
Agricultural and Underground 
Communications and Sensing

Susan J. Rosowski Professor
Cyber-physical Networking (CPN) Lab

Computer Science and Engineering
University of Nebraska-Lincoln

mcv@unl.edu
cpn.unl.edu

M. Can (Jon) Vuran 

mailto:mcv@unl.edu
http://cpn.unl.edu/


Happy New Year!

mcv@unl.edu -- IEEE IoT Vertical and Topical Summit 2021



Cyber Physical Networking (CPN) Lab

• Wireless networks of systems that are aware of, can timely adapt to, 
and change their environment

Behavior

Kinesiology

Earth

Spectrum
Vehicles
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Cyber-Physical Networking Lab

•> 60 publications

•> 18,000 citations

“…top 1% most cited for Computer Science”
three years in a row



Today’s Agenda

• Rural Broadband and Agriculture
• Agricultural Internet of Things (Ag-IoT)
• Wireless Underground Communications
• Big Picture: Ag-IoT Data
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Rural Broadband

• “A major potential source of global conflict” – US Natnl. 
Intelligence Council Global Trends 2030 report
• “Rural prosperity can only truly be achieved by connecting 

rural America to high-speed internet” - Task Force on 
Agriculture and Rural Prosperity
• USDA: $600M ReConnect Program
• FCC: $20B Rural Digital Opportunity Fund, $9B 5G Fund for 

Rural America

BROADBAND DEPLOYMENT 
AND ADOPTION IN AMERICA 
Broadband Deployment in America 
America’s Internet Service Providers (ISPs) continue to upgrade our Nation’s broadband 
infrastructure as new technologies are created and old ones are improved.2 According to industry 
studies, United States telecommunications companies invest $74 billion to $78 billion each year in 
their broadband facilities nationwide.3 This includes investments in wireless 4G and 5G services, 
new satellite and fixed wireless services, and expanded fiber, cable, and upgraded DSL networks. 
The FCC’s 2018 Broadband Deployment Report shows improvements in nearly every area of 
advanced telecommunications services but significant gaps remain.

24 million Americans 
lack access to 
broadband and 80% are 
in rural communities

As of 2016, more than 92% of the U.S. population had 
access to fixed land-based broadband at speeds of 25 
Mbps/3 Mbps. Nonetheless, the remaining 8% represents 
more than 24 million Americans who lack access to this 
basic service. Of those households, 80% live in rural 
communities.4 This is more people than live in the States of 
New York or Florida. 

2018 Broadband Deployment Report - based on 
2016 data provided by Internet Service Providers
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Figure 1: Percentage of Americans 
lacking access to fixed terrestrial  
25 Mbps/3 Mbps broadband

As shown in the figure at the le!, the FCC found that about 
2% of Americans in urban areas lack access to fixed land-
based 25 Mbps/3 Mbps broadband. More than 30% of 
Americans in rural areas and more than 35% of residents in 
Tribal lands lack access to this basic broadband capability 
— a gap of roughly 30 percentage points.5

The disparity in broadband access in rural communities 
versus urban and suburban areas is caused by a multitude 
of factors. First, the lower density of homes and businesses 
in rural settings means that more infrastructure is 
necessary to provide high-speed Internet services, 
increasing the “unit cost,” or cost per customer served. 
Additionally, the lower density means that more land is 
crossed to erect broadband infrastructure, increasing 
the acquisition, permitting, and easement requirements, 
especially in Western States. This dispersed development 
also means that each connected place bears a higher 
proportion of the ongoing operating costs. These factors 
increase costs for rural broadband construction and 
operation, resulting in higher service charges, and making 
broadband service less a"ordable for rural customers. 
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Rural Economy

• Homes, fields, ranches, 
factories
• Majority of Midwest is Ag-

driven

• Can Agricultural IoT (Ag-IoT) 
become one of the economic 
drivers?

mcv@unl.edu -- IEEE IoT Vertical and Topical Summit 2021



Agricultural 
Internet of 
Things
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Water on earth Freshwater

Need more crop for drop!
Source: USGS

The Problem: Water Scarcity
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Precision Agriculture
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Tillage
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Precision Agriculture

• Seeding - type of soil, climate, economy, draught, etc.
• Fertilization - leeching, weather
• Irrigation - evapotranspiration, weather, soil moisture
• Harvesting - crop state, soil state, weather
• Distribution - demand, crop type, weather
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Agricultural Internet of Things (Ag-IoT)

•Autonomous devices that 
• collect any relevant information about 

the Earth

• interconnected with communication and 
networking solutions

• facilitate sending the information out of 
fields to the growers and decision 
mechanisms

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

•Real-time information about soil and 
crop conditions

• Inter-connection of heterogeneous 
machinery and sensors

•Complete autonomy on the field

mcv@unl.edu -- IEEE IoT Vertical and Topical Summit 2021

A. Silva, M. C. Vuran, S. Irmak, ``Internet of underground things in precision agriculture: Architecture and technology aspects ,’’ Ad Hoc 
Networks Journal, v. 81, pp. 160-173, Dec. 2018. 



