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ABSTRACT: To address the challenge of limited bandwidth in magnetic induction communication, this study proposes a magnetic induc-
tion antenna adopting a gradient-radius structure. The antenna adopts a discretized gradient-radius design, which effectively broadens the
system bandwidth by increasing the antenna’s resistance-to-inductance ratio. The study integrates theoretical analysis, simulation, and
experimental testing to systematically investigate the effects of different taper ratio structures on resistance, inductance, and bandwidth.
Experimental results demonstrated that the gradient-radius structure can significantly extend the bandwidth, and the extension effect
became stronger as the taper ratio increased. Meanwhile, combined with simulation and experimental data, the attenuation effect of this
structure on the near-zone magnetic field was evaluated, verifying that the bandwidth improvement came at the cost of coupling strength.
Specifically, when the bandwidth was extended to nearly twice its original value, the received signal strength decreased by approxi-
mately 6.4 dBm. This study provides a simple and practical implementation approach for the broadband design of magnetic induction

communication systems.

1. INTRODUCTION

agnetic induction (MI) communication, a near-field wire-

less technology, is uniquely valuable in challenging en-
vironments such as underground mines and underwater de-
tection. This is due to its minimal susceptibility to interfer-
ence and high channel stability [1-3]. Compared to conven-
tional electromagnetic-wave communication, Ml communica-
tion provides a cost-effective means to enable reliable links
in harsh environments, serving as a viable solution for cross-
domain communication between sea-air and ground-air do-
mains.

However, a major bottleneck of MI communication is its lim-
ited bandwidth (BW). This limitation stems from the inherently
narrow bandwidth of MI antennas, which typically operate as
high-quality factor resonators [4—6]. Furthermore, increasing
the operating frequency leads to more severe attenuation of
magnetic field signals, thereby decreasing coupling strength.

To extend the bandwidth of MI communication, existing re-
search predominantly employed frequency-splitting techniques
to generate multiple usable resonant points. For instance, Can-
non utilized the strong magnetic coupling of coils to split the
single-peak transmission response into a double-peak one [7].
Doan Thanh established a circuit matrix system to analyze the
quantitative relationship between multi-coil structures and split
frequency points [8]. Dionigi and Mongiardo introduced a par-
allel resonant branch into a series resonant circuit, resulting in
an impedance expression containing a quartic term in the fre-
quency, thereby generating two resonant points [9]. Agbinya
and Nguyen established parallel data channels at multiple res-
onant frequencies to increase channel capacity [10]. However,
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this method introduces additional parallel resonant points be-
tween the two series resonant points, leading to a discontinuity
in the available frequency band. Oh et al. partially overlapped
two loop antennas with slightly different resonant frequencies
and precisely adjusted the spacing to achieve zero mutual in-
ductance, enabling the fusion of two narrow bands to expand
the overall bandwidth [11]. However, this approach exhibits
extreme sensitivity to coil spacing tolerance and increases the
volume of the transmitting antenna. Additionally, Sun et al.
utilized a series of passive relay coils with minute resonant fre-
quency deviations to construct a frequency-shifted waveguide
system, sacrificing some coupling efficiency for bandwidth ex-
tension [12]. Syms et al. employed a special fabrication process
to design adjacent coils in a waveguide system with an overlap-
ping structure, thereby broadening the passband based on the
dispersion relation of the magnetic-induction waveguide [13].
Ma et al. proposed two-dimensional and three-dimensional reg-
ular hexagonal coil arrays and, by optimizing the coupling co-
efficient, improved the system bandwidth by approximately
15% [14]. Guo and Sun utilized metamaterials to achieve multi-
band resonance [15]. These methods require large deployment
spaces and special fabrication processes. This not only restricts
the practicality of the devices in confined or harsh environments
but also increases system cost and manufacturing difficulty.
Gwynne-Timothy and Bousquet proposed rapidly switching the
resonant frequency between two fixed frequencies within a sin-
gle symbol period to achieve spectrum stretching and band-
width expansion. However, this method imposes stringent de-
mands on the response speed and stability of the tuning circuit,
posing significant implementation challenges [16].
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This study proposes a magnetic induction antenna with a
graded-radius structure. Unlike existing bandwidth extension
methods, this design achieves a wider continuous frequency
band by optimizing the antenna structure, without requiring ad-
ditional coils or dynamic circuits. The principle is to increase
the antenna’s resistance to inductance ratio, thereby extending
the bandwidth. Simulations and experiments showed that, com-
pared with the uniform-radius structure, the proposed antenna
achieved nearly double the bandwidth. However, we confirmed
that this extension comes at the expense of reduced coupling
strength between coils. Further experimental results indicated
that when the bandwidth was extended to nearly twice that of
the uniform-radius antenna, the received power at the receiver
1 m away decreased by 6.4 dBm.

