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1 | INTRODUCTION
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Jang-Yeol Kim | In-Kui Cho

Abstract

Telecommunications through an electrically conductive medium require the
use of carrier bands with very-low and ultralow frequencies to establish radio-
frequency links in harsh environments. Recent advances in atomic magnetom-
eters operating at very-low frequencies have facilitated the reception of
digitally modulated signals. We demonstrate the transmission and reception of
quadrature phase-shift keying (QPSK) signals using a multi-resonant loop
antenna and atomic magnetometer, respectively. We report the measured error
vector magnitude according to the symbol rate for QPSK modulation and
analyze the bandwidth of a receiver based on the atomic magnetometer. The
multi-resonant loop antenna noticeably enhances the bandwidth by over 70%
compared with a single-loop antenna. QPSK modulation for a carrier
frequency of 20 kHz and symbol rate of 150 symbols per second verifies the
feasibility of demodulation, and the measured error vector magnitude and
signal-to-noise ratio are 7.29% and 30.9 dB, respectively.

KEYWORDS
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communication space. These technologies have been
applied to different areas, such as underwater, under-

Magnetic fields are fundamental and observable physical
quantities that provide valuable insights into diverse elec-
tromagnetic phenomena. Research on ultrasensitive mag-
netometers has been actively conducted for diverse
applications, including the investigation of fundamental
physical symmetries [1, 2], geophysical studies [3, 4], and
low-field nuclear magnetic resonance as well as magnetic
resonance imaging [5-9]. In recent years, communication
technologies that employ magnetic fields in the radio-
frequency (RF) band have emerged to extend the

ground, and short-range Internet of Things, with funda-
mental principles and technical overviews including
channel models and protocol designs being developed
[10-12]. In sensor-based technology, conventional
antenna-based receivers are being gradually replaced by
magnetometers, such as induction coils with ferrite
cores [13], giant magnetoimpedance-based sensors [14],
and atomic magnetometers [15-18]. Such magnetometers
exhibit compactness, cost effectiveness, and high mag-
netic sensitivity. In particular, atomic magnetometers can
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extend the signal range by implementing balanced detec-
tion that allows measuring circularly polarized RF signals
while reducing linearly polarized noise [17]. Further-
more, atomic magnetometers allow to modulate or
demodulate the polarization helicity of a magnetic field,
enabling a new communication approach [18].

Communications generally rely on the generation,
transmission, and reception of electromagnetic waves.
When generating electromagnetic waves, an adequate
signal frequency is essential for efficient interconnec-
tion between channels. This is because the electromag-
netic wave propagation can be disrupted or completely
obstructed in specific environments. For example, time-
varying magnetic fields are susceptible to exponential
attenuation when propagating through highly conduc-
tive media, such as seawater [19]. This attenuation
depends on the skin depth of the modulated magnetic
field, which is in turn determined by the conductivity,
object permeability, and applied frequency. Therefore,
the use of low-frequency electromagnetic signals is
imperative for achieving robustness to signal attenua-
tion. Recent studies have demonstrated the feasibility
of radio communication for carrier frequencies in the
very low frequency band (<40 kHz), which reduces
attenuation [13, 14].

For transmission, bidirectional communication
requires a compact antenna design regardless of the oper-
ation wavelength. This is typically achieved using nar-
rowband resonant structures to improve the power
efficiency [20]. A resonant loop antenna generates a mag-
netic field at a specific frequency determined by its
matching capacitance and not by its diameter [11].
Hence, loop antennas are compact and enable mobile
magnetic induction links [2, 14]. For reception of electro-
magnetic waves, receiver characteristics such as the
signal-to-noise ratio (SNR) should be determined. Atomic
magnetometers operating in self-oscillating mode have
been used to detect and receive communication signals
that suffer from strong attenuation [15]. An increased
range has been achieved by exploiting a low noise level
(below 1 pT/Hz"?) of the magnetometer when employing
binary phase-shift keying (BPSK) signals. However, a
self-oscillating magnetometer has inherent operating
bandwidth limitations, restricting the communication
channel capacity. Among available atomic magnetome-
ters, the RF atomic magnetometer (RFAM) is the most
versatile for communication and applications [21-25]. It
exhibits exceptional sensitivity in unshielded measure-
ments, and its operating frequency can be conveniently
tuned by regulating the bias field around atoms. Addi-
tionally, it can resonantly detect oscillating fields within
a narrow bandwidth while excluding broadband environ-
mental noise [22, 24].

