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ANTENNA FOR WIRELESS UNDERGROUND
COMMUNICATION

CROSS-REFERENCE TO RELATED
APPLICATION

This application is a National Stage Application under 35
U.S.C. §371 and claims the benefit of International Appli-
cation No. PCT/US2013/051102, filed Jul. 18, 2013, which
claims priority to U.S. Application Ser. No. 61/673,757, filed
on Jul. 20, 2012, entitled ANTENNA FOR WIRELESS
UNDERGROUND COMMUNICATION, the disclosure of
which is incorporated herein by reference.

FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT

This invention was made with government support under
CNS-0953900 awarded by the National Science Foundation.
The government has certain rights in the invention.

TECHNICAL FIELD

This disclosure relates to wireless antennas and more
particularly to characteristics of an underground antenna for
wireless underground sensor networks (WUSNs).

BACKGROUND

Wireless underground sensor networks (WUSNs) are a
natural extension of wireless sensor networks (WSNs) to
underground settings. WUSNSs generally include sensor
motes that are buried in soil and can, for example, provide
applications in precision agriculture, environment monitor-
ing, and virtual fencing. Establishing wireless communica-
tion links in an underground setting can be challenging.
Example factors that can add to the challenge include high
permittivity of soil, soil-air interface characteristics, and
specific real-time soil conditions.

SUMMARY

Systems and methods are disclosed for an underground
antenna structure for radiating through a dissipative
medium. In addition, systems and methods are disclosed for
measuring conditions in a dissipative medium, such as soil.
Empirical evaluations are illustrated in FIGS. 3-8 to show
that an antenna designed considering both the change in
wavelength in soil and the reflection from the soil-air
interface can accommodate major changes in soil moisture
and improve communication distances by up to 587% com-
pared to antennas that are designed based on only the
wavelength change in soil. As an example, selection or
design of a particular wide band antenna described in this
document can result in an increased communication distance
for communications occurring between the antenna and one
or more other structures or networks.

In one implementation, an underground antenna structure
for radiating through a dissipative medium is disclosed. The
antenna structure includes a dielectric substrate, a feeding
structure disposed on the substrate, and one or more elec-
trical conductors disposed on the substrate, oriented, and
buried within the dissipative medium. In some implemen-
tations, the electrical conductors are adapted to radiate
signals at a frequency in a half-space adjacent to the dissi-
pative medium. Such an adaptation can, for example,
include designing a beamwidth state for one or more of the
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2

electrical conductors based at least in part on the relative
permittivity (e.g., moisture content) of the dissipative
medium. In some implementations, the antenna structure is
a wide band antenna that maintains a return loss of less than
about minus 10 decibels for a plurality of soil conditions. In
one example, the wide band antenna has a diameter of about
100 millimeters and the antenna is buried in non-homog-
enous soil.

In some implementations, the one or more electrical
conductors are oriented toward and substantially parallel to
an interface between free space and the dissipative medium
and the corresponding radiation pattern emitted by the
underground antenna structure is unidirectional towards the
interface. In some examples, the antenna structure is buried
in the dissipative medium at about 0.1 meters up to about 1.0
meter.

In some implementations, the antenna structure includes
circuitry adaptable to provide a beamwidth that accommo-
dates a critical angle of incidence from soil to air at different
soil conditions. In some aspects of the antenna structure, the
beamwidth state results in a wireless communication dis-
tance increase for communications between the underground
antenna structure and one or more other structures or net-
works. The critical angle of incidence may be a critical
operating angle Oc that is between about 5 degrees and about
15 degrees, in which the critical operating angle 8¢ value is
based at least in part on the permittivity of the dissipative
medium. In some examples, the critical operating angle 6¢c
represents the angle above which no refraction exists for the
antenna structure.

In another implementation, a wireless underground sys-
tem for measuring conditions in a dissipative medium is
disclosed. The system includes one or more wireless mois-
ture sensors, each including a sensor board, a processor
within the sensor board, and a transceiver in communication
with the processor and coupled to an antenna. The system
also includes a gateway configured to receive and transmit
wireless messages and further configured to communicate
with a network and to receive and relay wireless messages
from the one or more wireless moisture sensors. In some
implementations, each of the wireless moisture sensors are
configured to (i) collect data about the conditions of the
dissipative medium from the plurality of sensors along a
length of the dissipative medium, and (ii) in response to
detecting a threshold level of change in the permittivity of
the dissipative medium, maintain a threshold level of return
loss.

In some implementations, the threshold level of change in
the permittivity of the dissipative medium comprises an
increase or decrease in the moisture level of the dissipative
medium of about 5 percent and the threshold level of return
loss is less than about minus 10 decibels.

In some aspects, the one or more wireless moisture
sensors can collect data from at least two depths within the
dissipative medium. Example depths can include about 0.1
meters below the surface of the dissipative medium (e.g.,
soil) and about 1.0 meters below the surface of the dissipa-
tive medium (e.g., soil)

In another implementation, a method for operating an
underground antenna structure radiating through a dissipa-
tive medium is disclosed. The method includes measuring,
using the underground antenna structure, data associated
with the dissipative medium surrounding a plurality of
wireless sensors, wherein the plurality of wireless sensors
are coupled to the antenna structure. The method also
includes maintaining a threshold level of return loss, for the
antenna structure, of less than about minus 10 decibels in
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response to detecting a threshold level of change in the
permittivity of the dissipative medium. An example thresh-
old level of change in the permittivity of the dissipative
medium may include an increase or decrease in the moisture
level of the dissipative medium of about 5 percent. The
method also includes transmitting one or more wireless
messages from the plurality of wireless sensors using the
antenna. The messages may correspond to the measured
data.

Advantageously, the described systems and techniques
may provide for one or more benefits, such as the increase
in information collectable from a wireless underground
sensor network based on determining real-time soil charac-
teristics. As another advantage, the use of a wide band
antenna in underground communication provides a signifi-
cant distance increase over antennas that are designed to
account for a simple wavelength change in soil.

The details of one or more embodiments are set forth in
the accompanying drawings and the description below.
Other features, objects, and advantages of the invention will
be apparent from the description and drawings, and from the
claims.

DESCRIPTION OF DRAWINGS

FIG. 1 is a conceptual diagram of a system for measuring
soil characteristics and providing underground communica-
tion throughout a wireless underground sensor network
(WUSN).

FIGS. 2A-2B are conceptual diagrams showing an
example analysis of underground antennas.

FIGS. 3A-3C illustrate an example theoretical analysis of
return loss of a dipole antenna in air and soil.

FIGS. 4A-4B illustrate an example simulation of a dipole
antenna in air and soil.

FIGS. SA-5F illustrate measured return losses for differ-
ent antenna types.