Agricultural Internet of Things (Ag-IoT)

• In-situ sensing
• Wireless communication in challenging environments 
• Inter-connection of field machinery, sensors, radios, and 

edge/fog/cloud
• Real-time Decision Making
• Mobility 
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Sensing in Precision Agriculture

• Soil moisture
• Gravimetric sampling, resistive, capacitive, ground 

penetrating radar (GPR), neutron scattering probes, time-
domain reflectometry (TDR), frequency-domain 
reflectometry (FDR), Gamma ray attenuation

• Other soil physical properties
• Organic meter, acidity (pH), soil composition, 

nutrients (Mg, P, OM, Ca, K, Ca)
• Yield monitoring
• Electrical conductivity
• Weather and environment sensing
• Remote sensing (soil moisture, yield, texture, nutrients)
• Other PA techniques (precision planting, geolocation, 

GIS, soil sampling, drone sensing, auto-steering, VRT)
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Fig.  2.  IOUT  paradigm  in  precision  agriculture.  

alternative  is  to  use  unmanned  aerial  vehicles  (UAVs)  such  as  

quadrotors  or  ground  robots  to  retrieve  the  measurements.  

•  Cloud  services  are  intended  to  use  for  permanent  storage  of  the  

data  collected,  real-time  processing  of  the  field  condition,  crop  

related  decision  making,  and  integration  with  other  databases  

(e.g.,  weather,  soil).  

Availability  of  such  a  diverse  range  of  communication  archi-  

tectures  makes  it  challenging  to  form  a  unified  IOUT  architecture  

with  the  ability  to  fulfill  agricultural  requirements  seamlessly.  This  

is  further  complicated  due  to  the  lack  of  standard  protocols  for  

sensing  and  communication  tailored  to  the  IOUT.  In  the  following,  

we  explain  in  detail  the  sensing  (  Section  4  )  and  communication  

(  Section  5  )  mechanisms  with  a  focus  on  desired  characteristics  of  

IOUT  for  real-time  sensing  and  effective  communications.  

4.  Sensing  

The  main  functionality  of  IOUT  is  real-time  sensing.  Sensing  

has  led  to  adoption  of  technology  in  the  precision  agriculture  and  

it  also  enables  improved  e!ciency  of  agricultural  production  and  

practices  [127]  .  An  overview  of  sensing  technologies  is  presented  

next.  

Soil  moisture:  Soil  moisture  (SM)  sensors  have  been  used  for  

decades  in  crop  fields  to  measure  water  content.  Automated  tech-  

nologies  have  largely  replaced  the  use  of  hand-held/manual  soil  

moisture  technologies  because  of  di!culties  associated  with  tak-  

ing  manual  soil  moisture  readings  in  production  fields  in  remote  

locations.  In  the  last  decade,  wireless  data  harvesting  technologies  

have  been  developed  that  provide  managers  and  users  real-time  

access  to  soil  moisture  data  which  has  resulted  in  more  effective  

water  management  decision-making.  Important  SM  measurement  

methods  are  described  below:  

•  Gravimetric  sampling  is  a  direct  and  standard  method  of  mea-  

suring  SM.  It  is  used  to  determine  the  volumetric  water  content  

of  the  soil.  This  method  determines  SM  by  a  ratio  of  soil’s  dry  

mass  to  the  wet  soil  mass  including  the  pore  spaces.  It  requires  

manual  sampling  and  oven  drying  of  soil  samples  taken  from  

the  field  [91]  .  

•  Resistive  sensors  [50]  such  as  granular  matrix  sensors  work  on  

the  principal  of  electrical  conductivity  of  water  and  measuring  

resistance  changes  based  on  soil  water  content.  This  method  re-  

quires  calibration  of  sensors  for  accurate  SM  reading.  

•  Capacitive  sensors  measure  SM  based  on  changes  in  capaci-  

tance  of  soil  due  to  water  content  variations.  Capacitive  sensors,  

Fig.  3.  Soil  moisture  sensors:  Top  row:  Gravimetric  [91]  ,  resistive  (Watermark)  [50]  ,  
capacitance  [17]  ,  Bottom  Row:  GPR  [98]  ,  TDR  [128]  ,  neutron  probe  [92]  .  

which  are  generally  of  higher  accuracy  than  resistive  sensors  

but  cost  more,  are  being  used  by  commercial  UTs.  

•  Ground  Penetrating  Radars  (GPR)  [66,98]  are  based  on  the  ab-  

sorption  and  reflection  of  electromagnetic  waves.  Impulse,  fre-  

quency  sweep,  and  frequency  modulated  technologies  are  used  

in  SM  sensing.  This  method  is  used  to  measure  near-surface  soil  

moisture  (up  to  10  cm).  

•  Neutron  scattering  probes  [87,92]  and  gauges  use  radiation  

scattering  techniques  to  measure  SM  by  estimating  changes  in  

neutron  flux  density  due  to  the  water  content  of  the  soil  are  the  

most  accurate  soil  moisture  probes  used  in  fields.  They  require  

specific  licenses  to  be  used.  

•  Gamma  ray  attenuation  [90]  ,  time-domain  reflectometry  (TDR)  

[128]  ,  and  frequency-domain  reflectometry  (FDR)  [139]  are  

other  popular  SM  measurement  approaches.  