Most existing studies have been limited to amplitude
and frequency modulation schemes [15, 16]. A widely
used modulation scheme for data transmission is the
phase modulation of carrier waves. Most digital modula-
tion schemes, such as BPSK, quadrature phase-shift key-
ing (QPSK), and quadrature amplitude modulation,
detect and receive carrier-phase-modulated signals, for
which the phase of the carrier RF signal must be
detected. Before evaluating RFAM receivers and compar-
ing them with conventional systems for receiving phase-
modulated signals, their ability to detect and receive data
using such modulation schemes should be demonstrated.

In this study, we investigated the use of RFAMs in
communication for phase-modulated signal reception.
We used RFAMs in the detection of a phase-modulated
RF carrier as well as the detection and reception of QPSK
signals. We used an RFAM based on *Rb vapor, which is
sensitive to the phase and amplitude of a resonant RF
magnetic field, and evaluated an RF communication link
using QPSK modulation. The RFAM had a noise floor of
300 fT/Hz"? and a bandwidth of 300 Hz. Furthermore, a
transmitter (Ty) comprising a multi-resonant loop
antenna with several narrowband resonant-loop anten-
nas was developed. The proposed Ty expanded the band-
width by more than 70% compared with a single-loop
antenna for a bandwidth of approximately 1 kHz.

2 | SYSTEM CONFIGURATION

A schematic of the experimental setup for the magnetic-
field-based communication system implemented in this
study is shown in Figure 1. The corresponding system
includes three major components: (1) RFAM, which
serves as the magnetic sensor for phase-modulated signal
reception; (2) multi-resonant loop antenna that generates
RF signals; and (3) digital data encoding/decoding
system.

21 | RFAM

We used an atomic magnetometer as the receiver that
operates according to the RF resonance of the
Zeeman transition in the ground state. A cubic cell
(15 mm x 15 mm x 15 mm) containing **Rb vapor and
20 Torr of N, buffer gas was placed in a rectangular
oven composed of boron nitride, a high-temperature
ceramic. The oven heated the cell up to 70°C through a
resistive heater constituted by an anti-inductive printed
electrode supplied with an AC current of 1.0 MHz,
which was far from the resonance range of the magne-
tometer. At 70 + 0.5°C, the atomic density of Rb was

85U0|7 SUOWIWOD aA1ee1D 3[cedljdde au Aq pausenob ae Saoife VO ‘@S JO S9N 10j A% 18Ul U 431\ UO (SUORIPUCO-pUe-SWLRY/LIcO" A3 1M AfeIq U1 |UO//:SANY) SUORIPUOD pue Swid | 841 89S *[£202/0T/9T] Uo Areiqi]auljuo /e|Im ‘yosesssy Wodep L 7 1093 Aq 95TO-EZ02 [H18/8TZ 0T/I0p/W00" A3 1M Ake.d Ul |uo//Sdny Wouy papeo|umod ‘0 ‘9ZELEETT



LEE ET AL.

Pump beam

Probe beam

M

ETRI Journal—=W]I LEYJ—3

DAQ Modem

Tx antenna circuit model

Modem

Vapor cell Col

Tx antenna

FIGURE 1 Schematic of Ty antenna, atomic-magnetometer-based sensor, and modems for magnetic field communication. A pump
beam (blue) is delivered by an ®Rb D; line laser (795 nm), and a probe beam (red) is delivered by a D, line laser (780 nm). The Ty antenna
consists of resonant loop coils arranged in a single-layered flat spiral configuration with connection to the output of a current source. The
modems encode digital signals transmitted by the Ty antenna and decode the signals received by the atomic-based sensor. The dashed box
shows the equivalent circuit model of the Ty antenna. CS, current source; DAQ, data acquisition system; GND, ground; HWP, half-wave

plate; PBS, polarizing beam splitter; QWP, quarter-wave plate.