FIGS. 6A-B illustrate resonant frequency shifts for a
number of different antennas placed in different mediums.

FIGS. 7A-7D illustrate measured return losses for a
number of antennas buried at a depth of 30 centimeters.

FIG. 8 illustrates a number of frequency bands for dif-
ferent antennas in different soil moisture.

FIG. 9 is an example diagram of a circular planar antenna
for use in wireless underground sensor networks.

FIG. 10 illustrates an example of three paths of subsurface
underground communication.

FIG. 11 is an example method for operating an under-
ground antenna structure radiating through a dissipative
medium.

FIG. 12 is a block diagram of computing devices that may
be used to implement the systems and methods described in
this document.

Like reference symbols in the various drawings indicate
like elements.

DETAILED DESCRIPTION

Antennas used in wireless underground sensor networks
(WUSN) can be buried in soil, water, or rock bed. Burying
the antennas removes the open air aspect common to
antenna wave propagation occurring in traditional commu-
nication scenarios. Removal of this open air propagation
characteristics generally introduces one or more issues with
antenna impedance matching, which in turn, introduces a
number of communication issues between one or more
antennas in a WUSN.
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Wireless communication using electromagnetic signals
(i.e., waves) typically involves high levels of signal attenu-
ation when the waves are transmitted through a lossy
medium such as soil or rock. In one example, the high level
of signal attenuation can be due to absorption of the signal
within the medium. The effects can include extreme signal
loss, multipath effects due to the inhomogeneous nature of
soil, noise due to electrical ground currents, and/or extended
black-out periods after a rainfall due to wet soil.

The amount of signal loss when propagating through soil
or rock is dependent upon the properties of the material. For
example, the existence of excessive water in the soil can
produce significant amounts of attenuation which typically
increase as the water content of the soil increases. In some
implementations, the effect of water on the signal is depen-
dent on the frequency being used in the wireless communi-
cation. In general, lower frequencies will experience less
attenuation when propagating through the ground. Other soil
factors which can affect attenuation of electromagnetic
signals propagating through the ground may include, for
example, soil density, soil particle size, and/or soil tempera-
ture.

FIG. 1 is a conceptual diagram of a system 100 for
measuring soil characteristics and providing underground
and aboveground communication throughout a wireless
underground sensor network (WUSN) 102. At a high level,
system 100 includes a number of sensors in sensor network
102 that are used to measure environmental characteristics.
The sensors can represent a wireless communication net-
work in which messages, such as sensor data, operating data,
commands, and/or environment data, can be communicated
wirelessly between the sensors and one or more networks,
such as networks 102 or 104 to reach servers, such as server
106. In some implementations, the server 106 (or other
device connected via network 104) can direct information
and messages to one or more sensors in the WUSN 102. The
communication capabilities for each wireless sensor can
depend on a number of environmental factors. Accordingly,
circuitry can be designed using antenna design techniques to
ensure that changes in soil characteristics and/or environ-
mental factors do not impact the communication capabilities
of the sensors.

In general, the sensors in WUSN 102 may be buried in a
particular arrangement or spacing. In one example, the
sensors can be spaced evenly and buried at the same depth
to establish soil measurements in even increments at the
same depth. This can, for example, help to understand the
irrigation needs for a field of crops. In some implementa-
tions, the sensors can be spaced at varying depths and
varying spacing based on the particular information desired
from the measurements. Each sensor can include a sensor
board, a processor within the sensor board, and a transceiver
in communication with the processor and coupled to an
antenna.

In some implementations, the sensors may be wireless
moisture sensors that are configured to collect data about the
conditions of a dissipative medium (e.g., soil). For example,
the sensors can detect changes in the soil, such as a threshold
level of change in the moisture of the soil.

The sensors can be connected via a wireless gateway
configured to receive and transmit wireless messages. The
gateway may also be configured to communicate with one or
more networks and to receive and relay wireless messages
from the plurality of wireless moisture sensors.

In underground communications, there are a number of
factors that can be used to determine the impedance of the
antenna. Such factors can include, but are not limited to, the
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wavelength in soil, the reflection from the soil-air interface,
and the change in soil moisture. In the following examples,
antennas can be represented as 7, and transceivers may be
represented as Z.. For efficient wireless communication, the
impedance of an example antenna Z , is typically matched to
the output impedance of an example transceiver Z such that
the radiated power is maximized and the returned power to
the transmitter is minimized.

In operation, the impedance of an underground antenna
7, is a function of wavelength, which is shortened when
electromagnetic waves propagate in soil. Thus, for a given
frequency, a matched antenna in air will likely not be
matched when buried in soil. In addition, underground
antennas used in WUSN applications for agriculture typi-
cally include a number of sensor motes, each with one or
more antennas (e.g., one or more antennas and/or antenna
arrays). These sensor motes are typically buried at depths
from (0.3-1) meters. At this burial depth, reflections from the
soil-air interface may disturb current distribution on the
antenna, which can further change the ideal impedance of
the antenna. Thus, the soil cannot be considered as an
infinite medium. As such, the examples and techniques
described in this specification employ a half-space model.
Consequently, an antenna, which is matched in a homoge-
neous soil medium, may not be matched in this half-space
situation. Another unique characteristic of soil is that its
permittivity changes with the variation of the soil moisture.
Thus, an underground antenna may be designed to accom-
modate the impedance changes caused by the variation of
the soil moisture over the lifetime of the WUSN. Examples
of impedance matching, soil permittivity analysis, buried
antenna simulations, and antenna design to accommodate
soil characteristics, are described below.

The use of a half-space model, as used in this document,
includes two media (e.g., soil and air) divided by a plane.
Relative Permittivity of Soil

When an electromagnetic wave is incident into soil, the
wavelength changes because of the higher permittivity of
soil compared to that of air. Soil permittivity depends on a
number of soil properties, such as bulk density, soil texture,
soil moisture (Volumetric Water Content), salinity, and tem-
perature, just to name a few examples. Several models can
be used to capture the characteristics of the relative permit-
tivity. These models describe the relative permittivity of
different components of soil-water mixture, namely, soil, air,
free water, and bounded water. In the following example, a
semi-empirical permittivity model for soil is used, but other
models can be substituted. Accordingly, the effective per-
mittivity of soil-water mixture, which is a complex number,
can be modeled as:

M

o L )
1.15[1+m+(mv) (€) —mv] -0.68
, 03GHz=< f <14 GHz
e = L
Po Vot 3
[1+m+(mv) (€%, _mv]
1.4 GHz < f <18 GHz
. Vie e 3
e =[m>" ey, ¥ ®

where f is the frequency in Hertz, €; is the relative complex
dielectric constant of the soil-water mixture, m, is the
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6

volumetric water content, p,, is the bulk density, and p, is the
particle density, and 9, v', and v" are empirically determined
soil-type dependent constants given by:

