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CYBER-PHYSICAL NETWORKING LAB

• Founded in 2007	


• Current members: 5 Ph.D, 1 M.S., 1 UG student	


• Graduates: 3 Ph.D, 6 M.S., 8 UG (1 M.S.)	


• Graduates: Microsoft, Nvidia, Garmin, National Instruments	


• Collaborators: CSE, BSE, SNR, CBA, Int. Crane Found., Ohio State
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THE PROBLEM: WATER SCARCITY
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Credit: waterforfood.nebraska.edu

http://waterforfood.nebraska.edu


THE PROBLEM: WATER SCARCITY
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Water on earth
Freshwater

Need more crop for drop!

Credit: usgs.org



MAKING SOIL 
TALK

1. Understand (sensors)	

2. Communicate (wireless)
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SENSOR-GUIDED IRRIGATION MANAGEMENT

Up to 40% improvement in 
water use efficiency is 
possible with in-situ soil 
water content measurements
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S. Irmak, et.al., ``Watermark granular matrix sensor to measure soil matric potential for irrigation 
management," University of Nebraska-Lincoln Extension Circular, EC783, 2006.



HOW DO WE MEASURE SOIL 
WATER CONTENT?

• Gravimetric sampling (direct, 
standard!)	


• Electrical resistance units 
(granular matrix sensors-
Watermarks)	


• Pseudo transit time	


• Neutron probe (standard!)	


• Gamma ray attenuation	


• TDR (Time-domain 
reflectometry)	


• FDR (Frequency-domain 
reflectometry-capacitance 
sensors)	


• Heat dissipation 	


• Filter paper technique	


• Remote sensing
7





CAPACITANCE SENSOR
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 Capacitors



TIME DOMAIN REFLECTOMETER SENSORS
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FREQUENCY DOMAIN 	

REFLECTOMETER SENSORS
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 NEUTRON ATTENUATION PROBE
The most accurate soil moisture sensing method exist today!
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GRANULAR MATRIX SENSORS
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SCAL
PROBABLY HAS MORE SOIL MOISTURE SENSING DEVICES 

PER UNIT AREA THAN ANY OTHER PLACE!
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NAWMN DEMONSTRATION AND TECHNOLOGY 
IMPLEMENTATION SITES 

Irmak et al. (2008) Statewide soil moisture monitoring locations
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HOW DO WE 
GET THE DATA…	


OUT?
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SOIL MOISTURE MONITORING TECHNOLOGIES
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PureSense

AquaSpy
FieldConnect 
(John Deere)

SmartField

AquaView



BOTTOM LINE

• Monitor single location (a 
single root)	


• Cannot capture field 
variability (soil type, runnoff, 
topology, etc)	


• VRI à high cost
18



• On-board sensing capabilities  
(soil moisture, temperature, salinity,)	


• Communication through soil	


• Real-time information about soil and crop 
conditions	


• Inter-connection of heterogeneous 
machinery and sensors	


• Complete autonomy on the field

WIRELESS UNDERGROUND SENSOR NETWORKS  
A NEW FRONTIER

Infrastructure nodes
Monitoring central
Mobile sinks

UG2AG Link
AG2UG Link

Monitoring nodes

Cloud Comm.
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I. F. Akyildiz and E. P. Stuntebeck, “Wireless underground sensor networks: Research challenges,” Ad Hoc 
Networks Journal (Elsevier), vol. 4, pp. 669–686, July 2006.



U2AU2A
A2UA2U

U2U

WIRELESS UNDERGROUND 
CHANNEL
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UG	  Nodes

AG	  Nodes

Air

Soil

[1]	  M.	  C.	  Vuran	  and	  I.	  F.	  Akyildiz,	  “Channel	  model	  and	  analysis	  for	  wireless	  underground	  sensor	  networks	  in	  soil	  medium,”	  
Physical	  Communication,	  vol.	  3,	  no.	  4,	  pp.	  245–254,	  December	  2010.	   
[2]	  X.	  Dong,	  M.	  C.	  Vuran,	  and	  S.	  Irmak,	  “Autonomous	  Precision	  Agriculture	  Through	  Integration	  of	  Wireless	  Underground	  Sensor	  
Networks	  with	  Center	  Pivot	  Irrigation	  Systems,”	  Ad	  Hoc	  Networks	  (Elsevier),	  vol.	  11,	  no.	  7,	  pp.	  1975-‐1987,	  Sept.	  2013.