computed to be approximately 7 x 10'' cm™>. The pre-
cision magnetic-field coil system comprised three axial
Helmholtz and anti-Helmholtz coils. The Larmor fre-
quency (wp) was established by a bias DC magnetic
field (Bpc) aligned along the z axis according to
w1, = yBpc, where y is the gyromagnetic ratio of the Rb
atom. The homogeneity of field Bpc was enhanced by
suppressing the magnetic field gradient using a first-
order gradient coil. The magnetometer was calibrated
by subjecting it to a well-defined test field along the
y axis to handle the spin coherence between ground
states. The cell and coil systems were placed inside a
four-layer set of cylindrical mu-metal chambers oper-
ated with the end caps removed. The measured ambi-
ent magnetic field in an open laboratory environment
containing the RFAM was 38.87 pT, as measured by a
triaxial fluxgate magnetometer (Bartington Mag-03,
Oxford, United Kingdom). This field was compensated
for using Helmholtz coils driven by three independent
current sources with a noise of 3 nA/Hz'/2.

The optical configuration was applied to a 794.97 nm
pump laser (F =2 — F = 3 transition of ®**Rb D; line)
and 780.22 nm probe laser (blue-detuned away from *°Rb
D, line). Diode lasers with external cavities (Toptica DL
Pro; Bayern Grifelfing, Bayern, Germany) were used,
and the diode currents and temperatures were controlled
using digital controllers (Toptica DLC; Bayern Grifelf-
ing). Atomic spin polarization was achieved by using a
circularly polarized pump laser propagating along the
z axis. The beam was extended to a diameter of 3 mm by
passing it through two lenses to provide an adequately

large sensing volume. A linearly polarized probe beam
propagating along the x axis was blue-detuned from the
8Rb D, line by 5 GHz to minimize the atomic spin dis-
turbance caused by probe beam absorption.

The transverse spin polarization created by a resonant
RF magnetic field (B,s) generated by a test coil (y-axis coil
in the Helmholtz coil) was obtained via the Faraday rota-
tion of the linearly polarized probe beam. After passing
through a polarizing beam splitter, half-wave plate, and
Rb vapor cell, the probe beam entered a balanced polar-
imeter with an analyzer and photodiodes. The laser beam
was divided into two paths with orthogonal polarizations,
and the difference between the signals on the photodi-
odes was measured. The rotational signal (V,,) was
examined using a data acquisition system consisting of
an SR860 lock-in amplifier (SRS, San Francisco, CA,
United States) and an FSV spectrum analyzer (Rohde &
Schwarz, Munich, Germany). The lock-in amplifier
extracted the signal components in a rectangular form,
both out (dispersive) and in phase (absorptive), enabling
phase-sensitive detection with a reference from the
source of B, The spectrum analyzer measured the spec-
tral power of the known and unknown signals by scaling
the magnitude of the input signal according to frequency.

2.2 | Multi-resonant loop antenna

The Ty antenna was composed of two loop coils (Coils
1 and 2, as shown in Figure 1) with slightly different
resonant frequencies. Each coil was formed as a
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single-layered flat spiral with an inner diameter of 0.16 m
and 20 turns. The winding consisted of 700 strands of
40 AWG Litz wires with a diameter of 3 mm.

Because the operating frequency of the loop coil was
substantially lower than its self-resonant frequency, we
modeled it as a series-connected circuit comprising an
inductor and resistor. As shown in the box of Figure 1,
the T, antenna model comprised inductors (Lg; and Lg,)
and wire resistors (Rg; and Ry,). Because the self-resonant
frequencies of the loop coils were 3.4 MHz and 3.7 MHz,
applying matching capacitors (Cs; and Cs,) to the simpli-
fied model allowed to manipulate the resonant frequency
according to fo1, = 1/\/le,2 Cs10-

The frequency responses of Lg; , and Cg; ,, which ran-
ged from 19 kHz to 21 kHz, are shown in Figure 2. At
19.7 kHz and 20.0 kHz for the loop coils, the correspond-
ing values of Ly; and Ly, were 117 pH and 119 pH, respec-
tively, while those of Cg; and Cs, were 542 pF and
549 pF, respectively. After addition of Cy; and Cs,, fi; and
fe2 were evaluated by measuring their quality factors (Q).
At resonance, the circuit impedance approaching zero
resulted in Q close to zero at frequency f., and f.; and f.,
were 19.93 kHz and 19.74 kHz, respectively. The band-
widths of Coils 1 and 2 were 0.45 kHz and 0.49 kHz,
respectively, at the 3 dB level. The geometric and electri-
cal parameters of the loop coils are listed in Table 1.