8=0.65 (©)]

v'=1.2748-0.5195-0.152C %)

v"=1.33797-0.6035-0.166C (6)
where S and C represent the mass fractions of sand and clay,
respectively. The quantities, €', and €";, in equations (2)
and (3), represent the real and imaginary parts of the relative
permittivity of free water, and are calculated form the Debye
mode] to obtain:

o o 4 S0 Eu @
S e T Qnfr,)?
" €0 — €weo et (05 — Pb) (8)
€ =2
fo =3 T B Fpam,

where &,..=4.9 is the limit of €', when f—=w, € is the
static dielectric constant for water, and &, is the permittivity
of free space. Expressions for T, and €, are given as a
function of temperature. At room temperature (20 degrees
Celsius), 2mr,=0.58x107'° 5 and €_,~80.1. The effective
conductivity 8,,in (8), in terms of the textural properties of
the soil, is given by:

0.0467 + 0.2204pp — 0.41115 + 0.6614C
03 GHz= f=<14GHz
—1.645 4+ 1.939p, — 2.256225 + 1.594C
14 GHz =< f <18 GHz

®

Seff =

Impedance of a Dipole Antenna in Homogeneous Soil

To model the impedance and return loss of a buried
antenna, we first consider the antenna in a homogeneous
soil. In such an example setting, the impacts of the soil
properties on the impedance can be captured. The results
calculated in this example can be used as a basis for
analyzing a realistic soil environment where an antenna is
buried close to the surface.

Due to the high permittivity of soil, €, the wave number
and hence, the wavelength in soil are not the same as in air.
By employing the semi-empirical model of soil permittivity,
the wave number for soil k; can be calculated as:

kS:ﬁ—ia:2nﬁ/pOES€0

where f represents the frequency of the wave, 1, and &, are
the permeability and permittivity in air, respectively, and &,
represents the relative permittivity of soil defined in equa-
tion (1). Then, the ratio of the wavelength in soil, A, and the
wavelength in air A, is:

(10)

(n
Ry =

&l

It is shown in equations (10) and (11) that due to the
relative permittivity of soil, €, wavelength in soil is not the
same as in air for a given frequency f. Conversely, for an
antenna designed for a specific wavelength, the resonant
frequency in soil is not the same as the resonant frequency



US 9,532,118 B2

7

in air. Moreover, the relative permittivity of the soil changes
because of volumetric water content m , which changes the
wavelength of an electromagnetic wave.

Closed form representation of the impedance of an arbi-
trary antenna is not easily obtained and as such, approxi-
mations for the impedance of a dipole antenna are provided
in the examples below. Analysis of other types of antennas
will be described in reference to FIGS. 5A-5F below.

By employing the induce-emf method, the input imped-
ance of a dipole less than a half of a wavelength long can be
approximated as:

Zo~ filBD - {120(1% ~ ot - (60| a2

where

S1(B1=-0.4787+7.3246p1+0.3963(B1>+15.6131(p1)> 13)

S(B1=-0.4456+17.0082p1-8.6793(B1)?+9.6031(p1)> (14)

[ represents the real part of the wave number in equation
(10), d represents the diameter

of'the dipole, and 1 represents half of the length of the dipole.
Employing equations (10) and (11) Bl is represented as:

1s)

Since the permittivity of soil €, is frequency dependent, {1
is not a linear function of 1/A,. As such, when the antenna
is moved from air to soil the resonant frequency changes
according to equations (10) and (11) and the antenna imped-
ance value at the resonant frequency also varies with the soil
properties.

Impedance of a Buried Antenna in Half Space

FIGS. 2A-2B are conceptual diagrams showing an
example analysis of an underground antenna 200. The
analysis above captures the impacts of soil properties. In a
real deployment for WUSNSs, however, sensor motes are
buried at subsurface depths (0.3-1.0) meters as shown by (h)
202 in FIG. 2A. At these depths, the environment cannot be
modeled as homogeneous soil due to the impacts of soil-air
interface. Instead, the environment can be modeled as a
half-space to capture the impacts of the reflected waves from
the soil-air interface on the impedance and return loss of the
antenna.

As shown in FIG. 2A, when the buried antenna 200 is
excited, a current distribution of 1,(C) 204 is generated along
the antenna 200. The generated wave propagates towards the
soil-air interface 206, where it is reflected and refracted. The
reflected electric field that reaches the antenna is denoted as
E, 208, which, in turn, induces a current I, 210 on the
antenna. In some implementations, the current further
impacts the generated wave and higher order reflection
effects exist. However, due to the high attenuation in soil,
these higher order effects are negligible and as such, the
following calculations consider only the first order effects.

The induced current on the dipole 1. 210, as well as the
resulting impedance Z, 212, can be modeled as the result of
a field generated by an imaginary dipole placed in a homog-
enous soil environment, as shown in FIG. 2B. The distance
of the two dipoles h' 214 is chosen such that E, 208 is the
same at the real dipole as in FIG. 2A. Accordingly, Z, 216
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is modeled based on a modified mutual impedance model
between two dipole antennas. The mutual impedance Z, 216
is then added to itself impedance Z, 218, as shown by
equation (12) to obtain a total impedance of the buried
antenna in half space. To calculate 7, 216, the current
distribution on the antenna and the electric field, E, 208, are
modeled first. The current distribution on a short dipole in
homogeneous soil can then be approximated as:

I5=1I sin [k,(I-1T)] (16)

where 1, represents the amplitude of the current and k,
represents the wave number in soil given in equation (10).
Based on this current distribution, the reflected E, field from
the soil-air interface at the antenna is:

) kst piksy —ikgr 1n
E, =-i301, — 2cosk,l xI
¥ r
where
=Ry +CT 13
=[P +(C-1717 19

@ HC 1

and h is the burial depth of the antenna, and T is the
reflection coefficient at the soil-air interface, which is given
by:

(20)

1 2

- - ©en
T l+ko/ks

where k; is the wave number in air.
Considering the imaginary dipole is identical to the dipole
in soil, mutual impedance model can be simplified as:

Z, = —1 1E inkg(/ d @
= f EACpink1- DS

Thus, the total impedance of the antenna is Z,*=7 +Z7_ and
accordingly, the return loss of the antenna (in dB) is given
by:

74

@

Z

@23

s +

RlLgp = 20logyy

By employing this model, the return loss of an antenna of
50 millimeters (mm) long and 2 mm in diameter can be
calculated for air and soil. The calculated results are shown
in FIGS. 3A-3B, where the return loss of the dipole is shown
for the frequency range of 100 MHz to 2 GHz. FIGS. 3A-3C
illustrate an example theoretical analysis of return loss of a
dipole antenna in air and soil. In these examples, the
resonant frequency of the antenna shifts from 1.382 GHz in
air to lower frequency values when the antenna is buried.
The shift is due to the shorter wavelength in soil. In FIG. 3A,
the antenna is buried at 0.1 m and four different volumetric
water content values are analyzed. Namely, volumetric
water content values are measured in air 302, at 5% 304, at
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10% 306, at 20% 308, and at 40% 310. As shown, the
volumetric water content values have a strong impact on the
value of the resonant frequency. An increase in volumetric
water content from 5% to 40% results in a decrease in the
resonant frequency from 685 MHz to 287 MHz.