Common  SM  sensors  used  in  fields  are  shown  in  Fig.  3  .  SM  sen-  

sors  are  buried  at  depths  of  5  cm  to  75  cm  in  soil  depending  on  

the  crop  type  and  root  depth.  SM  data  obtained  from  these  sen-  

sors  is  used  to  create  soil  moisture  maps  which  help  real-time  

decision  making.  SM  sensors  have  been  deployed  in  fields  with  

increasing  frequency.  For  example,  the  Nebraska  Agricultural  Wa-  

ter  Management  Network  [99,101]  ,  was  established  with  only  20  

growers  in  2005  and  currently  serves  over  1400  growers  to  en-  

able  the  adoption  of  water  and  energy  conservation  practices  using  

SM  sensors.  In  addition  to  in-situ  soil  moisture  sensors,  other  soil  

moisture  data  sources  are  Soil  Climate  Analysis  Network  [49]  ,  US  

A. Silva, M. C. Vuran, S. Irmak, ``Internet of underground things in precision agriculture: 
Architecture and technology aspects ,’’ Ad Hoc Networks Journal, v. 81, pp. 160-173, 2018. 



Wireless Connectivity for Ag-IoT

• Wireless underground (UG) communications
• Electromagnetic, magnetic induction, and acoustic

• Lower power wide area networks (LPWAN)
• LoRaWAN, Sifgox, On-Ramp/Ingenu, EC-GSM-IoT

• Wireless LAN (WLAN)
• Bluetooth, ZigBee, Thread, WiFi

• Cellular
• LTE, NB-IoT, 

mcv@unl.edu -- IEEE IoT Vertical and Topical Summit 2021
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Wireless Connectivity for Ag-IoT

•Today, you can go to BestBuy, buy a WiFi box, and connect all 
your devices

•Not in a field

•Wireless for Ag-IoT

•Basic research for rural and ag. fields

•Accessible rural experimental platforms

•Standardization for rural broadband
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Wireless (Over-The-Air)
Now you see me…

• Obstruction in the field
• Deployment after seeding, removal before harvest
• A short window for vendors to deploy and remove (1,000s 

of fields within 1-2 weeks)
• Single point-of-failure
• Theft, natural elements, maintenance
• $$$
• Limited adoption (6% of irrigated farms)
• Main reasons: Connectivity and OTA wireless technology
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Wireless Underground
Now you see me… Now you don’t…

• Enter wireless underground
• Unobstructed operation
• Multi-year operation
• Multi-sensor deployment
• Natural protection from theft, 

maintenance
• $
• Increased adoption
• Major player for rural connectivity 

demand
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Impulse Response of the Wireless Underground Channel
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Impulse Response of the Wireless Underground Channel

• Mean access delay
• RMS delay spread
• Coherence bandwidth
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distribution. The water content is a strong function of bound
water. The amount of water in the soil can be expressed in
either volumetric or gravimetric basis. While both expressions
are used in different disciplines, volumetric expressions are
more commonly used.

Electromagnetic waves traveling in soil interact with soil
particles, air, and water. When different quantities of water
molecules bound with soil particles interact with EM waves,
they exhibit different dielectric dispersion characteristics.
Thus, the dielectric constant depends on the frequency of EM
waves. While it is called a constant, the dielectric is not a
constant value in the soil as it changes with several factors,
including soil water content. However, in general, the increase
in the dielectric constant of the soil with water content does not
differ significantly with soil type (particle size distribution),
particularly in high-frequency applications. Thus, the dielectric
constant is a useful indicator of soil water content in different
soil types. In addition to the water content and frequency, other
factors such as bulk density and soil texture also affect the
permittivity of soil.

In [10], dielectric properties of soil are modeled for
frequencies higher than 1.4MHz. In [23], this model is
modified through extensive measurements to characterize
the dielectric behavior of the soil in the frequency range
of 300MHz to 1.3GHz. Accordingly, the relative complex
dielectric constant of the soil-water mixture is given as:

!s = !!s ! i!!!s (2)

which depends on the soil texture, volumetric water content,
bulk density, frequency, and particle density.

III. RELATED WORK

Wireless communication in WUSNs is an emerging
field, and few models exist to represent the underground
communication. In [40], we have developed a 2-wave model,
but lateral waves are not considered. In [7], models have
been developed, but these do not consider underground
communication. A model for underground communication
in mines and road tunnels has been developed in [36], but
it cannot be applied to WUSN due to wave propagation
differences between tunnels and soil. We have also developed
a closed-form path loss model using lateral waves in [12], but
channel impulse response and statistics cannot be captured
through this model.

Wireless underground communication shares characteristics
of underwater communication [6]. However, underwater
communication based on electromagnetic waves is not
feasible because of high attenuation. Therefore, alternative
techniques, including acoustic [6], are used in underwater
communications. The acoustic technique cannot be used in
the UG channel due to vibration limitations. In magnetic
induction (MI), [22], [37], the signal strength decays with
inverse cube factor and high data rates are not possible.
Moreover, communication cannot take place if the sender and
receiver coils are perpendicular to each other. Therefore, the
MI cannot be readily implemented in WUSNs.

To the best of our knowledge, this is the first measurement
campaign conducted to analyze and measure the channel

Fig. 1. The three EM waves in an underground channel [12].

impulse response of UG channel and the first work that
proposes guidelines for the development of a novel WUSN
testbed to improve the accuracy, to reduce the time required
to conduct WUSN experiments, and to allow flexibility in soil
moisture control.

IV. IMPULSE RESPONSE OF UG CHANNEL

A wireless channel can be completely characterized by its
impulse response. Traditionally, a wireless channel is modeled
as a linear filter with a complex valued low pass equivalent
impulse response which can be expressed as [20]:

h(t) =
P"1!

p=0

"p#(t ! $p) (3)

where P is the number of multipaths, and "p and $p are the
complex gain and delay associated with path p, respectively.