Using this configuration, we aimed to extend the
bandwidth and improve the power efficiency using
multi-resonant loop coils. The mutual inductance (M)
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FIGURE 2 Measured inductance, capacitance, and quality
factor of Coils 1 and 2 according to frequency. The resonant
frequencies of Coils 1 and 2 are 19.93 kHz (blue solid line) and
19.74 kHz (green solid line), respectively, and their bandwidths are
0.45 kHz (blue shading) and 0.49 kHz (green shading), respectively.

TABLE 1 Geometric and electrical parameters of loop coils.

Coil 1 Coil 2
Single-layered  Single-layered
Structure flat spiral flat spiral
Inner/outer diameter (m)  0.16/0.28 0.16/0.28
No. of turns 20 20
Self-resonant frequency 34 3.7
(MHz)
Matching capacitance 542 549
(pF)
Resonance frequency 19.93 19.74
(kHz)
3 dB bandwidth (kHz) 0.45 0.49

between the coils was thoroughly examined. To deter-
mine M, the following sequence of measurements was
performed. The inductance (L,) between Ports 1 (P;) and
4 (P,) was measured by binding Port 2 (P,) to port 3 (Ps).
Next, the inductance (L,) between Ports P; and P; was
measured by connecting Ports P, to P4. Finally, M was
computed as (L, — L,)/4.

2.3 | Digital data encoding and decoding

The modem shown in Figure 1 encoded and decoded
keyed data. The system used a direct digital synthesizer
(PXIe-5442; NI, Austin, TX, United States) to generate
modulated digital signals and a digital oscilloscope (PXIe-
5122; NI) to digitize the analog-modulated RF signals.
The data bits were encoded at f. near the RFAM Larmor
frequency using QPSK modulation, with symbols repre-
sented by carrier phase shifts of +n/4 rad. Frequency f.
was set to 20 kHz, that is, the resonant frequency of the
multi-resonant antenna (T, antenna in Figure 1).
The symbol rate was adjusted from 50 Hz to 400 Hz. Fur-
thermore, the system was equipped with a software test
platform implemented in the LabVIEW software (NI),
which efficiently corrected any decoding errors, thus
facilitating the recovery of the original digital data.

3 | RESULTS AND DISCUSSION

3.1 | Atomic magnetometer response

Figure 3A shows the measured in-phase and quadrature
components of rotation signal V, in response to B, in
frequencies close to wr, and Figure 3B shows the oscilla-
tions obtained from the balanced polarimeter at the reso-
nant frequency. The on-resonant frequency was close to
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FIGURE 3 Resonance response of magnetometer under
optimal conditions. (A) Typical out-of-phase (black circles) and in-
phase (red diamonds) responses of magnetometer near 20 kHz
(Bpc = 4.29 pT, y = 4.69 kHz/pT for ®Rb). The inset shows the
optical rotation in a near-resonance linear fit. LIA, lock-in
amplifier. (B) Output of polarimeter (black circles) at resonant
frequency and fitted with a sine wave of 20.0 kHz (red solid line).
Near-optimal conditions: pump intensity, 50 mW/cm?; probe
intensity, 9.5 mW/cm?; vapor cell temperature, 70°C.

20 kHz, corresponding to Bpc = 4.29 pT (y = 4.69 kHz/
uT for ®>Rb). The sensitivity of an atomic magnetometer
is proportional to the slope of the quadrature signal near
resonance. To retain the highest sensitivity, the peak-
to-peak amplitude and spectral width of the lock-in
amplifier output were experimentally observed by adjust-
ing the tunable parameters to maximize the dispersion
curve slope. Under the experimental conditions, the laser
intensities of the pump and probe beams were estimated
as 50 mW/cm2 and 9.5 mW/cm?, respectively.