As shown in FIG. 3B, two different burial depths of 0.1
meters and 0.3 meters are considered. The resonant fre-
quency decreases from 685 MHz 312 to 674 MHz 314 when
the burial depth is increased from 0.1 meters to 0.3 meters.
The change in the resonant frequency as a function of burial
depth is shown in FIG. 3C. As shown, the resonant fre-
quency fluctuates over different burial depths. This is typi-
cally caused by the phases of the reflected wave. When the
burial depth increases, the impact of the reflected wave
decreases as it is attenuated and the resonant frequency
converges to that in homogenous soil. The resonant fre-
quency, shown here by arrow 316, is 677 MHz.

FIGS. 4A-4B illustrate an example simulation of a dipole
antenna in air and soil. The simulations described in this
example were performed in a high frequency structure
simulator (HFSS). The dimensions of the antenna are kept
the same as in the examples described in FIGS. 3A-3C
above.

To capture the properties of the soil environment, a soil
material is created in the HFSS based on the relative
permittivity calculated by the model in the example
described in FIGS. 3A-3C. In addition, since the relative
permittivity of soil is frequency dependent, in this simula-
tion, it is represented according to equation (1).

As shown in FIG. 4A, the return loss of a dipole antenna
is shown for a number of different soil moisture values. In
this example, the burial depth of the antenna is 0.1 meters.
As indicated in the theoretical analysis of FIGS. 3A-3C, the
resonant frequency moves to lower frequency ranges when
the soil moisture increases.

In this example, the absolute values of the return loss at
the resonant frequencies are notably different between
example 3A and 4A. This is because of the inaccuracies in
modeling an “ideal” antenna in HFSS as well as limitations
of the theory due to approximations that are made for
tractability. For example, at a volumetric water content of
40%, an additional resonant frequency 402 at 1 GHz is
observed that is not shown in FIG. 3A. At this soil moisture
level and frequency, the wavelength is smaller than the
antenna size, whereas the approximation in equation (12) is
typically valid for wavelength values higher than twice the
dipole length.

As shown in FIG. 4B, the resonant frequency 404 at
different burial depths is depicted from zero to 0.2 meters.
The effect of the reflected wave changes the impedance and
the resonant frequency. Compared to the theoretical analysis
in FIGS. 3A-3C above, the result from HFSS shows less
frequency fluctuation and converges to the resonant fre-
quency in homogenous soil more quickly. In both cases, the
effects of the soil-air interface are visible in underground
antenna design.

It is shown in both examples in FIGS. 3A-3C and FIGS.
4A-B that the design of an antenna for underground com-
munication is influence mainly by three factors: the wave-
length in soil, the reflection from the soil-air interface, and
the soil moisture. However, the theoretical analysis in FIGS.
3A-3C applies to a dipole only, and as such, other types of
antennas cannot be captured using such a method. Thus,
field tests are described in the following sections.
Underground Antenna Examples

To further investigate the effects of the soil-air interface
on the return loss of antennas and obtain insight into the
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design of antennas for underground communication, empiri-
cal experiments are described below.

FIGS. 5A-5F illustrate measured return losses for differ-
ent antenna types. The different antenna types include four
dipole antennas and two planar antennas. In particular, the
antennas include a GSM antenna (FIG. 5A), a 433 MHz
dipole antenna (FIG. 5B), a Mica2 antenna (FIG. 5C)
[available from Crossbow Technology, Inc., San Jose,
Calif'], a MicaZ antenna (FIG. 5D) [available from Cross-
bow Technology, Inc., San Jose, Calif.], a circular planar
antenna (FIG. 5E), and an elliptical antenna (FIG. 5F).

The GSM antenna (FIG. 5A) is a dipole antenna designed
for GSM devices. It is 50 mm long and is isolated by rubber.
The radius of the antenna with the isolator is 4 mm. The
resonant frequencies are 900 MHz and 1900 MHz.

The 433 MHz dipole antenna (FIG. 5B) is an off-the-shelf
antenna designed for the 433 MHz frequency. It is 70 mm
long and is also isolated. The radius of the isolator is 5 mm.

The Mica2 antenna (FIG. 5C) is originally attached to the
Mica2 motes that are frequently used in wireless sensor
network (WSN) experiments. It is a whip antenna of 180
mm long. The antenna is very thin. Including the isolator, the
radius is 1.5 mm and the resonant frequency is 433 MHz.

The MicaZ antenna (FIG. 5D) is originally attached to the
MicaZ motes. Since MicaZ works at higher frequency (e.g.,
2.4 GHz), the antenna is shorter at a length of 37 mm.

The circular planar antenna (FIG. 5E) is a planar antenna
with a circular exciting panel. The diameter of the panel is
25 mm, which is based on the calculated wavelength in soil
using equation (11).

The elliptical antenna (FIG. 5F) size can be varied due to
different operating frequencies. In this example, the opera-
tion frequency is 433 MHz, and as such, the antenna
includes a rectangular ground panel that is 125 mm by 85
mm. The exciting panel is elliptical with two axes of 62 mm
and 49 mm.

In the following examples, the antennas are buried at two
depths (0.1 m and 0.3 m) and each antenna is connected to
a 0.3 m coaxial cable. The antennas are buried horizontally
with the exciting panel facing the soil-air interface. The
other end of the cable is connected to a portable network
analyzer that is employed to measure the return loss of each
antenna. The two depths were selected based on information
including typical sensor nodes in WUSN applications for
agriculture are usually buried at 0.3 m depth to avoid the
impacts from agriculture machinery and at these depths, the
impact from the soil-air interface can be captured.

Effects of Burial Depth

The return losses for each of the antennas at different
depths in soil are shown in FIG. 5A-5F. In addition, the
return loss of the antennas in air is also depicted. The soil
moisture in this measurement is 20%, which is also a normal
condition for growing crops.

