential MI sensor has a structure with a pickup coil,
thermal noise depends on the electrical resistance of the coil.
Therefore, an increasing number of turns, can increase the
thermal noise because it raises the resistivity. As a result, the
evaluation of the theoretical limit on the noise of the sensor
can be replaced with the thermal noise (or Johns noise) on the
pickup coil of the differential MI sensor. The thermal noise
was defined by equation et = 2

√
kBTR1f . where kB is the

Boltzmann’s constant, R is the resistance of the pickup coil, T
is the room temperature in Kelvin (T= 300 K), and1f is the
bandwidth in hertz. The calculated thermal noise for pickup
coil 1 in the differential MI sensor was 5.80 nVrms/

√
Hz

at 20 kHz, and the calculated thermal noise for the pickup
coil 2 in the differential MI sensor was 5.59 nVrms/

√
Hz at

20 kHz, respectively. The measured VNSD of the differential
MI sensor was measured below the calculated thermal noise.
The EMNSD for the differential MI sensor was calculated
by considering the theoretically calculated MVCR and the
thermal noise. The calculated EMNSD for pickup coil 1 in
the differential MI sensor was 19.7 fT/

√
Hz at 20 kHz, and

the calculated EMNSD for pickup coil 2 in the differen-
tial MI sensor was 18.9 fT/

√
Hz at 20 kHz. The calculated

EMNSD results are shown in Fig. 7. As a result, the measured
EMNSD of the differential MI sensor was below the calcu-
lated EMNSD of the differential MI sensor, and acceptable
results were obtained.

FIGURE 10. Frequency dependence for each pickup coil of the differential
MI sensor: (a) Measured impedance; (b) Measured induced voltage.

In addition, in the two types of MI sensors, the overall
EMNSD characteristics of the considered frequency band-
width showed almost similar noise characteristics in the range
of 1–2 pT/

√
Hz. It was confirmed that the MI sensors showed

excellent equivalent magnetic noise characteristics at the
pT/
√
Hz levels. The results of the experimental evaluation of

the proposed MI sensors are summarized in Table 2.
In addition, to check the output voltage characteristics of

the two pickup coils in the differential MI sensor, measure-
ments were performed in the time domain, the results of
which are shown in Fig. 8. Here, using Eq. (1), the output
voltage characteristic of the differential MI sensor can be
written as follows [32]:

vd = vpickup2 − vpickup1 =
NAdB
dt
−

(
−
NAdB
dt

)
=

2NAdB
dt

(5)

where vd is the difference voltage corresponding to the dif-
ference in the output voltage of each pickup coil in the differ-
ential MI sensor. In general, the MI sensor can be represented
by an electrical circuit model [36]. Thus, the differential
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FIGURE 11. Analog waveform of signals modulated and demodulated
with QPSK at carrier frequency of 20 kHz in the frequency domain:
(a) Transmitted analogue waveform with a BW of 1 kHz; (b) Received
analogue waveform with a BW of 1 kHz.

MI sensor can also be represented by an equivalent circuit
corresponding to the electrical modeling as shown in Fig. 9.
For this electrical model, using Eq. (2) corresponding to the
induced voltage of the basic MI sensor, the difference voltage
to the frequency response characteristic can be written as
follows:

vd = vpickup2 − vpickup1

=
NAωB(

1− ω2LC
)
+ jωRC

−

(
−

NAωB(
1− ω2LC

)
+ jωRC

)
=

2NAωB(
1− ω2LC

)
+ jωRC

(6)

where, theR1 andR2 are each coil resistance in the differential
MI sensor, L1 and L2 are each coil inductance, C1, and C2
account for the parasitic capacitance by the turns of each coil
for the two pickup coils. From Eq. (5) and Eq. (6), it was

confirmed that the magnitude of the output voltage in the
differential MI sensor was twice the magnitude of the output
voltage by one pickup coil.

When the voltage applied to the Helmholtz coil was 1 Vpp,
and the converted magnetic flux density was B = 0.114 µT,
the phase difference between the two coils of the differ-
ential MI sensor was 180◦. In addition, the output voltage
of pickup coil 1 in the differential MI sensor measured by
the oscilloscope was approximately 180 mVpp at 20 kHz.
In pickup coil 2, the measured output voltage was approx-
imately 180 mVpp at 20 kHz. The difference between the
output voltages in the two pickup coils was approximately
360 mVpp. This result agrees with the theoretical results of
Eq. (5) and Eq. (6). Therefore, it was confirmed that the
differential MI sensor could improve sensor performance
because the output voltage was twice the output voltage of
one pickup coil. Based on the results, the differential MI
sensor was well designed, which confirmed its suitability for
use as a receiving element in the proposed MI-based receiver
instead of the basic MI sensor.

To investigate the performance characteristics of the pro-
posed differential MI sensor in different frequency bands,
the impedance and induced voltage characteristics were
analyzed.

