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Abstract— This paper presents the characterization results of
RF coils in loamy soil with a goal to develop low-cost, long-life,
wireless, in-situ sensing technologies for monitoring soil health to
ensure future sustainable agriculture. Two types of RF coil
exhibiting 6 cm-® / 9-turn and 12 cm-® / 9-turn are employed
for the study. The characterization results reveal that coils
maximum quality factor takes place around 1 MHz limited by
the loamy soil loss. A small gap on the order of 1-2 cm between a
coil and surrounding soil can help improve the quality factor
significantly. Wireless power transfer efficiency estimation
reveals that a sufficient amount of power can be transferred
across a soil depth of 30 cm to energize an underground wireless
soil sensing network. Further optimized designs are expected to
achieve an enhanced performance and extended power transfer
distance underground.

Keywords— Power transfer through soil, coils characterization
in soil, soil loss, wireless soil sensing, wireless power transfer,
inductively-coupled power transfer.

I. INTRODUCTION

With the world’s population expected to surpass 9 billion
by 2050, increasing food production threatens soil security,
presenting one of the grand challenges of the 21st century [1].
Sustaining high levels of food production depends on healthy
soil. Therefore, there is a strong need to develop low-cost,
long-life, wireless, in-situ sensing technologies for monitoring
soil health to ensure future sustainable agriculture. In this
work, we propose to develop a wireless underground in-situ
soil sensing network, depicted in Figure 1, where autonomous
vehicles, both ground and aerial, can potentially power or
recharge an underground sensor module in a wireless manner
as well as communicate with the sensor module for data
telemetry [2, 3]. Sensor data may include soil moisture,
salinity, temperature, pH, etc., which are indicative of soil
health condition. Autonomous vehicles can transfer radio-
frequency (RF) power to the sensor module from a power
source incorporated inside the vehicles in a close proximity to
the ground surface as shown in Figures 1(a) and 1(b). To
access farmland covered by tall crops, an unmanned aerial
vehicle (UAV) can communicate with an above-ground
telemetry post, which is further connected to an underground
sensor module as illustrated Figure 1(c).

Inductively-coupled RF power transfer techniques have
been widely employed for biomedical, industrial and consumer
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Fig. 1. Wireless underground in-situ soil sensing network architecture.

electronics applications [4-16]. Each application exhibits
inherent trade-offs in terms of size of coils, coupling distance,
number of coils, operating frequency, intrinsic loss,
surrounding medium loss, efficiency, loading, frequency
splitting, susceptibility to detuning, etc. We choose
inductively-coupled means to investigate its potential to
wirelessly transfer power through soil to enable the proposed
wireless soil sensing capability.

II. INDUCTIVELY-COUPLED POWER TRANSFER THROUGH
SoIiL

Figure 2 presents an inductively-coupled RF power transfer
system design diagram, where an RF power is coupled to a
secondary coil, L,, from a primary coil, L;, tuned to the same
frequency through the mutual inductance. The received RF
power, which exhibits an AC voltage swing at V,, across a
load resistor, R The AC voltage swing can be further
rectified and filtered to produce a nearly constant DC voltage
to energize the soil sensing system. It should be noted that the
secondary coil represents the coil buried under the ground,
whereas the primary coil is above the ground.
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Fig. 2. Inductively-coupled RF power transfer system.

It can be shown that the voltage gain, 4,, from Vi, to Vo
can be expressed as [17]:
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where M is the mutual inductance between L; and L,, ® is the
tuned resonant frequency of two coils, R; and R; are the series
resistances associated with L; and L», respectively, representing
the loss. Further simplifying the equation results in the
following expression:

4, = kQuQoLo/Ly 1. @)

where £ is the coupling factor between L; and L,, Q; and Q; are
the loaded quality factor of the primary coil and unloaded
quality factor of the secondary coil, respectively, and f is the

enhanced surface area. The prototype coils are presented in
Figure 3, showing two coil configurations, namely, 6 cm-® / 9-
turn and 12 ¢cm-® / 9-turn, each made of solid wire and litz
wire, respectively. The characterization of each coil is
conducted in air, on top of 10 cm thick loamy soil and further
buried under a 20 cm thick loamy soil in a laboratory setting by
using a network analyzer. A sample of Parleys loam was
collected in northern Utah for the coils characterization. Other
types of soil such as sandy and clay soil will be considered for
coils characterization planned as next step.