As shown in FIG. 5A, two resonant frequencies for the
GSM antenna in air are 1.052 GHz and 1.921 GHz. How-
ever, when the antenna is buried in soil, the resonant
frequencies shift to lower frequencies. For a burial depth of
10 cm, the resonant frequencies are 571.8 MHz and 1.442
GHz, respectively. When the burial depth is 30 cm, the
corresponding resonant frequencies are 631.8 MHz and
1.502 GHz. This shift of resonant frequency is related to the
change of the wavelength in soil. As is typical, the new
resonant frequencies in soil cannot be calculated based
solely on the corresponding wavelengths in soil due to the
reflection from the soil-air interface.

When the antennas arc buried in soil, the shape of the
return loss curve typically changes. This change can be seen
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in the 433 MHz antenna (FIG. 5B) and the original MicaZ
antenna (FIG. 5D). In the 433 MHz antenna, multiple
resonant frequencies 502 occur at lower frequencies when
the antenna is buried in soil. In the MicaZ antenna case,
when the antenna is buried, the return loss at the resonant
frequency is 15 dB lower than the antenna placed in air, as
shown at arrow 504. The reason is that the impact of the soil
medium is not linear at different frequencies, as indicated in
equations (10) and (12) above, where [ is a linear function
of f, but Z, is not a linear function of §. As shown in the
figures, the impedance at the lower frequency range is
impacted more than the higher frequency range. For the 433
MHz antenna (FIG. 5B), return loss at frequencies higher
than 4 GHz remains similar to the results in air and for the
MicaZ antenna (FIG. 6D), this is true for frequencies higher
than 5 GHz. The results of the Mica2 antenna (FIG. 5C)
indicate it has poor performance across the frequency range
as the return losses of the resonant frequencies are higher
than -10 dB.

Unlike the dipole antennas, the shapes of the return loss
curves of the planar antennas in soil remain similar to that
in air (FIGS. 5E and 5F). This may be due to the different
radiating mechanism of the planar antenna, where the waves
first propagate through the fringe of the substrate, which
does not change when the antenna is buried in soil. The
substrate can mitigate the impact of soil in the near field of
the radiation. Thus, the return loss curve remains similar in
air and soil for these planar antennas.

The specific shift in the resonant frequencies of each
antenna is a known factor and the percentage of the shift
compared to the resonant frequencies in air is shown in FIG.
6A. As shown in FIG. 6A, the percentage of the shift is not
the same for different antennas. The 433 MHz antenna and
the MicaZ antenna have the largest shift, as shown by arrows
602 and 604, respectively. For the MicaZ antenna, the shift
is 42% when the burial depth is 10 cm and 48% when the
burial depth increases to 30 cm. Meanwhile, for the 433
MHz antenna, the shift is 40% when the burial depth is 10
cm and 36% when the burial depth is 30 cm. The difference
of the shift at different depths is typically caused by the
reflected wave from the soil-air interface, which disturbs the
current distribution on the antenna and hence the impedance
of the antenna. This impact is not linear for different
frequencies. Also, due to the phase of the reflected electric
field, the shift fluctuates at different depths. In addition, this
fluctuation is not the same for different antennas. For
example, the elliptical planar antenna, the shift can be
reduced from 19% to 5% if the burial depth is increased
from 10 ¢cm to 30 cm. On the other hand, for the Mica2
antenna, with the same change in the burial depth, the shift
is increased from 18% to 36%. Therefore, for antennas in
underground communications, the environment cannot be
considered as homogeneous and the impact of the reflected
waves for particular antennas can be analyzed to determine
a precisely designed antenna for the soil. Moreover, this
impact cannot be generalized and each different antenna
type may require specific analysis.

FIG. 6B illustrates a number of frequency bands of the
above described antennas in different mediums. When
designing antennas for underground use, the design should
take into account the bandwidth effects in particular medi-
ums. In practice, the return loss of -10 dB is typically
employed as the threshold to define the frequency band of a
particular antenna. The bandwidth measurements for the
antennas described in FIGS. 5A-5F are shown in FIG. 6B.
The blocks indicate the frequency bands of the antennas. As
shown, the two planar antennas 606 and 608 have the widest
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bandwidths amongst the antennas. As an example, it can be
observed that the circular planar antenna (FIG. 5E) has an
extremely wide bandwidth of (0.54-6.0 GHz in 30 cm
depth). This characteristic is desirable in the underground
communication since it can accommodate different soil
situations.

Effects of Soil Moisture

Soil moisture changes varied amounts over time since the
natural precipitation process changes over time. The follow-
ing examples show recordings for the return loss of four
antennas (GSM antenna, 433 MHz antenna, and the two
planar antennas) in three different soil moisture settings (i.e.,
dry (5% VWC), normal (20% VWC), and wet (37% VWC).
The soil composition of the test bed is 23.7% of sand and
28.7% of clay.

FIGS. 7A-7D illustrate measured return losses for a
number of antennas buried at a depth of 30 centimeters. As
described above in reference to equations (1) and (2), when
soil moisture increases, the permittivity of the soil increases
too, which causes the wavelength to further reduce. There-
fore, in the return loss curves shown in FIGS. 7A and 7B, the
resonant frequency shifts to an even lower range when the
soil moisture increases. For the GSM antenna (FIG. 7A),
when the volumetric water content (VWC) increases from
5% to 20%, the resonant frequency moves to a frequency 3%
lower than the resonant frequency in air. Furthermore, when
the VWC increases from 20% to 37%, an additional 3.1%
decrease in the resonant frequency is observed. Moreover,
the exact values of the return loss at the resonant frequency
vary for different soil moisture values. The change in the
return loss is considerable for the 433 MHz antenna (FIG.
7B). At a frequency of 272 MHz, for VWC=5%, the return
loss at the resonant frequency is -8 dB. However, when
VWC increases to 20%, this resonant frequency shifts to 242
MHz and the return loss reduces to
-18 dB. With a further increase in VWC to 37%, the
resonant frequency shifts to 182 MHz and the return loss is
further reduced to -23.5 dB. The empirical results confirm
that when an antenna is buried in soil, both the resonant
frequency and the return loss value at that resonant fre-
quency change. Thus, in the design of an antenna, even if it
performs well in air, equivalent performance cannot be
guaranteed when the same antenna is buried in soil.

As for the two planar antennas measurements shown in
FIGS. 7C and 7D, the shapes of the return loss curves
change considerably over the change of the soil moisture.
This may be partly caused by the lack of insulation for these
two antennas. Thus, the change of water content directly
impacts the current distribution of the antenna.

