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ELECTROMAGNETIC METHODS (EM) 

 The wide application of electromagnetic methods (EM) in the 
collection of water content data have allowed the unsaturated zone to 
be included quantitatively in numerous hydrological processes  

 EM methods and more specifically their application in the 
investigation of the unsaturated hydrological zone, mainly include: 
 time domain reflectometry (TDR),  

 ground penetrating radar (GPR),  

 capacitance and active microwave remote sensing  

 Time-domain reflectometry (TDR) is a complex electronic technology 
originally used primarily for testing high-speed communication cables.  

 TDR estimates the bulk dielectric permittivity, εb, of the soil mixture 
(soil matrix, soil water and air) by measuring the propagation time of 
an EM pulse, generated by a pulse generator and containing a broad 
range of different measurement frequencies  
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TIME DOMAIN REFLECTOMETRY (TDR) 
APPLICATIONS 

 Investigations in the 
unsaturated zone, where 
the hydrological 
processes play a key role 
for the understanding of 
the system 

 Some applications regard: 
 Agricultural engineering 

 Arid hydrogeology 

 Soil column experiments 

 Managed aquifer recharge 
(MAR)  
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MAR APPLICATIONS FOR TDR 
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OBJECTIVE: GET SOIL MOISTURE 
PROFILES 

• Moisture content 
determination  
at significant depths 

• Reach significant depths 
within the unsaturated 
zone (> 20m) 

• Obtain soil water profiles 
throughout the entire 
unsaturated zone and 
monitor soil water content 
fluctuations  

• Get undisturbed soil cores 
to sample the soil water 
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HIGH RESOLUTION TDR SYSTEM 
DEVELOPMENT 



TDR DEVICE (S) 

 MOHR CT100 Metallic TDR Cable Tester 

 Rugged, lightweight, portable 

 Bright color screen, long battery life 

 2+ GB internal memory 

 USB, 10/100 Ethernet PC connectivity 

 USB keyboard, thumbdrive, barcode reader 

 TRASE SYSTEM I TDR 

 Measuring range 0 - 100% Volumetric Moisture 
content  

 High Accuracy (+/- 2% FS or better), 1000 point 
resolution  

 Largest Pulse on any commercial TDR unit - 1.25V/ 
120 ps. risetime give the very best definition of 
dielectric changes along a waveguide  

 Built-in Datalogger for 200 graphs / 6,300 readings 
(more with added memory)  

 Remotely Multiplex from 1 up-to 256 measuring 
points on a daily, weekly or monthly basis  

 Portable, battery operated for field use and use in 
the lab  

 Wide variety of low cost TDR waveguides (both 
uncoated and coated) available  

 Easy programmable with One-Key control  

 No calibration required  

 Ready to operate on site or remotely from your 
computer. 
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TDR device (s) 

 Before: Campbell Scientific TDR100 

(aka Hyperlabs HL1500) controlled 

via a serial (RS232) connection. 

 

Now: HYPERLABS HL1101 

Ruggedized Time Domain 

Reflectometer. 

 USB controlled and powered 

 Weighs 453 grams 

 



TDR Acquisition Software 

 The acquisition software is rewritten in C++ and ported to 
the Linux OS. 

 The acquisition is vendor neutral: The system can 
communicate and control various TDR instruments.  

We have implemented in C++ a new serial (RS232) 
interface for the older Campbell Scientific TDR100. 

We are in the process of adapting the drivers for the new 
Hyperlabs HL1101 (kindly provided by Hyperlabs Inc.) to 
the Linux OS. 

 

 



EMBEDDED PROCESSING 

 The processing software should be easily be ported to a 
single board computer that will also act as the TDR 
network interface 

 

 



PROCESSING 

 

 Each waveform is automatically processed by the system. 
The processing steps are: 

 Signal Processing: e.g. filtering etc. 

 Robust automatic shape analysis of the waveform and 
calculation of the waveform characteristic feature points 
(start and end of probe wave guide, extrema) and 
statistical parameters. 

 

 

 

 



PROCESSING: FEATURE POINTS 

The characterization of the feature points and their 
evolution in time can be used: 

 to calibrate accurately the X-axis (depth)  

 and correct possible instrument deficiencies (shifting or 
scaling of the waveform in the X-axis (time) direction). 

 

It can also be used to: 

 detect anomalies (peaks or valleys) in the waveforms that 
are not related to soil electrical conductivity (moisture). 

 

 

 

 

 



DATABASE 

 The waveforms are stored in a database with all the 
relevant metadata (location, other associated soil 
measurements, terrain and geophysical data etc).  

 The database can be portable (e.g. Access Database file) in 
the case of standalone analysis,  

 or a database server (SQL Server, MySQL) in the case we 
need centralized and networked data access.  

 

 

 

 

 



DATA ANALYSIS 

 

 

The homogenized and extensible storage of waveforms in a 
database system enables: 

 the selection (query)  

 the correlation of waveforms and other measurements 
and meta-data in time and space (sensor grid), 

 according to various criteria imposed by the user.  

 

 

 



Screenshot showing the raw waveform (blue) and the automatically calculated feature 

points, superimposed on the scatter plot of all the feature points for a long period.  

 

SCREENSHOT 



Database 

 The TDR waveforms are stored in a SQLite database with 
all the relevant metadata (location, TDR measurement 
parameters etc). 

SQLite is the database choice because: 

We need the database to be portable, i.e. be able to copy 
the database (measurements) for further processing or 
upload to a central repository. 

Other features like intrinsic security or authentication or 
simultaneous queries available in other database are not 
an issue in our application. 