A schematic view of the UG channel is shown in Fig. 1,
where a transmitter and a receiver are located at a distance of
d and depths of Bt and Br, respectively [12]. Communication
is mainly conducted through three EM waves: (1) The direct
wave, which travels through the soil from the transmitter to
the receiver, (2) the reflected wave, which also travels through
the soil and is reflected from the air-soil interface, and (3) the
lateral wave, which propagates out of the soil, travels along
the surface and enters the soil to reach the receiver.

Based on this analysis, the UG channel process can be
expressed as a sum of direct, reflected and lateral waves.
Hence (3) is rewritten for UG channel as:

hug(t) =
L"1!

i=0

"l,i#(t ! $l,i) +
D"1!

j=0

"d,j#(t ! $d,j)

+
R"1!

k=0

"r,k#(t ! $r,k) (4)

where respectively for lateral, direct, and reflected waves; L,
D, and R are the number of multipaths; "l,i, "d,j , and "r,k are
the complex gains; and $l,i, $d,j , and $r,k are the path delays.

The received power is the area under the profile and is
calculated as the sum of powers in all three components in
the profile. Accordingly, the received power is given as:

Pr =
L"1!

i=0

|"l,i|2 +
D"1!

j=0

|"d,j|2 +
R"1!

k=0

|"r,k|2. (5)

Then, the path loss is given as:

PL(dBm) = Pt(dBm)+Gt(dBi)+Gr(dBi)!Pr(dBm) (6)
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the profile. Accordingly, the received power is given as:
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distribution. The water content is a strong function of bound
water. The amount of water in the soil can be expressed in
either volumetric or gravimetric basis. While both expressions
are used in different disciplines, volumetric expressions are
more commonly used.

Electromagnetic waves traveling in soil interact with soil
particles, air, and water. When different quantities of water
molecules bound with soil particles interact with EM waves,
they exhibit different dielectric dispersion characteristics.
Thus, the dielectric constant depends on the frequency of EM
waves. While it is called a constant, the dielectric is not a
constant value in the soil as it changes with several factors,
including soil water content. However, in general, the increase
in the dielectric constant of the soil with water content does not
differ significantly with soil type (particle size distribution),
particularly in high-frequency applications. Thus, the dielectric
constant is a useful indicator of soil water content in different
soil types. In addition to the water content and frequency, other
factors such as bulk density and soil texture also affect the
permittivity of soil.

In [10], dielectric properties of soil are modeled for
frequencies higher than 1.4MHz. In [23], this model is
modified through extensive measurements to characterize
the dielectric behavior of the soil in the frequency range
of 300MHz to 1.3GHz. Accordingly, the relative complex
dielectric constant of the soil-water mixture is given as:

!s = !!s ! i!!!s (2)

which depends on the soil texture, volumetric water content,
bulk density, frequency, and particle density.

III. RELATED WORK

Wireless communication in WUSNs is an emerging
field, and few models exist to represent the underground
communication. In [40], we have developed a 2-wave model,
but lateral waves are not considered. In [7], models have
been developed, but these do not consider underground
communication. A model for underground communication
in mines and road tunnels has been developed in [36], but
it cannot be applied to WUSN due to wave propagation
differences between tunnels and soil. We have also developed
a closed-form path loss model using lateral waves in [12], but
channel impulse response and statistics cannot be captured
through this model.

Wireless underground communication shares characteristics
of underwater communication [6]. However, underwater
communication based on electromagnetic waves is not
feasible because of high attenuation. Therefore, alternative
techniques, including acoustic [6], are used in underwater
communications. The acoustic technique cannot be used in
the UG channel due to vibration limitations. In magnetic
induction (MI), [22], [37], the signal strength decays with
inverse cube factor and high data rates are not possible.
Moreover, communication cannot take place if the sender and
receiver coils are perpendicular to each other. Therefore, the
MI cannot be readily implemented in WUSNs.

To the best of our knowledge, this is the first measurement
campaign conducted to analyze and measure the channel

Fig. 1. The three EM waves in an underground channel [12].

impulse response of UG channel and the first work that
proposes guidelines for the development of a novel WUSN
testbed to improve the accuracy, to reduce the time required
to conduct WUSN experiments, and to allow flexibility in soil
moisture control.

IV. IMPULSE RESPONSE OF UG CHANNEL

A wireless channel can be completely characterized by its
impulse response. Traditionally, a wireless channel is modeled
as a linear filter with a complex valued low pass equivalent
impulse response which can be expressed as [20]:
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where P is the number of multipaths, and "p and $p are the
complex gain and delay associated with path p, respectively.

A schematic view of the UG channel is shown in Fig. 1,
where a transmitter and a receiver are located at a distance of
d and depths of Bt and Br, respectively [12]. Communication
is mainly conducted through three EM waves: (1) The direct
wave, which travels through the soil from the transmitter to
the receiver, (2) the reflected wave, which also travels through
the soil and is reflected from the air-soil interface, and (3) the
lateral wave, which propagates out of the soil, travels along
the surface and enters the soil to reach the receiver.

Based on this analysis, the UG channel process can be
expressed as a sum of direct, reflected and lateral waves.
Hence (3) is rewritten for UG channel as:
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where respectively for lateral, direct, and reflected waves; L,
D, and R are the number of multipaths; "l,i, "d,j , and "r,k are
the complex gains; and $l,i, $d,j , and $r,k are the path delays.