FIG. 8 illustrates a number of frequency bands for dif-
ferent antennas in different soil moisture. The frequency
bands for the three soil moisture values are indicated by
blocks for the GSM antenna, the 433 MHz antenna, the
elliptical antenna, and the circular planar antenna. It is
observed that the circular planar antenna 802 has a wide
band in the different soil moisture values. The return loss is
less than —10 dB for a frequency range of 2.4 GHz-3.6 GHz
and 4.8 GHz-6 GHz for all the three soil moisture values.
This trait can be used to design antennas for WUSNs since
it means the performance of the antenna will be maintained
even if the soil moisture varies.

Example Wide Band Antenna: Underground Circular
Antenna Design

In general, the realization of wireless underground sensor
networks (WUSNSs) relies on the establishment of reliable
communication links, where the antenna design becomes an
important factor due to the significant impacts of soil in
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which sensors are buried. The following example describes
an example wide band antenna designed for an agricultural
WUSN application. Empirical evaluations are illustrated
above to show that an antenna designed considering both the
change in wavelength in soil and the reflection from the
soil-air interface can accommodate major changes in soil
moisture and improve communication distances by up to
587% compared to antennas that are designed based on only
the wavelength change in soil.

FIG. 9 is an example of a circular planar antenna structure
900 for use in a wireless underground sensor network. The
antenna 900 can be designed to accommodate major changes
in soil moisture and can include a plurality of configurations
of sensors, arrays, sub-arrays, and filters. In some imple-
mentations, an antenna with a resonant frequency of 433
MHz may provide characteristics that offer minimal attenu-
ation and minimal antenna size. As such, a number of
commercial chips for this industrial, scientific, and medical
(ISM) band are available and can be readily used in com-
modity sensor motes.

In one example, the antenna 900 is an underground
circular planar antenna for radiating through a dissipative
medium, such as soil. The antenna 900 shown here has a
diameter of 100 mm, but other diameters are possible. The
substrate of the antenna 900 may be FR-4 material with a
thickness of 1.6 mm, for example. The feed line of antenna
900 may be a coplanar waveguide structure, as shown at
906. In some implementations, the circular planar antenna
900 includes one or more microwave transmission plates,
susceptors, radiation holes, electrical conductors, and/or
other components that provide particular radiation patterns
and functionality for underground antennas. As shown, the
antenna 900 includes a number of electrical conductors 902
formed through a dielectric substrate 904. The coplanar
waveguide structure 906 is shown disposed on the substrate
904 as well.

The electrical conductors 902 can, for example, be ori-
ented and the antenna structure 900 can be buried within a
dissipative medium, such as soil. For example, the structure
900 may be buried in the dissipative medium at about 0.1
meters up to about 1.0 meter. The electrical conductors may
be adapted to radiate signals at a frequency in a half-space
adjacent to the dissipative medium. For example, a beam-
width state can be configured for one or more of the
electrical conductors based at least in part on the relative
permittivity of the dissipative medium.

The electrical conductors 902 can be arrayed or arranged
in a predetermined pattern. For example, the intervals may
be set to half a wavelength, a quarter wavelength, or a full
wavelength. In some implementations, the conductors 902
may form another shape, such as a t-shape or an arch shape,
for example. The array pattern formed by conductors 902 is
not limited to a specific one, and as such, it may be spiral or
radial other than concentric.

In some implementations, the one or more electrical
conductors are oriented toward and substantially parallel to
an interface between free space and the dissipative medium.
This orientation can provide a radiation pattern that is
unidirectional towards the interface.

In some implementations, the antenna 900 includes a
conductive surface facing the substrate 904. The conductive
surface may be adapted to concentrate a substantial portion
of energy radiated by the one or more electrical conductors
in the half-space adjacent to the dissipative medium.

In some implementations, the antenna 900 circuitry adapt-
able to provide a beamwidth that accommodates the critical
angel of the incidence (0,) of different soil conditions, which
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is between about 5 degrees and about 15 degrees. In some
implementations, the antenna 900 is designed as a stand-
alone component and is not tunable. That is, the antenna 900
can be designed such that it operates in a wide band of
frequencies without requiring tuning to particular imped-
ance changes.

FIG. 10 illustrates an example of three paths of subsurface
underground communication. In operation, the circular pla-
nar antenna 900 provides a wide signal bandwidth as well as
a highly desirable radiation pattern. In particular, in under-
ground communications at the depth range of 0.3-1.0 m,
three paths can be modeled and/or measured a direct wave
1002, a reflected wave 1004, and a lateral wave 1006, as
shown in FIG. 10. Of the three paths, the lateral wave 1006
is typically dominant in the far field because the attenuation
in air is much smaller than the attenuation in soil. Therefore,
the radiation pattern of the antenna buried in soil should
have a radiation pattern such that the lateral wave is maxi-
mized. As shown, the lateral wave 1006 occurs when the
incident wave is at a critical angle 1008 (6_). The critical
angle 1008 represents the angle above which no refraction
exists.

The critical angle 1008 is a function of soil permittivity,
which is a function of soil moisture. Hence, the critical angle
1008, (6,), varies with the change in soil moisture. Due to
the fact that the relative permittivity of soil is ten to one
hundred times higher than air, the critical angle 1008 is
typically less than 15 degrees in all soil moisture settings.

Based on the above analysis, a desired radiation pattern
for the circular planar underground antenna 900 is unidirec-
tional towards the soil-air interface. The beam width of the
antenna 900 generally covers all critical angles in different
soil moisture values, which are typically in the range of 5 to
15 degrees. Thus, the planar antennas have desirable radia-
tion patterns when they are placed parallel to the soil-air
interface.

FIG. 11 is an example method 1100 for operating an
underground antenna structure radiating through a dissipa-
tive medium. In short, process 1100 determines real time
characteristics (such as moisture level) from a dissipative
medium (such as soil) and uses one or more sensors and/or
antennas in order to ensure proper communication function-
ality is maintained. In general, the process 1100 can be
performed by a sensor, processor, controller, or computer
system capable of analyzing mediums and wirelessly com-
municating results to another system or network.

The process 1100 may begin with one or more wireless
sensors measuring (1102) data associated with a dissipative
medium surrounding a plurality of wireless sensors. The
plurality of wireless sensors are coupled to an antenna
structure and can collect the measured data and transmit
such data to a network or server, such as network 104, and/or
server 106. In some implementations, the plurality of wire-
less sensors can collect data from a number of depths within
the dissipative medium. For example, the sensors can mea-
sure/collect data from about 0.1 meters below the surface of
the dissipative medium up to and including about 1.0 meters
below the surface of the dissipative medium.