 SQLite implements a self-contained, serverless, zero-configuration, transactional SQL 
database engine. SQLite is the most widely deployed database engine in the world. The 
source code for SQLite is in the public domain. 

 

 

 

 



• Survey  Logger  Assemblies  Measurements 

 

DATABASE: HIERARCHICAL 
ORGANIZATION 



Integrates also climatic information 

DATABASE: SCHEMA 



STATISTICS 



Automatic detection of uncorrelated waveform sequences 

 Water content change 

 

 

SEQUENCE ANALYSIS 



Auto query for rainy days  Water content change evolution 

 

 

SEQUENCE ANALYSIS 



OLD SETUP 

 Measurement equipment was bulky, power-hungry, and prohibitively expensive. 
 Minimum inner dimensions WxLxH = 30x36x15 cm = 16.000 cm3 



NEW SETUP - COMPONENTS 

 Minimum inner dimensions WxLxH = 130x200x80 mm = 2.000 cm3 

 

Raspberry Pi B+                                      LiPo batterry 7200 mAh 

85 x 56 x 21 mm                                                        137 x 46 x 23 mm 

 

HL1101 TDR                                                 Multiplexer 

127 x 61 x 37 mm                                                                         50 x 50 x  50 mm 

 



RF SWITCH 
We use electromechanical RF switches instead of the SDM8X50 

Campbell Scientific multiplexer because: 

 More compact 

 Lower insertion loss 

 Many suppliers, cheaper 

 

 



RF SWITCH – INSERTION LOSS 

TDR waveforms are very high frequency signals 

 RF switches are more compact. 

 Have a significantly lower insertion loss even at higher frequencies. 

 And most important we have many suppliers. 

 

RF switch insertion loss: 

 

 



POWER EFFICIENCY 

Older systems were power hungry 

We use adaptive power management controlled by an 
Arduino Pro Mini: 

 

 Power when idle: <1mW 

 Power during measurement (duration less than 10 sec): 
<4W  

 

 



WATER CONTENT 

We use the Todoroff et. al. (2001) inverse modeling 
approach to compute water content resulting in an 
apparent relative dielectric permittivity profile of the 
surrounding medium along the TDR probe length 

Challenge: Thorough theoretical analysis is needed  
Research in the field of Computational 
Electromagnetics 

 Implementation Problems 
 The water content variations between two layers, and 

therefore the reflection coefficients, must generally be 
close to zero.  

 Problem of truncation and error propagation using fixed-
point arithmetic in embedded systems. 



INVERSE MODELLING PROCESS 

 Todoroff and Lan Sun Luk (2001) present a numerical one 
dimensional model to compute water content profile 
along TDR sensor from TDR signal traces.  

 It is also called inverse model since the first stage of the 
model (direct) which computes simulated signal traces 
from water content distribution of the propagation 
medium is applied in reverse order to compute water 
content profile from measured signal traces from TDR 
measurement.  
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INVERSE MODELLING PROCESS 

 The impedance at the 
beginning of the 
transmission line is 
considered the 
characteristic impedance of 
the coaxial cable. 

 

 
 

 

Where Z_i and Z_(i-1) represent the 
impedance of each segment i and (i-1) and 
ρ_i is the reflection coefficient of the 
junction between these two segments 

 

 The apparent relative 
dielectric profile of the 
surrounding medium of TDR 
sensor is achieved as a result 
of this inverse modeling 
approach which is required 
to convert into water content 
profile applying a suitable 
calibration function 

 
 

 

Where ϵ_ai is the apparent relative 
dielectric permittivity of each segment i, 
Z_i is the impedance of each segment i and 
Z_c is the characteristic impedance of the 
transmission line in the air 
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INVERSE MODELLING PROCESS 
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INVERSE MODELLING PROCESS 
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EMBEDDED PROCESSING 

 The processing software can be easily be ported to a single 

board computer (Raspberry Pi) 

 Also act as the TDR network interface 

 Integrate temperature and water level sensors 

 Raspberry Pi cost: $35 

 

 



EMBEDDED PROCESSING: 

COMPRESSION 

 All measurement data has to be communicated to the 
gateway node. 

 

 Compression ratio: < 8% 

Waveform + metadata after compression: < 350 bytes 

 

 

 



LONG-RANGE RF CONNECTIVITY 
 

 XBee-PRO® 868 

 

 868 MHz short-range 
device 

Outdoor RF line-of-sight 
range up to 80 km peer-
to-peer or point-to-
multipoint topology  

 Low cost: $45 

 

 



TDR – NODE HARDWARE INTEGRATION 



SOIL COLUMN EXPERIMENTS 

 TDR-FDR-CW radar 
Integration 

 Joint activities ICCS-
UFZ-TUDa-EYDAP 



TDR APPLICATIONS IN MAR (1) 



TDR APPLICATIONS IN MAR(1) 

The above TDR sensors have 
the following characteristics: 

 Schiavon Site:  

 TDR1: Sensor length 
2,80m 

 TDR2: Sensor length 
3.00m 

 Loria Site: 

 TDR3: Sensor length 
3.00m 

 TDR4: Sensor length 
3.00m 

 



TDR APPLICATIONS IN MAR (2) 
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TDR APPLICATIONS IN MAR (2) 

 Installation of TDR sensors 
at various depths 

 Coverage of the entire 
unsaturated zone 

 Different characteristics 

 Waveguide design 

 Co-axial/waveguide 
integration 

 Pulse generator/measuring 
system 

 Different recharge water 

 Experimental scenaria 
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