The received power is the area under the profile and is
calculated as the sum of powers in all three components in
the profile. Accordingly, the received power is given as:
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D"1!

j=0

|"d,j|2 +
R"1!

k=0

|"r,k|2. (5)

Then, the path loss is given as:

PL(dBm) = Pt(dBm)+Gt(dBi)+Gr(dBi)!Pr(dBm) (6)
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it cannot be applied to WUSN due to wave propagation
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feasible because of high attenuation. Therefore, alternative
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the UG channel due to vibration limitations. In magnetic
induction (MI), [22], [37], the signal strength decays with
inverse cube factor and high data rates are not possible.
Moreover, communication cannot take place if the sender and
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MI cannot be readily implemented in WUSNs.
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testbed to improve the accuracy, to reduce the time required
to conduct WUSN experiments, and to allow flexibility in soil
moisture control.
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where P is the number of multipaths, and "p and $p are the
complex gain and delay associated with path p, respectively.

A schematic view of the UG channel is shown in Fig. 1,
where a transmitter and a receiver are located at a distance of
d and depths of Bt and Br, respectively [12]. Communication
is mainly conducted through three EM waves: (1) The direct
wave, which travels through the soil from the transmitter to
the receiver, (2) the reflected wave, which also travels through
the soil and is reflected from the air-soil interface, and (3) the
lateral wave, which propagates out of the soil, travels along
the surface and enters the soil to reach the receiver.

Based on this analysis, the UG channel process can be
expressed as a sum of direct, reflected and lateral waves.
Hence (3) is rewritten for UG channel as:
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where respectively for lateral, direct, and reflected waves; L,
D, and R are the number of multipaths; "l,i, "d,j , and "r,k are
the complex gains; and $l,i, $d,j , and $r,k are the path delays.

The received power is the area under the profile and is
calculated as the sum of powers in all three components in
the profile. Accordingly, the received power is given as:
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TABLE IV

MEAN (µ) AND STANDARD DEVIATION (!) FOR THE MEAN EXCESS DELAY, THE RMS DELAY SPREAD AND PATH LOSS FOR
50cm AND 1m DISTANCES, AND 20cm DEPTH FOR THREE SOILS. VALUES ARE IN NANOSECONDS

TABLE V

SPEED OF THE WAVE IN ALL THREE SOILS, CALCULATED BY REFRACTIVE INDICES n BASED
ON PARTICLE SIZE DISTRIBUTION OF SOILS GIVEN IN TABLE II

Fig. 8. Indoor testbed (silt loam) experiment: (a) Mean amplitudes of all 50cm and 1m profiles across all depths (b) Distribution function of mean amplitudes
at 40cm depth. Field (silty clay loam) experiment: (c) Attenuation with frequency.

Higher frequencies suffer more attenuation because when
EM waves propagate in the soil, their wavelength shortens due
to higher permittivity of soil than the air. Hence, due to fewer
effects of permittivity of soil on the lower frequency spectrum,
it is more suitable for UG2UG communication as larger
communication distances can be achieved. To have minimum
attenuation, an operation frequency should be selected for
each distance and depth such that attenuation is minimized.
This is important from the WUSN topology design perspective
because deployment needs to be customized to the soil type
and frequency range of sensors being used for deployment.
These results form the basis of the statistical model of the UG
channel developed in Section. VII.

VII. STATISTICAL MODEL, EVALUATION AND

EXPERIMENTAL VERIFICATION

To engineer an underground communication system,
a statistical model of propagation in the wireless underground
channel can help in optimizing system performance, designing

tailored modulated/coding schemes, and in the end-to-end
capacity analysis. For example, received data signals can be
detected coherently in the absence of ISI. In this section,
a detailed characterization of the underground channel is
performed based on the measurements of Section VI. The
multipath profiles taken in different soils under different soil
moisture levels are analyzed to perform statistical analysis of
the experimental data.

A. The Statistical Model

To model the wireless underground channel, our approach
follows the standard OTA modeling approaches described
in [16], [25], [34], and [42], with modifications due to the
unique nature of wireless propagation in the UG channel.
Based on the measurement analysis, the following assumptions
are made:

1) The correlation among multipath components at different
delays in the lateral, reflected, and direct components
is very small and negligible for all practical purposes.



Impact of Soil Moisture (SM) Variations
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distribution. The water content is a strong function of bound
water. The amount of water in the soil can be expressed in
either volumetric or gravimetric basis. While both expressions
are used in different disciplines, volumetric expressions are
more commonly used.

Electromagnetic waves traveling in soil interact with soil
particles, air, and water. When different quantities of water
molecules bound with soil particles interact with EM waves,
they exhibit different dielectric dispersion characteristics.
Thus, the dielectric constant depends on the frequency of EM
waves. While it is called a constant, the dielectric is not a
constant value in the soil as it changes with several factors,
including soil water content. However, in general, the increase
in the dielectric constant of the soil with water content does not
differ significantly with soil type (particle size distribution),
particularly in high-frequency applications. Thus, the dielectric
constant is a useful indicator of soil water content in different
soil types. In addition to the water content and frequency, other
factors such as bulk density and soil texture also affect the
permittivity of soil.