Inductance [1H] Quality factor Equivalent Series Resistance [2]

. . . . wLy)?
ratio between an equivalent serial load resistance of (R 2)
load

associated with the secondary coil and the coil’s serial
(@L)* e
. . Rloa.dRz
power coupling efficiency, #coupiing, defined as the ratio of the
power delivered into Ry and the power dissipated in the
external tuned coil loop, under a weak coupling condition can
be further derived as

resistance of R,, which can be expressed as § =

2
Ncoupting = k(lQ:ﬁQ)zZﬁ . (3)
Additional analysis reveals that an optimal condition as a
trade-off between the voltage gain and efficiency occurs
around f = 1, which represents a power impedance matching
between Rj.s and an equivalent parallel resistance from R, at
the tuned resonant frequency. While the coupling factor, £,
remains unchanged with given coils geometry, separation
distance and tilting angle, the power transfer efficiency
improves with the coils quality factor of Q; and Q». It is,
therefore, highly important to characterize the coils quality
factor with the presence of soil to ensure an efficient system
design with predictable performance.

III. RF CoILS CHARACTERIZATION IN SOIL

Prototype coils with a diameter of 6 cm and 12 cm are
chosen to investigate their feasibility for wireless power
transfer through a soil depth between 20 ¢cm to 30 cm, which
represents a typical cultivation layer thickness. Further power
transfer to a deeper location, for example with a depth of 1
meter, may be required for certain demanding applications.
Coils with too few turns will result in low inductance value and
low quality factor, while an excessive number of turns will
cause a reduced self-resonant frequency, thus limiting the
frequency range for wireless power transfer. As a result, a 9-
turn coil design is employed for the current study achieving
high Q and sufficiently high self-resonance. The prototype
coils are implemented by using solid copper wire with a
diameter of 0.8 mm and a stranded litz wire with an outer
diameter of 0.8 mm. It should be noted that the litz wire is
made of 330 strands of 40 um-® copper wires, which is
expected to achieve an improved conductivity due to an

Fig. 3. Photos of RF coils.
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Figure 4 shows the measured inductance, Q, and equivalent
series resistance (ESR) of the four prototype coils when placed
in air, on top of 10 cm thick loamy soil and buried under 20 cm
thick loamy soil. The measured ESR includes an inherent loss
of the coil as well as loss associated with the soil if any. As
shown in Figure 4(a), the 6 cm-® solid wire coil has an
inductance value of 6.5 pH. The Que in air is 210 at 9 MHz,
which reduces to 110 at 2.3 MHz on the soil and further
reduces to 80 at 1 MHz when buried in the soil. Figure 4(b)
shows the characterization results of the 6 cm-® litz wire coil,
which shows an inductance value of 5.24 uH. The Oy in air is
320 at 3 MHz, which reduces to 270 at 1.8 MHz on the soil and
further reduces to 172 at 1 MHz when buried in the soil, all of
which are higher than Q.. of the 6 cm-® solid wire coil. The
12 cm-® solid wire coil exhibits an inductance value of 17.6
pH as shown in Figure 4(c). Its Qe in air is 270 at 4 MHz.
The Quma measured on the soil is 130 at 1 MHz and becomes 95
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at 0.7 MHz when buried in the soil. As shown in Figure 4(d),
the 12 cm-® litz wire coil exhibits an inductance value of 16.7
pH. It also achieves a higher Q... of 460 at 2 MHz, 320 at 1
MHz, and 210 at 0.7 MHz when measured in air, on the soil,
and buried in the soil, respectively, compared to the 12 cm-®
solid wire coil. When the coils are placed on or buried in the
soil, the reduction in Q is caused by the soil loss, which
increases with frequency. As illustrated in the ESR plots of all
the four investigated cases, the ESR of coils buried in the soil
increases much faster than the ESR of coils in air above 1
MHz, thus indicating that the loss associated with the loamy
soil medium dominants above 1 MHz. For both 6 cm-® coils
and 12 cm-® coils, coils made of litz wire achieve higher QOuax
under all three conditions, thanks to the inherent low loss of the
litz wire.
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Fig. 5. Measured Q and ESR vs. frequency of coils when positioned

above loamy soil with gap.