Figure 4 illustrates the tunability of the operating fre-
quency achieved under the optimal conditions of 20 kHz
for practical applications. The results were obtained for
frequencies of 1 kHz-300 kHz, corresponding to a Bpc
spread of 0.21 pT-63.97 pT. The maximum sensitivity was
achieved from 10 to 60 kHz. The decrease in the slope for
frequencies higher than 200 kHz was due to the broaden-
ing of the atomic response caused by the second-order
Zeeman effect. Notably, the RFAM exhibited consistent
sensitivity from 10 kHz to 40 kHz, and the increase in
technical noise was confined to frequencies below 10 kHz.
Furthermore, the developed RFAM demonstrated linear
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FIGURE 4 Magnetometer in-phase slopes according to
applied B¢ frequency. From 10 kHz to 60 kHz, the slope varies
from 265 pV/Hz to 330 pV/Hz (shaded region), with the maximum
observed at 20 kHz.

response characteristics in very-low frequencies, which
were thus suitable for measuring signals.

The phase difference (0) between V., and B, was
evaluated under on- and off-resonance conditions at fre-
quencies tuned by field Bpc. As the operating bandwidth
of RFAM was optimized from 15 kHz to 25 kHz, Bpc was
set to the corresponding range from 3.21 pT to 5.36 pT (x
axis in Figure 5). The lock-in responses of the RFAM to a
reference synchronized to B, showed that its output was
proportional to V,, cos(f), where 0 is indicated as the
blue curve in Figure 5. At resonance with Bpc = 4.29 puT,
Vout achieved its maximum amplitude of 96 mV 5, and 6
approached zero, exactly matching both the precession
frequency of the atoms and input RF frequency. When
Bpc was detuned far from resonance, V,,; and § exhibited
nonlinear convergence toward zero and +90°, respec-
tively. When Bpc ranged from 4.15 pT to 4.43 pT, the
slope of the signal was approximately 180°/puT, corre-
sponding to 38.3°/kHz. Therefore, an accurate Bpc set-
ting was essential for improving the accuracy of phase
measurement.

Figure 6 shows the frequency spectrum measured at
approximately 20 kHz. To assess the noise level of the
RFAM, we used the calibration peaks of a small oscillat-
ing field of 4.5 nT using a test coil. The observed resonant
noise floor was approximately 300 fT/Hz? which was
dominated by environmental magnetic and white noise
components (e.g., photon-shot and atomic spin-
projection noise components). Under a constant probe
intensity, the photon-shot noise became the major noise
contributor owing to the sufficiently high probe beam
power, resulting in nearly constant noise. Furthermore,
although the total noise was comparable to the spin-
projection noise, the photon-shot noise increased owing to
the absorption of the probe beam. Consequently, under
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FIGURE 6 Magnetometer noise around 20 kHz measured by
spectrum analyzer at 70°C with other parameters optimized. The
noise was measured with (solid black line) and without (solid red
line) a test field. The dashed blue line represents the total noise
level of 300 fT/Hz"2

our experimental conditions, the dominant noise compo-
nent was the photon-shot noise. Signal enhancement can
be achieved by adjusting the intensity of the probe beam
and detuning it to mitigate depolarization. Nevertheless,
because altering these parameters may affect the total
noise, the tradeoff should be analyzed to achieve the opti-
mal sensitivity.

3.2 | Optimization of T, antenna

The mutual inductance (M) characterizes the relation
between two magnetically coupled coils. It specifies the
proportion of time-varying magnetic flux generated by a
coil that induces a current in an adjacent coil. Thus,
mutual inductance M between the two coils varies drasti-
cally depending on the coil positions.

