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@prMax is a full- wave numerical modelling software package
that Is based on the finite - difference time -domain method for

solving Maxwell Gs equations. |t was
simulate the complex responses of ground penetrating radar
systems. ¢
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A short history of gprMax
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GPRMAx2D/3D USER’S MANUAL

GPRMAX2D,Ver.1.0(beta)
A. Giannopoulos, 1997
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v.3.0.0 (Bowmore)

This is the v.3.0.0, codenamed Bowmore, release of gprMax.
Compare ~ Version 3 of gprMax has many powerful and advanced features such as:

Anisotropic material modelling

2015

Dispersive material modelling (with multi-pole Debye, Lorenz or Drude formulations)

Modelling of soils with realistic dielectric and geometric properties
Building of heterogeneous objects
Building of objects with rough surfaces

Built-in libraries of antenna models
All of these features and more are described in detail in the User Guide (http:/
Please report any bugs with code via Issues on GitHub.

For general help and questions about using gprMax visit our Google Group forum (ht

» Assets

rum.shtml)
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Python

gprMax is open source software that simulates electromagnetic wave propagation, using the Finite-
Difference Time-Domain (FDTD) method, for the numerical modelling of Ground Penetrating Radar (GPR).
gprMax was originally developed in 1996 when numerical modelling using the FDTD method and, in
general, the numerical modelling of GPR were in their infancy. Current computing resources offer the
opportunity to build detailed and complex FDTD models of GPR to an extent that was not previously
possible. To enable these types of simulations to be more easily realised, and also to facilitate the addition
of more advanced features, gprMax has been redeveloped and significantly modernised. The original
C-based code has been completely rewritten using a combination of Python and Cython programming
languages. Standard and robust file formats have been chosen for geometry and field output files. New
advanced modelling features have been added including: an unsplit implementation of higher order
Perfectly Matched Layers (PMLs) using a recursive integration approach; diagonally anisotropic materials;
dispersive media using multi-pole Debye, Drude or Lorenz expressions; soil modelling using a semi-
empirical formulation for dielectric properties and fractals for geometric characteristics; rough surface
generation; and the ability to embed complex transducers and targets.
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Free Software

Free as in Freedom
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TITAN RTX

Jun 19, 2017
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<ANVIDIA.

CUDA.

v.3.1.0 (Big Smoke)

This is the v.3.1.0, codenamed Big Smoke, release of gprMax.

It continues our whisky-based naming, and is also a reference to the cities of Edinburgh (Scotland) and San Francisco
(USA). Why? Because the development of v.3.1.0 was funded, through a research project, by Google.

The most significant feature of this release is the ability for simulations to utilise general-purpose computing using
graphics processing units (GPGPU). We have used NVIDIA's Compute-Unified Device Architecture (CUDA). Our
testing on both consumer and data centre NVIDIA GPU cards has shown dramatic performance increases over our
parallelised CPU (OpenMP) implementation.

You can read about how to use the GPU functionality and find all the features of gprMax described in detail in the User
Guide (http://docs.gprmax.com)

Please report any bugs with code via Issues on GitHub.

For general help and questions about using gprMax visit our Google Group forum (http://www.gprmax.com/forum.shtml)

» Assets
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2 x Intel(R) Xeon(R) E5-2640 v4 (2.4 GHz, 20 cores)
NVIDIA Tesla K40c

NVIDIA Tesla K80

NVIDIA GeForce GTX 1080 Ti
NVIDIA TITAN X
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Publications

Cite gprMax

If you use gprMax and publish your work we would be grateful if you could cite our work!

The principal reference for gprMax is [1] which describes the new version of the software and its main features. If you have used specific elements of the software you might also like to cite: [2] - GPU accelerated solver, [3] - soil modelling, rough surfaces; [4] -
dispersive materials; [5] - advanced features of the RIPML; [6, 7] - GPR antenna models. If you wish to reference the development history of gprMax you can also cite [8].

1
2.

5
6.
7.
8.

Warren, C., Giannopoulos, A., & Giannakis, I. (2016). gprMax: Open source software to simulate electromagnetic wave propagation for Ground Penetrating Radar, Computer Physics Communications, 209, 163-170, 10.1016/}.cpc.2016.08.020.

Warren, C., Giannopoulos, A., Gray, A., Giannakis, |., Patterson, A., Wetter, L., & Hamrah, A. (2018). A CUDA-based GPU engine for gprMax: Open source FDTD electromagnetic simulation software, Computer Physics Communications, 237, 208-218,
10.1016/j.cpc.2018.11.007.

. Giannakis, |., Glannopoulos, A., Warren, C. (2016). A Realistic FDTD Numerical Modeling Framework of Ground Penetrating Radar for Landmine Detection. IEEE Journal of Selected Topics in Applied Earth Observations and Remote Sensing, 1), 37-51,

10.1109/JSTARS.2015.2468597.

. Giannakis, |., Giannopoulos, A. (2014). A Novel Piecewise Linear Recursive Convolution Approach for Dispersive Media Using the Finite-Difference Time-Domain Method. [EEE Transactions on Antennas and Propagation, 62(5), 2669-2678,

10.1109/TAP.2014.2308549.

. Giannopoulos, A. (2012). Unsplit Implementation of Higher Order PMLs. [EEF Transactions on Antennas and Propagation, 60(3), 1479-1485, 10.1109/TAP.2011.2180344.

. Warren, C., Giannopoulos, A. (2011). Creating finite-difference time-domain models of commercial ground-penetrating radar antennas using Taguchi's optimization method. Geophysics, 76(2), G37-G47, 10.1190/1.3548506.

