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The soil was wetted in the middle of the link at the location of the CS616 probe. The
probe immediately showed an increase in VWC since it was installed in the top 15 cm of soil.
After about eight hours the water began to attenuate the RF signal for that the link, the antennas
for that link had been installed at a depth of one meter. The black line in the in the bottom panel
of Figure 34 indicates the moving 15 minute moving average of RSSI measurements. RSSI and
soil moisture for the link were sampled every minute. The RSSI measurements were obtained
using the built in AT commands of the module and provide the RSSI of the previous packet.
From the plot one can see that single strength varied nearly 15 dBm between samples. Signal
strength recovered as the water dispersed in the ground and is evident in the diminishing soil
moisture reading from the CS616.

For a network to be feasible alternative routes will be needed longer links. Alternatively
longer links can be achieved by not burying the motes as deep in the ground. The tradeoff
between sensor depth, soil moisture conditions and farming practices will all need to be taken

into account when deciding maximum link distance.

Discussion and Conclusions

The experimental results show that one can operate radios underground and create
underground WSNs. In an agricultural research setting, an advantage of such buried wireless
sensor networks is that, if nodes were buried deep enough, they may be left in place during
agricultural field work (Niemeier et al. 2006, Niemeier et al. 2008). Links of a few meters are
possible for typical soil found in eastern Iowa. Although short, these links provide the
possibility for motes to be buried enough to allow farm practices to take place without the
removal of equipment. It may be possible for one to recharge mote internal batteries using
inductive coupling through the soil or possible through thermal gradients within the soil. This
would eliminate the need to dig up motes to replace batteries.

It is clear that from the data that water contained in the soil modulates the RF signal and

that it may be possible to quantify the amount of water present in the soil by improving RSSI
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Figure 35 Layout of experimental setup for testing signal attenuation and soil moisture. The
antennas for 12 motes operating at 900 MHz were lowered into the ground to a depth
of 60 cm around the perimeter of a three meter diameter circle. Each mote was given
a unique ID consisting of a hexadecimal value between 0->B. Seven CS616 soil
moisture probe paired with temperature probes and installed inside the circle of
radios. Each CS616 and accompanying temperature probe was given a unique address
for identification. The CS616 sensors were installed into the top 30 cm of soil and
temperature sensor in the top 8 cm of soil.
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Each CS616 sensor was paired with a temperature sensor and given a unique address for
identification. The soil moisture- and soil temperature data collected in fifteen minute intervals
were transmitted back to The University of lowa through a cellular modem and available in table
format on a web interface specifically created for this experiment. Custom electronics sampled
and transmit the output of each sensor to the database. Figure 36 shows the electronics designed
to collect and transmit data to the database along with electronics needed to make RSSI
measurements for one link and TDR probe with electronics used to estimate VWC.

All motes in the RSSI monitoring network were programmed identically with the
exception of a unique address. The address was a hexadecimal value between zero and B. The
base station orchestrates all mote transmissions, data collection and storage. All motes and base
station use Maxstream’s 9XStream radio modules. All radio modules were programmed with the
same settings as to allow all members of the network to receive all transmissions. Unlike the
motes, the base station antenna was installed above ground. Installing the base station antenna
above ground improved signal strength between mote and base stations since there was
approximately 60 cm of soil between the base station and any given mote. Motes use the pulse
width modulated (PWM) RSSI output of the 9XStream radio module for measuring signal
strength. The radio automatically outputs a pulse whose duration is proportional to the signal
strength of the incoming packet. By using this functionality, the RSSI for multiple packets can
be averaged as packets are received. This was a major improvement over the previous
underground network experiment, where the RSSI was measured for one packet only using AT
commands. In that experiment RSSI, was measured over a link every minute and the RSSI value
was measured only for the previously received packet. This technique resulted in measurements
that varied by up to 15 dBm between consecutive measurements, which made it difficult to
clearly draw any conclusions on the relationship between RSSI and soil moisture. Figure 37