In [10], dielectric properties of soil are modeled for
frequencies higher than 1.4MHz. In [23], this model is
modified through extensive measurements to characterize
the dielectric behavior of the soil in the frequency range
of 300MHz to 1.3GHz. Accordingly, the relative complex
dielectric constant of the soil-water mixture is given as:

!s = !!s ! i!!!s (2)

which depends on the soil texture, volumetric water content,
bulk density, frequency, and particle density.

III. RELATED WORK

Wireless communication in WUSNs is an emerging
field, and few models exist to represent the underground
communication. In [40], we have developed a 2-wave model,
but lateral waves are not considered. In [7], models have
been developed, but these do not consider underground
communication. A model for underground communication
in mines and road tunnels has been developed in [36], but
it cannot be applied to WUSN due to wave propagation
differences between tunnels and soil. We have also developed
a closed-form path loss model using lateral waves in [12], but
channel impulse response and statistics cannot be captured
through this model.

Wireless underground communication shares characteristics
of underwater communication [6]. However, underwater
communication based on electromagnetic waves is not
feasible because of high attenuation. Therefore, alternative
techniques, including acoustic [6], are used in underwater
communications. The acoustic technique cannot be used in
the UG channel due to vibration limitations. In magnetic
induction (MI), [22], [37], the signal strength decays with
inverse cube factor and high data rates are not possible.
Moreover, communication cannot take place if the sender and
receiver coils are perpendicular to each other. Therefore, the
MI cannot be readily implemented in WUSNs.

To the best of our knowledge, this is the first measurement
campaign conducted to analyze and measure the channel

Fig. 1. The three EM waves in an underground channel [12].

impulse response of UG channel and the first work that
proposes guidelines for the development of a novel WUSN
testbed to improve the accuracy, to reduce the time required
to conduct WUSN experiments, and to allow flexibility in soil
moisture control.

IV. IMPULSE RESPONSE OF UG CHANNEL

A wireless channel can be completely characterized by its
impulse response. Traditionally, a wireless channel is modeled
as a linear filter with a complex valued low pass equivalent
impulse response which can be expressed as [20]:

h(t) =
P"1!

p=0

"p#(t ! $p) (3)

where P is the number of multipaths, and "p and $p are the
complex gain and delay associated with path p, respectively.

A schematic view of the UG channel is shown in Fig. 1,
where a transmitter and a receiver are located at a distance of
d and depths of Bt and Br, respectively [12]. Communication
is mainly conducted through three EM waves: (1) The direct
wave, which travels through the soil from the transmitter to
the receiver, (2) the reflected wave, which also travels through
the soil and is reflected from the air-soil interface, and (3) the
lateral wave, which propagates out of the soil, travels along
the surface and enters the soil to reach the receiver.

Based on this analysis, the UG channel process can be
expressed as a sum of direct, reflected and lateral waves.
Hence (3) is rewritten for UG channel as:

hug(t) =
L"1!

i=0

"l,i#(t ! $l,i) +
D"1!

j=0

"d,j#(t ! $d,j)

+
R"1!

k=0

"r,k#(t ! $r,k) (4)

where respectively for lateral, direct, and reflected waves; L,
D, and R are the number of multipaths; "l,i, "d,j , and "r,k are
the complex gains; and $l,i, $d,j , and $r,k are the path delays.

The received power is the area under the profile and is
calculated as the sum of powers in all three components in
the profile. Accordingly, the received power is given as:

Pr =
L"1!

i=0

|"l,i|2 +
D"1!

j=0

|"d,j|2 +
R"1!

k=0

|"r,k|2. (5)

Then, the path loss is given as:

PL(dBm) = Pt(dBm)+Gt(dBi)+Gr(dBi)!Pr(dBm) (6)
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distribution. The water content is a strong function of bound
water. The amount of water in the soil can be expressed in
either volumetric or gravimetric basis. While both expressions
are used in different disciplines, volumetric expressions are
more commonly used.

Electromagnetic waves traveling in soil interact with soil
particles, air, and water. When different quantities of water
molecules bound with soil particles interact with EM waves,
they exhibit different dielectric dispersion characteristics.
Thus, the dielectric constant depends on the frequency of EM
waves. While it is called a constant, the dielectric is not a
constant value in the soil as it changes with several factors,
including soil water content. However, in general, the increase
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differ significantly with soil type (particle size distribution),
particularly in high-frequency applications. Thus, the dielectric
constant is a useful indicator of soil water content in different
soil types. In addition to the water content and frequency, other
factors such as bulk density and soil texture also affect the
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frequencies higher than 1.4MHz. In [23], this model is
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techniques, including acoustic [6], are used in underwater
communications. The acoustic technique cannot be used in
the UG channel due to vibration limitations. In magnetic
induction (MI), [22], [37], the signal strength decays with
inverse cube factor and high data rates are not possible.
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impulse response of UG channel and the first work that
proposes guidelines for the development of a novel WUSN
testbed to improve the accuracy, to reduce the time required
to conduct WUSN experiments, and to allow flexibility in soil
moisture control.

IV. IMPULSE RESPONSE OF UG CHANNEL

A wireless channel can be completely characterized by its
impulse response. Traditionally, a wireless channel is modeled
as a linear filter with a complex valued low pass equivalent
impulse response which can be expressed as [20]:

h(t) =
P"1!

p=0

"p#(t ! $p) (3)

where P is the number of multipaths, and "p and $p are the
complex gain and delay associated with path p, respectively.