The measured impedance characteristics of the two pickup
coils of the differential MI sensor using the LCR meter
exhibited almost the same characteristics in the 1 kHz–50 kHz
frequency bands as shown in Fig. 10(a). It can be seen that LC
resonance occurs owing to the inductance (L) of the pickup
coil and the parasitic capacitance (C) caused by the turns of
the pickup coil near the 40 kHz band. From these results, the
magnetic field-to-voltage conversion ratio (MVCR), which
corresponds to the sensitivity of the sensor, can be maximized
near the 40 kHz frequency band.

However, as observed from the results in Fig. 10(b), the
induced voltage characteristics of the two pickup coils consti-
tuting the differential MI sensor were superior in the 20 kHz
frequency band than in the 40 kHz band. In addition, to use
the differential MI sensor as a receiving element for mag-
netic communication, the bandwidth of the differential MI
sensor, which is a receiving element, should be wide and
stable output voltage characteristics are required. Therefore,
it is advantageous in terms of the bandwidth of magnetic
communication to use 20 kHz rather than 40 kHz, where
resonance occurs.

B. EVALUATION OF AN MI-BASED RECEIVER
The experimental assessment of the MI-based receiver was
performed using the MI-based receiver evaluation system
shown in Fig. 4(b). The experimental results are shown in
Fig. 10 and Fig. 11. The carrier frequency of the QPSK
modulation was 20 kHz, which corresponded to the external
AC frequency. The symbol rate and data rate used in the
QPSKmodulation and demodulation experiments were 1 kHz
and 2 kbps, respectively.
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FIGURE 12. QPSK constellation result.

Fig. 11(a) shows the analog waveform transmitted when
1 Vpp was applied by the DDS of Tx in the frequency domain.
The converted external magnetic flux density at the location
of the differential MI sensor from the Helmholtz coil was
B = 0.114 µT. The bandwidth (BW) of Tx was 1 kHz.
In the transmitted analog waveform shown in Fig. 10(a), the
message data information of ‘‘Hello world’’ was included in
the QPSK modulation signal.

Fig. 11(b) shows the results of the QPSK demodulation of
Rx in the frequency domain. The received analog waveform
of Rx confirmed that the modulation signal, including the
message data and the BWof 1 kHz sent fromTx, was received
effectively.

Fig. 12 shows the constellation results for the demodu-
lation of the QPSK. The demodulation signal, represented
by the symbol, was located at four points in the in-phase
(I) and the quadrature phase (Q) plane in the complex
plane. The measured symbols of amplitude and phase at
each location exhibited a phase difference of 90◦, respec-
tively. The measured Eb/N0 was 30.6 dB. Because this
Eb/N0 value was large, the symbols at each point in the
four locations were well concentrated. Here, Eb is the sig-
nal energy associated with the data bit and N0 is the noise
power spectral density at the noise power of 1 Hz bandwidth.
Eb/N0 is a normalized signal-to-noise ratio (SNR) measure-
ment value known as SNR per bit. Eb/N0 was written as
follows:

Eb
N0
=
C
N
×
Rb
Bw

(7)

whereC is the total carrier power,N is the total noise power in
the bandwidth, Bw is the channel bandwidth in Hz, and Rb is
the bit rate at a unit of bits per second (bps). In addition, in the
constellation shown in Fig. 12, the RMS measurement value
of the error vector magnitude (EVM) was 5.6%. This result
was satisfactory within 22.4%, which is the allowable range
of the EVM standard of QPSK defined by IEEE 801.11ac
[37], indicating characteristics. The EVM was defined as a

TABLE 3. Performance results of the differential MI-based receiver.

percentage (%) as follows [38], [39]:

EVM (%) =

√√√√√√√√
1
N

N∑
n=1
|Sn − S0,n|2

1
N

N∑
n=1
|S0,n|2

× 100% (8)

where S0,n is the ideal normalized constellation point of the
n-th symbol, Sn is the normalized n-th symbol in the stream
of measured symbols, and N is the number of symbols in
the constellation. These results confirmed that the proposed
MI-based receiver accurately received the QPSK modulation
signal with the message data by minimizing the data error.
The performance results of the proposed MI-based receiver
are summarized in Table 3.

V. CONCLUSION
This paper proposed a topology that demodulates radio
signals into informative data for the use of a differential
MI-based receiver in wireless communication. As a receiving
element, a ferromagnetic core-basedMI sensor that is a small,
highly sensitive and easy to implement compared with an
air coil-type MI sensor was proposed, and its key charac-
teristics were analyzed. In addition, in order to maximize
the sensitivity of the MI-based receiver, a differential MI
sensor with twice the signal output and 180◦ phase differ-
ence compared with the basic MI sensor was analyzed. The
results of the experimental verification of the implemented
MI receiver showed that it accurately received and demodu-
lated the QPSKmodulation signal with the message data. In a
future study, we plan to conduct communication experiments
and analyses in various complex environments, such as air,
underground, and underwater, using the proposed MI-based
receiver by applying a practical transmission antenna as the
Tx instead of the Helmholtz coil.
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