shows the experimental installation of previously described experiment in an urban setting.
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Figure 36 Components used to validate RSSI measurements in making soil moisture
measurements. Top: the custom data-logger with cell modem used to collect soil
moisture and soil temperature to be transmitted back to The University of Iowa.
Lower left: is pair of XStream RF modules with support electronics used for
measuring RSSI. Lower right: TDR probe with support electronics used in making
VWC estimations.
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Figure 37 Experimental setup for comparing changes in soil moisture to changes in RF signal
attenuation at 900 MHz as depicted in Figure 35. Seven soil moisture- soil
temperature probes were installed inside a ring of 12 buried radio antennas. Data was
transmitted to The University of lowa by cellular transmission.
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Data Collection

As seen in this Figure 8, repeated RSSI measurements stabilize when measurements are
averaged over more packets. To save power averages were made over 200 packets for this
experiment since all equipment was run from one battery. The base station can instruct any
selected mote to transmit 200 packets, followed by a series of packets that indicate to listening
nodes to stop sampling the RSSI of incoming transmissions. All motes that detect transmissions,
average the RSSI for incoming packets until signaled to stop sampling the RSSI. After enough
time has elapsed for all 200 packets to be transmitted the base station also transmits the cue to
stop sampling RSSI. This is done in case all previous cues to stop sampling RSSI may have be
dropped due to poor link quality. The base station then polls the RSSI for each mote starting
with zero and ending with B. The mote that transmitted the 200 packets returns the default value
of -115 dBm. Any mote that didn’t receive any transmissions or dropped more than 75% of the
total transmissions returned the default value of -115 dBm. The default value for poor links was
selected to be lower than the 9XStream’s receiver sensitivity of -110 dBm. After the RSSI for all
links is collected the base station records the timestamp, which mote transmitted the packets
followed by the RSSI for all motes in network on a SD card. Once all values are recorded the
base stations sends a command for all motes to clear all internally stored RSSI values. The base
station sends the request for the next mote to transmit the series of packets then repeats the
process of recording the RSSI at each mote. It takes approximately four minutes to sample and
record all possible RSSI measurements. Power considerations and total time of execution were
also driving factors in choosing a value of 200 packets for averaging. This value allowed for the
sample rate to be increased to every five minutes if deemed necessary later in the experiment.
Although the total time need to make a complete sample may seem long at nearly five minutes,

the total change in soil moisture up to a depth of 60 cm may vary little in the time frame.
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Figure 38 Normalized time series of underground link RSSI (red) and soil moisture data (blue),
collected over a nine day period in mid-September 2010. Soil moisture probes were
installed to measure water content in the top 30 cm of soil. Radio antennas were
buried at a depth of 60 cm. During this period there were four rain events that altered
soil moisture content. As the water content of soil moisture increased the attenuation
of the RF signal also increased.

Data Analysis

The real time clock (RTC) on both the soil moisture data-logger and RSSI base station
provided a synchronized sample interval. Ninety six samples were collected from both systems
in a twenty four hour period. The system was deployed in an urban setting in an open area with
numerous surrounding trees. Little direct light fell on the sample area and the area remained
shaded throughout the day. Nearly 200 mm of rainfall in the previous four weeks before
installation had made the soil water content high. At deployment the volumetric water content
(VWC) was observed to be about 46% using the factory provided formula. Without site specific
calibration the precise value cannot be verified. Without going through the process of
calibration, the CS616 can only provide the change in soil moisture over time. After installation,
four rain events were observed in a one week period. Figure 38 shows data collected for RF

signal attenuation for one link and VWC calculated from the soil moisture probe located within
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that link over an eight day period. Both values were scaled to facilitate a visual comparison of
change in attenuation compared with changes in VWC. The data shows an increase in VWC for
each rain event and a corresponding increase in attenuation of the RF signal. The attenuation
corresponds to the 1 €<= 9 transect in Figure 35 and the VWC time series is from TDR probe
281DEE in that same figure. Outlier and dropped communication were removed from the data
set and not shown.