A schematic view of the UG channel is shown in Fig. 1,
where a transmitter and a receiver are located at a distance of
d and depths of Bt and Br, respectively [12]. Communication
is mainly conducted through three EM waves: (1) The direct
wave, which travels through the soil from the transmitter to
the receiver, (2) the reflected wave, which also travels through
the soil and is reflected from the air-soil interface, and (3) the
lateral wave, which propagates out of the soil, travels along
the surface and enters the soil to reach the receiver.

Based on this analysis, the UG channel process can be
expressed as a sum of direct, reflected and lateral waves.
Hence (3) is rewritten for UG channel as:

hug(t) =
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+
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where respectively for lateral, direct, and reflected waves; L,
D, and R are the number of multipaths; "l,i, "d,j , and "r,k are
the complex gains; and $l,i, $d,j , and $r,k are the path delays.

The received power is the area under the profile and is
calculated as the sum of powers in all three components in
the profile. Accordingly, the received power is given as:
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i=0

|"l,i|2 +
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j=0
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Then, the path loss is given as:

PL(dBm) = Pt(dBm)+Gt(dBi)+Gr(dBi)!Pr(dBm) (6)
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Fig. 9. The attenuation with distance at different receiver angles (UG2AG): (a) 0!, (b) 90!, (c) The RMS delay spread with distance, (d) The coherence
bandwidth with distance.

However, multipaths within each component are affected
by the strongest path and hence, are correlated. Therefore,
the tap-delay-lines are assumed uniformly spaced within each
component.

2) At the receiver, phases are completely random with a
uniform distribution over [0, 2!).

To keep the model tractable, the arrival rate of delays within
each component is kept constant, and amplitudes of these
multipaths in each component are statistically independent.
This helps in modeling the physical characteristics of the
UG channel and provide ease of analysis without losing
insight into delay statistics. The order of the arrival of the
lateral, direct, and reflected components depends upon the
burial depth, and distance between transmitter-receiver (T-R),
because the path traversal through the soil and air exhibit
different wave propagation speeds depending on the soil
characteristics, and soil moisture level. Only for T-R distances
less than 50cm, the direct component arrives first, and as the
distance increases, the lateral component reaches the receiver
first due to higher propagation speed in the air medium. Due
to significant differences in the speed of the three components
in soil and air mediums, no component overlap is observed,
and the power of multipath components (gain) within each
component decays before the arrival of the next component.
Moreover, in our measurements, significant components were
not observed beyond the 100ns time delay.

Next, statistics of amplitudes "l,i, "d,j , and "r,k at delays
#l,i, #d,j , and #r,k for lateral, direct, and reflected waves,
respectively, are derived. In Fig. 10, the mean amplitudes of
a profile are shown at 50cm distance along with associated
exponential decay fits. The analysis of the measurement data
shows that gains of multipaths within each component follow
exponential decay. Therefore, the path amplitudes of the three
components are modeled as decaying exponentials within
each component. Then, the multipath amplitudes are modeled
as [34]:

"l,i = "l,0e
!(!l,i!!l,0)/"L ! 0 < i < L, (10)

"d,j = "d,0e
!(!d,j!!d,0)/"D ! 0 < j < D, (11)

"r,k = "r,0e
!(!r,k!!r,0)/"R ! 0 < k < R, (12)

where "l,0, "d,0, and "r,0 are the gains of the first multipaths;
#l,0, #d,0, and #r,0 are the arrival times; $L, $D, and $R are the
decay rates; and L, D, and R are the number of multipaths
for the lateral, direct, and reflected waves, respectively.

Fig. 10. The decay of three components with exponential decay fit.

The gains of the first multipaths are given as [12]:

"l,0 = Pt + 20 log10 %s " 40 log10 d " 8.69"s(ht + hr)
+20 log10 T " 22 + 10 log10 Drl

"d,0 = Pt + 20 log10 %s " 20 log10 r1 " 8.69"sr1 " 22
+10 log10 Drl

"r,0 = Pt + 20 log10 %s " 20 log10 r2 " 8.69"sr2

+20 log10 ! " 22 + 10 log10 Drl (13)

where Pt is the transmitted power, ! and T are reflection
and transmission coefficients [12], respectively, r2 is the
length of the reflection path, r1 =

!
(ht " hr)2 + d2, r2 =!

(ht + hr)2 + d2, where ht and hr are transmitter and receiver
burial depth, and %s is the wavelength in soil [30].

In the statistical model, exponential decay is justified
because the time delay depends on the travel paths, and the
path gains are affected by the soil. Therefore, the gains of the
successive multipaths depend on the delay of those multipaths.
It is also important to note that, in addition to the soil moisture,
the multipath gains "l,i, "d,j , and "r,k are also impacted
by soil type. For example, in sandy soils, path gains are
much higher due to the lower attenuation as compared to
the silt loam and silty clay loam soils due to the less water
absorption of EM waves. This is attributed to the low water
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Fig. 9. The attenuation with distance at different receiver angles (UG2AG): (a) 0!, (b) 90!, (c) The RMS delay spread with distance, (d) The coherence
bandwidth with distance.

However, multipaths within each component are affected
by the strongest path and hence, are correlated. Therefore,
the tap-delay-lines are assumed uniformly spaced within each
component.

2) At the receiver, phases are completely random with a
uniform distribution over [0, 2!).

