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Ground Penetrating Radar

– Reading

• Today: 309 - 316

• Next class: 316 - 329



Introduction to GPR

•Using the reflection (and 
sometimes transmission) of 
‘high-frequency’ EM waves 
to image the shallow 
subsurface.subsurface.

• GPR surveys work best in 
low conductivity media.



Dielectric Properties

• D=εE where ε [F/m] is the 
dielectric permittivity

ε = εr·ε 0=k·ε 0

ε 0= 8.85·10-12 F/m is the  
dielectric permittivity of free dielectric permittivity of free 
space

εr or k is the relative dielectric 
permittivity (a.k.a. dielectric 
constant): 1 in air and 80 in 
water



The GPR ‘Earth Circuit’

• In a simplistic sense, at 
frequencies where the 
displacement current becomes 
important the earth can be 
thought of as an RC circuit

I

• Why no inductance term?
• Inductor impedance: ZL=iωL

• Capacitor Impedance: ZC=1/iωC

• Thus as frequency gets large, 
ZL=>∞ while ZC=>0. 



Dielectric Geomaterials Properties
• Can use mixing laws to describe bulk dielectric 

constant:

– Topp’s Equation 

where θ is the volumetric moisture content.

b 2 3
r 3.03 9.3 14.6 76.6ε = + ⋅ θ + ⋅ θ − ⋅ θ

where θ is the volumetric moisture content.

– Mixing models

• εi represents dielectric constant of different components.

• θi represents volumetric fraction of each component.

Formation ri i
i

β βε = ε θ∑



Dielectric Properties of Earth Materials

• Typical dielectric constant 
and corresponding 
electrical conductivity for 
various geologic 
materials

εεεεr

materials

• Note how amount of 
water controls dielectric 
constant



Revisit E Field in Wave Equation

Assume sinusoidal time dependence:

Then

or
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Revisit E Field in Wave Equation
• Remember sinusoidal solution to plane-wave equation is:

• In the induction regime σ >> ωε; thus

• In radar, or propagation regime, σ << ωε (low-loss media):

related to velocity of propagating wave

( ) i(kz t ) i( z t ) z
x 0 0E z, t E e E e e− −ω − β −ω −α= =

2

ωµσ=β=α

β=ω µε– : related to velocity of propagating wave

• Velocity: 

• Wavelength:   λ=2π/β=V/f

– : related to attenuation of propagating wave

• Skin depth: δ=1/α
• Lossless media: σ=0. Then α=0 and pure propagation

β=ω µε
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• Velocity given as: 

• If σ=0, plane 
wave propagates 

Lossless and Non-Ferromagnetic Medium

r

1 c
V = =

µε ε

E
wave propagates 
in z direction with 
no attenuation.

z



Low-Loss Media

z

E

αz|E |

• Velocity the same as 
lossless media:

thus exponential decay 

2

µ σα≈
ε

αz

z

|Emax|
thus exponential decay 
of wave amplitude with 
distance. 



• ft = transition frequency.
• Dispersion refers to 

frequency dependent 
velocity.

• Note: there is a transition 
region from pure diffusion to 

Velocity and Attenuation Spectrum
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region from pure diffusion to 
pure propagation.
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Low-Loss and Lossless Properties
εεεεr

• Typical dielectric 
constant, electrical 
conductivity, velocity 
and attenuation for 
various geologic 
materials.materials.



εεεεr1

Reflection and Transmission

• Low –loss Reflection

• Low-loss Transmission 

r1 r21 2

2 1 r1 r2

V V
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V V
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+ ε + ε
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22V

T
ε

= =
εεεεr2

• Reflections off of metal
– εω<<σ and thus V2= (2ω/µσ)1/2

– Results
• R=-1
• T≈0
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GPR Reflection Coefficients

εεεεr2
εεεεr1



Depth Sensitivity
• Controlled by attenuation

– εr may very by factor of 5 at 
most.

– σ may vary by orders of 
magnitude.

– Thus attenuation controlled by 

z

E

– Thus attenuation controlled by 
conductivity.

• Signal penetration depth decreases with increasing conductivity.

• good rule of thumb is a target might be detectable if above 
0.035/σ [m].



Instrument Resolution

• Definition of Resolution
• The ability of the 

measurement systems to 
distinguish between two 
signals, or the minimum 
separation that two objects separation that two objects 
can be separated by and still 
be uniquely imaged. 



Instrument Resolution
• Other Definitions

– Pulse width W: refers to the curve in time 
and amplitude that encloses the pulse. 

– Pulse spectrum: Frequency content of the 
transmitter signal.

– Center frequency: Frequency at which the – Center frequency: Frequency at which the 
pulse spectrum maximizes. Usually the 
center of pulse spectrum. 

– Bandwidth: the range of frequencies, or 
spectrum, over which measurements are 
made. Inversely proportional to pulse 
width. 



Bandwidth and Center Frequency versus 
Pulse-Width and Resolution



Instrument Requirements

• The best resolution that a 
system can obtain is 

controlled by the system 
bandwidth.

• Generally resolution• Generally resolution
– increases with decreasing pulse 

width

– increases with increasing 
center frequency and 
bandwidth



Resolution versus Bandwidth



Resolution Topics

• Resolving two close but 
separate objects.
– Time Domain: Two targets 

can be defined as separate 
if the distance between 
them is greater than ½ the 
pulse width.pulse width.

– Frequency domain: two 
objects or interfaces are 
uniquely resolvable if the 
separation between them is 
at least λ/4 in theory but 
λ/2 in practice 



Resolution Topics
• Transmitter blanking - Inability of receiver to detect 

reflected signal until after transmitter is off, or air 
wave has passed.



Resolution versus Depth

• If in true low-loss regime, 
resolution will be somewhat 
independent with depth.  Why?
– Velocity and more importantly 

attenuation are frequency independent. 

• When low-loss condition is not 
met, attenuation is frequency 
dependent.
– Depth-dependent resolution is then 

empirical.



GPR System and Signal Generation
• Transmitter generates very short pulses of EM energy (1 to 10’s of 

ns). How times are determined?
• Depths of targets

• Shallow as a few cm

• Deep as tens of m

• Different velocities

• min velocity 0.033m/ns (water)

• max velocity 0.3 m/ns (air)
• Combining yields

• min depth with max velocity produces a min time of ~50 pico-sec

• max depth with min velocity produces max time of ~10 µsec

• Center frequency and bandwidth controlled by antennas. 

• Radiated power maximizes for λ/4 in size

• Thus antenna length larger for lower frequencies

• Wave then travels downward and outward in the Earth.



GPR System and Signal Generation
• Wave encounters regions of 

contrasting properties generating 
reflections, refractions and 
diffractions.

• Reflected, diffracted and refracted 
waves detected by receiver.

• Procedure repeated to reduce random • Procedure repeated to reduce random 
noise, then antennas moved to new 
position.