To further enhance quality factor, coils are positioned
above the loamy soil with certain gaps to reduce the loss
associated with the soil. As shown in Figure 5(a), Qmar of the 6
cm-® solid wire coil increases from 110 at 2.3 MHz to 180 at 5
MHz with 1 cm gap, and further increases to 210 at 9 MHz
with 6 cm gap. As revealed by the measurement data, a small
gap size of 1 cm can introduce a significant Q,..x improvement
of 64%. However, an additional 5 cm gap only yields 17%
improvement in Oua. For the 6 cm-® litz wire coil as plotted
in Figure 5(b), the O increases from 264 at 1.8 MHz to 310
at 2.2 MHz and to 324 at 2.3 MHz with 1 cm gap and 6 cm
gap, respectively. As can be seen from the plot, the 1 cm gap
introduces a 17% increment in Quq while an additional 5 cm
gap yields 5% increment in Qu.. As shown in Figure 5(c),

Omax of the 12 cm-® solid wire coil increases from 130 at 1
MHz to 210 at 2.5 MHz and further increases to 232 at 3.5
MHz with 2.5 cm and 5 cm gaps, respectively. A gap of 2.5 cm
introduces a significant Q. enhancement of 62%. Further
extending the gap to 5 cm only yields 10% increment in Q.
For the 12 ¢cm-® litz wire coil as plotted in Figure 5(d), the
Omax increases from 303 at 1 MHz to 350 at 1.6 MHz and to
370 at 2.2 MHz with 2.5 cm gap and 5 cm gap, respectively. In
other words, a 2.5 cm gap size can introduce 16%
improvement in Ouay, While further increasing the gap to 5 cm
only yields 6% increment. Based on the measurement results, it
is evident that a small gap size on the order of 1-2cm between a
coil and loamy soil can significantly improve the coils quality
factor, and further extending the gap reveals a diminishable
improvement. This finding can serve as an important guideline
for the coils and overall system package design to ensure a
high performance.

Coupling factors between a pair of coils have also been
characterized over a distance of 10 cm, 20 cm, and 30 cm. The
measured results are presented in Table 1.

TABLE L. MEASURED COUPLING FACTOR (K)
Coil pairs
Distance | 6 cm-o coil & 6 cm-D coil & 12 em-® coil &
6 cm-P coil 12 cm- coil 12 cm-D coil
10 cm 3.6 x1073 5.4 x 1073 1.9 x 1072
20 cm 46x107* 8.7 x 107* 3.6 x 1073
30 cm 1.2x107* 2.6 x107* 1.1x 1073

Based on the characterized coupling factors and quality
factors, a power transfer efficiency can be estimated revealing
that an efficiency of approximately 13% and 1.6% can be
achieved by employing a pair of 12 cm-® litz wire coils across
a loamy soil depth of 20 cm and 30 cm, respectively, under an
optimal load of 15 kQ. Further analysis shows that an external
RF power of approximately 0.5 mW and 4.6 mW are required
to develop an AC voltage swing with an RMS amplitude of 1V
across 15 kQ, corresponding to a received RF power level of
66 uW, over the 20 cm and 30 cm depths, respectively. An
improved performance can be expected by packaging coils
with a gap of 1-2 cm from the soil. The received RF power can
be used to generate a 2.5V DC output with a current driving
capability of approximately 25 pA, which can serve as a design
guideline to implement an underground wireless soil sensing
network.

IV. CONCLUSION

RF coils have been characterized in loamy soil. Coils made
of litz copper wire can achieve higher Q than coils made of
solid copper wire. The maximum quality factor occurs around
1 MHz limited by the loamy soil loss. A small gap on the order
of 1-2 cm between a coil and surrounding soil can help
improve the quality factor significantly. Wireless power
transfer efficiency estimation reveals that an external RF power
of approximately 0.5 mW and 4.6 mW are required to develop
an AC voltage swing with an RMS amplitude of 1V across a
load of 15 k€Q, corresponding to a received RF power level of
66 uW, across a loamy soil depth of 20 cm and 30 cm,
respectively, which is sufficient to power an underground
wireless soil sensing network.
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