• Two	  types	  of	  nodes 
• Underground	  nodes 
• Aboveground	  nodes 

• Three	  channels	  [1,2] 
• Underground-‐to-‐underground	  (U2U) 
• Aboveground-‐to-‐underground	  (A2U) 
• Underground-‐to-‐aboveground	  (U2A)



WIRELESS UNDERGROUND CHANNEL

21

X.	  Dong	  and	  M.	  C.	  Vuran,	  “Environment	  Aware	  Connectivity	  in	  Wireless	  Underground	  Sensor	  Networks,”	  in	  
Proc.	  IEEE	  INFOCOM	  ‘13,	  Torino,	  Italy,	  April	  2013.



UNL-SCAL UNDERGROUND SENSING AND 
COMMUNICATION TESTBED

Characterizing Wireless Underground Communications…
22

A. Silva and M. C. Vuran, ``Development of a Testbed for Wireless Underground Sensor Networks, ‘’ EURASIP Journal on 
Wireless Communications and Networking, 2010. 



IN SPACE…
Closed-form model for underground-to-underground 

communication
23

X. Dong and M.C. Vuran, “A channel model for wireless underground sensor networks using lateral waves,” in Proc. 
IEEE Globecom ‘11, Dec. 2011



IN SPACE…
Model validation with empirical results

24

X. Dong and M.C. Vuran, “A channel model for wireless underground sensor networks using lateral waves,” in Proc. 
IEEE Globecom ‘11, Dec. 2011
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IN SPACE…
Communication from Soil

25

A. Silva and M. C. Vuran, ``Communication with Aboveground Devices in Wireless Underground Sensor Networks: 
An Empirical Study, Proc. IEEE ICC '10, Cape Town, South Africa, May 2010.



IN SPACE…
Communication from Soil

26

3x – 10x improvement

Lag(dag) are the loss at the underground and the aboveground
portions, respectively. Finally, L(R,→) is the refraction loss
based on the propagation direction, →, i.e., ag2ug or ug2ag,
which is the main source of asymmetry between the AG2UG
and UG2AG links.
The underground and aboveground losses in (1) are given

as [19]:

Lug(dug) = 6.4 + 20 log dug + 20 logβ + 8.69αdug , (2)
Lag(dag) = −147.6 + 10η log dag + 20 log f , (3)

respectively, where η is the attenuation coefficient in air, f is
the operation frequency, β is the phase shifting constant, and
α is the attenuation constant. The attenuation coefficient in air,
η, is higher than 2 due to the impacts of ground reflection. Our
empirical experiments show that η is in the range of 2.8–3.3
[5]. The impact of soil properties on attenuation are captured
by the last two terms in (2), where α and β are given as

ks = α+ iβ = iω
√
µ0ϵs , (4)

where ks is the propagation constant in soil, µ0 is the perme-
ability in free space and ϵ is the effective soil permittivity.
Due to the higher permittivity of soil, electromagnetic waves

reflect and refract at the soil-air interface. Signals can penetrate
through the interface only if the incident angle is small. For the
UG2AG propagation, only the waves with small incident angle
(θt in Fig. 1) will transmit to air. On the other hand, for the
AG2UG propagation, the refracted angle is near to zero and
the propagation in soil is also vertical. Thus, for both links,
the underground portion of communication distance can be
approximated as dug ≃ hu, where hu is the burial depth and
the aboveground portion is approximated as dag =

√

h2
a + d2h,

where ha is the height of the AG node and dh is the horizontal
distance between nodes.
For the AG2UG link, we consider the maximum power path

where the incident angle, θi → 0. Thus, the refraction loss,
L(R,→), in (1) can be approximated as [8]:

L(R,ag2ug) ≃ 20 log
n+ 1

4
, (5)

where n is the refractive index of soil, which is given by [5]

n =

√

√
ϵ′2 + ϵ′′2 + ϵ′

2
. (6)

For the UG2AG link, the signal propagates perpendicularly
from a higher density medium to a lower density one. Hence
we consider all energy is refracted (i.e., L(R,ug2ag) = 0).
In Fig. 2, the received signal strength at the receiver, calcu-

lated from both channel models, is depicted as a function of the
distance between the underground node and aboveground node
for two soil moisture values. The results are also compared with
our test bed results conducted in the South Central Agriculture
Laboratory of the University of Nebraska-Lincoln [5]. In the
evaluations, the underground node is buried at 0.4m, the
aboveground node is at 2m and the transmit power is set at
10 dBm. It is shown that the model matches the testbed results
in most cases. The maximum difference is less than 2%.
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Fig. 2: Received signal strength at the aboveground node.