To facilitate visual comparison the time series were manipulated as follows. First, the
means for both series were subtracted. Next the RSSI values were scaled by 0.4, before plotting.
The shaded areas in the figure indicate rain events which modifies the soil moisture. The figure
suggest a strong correlation between VWC and link attenuation. In fact, the linear correlation
coefficient, namely

. 2 =)y —y)
VEG — 02X — )2

between the two time series in the figure is quite high: 0.967. Table 5 summarizes the
attenuation-VWC correlation coefficient between other transect and nearest neighbor TDR
probes. The correlation coefficients are generally high for all links.

Figure 39 illustrates the simple mathematical model

Poe—aR

P. 7

introduced in Chapter I of the thesis. This plot shows how RSSI changes with separation
distance for underground communication. The VWC of the soil remained nearly constant during
this period and varied between 52-55% for this group of data. Since the instruments were
located on the perimeter of a circle there are multiple different transects of the same length. For
example transects 2 €2 5,2 €-> B and 1 €= 4 are all the same length, to name but a few

possibilities.  Since the soil was near saturation, not all possible links offered reliable
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communication. Four distances did offer reliable communication at this VWC and are shown.

Links of distance greater than 2.75 m were beyond the sensitivity of the receivers. As stated

Table 5 Correlation Coefficient for attenuation of RF transect and VMC.

Transect TDR Probe Correlation Coefficient
1<—>B 281DEE 0.947
1<—>B 281D63 0.939
1<2>A 281DEE 0.854
1<2>A 281D63 0.868
1€<->3 281D63 0.913
1<>3 287BCl1 0.927
262> A 281DEE 0.923
262> A 281D63 0.927
1<>9 281DEE 0.967

previously the RSSI measurements were averaged over 200 packets. For each possible distance

plotted, the scatter in RSSI measurements is near 6 dB and is indicative of what one would

expect looking back at Figure 8 when averaging over 200 packets. The value of 6 dB is slightly

higher but soil conditions also varied slightly during this period.

Since the soil was near saturation which is the worst case scenario for signal attenuation

in soil, link reliability will only improve as the soil dries. The information shown in Figure 39 is

also valuable for the networks depicted in Chapter IV. For underground networks operating in

this type of soil, links of distance more than 2.5 m will have unreliable communication. Setting

the bounds for soil conditions allows for estimation of link reliability. The data collected during

this trial suggests links of distance 3 m will only have reliable communication if the VWC is
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lower than 40%, while links of 1.5 m will have reliable communication under any soil
conditions.

Alternatively the model can be verified by looking at the data collected over links at a
single distance. Figure 40 show an interesting way of plotting the data for the model using all
links at a fixed distance of 2.6 m. This plots shows all the measured RSSI for all links for
distance 2.6 m for changes in VWC ranging from 46>60%. A linear fit of the data is

represented by the dark line.
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Figure 39 Measured RSSI for all possible links at four fixed distances at near a constant
volumetric water content of soil of 52->55%. The data follows the simple model
with o =-18.78 dB/m.
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Figure 40 Measured RSSI for links of distance 2.6 m for various VWC. The data follows the
model e>*®/R" for fixed distance R and a is a function of VWC.

Conclusions
It was shown in the previous chapter that it is possible to create underground networks
using ISM radios. The RSSI data collected in an underground network alluded to a possible
connection between signal attenuation and VWC. Attenuation of RF signals is clearly modulated
by soil moisture in underground networks. This opens the door to thinking of the RF modules as
a sensor capable of making distributed soil moisture measurements. An experimental
underground network operating at 900 MHz was developed to validate this hypothesis. Changes

in signal attenuation when compared with change in VWC followed the mathematical model