To keep the model tractable, the arrival rate of delays within
each component is kept constant, and amplitudes of these
multipaths in each component are statistically independent.
This helps in modeling the physical characteristics of the
UG channel and provide ease of analysis without losing
insight into delay statistics. The order of the arrival of the
lateral, direct, and reflected components depends upon the
burial depth, and distance between transmitter-receiver (T-R),
because the path traversal through the soil and air exhibit
different wave propagation speeds depending on the soil
characteristics, and soil moisture level. Only for T-R distances
less than 50cm, the direct component arrives first, and as the
distance increases, the lateral component reaches the receiver
first due to higher propagation speed in the air medium. Due
to significant differences in the speed of the three components
in soil and air mediums, no component overlap is observed,
and the power of multipath components (gain) within each
component decays before the arrival of the next component.
Moreover, in our measurements, significant components were
not observed beyond the 100ns time delay.

Next, statistics of amplitudes "l,i, "d,j , and "r,k at delays
#l,i, #d,j , and #r,k for lateral, direct, and reflected waves,
respectively, are derived. In Fig. 10, the mean amplitudes of
a profile are shown at 50cm distance along with associated
exponential decay fits. The analysis of the measurement data
shows that gains of multipaths within each component follow
exponential decay. Therefore, the path amplitudes of the three
components are modeled as decaying exponentials within
each component. Then, the multipath amplitudes are modeled
as [34]:

"l,i = "l,0e
!(!l,i!!l,0)/"L ! 0 < i < L, (10)

"d,j = "d,0e
!(!d,j!!d,0)/"D ! 0 < j < D, (11)

"r,k = "r,0e
!(!r,k!!r,0)/"R ! 0 < k < R, (12)

where "l,0, "d,0, and "r,0 are the gains of the first multipaths;
#l,0, #d,0, and #r,0 are the arrival times; $L, $D, and $R are the
decay rates; and L, D, and R are the number of multipaths
for the lateral, direct, and reflected waves, respectively.

Fig. 10. The decay of three components with exponential decay fit.

The gains of the first multipaths are given as [12]:

"l,0 = Pt + 20 log10 %s " 40 log10 d " 8.69"s(ht + hr)
+20 log10 T " 22 + 10 log10 Drl

"d,0 = Pt + 20 log10 %s " 20 log10 r1 " 8.69"sr1 " 22
+10 log10 Drl

"r,0 = Pt + 20 log10 %s " 20 log10 r2 " 8.69"sr2

+20 log10 ! " 22 + 10 log10 Drl (13)

where Pt is the transmitted power, ! and T are reflection
and transmission coefficients [12], respectively, r2 is the
length of the reflection path, r1 =

!
(ht " hr)2 + d2, r2 =!

(ht + hr)2 + d2, where ht and hr are transmitter and receiver
burial depth, and %s is the wavelength in soil [30].

In the statistical model, exponential decay is justified
because the time delay depends on the travel paths, and the
path gains are affected by the soil. Therefore, the gains of the
successive multipaths depend on the delay of those multipaths.
It is also important to note that, in addition to the soil moisture,
the multipath gains "l,i, "d,j , and "r,k are also impacted
by soil type. For example, in sandy soils, path gains are
much higher due to the lower attenuation as compared to
the silt loam and silty clay loam soils due to the less water
absorption of EM waves. This is attributed to the low water

A. Silva, M. C. Vuran, S. Irmak, ``A Statistical Impulse Response Model Based on Empirical Characterization of Wireless Underground 
Channels,’’ IEEE Transactions on Wireless Communications, v. 19, no. 9, pp. 5966-5981, Sept. 2020. 



Tailored UG Communication Solutions

• 3-wave model -> UG channel diversity reception to combine 
multipaths [1]
• Lateral wave -> UG antenna array design and UG beamforming to 

increase range [2]
• Dynamic coherent bandwidth -> Adaptive UG multi-carrier 

modulation to increase data rates [3]
• Dynamic Permittivity of soil -> Underground antenna [4] 
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[1] A. Salam, M. C. Vuran, ``Wireless Underground Channel Diversity Reception With Multiple Antennas for Internet of Underground Things,’’ in
Proc. IEEE ICC ‘17, May 2017.
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I-OUT - Center Pivot - Cloud Integration

2011-2013 2014 2015-2019

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.



Big Picture:
Ag-IoT Data
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Ag-IoT Data - Variety
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Ag-IoT Data - Volume

• Collection

• 5G for Ag?

• Connectivity, bandwidth

• Training

• Lack of past data

• Privacy, sharing, fusion

• Every farm is different (?)

• Domain knowledge
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Ag-IoT Data - Velocity

sec min hr week month year decade
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Ag-IoT Data - Veracity

•Does what I see represent what is happening down there?
•Data validation: Pedigree and provenance 
•Model accuracy
•Standardization
•Privacy & Security
•Wireless
•Databases
•Sharing and decision making
• User trust
•“I know my field better than anyone else!”
• Information à Decision & Action
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Ag-IoT Data
Who is the 
user?

AG Service Providers

Center Pivot Companies

AG Sensor Manufactures

Cellular Service 
Providers

Gov. Agencies 
(NRD, Power)



Rural Economy

• Homes, fields, ranches, 
factories
• Majority of Midwest is Ag-

driven

• Can Agricultural IoT (Ag-IoT) 
become one of the economic 
drivers?
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Thank You

cpn.unl.edu
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Prof. Suat Irmak
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Salam, Rigoberto Wong, Baofeng Zhou
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Further Reading
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