2. THEORETICAL ANALYSIS

2.1. Antenna Bandwidth

Because a magnetic induction antenna does not rely on radi-
ation fields, the equivalent series resistance R is usually much
smaller than the reference impedance 50 €2, resulting in a severe
port mismatch. Consequently, it is difficult to define bandwidth
using conventional VSWR or return-loss metrics. To address
this, we introduce an intrinsic 3 dB bandwidth A f3 45 as a met-
ric for evaluating the bandwidth of different antenna structures.

The term “3 dB” in A f34p originates from the halving of
power. It refers to the bandwidth over which, in a series reso-
nant circuit, the power P drops from its maximum Py« t0 Ppax
as the frequency deviates from resonance. Because P o< 12, a
halving of power is equivalent to the loop current I falling to
/21 /2, which also means that the impedance magnitude rises
from R at resonance to v/2R.

The impedance magnitude of a series resonant circuit is:

2
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Subtracting the two equations gives:
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It can be seen that A f5 g is proportional to R/ L. Therefore,
to broaden the bandwidth, it is necessary to increase this ratio,
i.e., to reduce the equivalent inductance or increase the equiv-
alent resistance.
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2.2. Impedance Analysis of Coils with Different Structures

Equation (3) indicates that the bandwidth of the antenna is di-
rectly proportional to the equivalent resistance R and inversely
proportional to the equivalent inductance L. Therefore, extend-
ing the bandwidth primarily relies on increasing the R/ L ratio.
To investigate the influence of the gradient-radius structure on
the bandwidth, we analyzed how it alters the coil’s resistance
and inductance.

2.2.1. Inductance Comparison of Different Coil Structures

The total inductance of a multi-turn coil is the sum of the self-
inductance of all its turns and the mutual inductance among all
pairs of turns [17]:

“)

N N-1 N
Lowt =Y Lei+2Y > M;
=1

i=1 j=i+1

where N is the number of turns; Ly ; is the self-inductance of
the i-th turn; and M;; is the mutual inductance between the i-th
and j-th turns.

The self-inductance of a single-turn circular coil is approxi-

mately [18]:
L =uR <ln 8ft _ 7) 4)
r 4
where 1o is the permeability of free space; R is the loop ra-
dius; and r is the wire radius. Evidently, the self-inductance is
a monotonically increasing function of coil radius.

When comparing the inductance of the traditional structure
with that of the proposed gradient-radius structure, the former
has a uniform coil radius, and the latter consists of a series of
discrete radius values. Figure 1 shows the front and side views
of the gradient-radius structure, where the top layer radius is
Ruin, and the bottom layer is Ryax, and the height is H.

Top View Side View

' = )

FIGURE 1. Top and side views of the gradient-radius structure.

Assume that both coils have N turns and a pitch of d. The
radius of each turn is Ry for the constant-radius structure, and
for the gradient-radius structure, the radius of the i-th turn is
R;, satisfying ROp,x, with the remaining turns having radii
Rimaxmin'

From the monotonicity of the self-inductance function, for
any turn 4, it follows that Ls(R;) < Ls(Rp). Therefore, the
total self-inductance of the gradient-radius coil is expressed as:

N

N
> Ly(Ri) £ Li(Ro) = NLy(Ry)

=1

(6)
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The mutual inductance between two coaxial circular rings
can be expressed by the first-order approximation of the Neu-
mann formula as follows [19]:

,ueriRj

Ri+R;\?
Mzﬂ o

where d;; is the distance between the two turns, and R; and
R; are the radii of the two turns. When the inter-turn spac-
ing is determined, the numerator grows faster with the radius
than the denominator; therefore, Equation (7) is an increas-
ing function of the coil radii R; and R;. For the constant-
radius structure, the mutual inductance between any two turns
is M (Ry, Ry, di;), whereas for the gradient-radius structure, it
is M(RZ, Rj, dij). Since R;, Rj < Ry, it follows that:

M(R;,Rj,d;;) < M(Ry, Ro, dij;)

(M

M(Ri,Rj,dij) ~

®)

Therefore, the total mutual inductance of the gradient-radius
structure satisfies:

Z M(R;,Rj,d;;) < ZM(RO, Ry, d;;)

1<j i<j

©

Combining Equations (4), (6), and (9), the following relation
is obtained:

N
Luper = 3 Ls(Ri) +2>  M(R;, R;, d;j)
=1

1<j

N
<Y Li(Ro)+2)  M(Ro, Ro,dij) = Lequa (10)
i=1

i<j

Here, Liper and Lequa represent the total inductance of the
gradient-radius and constant-radius coils, respectively. This
equation demonstrates that, under identical turn counts and ax-
ial arrangements, the total inductance of a gradient-radius coil
is lower than that of a constant-radius coil.