Figure 7A shows the measurements of inductance
M according to distance d between the centers of Loop
Coils 1 and 2. We obtained 102 pH when the two coils
overlapped perfectly (i.e., d =0 cm). As d increased,
M decreased sharply until it reached zero at d = 16 cm.
For 16 cm-50 cm, M was negative, indicating that the
current vectors of the two coils pointed in opposite direc-
tions. The position and orientation of the two coils influ-
enced the current in Coil 1 and created a negative
magnetic flux in Coil 2, whereas the mutual voltage in
Coil 2 became negative. A negative M value did not nec-
essarily indicate capacitance; however, for inductors like
coils, it can be interpreted as capacitance when not oper-
ating in resonance. The minimum value was reached at
d = 20 cm, after which M began to increase again and
eventually converged to zero at d = 50 cm. Hence, we
fixed the two loop coils constituting the Ty antenna at
d =16 cm to obtain M = 0 H. This allowed for a reduc-
tion in the surface area of the T, antenna by approxi-
mately 80% compared with the case for d > 50 cm, which
also provided M = 0 H.

To validate the coil design through M measurements,
quality factor Q of the Ty antenna was obtained using an
analogous method. Figure 7B shows the frequency char-
acteristics obtained by measuring Q while varying d.
When M = 0 H (d = 16 cm, as shown in Figure 7A), the
resonant frequencies of Coils 1 and 2 were adjacent. As
d increased (M < 0 H, i.e., under capacitance), the reso-
nant peaks moved away from f. and secondary peaks
appeared. The maximum frequency separation between
the peaks was observed at d = 20 cm. This was due to the
presence of mutual inductance between the loops in addi-
tion to their own inductance. At d = 16 cm, inductive
decoupling was achieved by overlapping two adjacent
coils, whereas at d = 20 cm, the coils were capacitively
coupled, leading to multiple fluctuations in the capaci-
tance owing to negative M values and changing the reso-
nant frequencies.

After optimizing the position of the two coils to
d =16 cm, we evaluated the Ty antenna bandwidth,
which determined the channel capacity. Specifically, the
current flow into the antenna was measured while apply-
ing an alternating current to the transmitting antenna at
intervals of 0.1 kHz in 18 kHz-20 kHz. Normalization of
the measured current yielded the results shown in
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; ‘ . ‘ ; tems. The PXIe-5122 device can generate an in-phase/
180 185 190 195 200 205 210 quadrature diagram of the detected signal and calculate
Frequency (kHz) the EVM of the received bit stream.

FIGURE 8 Power consumption according to input current
frequency in Coils 1 and 2 as well as Ty antenna. The shading
represents the Ty antenna bandwidth, indicating an extension of
approximately 70% compared with the bandwidths of Coils 1 and 2.

Figure 8, with the maximum currents observed at
19.83 kHz, 19.69 kHz, and 20 kHz for Coils 1 and 2 and
the Ty antenna, respectively. Defining the bandwidth as
the point at which power was —3 dBW, Coils 1 and 2 and
the T, antenna exhibited bandwidths of 0.72, 0.71, and
1.35 kHz, respectively. The measured bandwidth suitably
agreed with the results shown in Figure 7B but deviated
from the predicted f. value given the parasitic RLC com-
ponents of the current measurement circuitry. Nonethe-
less, we verified that the multi-resonant loop antenna
reached its maximum bandwidth when the mutual cou-
pling between the two coils was zero, thereby extending

Figure 9A shows the in-phase and quadrature dia-
grams for receiving data from the RFAM receiver under
QPSK modulation at f. = 20 kHz and a symbol rate of
150 symbols per second (sym/s). The measured SNR per
bit and EVM were 30.6 dB and 7%, respectively. The Ty
antenna was placed at 5 m from the RFAM in line of
sight with its aperture along the z axis. The power con-
sumption incurred during the transmission was esti-
mated at 0.45 W, while the corresponding magnitude of
the magnetic field measured beside the vapor cell was
approximately 4 nT. Table 2 lists the receiver perfor-
mances of the magnetic-field-based communication sys-
tems. The atomic-based receiver had a DC frequency
band of 1 kHz [15]. This approach reduced the operating
range in terms of the skin effect. Moreover, BPSK modu-
lation mitigated the influence of environmental noise.
However, this method was limited regarding the achiev-
able data rate. A magnetic induction coil generally
exhibits lower magnetic sensitivity than atom-based
receivers [13], thereby imposing constraints on the
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FIGURE 9 (A)Measured in-phase/quadrature diagram under QPSK modulation at f. = 20 kHz with corresponding EVM.
(B) Measured EVM and SNR according to symbol rate under QPSK modulation.