At some point, the permittivity (i.e., moisture content or
other characteristic) may change. In response to detecting a
threshold level of change in the permittivity of the dissipa-
tive medium, the antenna can maintain (1104) a particular
level of return loss. That is, the designed antenna maintains
low return loss (e.g., less than —10 decibels) at the operation
frequency. Maintaining or improving this level of return loss
can ensure that wireless communications occur reliably and
without interruption. In one example, the threshold level of
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change in the permittivity of the dissipative medium may be
characterized by a five percent increase or decrease in the
moisture level of the dissipative medium. In some imple-
mentations, the antenna results in a wireless communication
distance increase for communications between the under-
ground antenna structure and one or more other structures or
networks. At some time, the sensors can transmit (or be
polled to transmit) (1106) one or more wireless messages
corresponding to the measured data from the plurality of
wireless sensors using the wide-band antenna.

FIG. 12 is a schematic diagram of a computing system
1200. The generic computing system 1200 can be used for
the operations described in association with any of the
computer-implemented methods or systems described pre-
viously, according to one implementation. The generic com-
puting system 1200 includes a processor 1210, a memory
1220, a storage device 1230, and an input/output device
1240. Each of the processor 1210, the memory 1220, the
storage device 1230, and the input/output device 1240 are
interconnected using a system bus 1250. The processor 1210
is capable of processing instructions for execution within the
generic computing system 1200. In one implementation, the
processor 1210 is a single-threaded processor. In another
implementation, the processor 1210 is a multi-threaded
processor. The processor 1210 is capable of processing
instructions stored in the memory 1220 or on the storage
device 1230 to display graphical information for a user
interface on the input/output device 1240.

The memory 1220 stores information within the generic
computing system 1200. In one implementation, the
memory 1220 is a computer-readable medium. In one imple-
mentation, the memory 1220 is a volatile memory unit. In
another implementation, the memory 1220 is a non-volatile
memory unit.

The storage device 1230 is capable of providing mass
storage for the generic computing system 1200. In one
implementation, the storage device 1230 is a computer-
readable medium. In various different implementations, the
storage device 1230 may be a floppy disk device, a hard disk
device, an optical disk device, or a tape device.

The input/output device 1240 provides input/output
operations for the generic computing system 1200. In one
implementation, the input/output device 1240 includes a
keyboard and/or pointing device. In another implementa-
tion, the input/output device 1240 includes a display unit for
displaying graphical user interfaces.

The features described can be implemented in digital
electronic circuitry, or in computer hardware, firmware,
software, or in combinations of them. The apparatus can be
implemented in a computer program product tangibly
embodied in an information carrier, e.g., in a machine-
readable storage device or in a propagated signal, for execu-
tion by a programmable processor; and method steps can be
performed by a programmable processor executing a pro-
gram of instructions to perform functions of the described
implementations by operating on input data and generating
output. The described features can be implemented advan-
tageously in one or more computer programs that are
executable on a programmable system including at least one
programmable processor coupled to receive data and
instructions from, and to transmit data and instructions to, a
data storage system, at least one input device, and at least
one output device. A computer program is a set of instruc-
tions that can be used, directly or indirectly, in a computer
to perform a certain activity or bring about a certain result.
A computer program can be written in any form of pro-
gramming language, including compiled or interpreted lan-

20

25

30

35

40

45

50

55

60

65

16

guages, and it can be deployed in any form, including as a
stand-alone program or as a module, component, subroutine,
or other unit suitable for use in a computing environment.

Suitable processors for the execution of a program of
instructions include, by way of example, both general and
special purpose microprocessors, and the sole processor or
one of multiple processors of any kind of computer. Gen-
erally, a processor will receive instructions and data from a
read-only memory or a random access memory or both. The
essential elements of a computer are a processor for execut-
ing instructions and one or more memories for storing
instructions and data. Generally, a computer will also
include, or be operatively coupled to communicate with, one
or more mass storage devices for storing data files; such
devices include magnetic disks, such as internal hard disks
and removable disks; magneto-optical disks; and optical
disks. Storage devices suitable for tangibly embodying
computer program instructions and data include all forms of
non-volatile memory, including by way of example semi-
conductor memory devices, such as EPROM, EEPROM,
and flash memory devices; cloud-based memory devices and
disks, magnetic disks such as internal hard disks and remov-
able disks; magneto-optical disks; and CD-ROM and DVD-
ROM disks. The processor and the memory can be supple-
mented by, or incorporated in, ASICs (application-specific
integrated circuits).

In some implementations, system 1200 may be a com-
munication system that can be implemented in one or more
sensors or mobile devices described above. The system 1200
can be adapted to communicate wirelessly to and from itself.
For example, the system 1200 receives and transmits infor-
mation wirelessly using a transceiver (not shown), with the
received signals being passed to a signal processor (not
shown). The signal processor can include digital signal
processing (DSP) circuitry for processing the received sig-
nals.

To provide for interaction with a user, the features can be
implemented on a computer having a display device such as
a CRT (cathode ray tube) or LCD (liquid crystal display)
monitor for displaying information to the user and a key-
board and a pointing device such as a mouse or a trackball
by which the user can provide input to the computer.

The features can be implemented in a computer system
that includes a back-end component, such as a data server,
or that includes a middleware component, such as an appli-
cation server or an Internet server, or that includes a front-
end component, such as a client computer having a graphical
user interface or an Internet browser, or any combination of
them. The components of the system can be connected by
any form or medium of digital data communication such as
a communication network. Examples of communication
networks include, e.g., a LAN, a WAN, and the computers
and networks forming the Internet.

The computer system can include clients and servers. A
client and server are generally remote from each other and
typically interact through a network, such as the described
one. The relationship of client and server arises by virtue of
computer programs running on the respective computers and
having a client-server relationship to each other.

A computer program (also known as a program, software,
software application, script, or code) can be written in any
form of programming language, including compiled or
interpreted languages, or declarative or procedural lan-
guages, and it can be deployed in any form, including as a
standalone program or as a module, component, subroutine,
or other unit suitable for use in a computing environment. A
computer program does not necessarily correspond to a file
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in a file system. A program can be stored in a portion of a
file that holds other programs or data (e.g., one or more
scripts stored in a markup language document), in a single
file dedicated to the program in question, or in multiple
coordinated files (e.g., files that store one or more modules,
sub programs, or portions of code). A computer program can
be deployed to be executed on one computer or on multiple
computers that are located at one site or distributed across
multiple sites and interconnected by a communication net-
work.

The processes and logic flows described in this specifi-
cation can be performed by one or more programmable
processors executing one or more computer programs to
perform functions by operating on input data and generating
output. The processes and logic flows can also be performed
by, and apparatus can also be implemented as, special
purpose logic circuitry, e.g., an FPGA (field programmable
gate array) or an ASIC (application specific integrated
circuit).