2.2.2. Resistance Comparison of Different Coil Structures

While the reduced average radius of the gradient-radius struc-
ture shortens the total conductor length and reduces the ohmic
resistance determined by the wire material, the equivalent se-
ries resistance at high frequencies is dominated by the skin
and proximity effects. The latter is particularly significant for
tightly wound coils. Although the gradient-radius structure al-
ters the inter-turn magnetic field distribution, it may introduce
more complex eddy current paths at the smaller radius end, thus
limiting the reduction in the proximity effect resistance. Con-
sequently, the gradient-radius structure achieved only a limited
overall reduction in total resistance.

In summary, the gradient-radius structure significantly re-
duced inductance but only marginally suppressed the resis-
tance, leading to an increased R/L ratio. As indicated by
Equation (3), this structural modification effectively extends
the bandwidth of the magnetic induction coil.
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2.3. Near-Field Magnetic Field Intensity Analysis

According to the Biot-Savart law, the magnetic-field intensity
produced by a single-turn coil at a point P on its axis is given
by:

1 R?
B = Hol

2 (R2+ Z2)3/2
where [ is the coil current; R is the coil radius; and Z is the
distance from point P to the coil. Since the communication
distance in magnetic induction is typically much larger than the
antenna’s physical height, Z is treated as a constant in this sec-
tion.

To investigate the effect of the gradient-radius structure on
the magnetic field intensity at point P, let the fractional term
involving R in Equation (11) be:

(11)

R2
f(R) = (R2+ 229 (12)
Differentiating Equation (12) yields:
2RZ?
f(R)= (13)

(R2 + Z2)5/2

In Equation (13), both R and the denominator are always
positive; therefore, the sign of the fraction is determined by
(2Z? — R?). When Z > v/2R/2, we have f'(R) > 0, s0 f(R)
is a monotonically increasing function of R. Combined with
Equation (11), this indicates that the magnetic-field intensity
decreases as the radius R decreases. As a non-radiative near-
field communication method, the antenna geometry in mag-
netic induction communication does not need to be compara-
ble to the wavelength, and the communication distance is much
larger than the antenna’s physical size; hence, most application
scenarios satisfy the above condition.

The magnetic field produced by the magnetic induction an-
tenna at point P is:

(14

n
Btotal = § Bz
=1

where B; is the magnetic-field intensity produced individually
by the i-th turn at point P, and n is the total number of turns. In
the gradient-radius structure, the ¢-th turn satisfies R; < Rpax.
Based on the preceding analysis, the produced magnetic-field
intensity satisfies B; < Bpax. For a uniform structure with all
turns having radius Ru.x, the magnetic field intensity of each
turn is Bpax. In summary, from Equation (14), it can be seen
that the total near-field magnetic field intensity of the gradient-
radius structure is reduced compared with that of the conven-
tional uniform structure.

3. SIMULATION AND EXPERIMENT
3.1. Simulation Results in FEKO

The taper ratio of the gradient-radius coil is defined as:
Rmin

=1
“ Rmax

(15)
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FIGURE 2. Impedance parameters and intrinsic bandwidth of coils with
different taper ratios.

Ruin and R, represent the minimum and maximum radii of
the gradient coils, respectively. @ = 0 represents the conven-
tional uniform-radius coil. In the simulations, R, was 10 cm;
the coil height was H = 2cm; and the excitation frequency
was 1 MHz. Eleven coils with different taper ratios ranging
from 0 to 1 were wound. The resistance and inductance val-
ues of the 11 coils were obtained as shown in Figure 2, and the
corresponding A f3 4g for each coil was calculated according to
Equation (3) and plotted in Figure 2.

The simulation results were consistent with the theoretical
analysis in Section 2: as the taper ratio increases, the induc-
tance drops significantly while the resistance decreases slightly,
thereby extending the intrinsic 3 dB bandwidth A f345. When
« increases from 0 to 1, A f3 gg rises from 1.17 kHz to 3.24 kHz,
corresponding to a bandwidth gain of more than double.

To further verify the relationship between bandwidth en-
hancement and magnetic field attenuation in the gradient-radius
structure, two magnetic induction coils were established in the
simulation software. One coil served as the transmitting an-
tenna, whose taper ratio was also increased from 0 to 1, and the
other served as the receiving antenna with a fixed taper ratio of
0. The communication distance was 0.2 m, and S3; parameters

_44 T T T T T
0.8 1.0 1.2 1.4

frequency(MHz)

FIGURE 3. S5 curves of coils with different taper ratios.
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FIGURE 4. S2; peak value and bandwidth of coils with different taper
ratios.

of the coils with different taper ratios were measured over the
frequency band from 0.6 to 1.4 MHz and plotted in Figure 3.
The curves in Figure 4 show the peak value of S3; denoted
as S21 peak and the 3 dB bandwidth BW34p as functions of
«. It can be observed that as « increased, the Ss; curves be-
came wider; S21 peak decreased; and BWsgp increased. The
3 dB bandwidth shown in Figure 4 is the bandwidth in the mag-
netic induction communication system, not the antenna’s intrin-
sic bandwidth.