TABLE 2 Receiver performance in magnetic-field-based communications.

Receiver type RFAM (this study)

Frequency band (kHz)* 10-60 DC-1
Noise level (pT/Hz/?) 0.3 1.4
Modulation QPSK BPSK
Carrier frequency (kHz) 20 0.210
Communication performance
Data rate (bps) 300 30
EVM (%) 7.6 -
SNR (dB) 30.6 26

“Range of radio frequencies used to receive signals under optimal conditions.

communication range. Hence, the frequency band
and inherent noise characteristics of the employed
RFAM offer advantages for communication range and
data rate.

Figure 9B shows the EVM and SNR according to the
symbol rate; they remained below 10% and above 25 dB,
respectively, for symbol rates from 50 sym/s to 250 sym/s.
However, for symbol rates greater than 250 sym/s, the
EVM gradually increased and reached 27% at
400 sym/s. According to the EVM required for QPSK
modulation [26], the maximum estimated symbol rate
was approximately 350 sym/s. The bandwidth of the
RFAM receiver was constrained by the coherence life-
time of the atomic spins, which determined the linewidth
observed in spectroscopic measurements. The sensitivity
of an RFAM is directly proportional to the slope of the
dispersion curve. Its bandwidth depends on tunable
parameters, such as the intensities of the pump and

DC mode atomic magnetometer [15]

Magnetic induction coil [13]
5-35

1.68

QPSK

20

2000
5.6
30.6

probe beams, and external factors, such as external mag-
netic fields, including those of the Earth. Optimizing the
performance requires a careful balance between sensitiv-
ity and bandwidth, which must be determined empiri-
cally according to the communication environment.
Overall, our findings can be summarized as follows:

« We evaluated the properties of a multi-resonant loop
antenna by measuring the mutual inductance and
power consumption according to the positions of its two
coils. The analysis resulted in the development of a
compact low-power antenna operating in very-low fre-
quencies and exhibiting an approximate increase of 70%
in bandwidth compared with a single-loop antenna.

« The phase-modulated signal transmitted by the multi-
resonant antenna was successfully received by the
RFAM in a partially magnetically shielded environ-
ment. The sensitivity of the RFAM was optimized in
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very-low frequencies by measuring optical rotation sig-
nals, achieving a noise floor of 300 fT/Hz"/2.
o The measured EVM and SNR were 7% and 30.6 dB,

respectively, at 150 sym/s.

4 | CONCLUSIONS

We investigated the transmission and reception of phase-
modulated signals from magnetic fields using multi-
resonant antennas and an RFAM. The properties of the
multi-resonant antenna were evaluated by measuring
the mutual inductance and power consumption for differ-
ent coil positions. Hence, we developed a compact low-
power antenna operating in very-low frequencies with an
approximate increase of 70% in bandwidth compared with
a single-loop antenna. The phase-modulated signal trans-
mitted by the multi-resonant antenna was received by the
RFAM in a partially magnetically shielded environment.
The sensitivity of the RFAM was optimized for a very-
low-frequency band by measuring optical rotation signals
with a noise floor of 300 fT/Hz"%. Optimization revealed
that the photon-shot noise was the main contributor to
system noise, and the optimal intensities for the pump
and probe were determined. In communication experi-
ments, the T, antenna was placed at 5 m from the receiver
(RFAM) in line of sight with its aperture facing along the
z direction. The power consumption during transmission
was estimated at 0.45 W, while the corresponding mag-
netic field measured beside the vapor cell was approxi-
mately 4 nT. The measured EVM and SNR were 7% and
30.6 dB, respectively, at 150 sym/s. These findings demon-
strate the potential of using multi-resonant antennas and
an RFAM for communication over electrically conductive
media. Further research may facilitate the development of
compact and portable RFAM systems for magnetic-
field-based communications in harsh environments.
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