B. Channel Estimation at the Underground Node
In WUSNs, the aboveground nodes requests the underground

nodes to collect soil moisture information. It is relatively easy
to provide energy to the aboveground nodes (e.g., with solar
panels). Therefore, energy consumption at the aboveground
nodes is not considered in the following. On the other hand,
for the underground nodes, the energy efficiency, in terms of
energy per bit, is of major importance. To improve energy
efficiency, both adaptive FEC and adaptive transmit power
control techniques can be employed. For both schemes, the
underground nodes needs to estimate the quality of the channel.
To this end, the underground node can exploit the local soil
moisture information to effectively estimate the communication
channel.
In typical underground monitoring applications, aboveground

node initiates the communication by transmitting a REQUEST
packet. After receiving REQUEST, the underground node can
estimate the channel quality. More specifically, the received
signal strength at the aboveground node is a function of its
own transmit power. Comparing AG2UG and UG2AG links
based on (1), it can be found that

Pra = Pta + Ptu − Pru − L(R,ag2ug) . (7)

where Pta and Ptu are the transmit powers of the aboveground
and underground nodes, respectively, Pru is the received power
at the underground node, and Pra is the received power
at the aboveground node. In (7), the received power at the
underground node, Pru, can be obtained as from the received
signal strength (RSS) readings from the transceiver chip. For the
transmit power of the aboveground nodes, Pta, two methods can
be adopted. First, since energy consumption is not a concern
at the aboveground node, it can always utilize the maximum
transmit power, thus Pta becomes a constant. On the other
hand, even if the aboveground node changes Pta, the value
can be piggybacked to the REQUEST packets and hence the
underground node obtains Pta from the packets. Thus, to
estimate the channel, the underground node need to estimate
the aboveground to underground refraction loss, L(R,ag2ug).
As shown in (5) and (6), L(R,ag2ug) is a function of the soil

permittivity, ϵ, which is itself a function of the soil type and

X. Dong, M. C. Vuran, and S. Irmak, “Autonomous Precision Agriculture Through Integration of Wireless 
Underground Sensor Networks with Center Pivot Irrigation Systems,” Ad Hoc Networks Journal, vol. 11, no. 7, pp. 
1975-1987, Sept. 2013.



IN TIME…
Temporal characteristics of wireless underground 

communication channel
27



IN FREQUENCY…
First software-defined radio experiments for wireless 

underground communications in the 300-800 MHz range
28



IN FREQUENCY…
Path loss experiments and modeling in 300-800 MHz

29
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WUSN CENTER PIVOT INTEGRATION
30

X. Dong, M. C. Vuran, and S. Irmak, “Autonomous Precision Agriculture Through Integration of Wireless 
Underground Sensor Networks with Center Pivot Irrigation Systems,” Ad Hoc Networks Journal, vol. 11, no. 7, pp. 
1975-1987, Sept. 2013.



EXPERIMENT SETUP
31

J. Tooker, X. Dong, M. C. Vuran, and S. Irmak, “Connecting Soil to the Cloud: A Wireless Underground Sensor Network 
Testbed,” demo presentation in IEEE SECON '12, Seoul, Korea, June, 2012.



WUSN CENTER PIVOT INTEGRATION
32



           UG2AG 
           AG2UG



WUSN-CENTER PIVOT EXPERIMENTS (’11)
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Center pivot direction



WUSN-CENTER PIVOT EXPERIMENTS (’12)
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WUSN-CENTER PIVOT EXPERIMENTS (’12)
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WUSN-CENTER PIVOT EXPERIMENTS (’13)

37

South

East

North

West



2014 DEPLOYMENTS
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Web	  Interface



Web	  Interface



41
Mehmet Can Vuran 

(PI)
Xin Dong 

(EL)
Stephen E. Reichenbach 

(IM)

Smart Irrigation Management  
with Wireless Underground Sensors 
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Wise-Irr

SBIR Phase I



On	  The	  Road



QUESTIONS?

Wise-Irr

Wildsense, LLC

What would you ask, 
if you could talk to your soil?