3.2. Experimental Verification

Because achieving a taper ratio of 1 is challenging in practice,
we only fabricated physical antennas with taper ratios of 0 and
from 0.2 to 0.7, as shown in Figure 5. To minimize errors
caused by manufacturing tolerances, three replicates of each
design were produced. All subsequent experimental data were
averaged over these three measurements. The antenna frame-
work utilized polylactic acid, a material characterized by a ma-
terial with magnetic permeability similar to vacuum and ul-
tralow electrical conductivity (approximately 1071 S/m). This
ensured that the framework did not interfere with the coil-
generated magnetic field. However, its relative permittivity
was about 2, resulting in non-negligible dielectric losses.

PRI

FIGURE 5. Physical antennas with different taper ratios.

The impedance analyzer shown in Figure 6 was used to mea-
sure the inductance and resistance of the antennas with different
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FIGURE 6. Impedance measurement experiment.

TABLE 1. Impedance of physical coils with different taper ratios.

a | R(Q) | L(nH)
0 | 32 514
02| 37 60.7
03| 38 73.6
04 | 40 86.9
05| 45 | 1033
06| 44 | 1209
07| 54 | 1583

taper ratios. The results were recorded in Table 1 and plotted in
Figure 2 as scatter points.

The measured inductance was close to the simulated values,
but the resistance was higher. This was because the simulation
modeled only the coil itself, while the physical prototype con-
tained a polylactic acid frame. This material introduces addi-
tional dielectric loss under an alternating electric field, leading
to an increase in the measured resistance. Since the measured
resistance was larger, the intrinsic bandwidth calculated from
Equation (3) was broader than the simulated result.

To evaluate bandwidth gain and energy loss, we measured
antennas’ So; parameters with different taper ratios at a com-
munication distance of 20 cm. The experimental setup is shown
in Figure 7. The transmitting antenna, after being tuned, was
linked to Port 1 of the vector network analyzer, while the re-

FIGURE 7. S2; test scenario.
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FIGURE 8. Measured S2; curves.

ceiving antenna was linked to Port 2. The measured So; curves
for different taper ratios are shown in Figure 8.

Figures 8 and 3 show similar patterns. As the taper ratio «
increases, the So; curves become wider and lower, resulting in
a decrease in the So; peak and an increase in the bandwidth.
Similarly, S21 peak and BW3 g were extracted from the mea-
sured S5; curves and plotted as scatter points in Figure 4.

The measured BWj3 gg was nearly half of the simulated value,
and the measured S2; pgak Was lower than the simulated val-
ues. It attributed to the additional losses introduced by the tun-
ing capacitors and the solder joints of the SMA connectors.

To further verify that increasing the taper ratio leads to re-
ducing the coupling strength, experiments were conducted at a
communication distance of 1 m using a signal generator as the
source and monitoring the received power with a spectrum an-
alyzer. The experimental setup is shown in Figure 9.

FIGURE 9. Communication test scenario.

The signal generator was set to output a sinusoidal wave with
an amplitude of 1 Vpp at a frequency of 1 MHz. Meanwhile, a
spectrum analyzer was used at the receiving end to measure the
power, and the results were recorded in Table 2. As « increases
from 0 to 0.7, the received power decreases by 6.4 dBm, mean-
ing that the received power at a = 0.7 is only one-fifth of that at
a = 0. In summary, the taper ratio involves a trade-off between
bandwidth gain and magnetic field attenuation, which must be
considered to design a gradient-radius magnetic induction an-
tenna that meets the communication requirements.
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TABLE 2. Effect of taper ratio structure on received power.

Rx power (dBm)

0 69.5
0.2 68.7
0.3 67.5
0.4 66.3
0.5 65.6
0.6 64.5
0.7 63.1

4. CONCLUSION

In this study, a magnetic induction antenna with a gradient-
radius structure was proposed to extend bandwidth by increas-
ing the resistance-to-inductance ratio. Experimental results
demonstrated that bandwidth gains scale with the taper ratio.
Both simulations and measurements showed that at 1 MHz, a
coil with a taper ratio of 0.7 extended the bandwidth to nearly
twice that of the uniform-radius counterpart. However, the re-
duced coil radius leads to weaker generated magnetic fields.
Experimental data indicated that at a 20 cm distance, the ta-
pered coil yielded roughly double bandwidth at the expense of
a 6.4 dBm drop in received power. Therefore, practical designs
should avoid maximizing bandwidth alone; instead, a careful
trade-off between bandwidth and coupling strength is required.
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