Processors suitable for the execution of a computer pro-
gram include, by way of example, both general and special
purpose microprocessors, and any one or more processors of
any kind of digital computer. Generally, a processor will
receive instructions and data from a read only memory or a
random access memory or both. The essential elements of a
computer are a processor for performing instructions and
one or more memory devices for storing instructions and
data. Generally, a computer will also include, or be opera-
tively coupled to receive data from or transfer data to, or
both, one or more mass storage devices for storing data, e.g.,
magnetic, magneto optical disks, or optical disks. However,
a computer need not have such devices.

To provide for interaction with a user, embodiments of the
subject matter described in this specification can be imple-
mented on a computer having a display device, e.g., a CRT
(cathode ray tube) or LCD (liquid crystal display) monitor,
for displaying information to the user and a keyboard and a
pointing device, e.g., a mouse or a trackball, by which the
user can provide input to the computer. Other kinds of
devices can be used to provide for interaction with a user as
well; for example, feedback provided to the user can be any
form of sensory feedback, e.g., visual feedback, auditory
feedback, or tactile feedback; and input from the user can be
received in any form, including acoustic, speech, or tactile
input.

While this specification contains many specific imple-
mentation details, these should not be construed as limita-
tions on the scope of any invention or of what may be
claimed, but rather as descriptions of features that may be
specific to particular embodiments of particular inventions.
Certain features that are described in this specification in the
context of separate embodiments can also be implemented in
combination in a single embodiment. Conversely, various
features that are described in the context of a single embodi-
ment can also be implemented in multiple embodiments
separately or in any suitable subcombination. Moreover,
although features may be described above as acting in
certain combinations and even initially claimed as such, one
or more features from a claimed combination can in some
cases be excised from the combination, and the claimed
combination may be directed to a subcombination or varia-
tion of a subcombination.

Similarly, while operations are depicted in the drawings in
a particular order, this should not be understood as requiring
that such operations be performed in the particular order
shown or in sequential order, or that all illustrated operations
be performed, to achieve desirable results. In certain cir-
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cumstances, multitasking and parallel processing may be
advantageous. Moreover, the separation of various system
components in the embodiments described above should not
be understood as requiring such separation in all embodi-
ments, and it should be understood that the described
program components and systems can generally be inte-
grated together in a single software product or packaged into
multiple software products.

A number of embodiments of the invention have been
described. Nevertheless, it will be understood that various
modifications may be made without departing from the spirit
and scope of the invention. For example, various forms of
the flows shown above may be used, with steps re-ordered,
added, or removed. Also, although several applications of
search queries and methods to obtain useful query results
have been described, it should be recognized that numerous
other applications are contemplated. Accordingly, other
embodiments are within the scope of the following claims.

What is claimed is:

1. An underground antenna structure for radiating through
a dissipative medium, the antenna structure comprising:

a dielectric substrate;

a feeding structure disposed on the substrate; and

one or more electrical conductors disposed on the sub-

strate, oriented, and buried within the dissipative
medium, the electrical conductors adapted to radiate
signals at a frequency in a half-space adjacent to the
dissipative medium, the adaptation comprising a beam-
width state for one or more of the electrical conductors
based at least in part on the relative permittivity of the
dissipative medium.

2. The structure of claim 1, wherein the antenna structure
comprises a wide band antenna that maintains a return loss
of less than about minus 10 decibels for a plurality of soil
conditions.

3. The structure of claim 1, wherein the beamwidth state
results in a wireless communication distance increase for
communications between the underground antenna structure
and one or more other structures or networks.

4. The structure of claim 1, wherein the one or more
electrical conductors are oriented toward and substantially
parallel to an interface between free space and the dissipa-
tive medium and the corresponding radiation pattern emitted
by the underground antenna structure is unidirectional
towards the interface.

5. The structure of claim 1, further comprising circuitry
adaptable to provide a beamwidth that accommodates a
critical angle of incidence from soil to air at different soil
conditions.

6. The structure of claim 1, wherein the dissipative
medium comprises non-homogenous soil.

7. The structure of claim 1, wherein the antenna structure
is buried in the dissipative medium at about 0.1 meters up to
about 1.0 meter.

8. The structure of claim 2, wherein the diameter of the
wide band antenna is about 100 millimeters.

9. The structure of claim 5, wherein the critical angle of
incidence comprises a critical operating angle 0, that is
between about 5 degrees and about 15 degrees, wherein the
critical operating angle 0, value is based at least in part on
the permittivity of the dissipative medium, and wherein the
critical operating angle 0, represents the angle above which
no refraction exists for the antenna structure.

10. A wireless underground system for measuring condi-
tions in a dissipative medium comprising:
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one or more wireless moisture sensors, each including a
sensor board, a processor within the sensor board, and
a transceiver in communication with the processor and
coupled to an antenna;
a gateway configured to receive and transmit wireless
messages and further configured to communicate with
a network and to receive and relay wireless messages
from the one or more wireless moisture sensors; and

wherein each of the wireless moisture sensors are con-
figured to (i) collect data about the conditions of the
dissipative medium from the plurality of sensors along
a length of the dissipative medium, and (ii) in response
to detecting a threshold level of change in the permit-
tivity of the dissipative medium, maintain a threshold
level of return loss.

11. The system of claim 10, wherein the threshold level of
change in the permittivity of the dissipative medium com-
prises an increase or decrease in the moisture level of the
dissipative medium of about 5 percent and the threshold
level of return loss is less than about minus 10 decibels.

12. The system of claim 10, wherein the one or more
wireless moisture sensors collect data from at least two
depths within the dissipative medium.

13. The system of claim 10, wherein the dissipative
medium is non-homogenous soil.

14. The system of claim 12, wherein the at least two
depths comprise about 0.1 meters below the surface of the
dissipative medium and about 1.0 meters below the surface
of the dissipative medium.
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15. A method for operating an underground antenna
structure radiating through a dissipative medium, the
method comprising:

measuring, using the underground antenna structure, data

associated with the dissipative medium surrounding a
plurality of wireless sensors, wherein the plurality of
wireless sensors are coupled to the antenna structure;
in response to detecting a threshold level of change in the
permittivity of the dissipative medium, maintaining a
threshold level of return loss, for the antenna structure,
of less than about minus 10 decibels; and
transmitting one or more wireless messages from the
plurality of wireless sensors using the antenna, the
messages corresponding to the measured data.

16. The method of claim 15, wherein the threshold level
of change in the permittivity of the dissipative medium
comprises an increase or decrease in the moisture level of
the dissipative medium of about 5 percent.

17. The method of claim 15, wherein the plurality of
wireless sensors collect data from at least two depths within
the dissipative medium.

18. The method of claim 15, wherein the dissipative
medium is non-homogenous soil.

19. The method of claim 17, wherein the at least two
depths comprise about 0.1 meters below the surface of the
dissipative medium and about 1.0 meter below the surface of
the dissipative medium.
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