Giannakis, |., Giannopoulos, A., Warren, C. (2018). Realistic FDTD GPR antenna models optimised using a novel linear/non-linear Full Waveform Inversion. /EEE Transactions on Geoscience & Remote Sensing, 2073), 1768-1778, 10.1109/TGRS5.2018.2869027.
. Giannopoulos, A. (2005). Modelling ground penetrating radar by GprMax, Construction and Building Materials, 1910), 755-762, 10.1014/].conbuildmat.2005.06.007,

You can also get references and links to the PhD theses of the development team.

Research using gprMax
gprMax has been successfully used for a diverse range of applications in academia and industry, from fields including engineering, geophysics, archaeology, and medicine. The following table lists publications (extracted from Scopus on 23-11-2025) that have cited
references [1], [2] and [8] excluding any self-citations of the authors.
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Our own Recursive integration perfectly matched layer (PML) implementation
for higher order and multipole PMLs

IEEE TRANSACTIONS ON ANTENNAS AND PROEAGATION, VOL. 60, N0, 3, MARCH 2012 s

Unsplit Implementation of Higher Order PMLs

Antonios Giannopoulos

mnwwmmdw«mwﬁﬂr

presented. The Mmuuummm
dinse ststchng of space,  dereoped for 3 geners complex fs-
quency-shifted stretching function but is applicable to PMLs em-
ploying the standard streiching function or a misture of either

types.
mulae that could be used to easily generate PML correction equa-
tions for any PML order. Numerical results from finite-difference

presented validity of the
upproach.

Index Terms—Absorbing boundary condition (ABC), finite-dif-
ference time-domain (FDTD), perfectly matched layer (PML).

L INTRODUCTION

HE perfectly matched layer (PML) absorbing boundary
condition has been the primary technique of choice in fer-
minating finite-difference time-domain (FDTD) (1], 2] compu-
tational grids since its introduction by Berenger in 1994 [3]. A
number of different interpretations and implementations of the
PML [4]-{7) have been presemted over the years and the uppli-

function, The final result is o develop twa general formulae
that can be used to easily generate any order of a PML that is
required. Numerical results from 2-D) and 3-D FDTD medels
are presented to illustrate the effectiveness of the approach. Al-
though, much higher order PMLs are easy to obtain, using the
general formulae in this paper, the increased complexity of the
resulting stretching function makes their optimization a rather
arduous task. Therefore, unless the benefits are significant, the
computational cost most likely will not justify the use of higher
order PMLs than the second, This paper does nat address. this
issue of optimization of higher order PMLs. Furthermore, in-
creasing the degrees of freedom by using multiple-pole PML
stretching functions could, on one hand, facilitate the design
of more absorptive strotching functions but, at the same time,
the stability of the implementation could be potentially compro-
mised. Therefore, setting the parameters of a higher order PML
should be performed carefully and by ensuring that no field am-
plifying or space coniracting terms are creaied by the higher
order PML streiching function,

I Tueoky
as

cation of the complex frequency-shifted fune-

tion (8] has beca shown to aleviate somie problems in dealing

& 7y [91-12])- The

introdustion of the CPML formulation by Roden and Gedney
|13|n-dclh:CFSMllulmmemmpl:lnnq}]ﬂnm

of PML theory is given by B::ngw:n 114), More recemty, a
recursive integration-based CFS-PML formulation has been in-
troduced for elastic and electromagnetic-wave problems [15],

Fig. 1.

The i p RIPML
presented in [16]. The = projection of Maxwell-Ampere’s and
MaxwellFaraday’s equations in the frequency domain and in
stretched coordinates are:

[h

2

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, YOL. 66, NO. 6, JUNE 2018 2987

Multipole Perfectly Matched Layer for
Finite-Difference Time-Domain
Electromagnetic Modeling

Antonios Giannopoulos™

Abstract— A new multipole perfectly matched layer (PML)
formulation is presented. Based on the stretched-coordinate
approach, the formulation that utilizes a recursive integration
concept in its development, hmmdum a PML stretching function
that is created as the sum of any given number of complex-
frequency shifted (CFS) constituent poles. Complete formula for
up to a three-pole to facilitate its

local absorbing boundary conditions, based on approximations.
of one-way wave equations, it exhibited performance issues
for a number of electromagnetic problems, especially ones
involving evanescent waves [7], [8] and this was clearly
dcmonsh:ied in wave-structure interaction problems [9]. The

in finite-difference time-domain codes, are developed. The per-
formance of this new multipole formulation compares favorably
with existing higher order PMLS that instead utilize stretching
functions that are developed as the product of elementary CFS
constituent poles. It is argued that the optimization of the new

of extra terms generated by the process of multiplication used
in the development of the overall PML stretching function in

order PMLs. The new MPML is found to perform very
well when compared to standard CFS-PML requiring equivalent
computational resources.

Index  Terms—Absorbing boundary conditions, finite
difference methods, perfectly matched layer (PML).

L. INTRODUCTION
HIS paper presents a novel idea in creating more gencral
perfectly matched layer (PML) stretching functions and a
PML formulation to support their implementation in the finite-

PML regio

2mm

Model of a y-directed electric current source at the centre of a 40 x

40 1 mm cell TE. FOTD grid. The computational demain is surrounded by a
PML of thickness d. The £, fields are sampled at points A and B [20, Ch. 7].

of the CFS-PML [10] and its wider adoption [11]
remedied somewhat the issues. A comprehensive review of the
PML method in FDTD is given in [12].

‘The search, however, for better performing PMLS continued
and eventually led to the development of a second-order
PML formulation [13] in an effort to combine the benefits
of the good absorption, offered primarily for body waves,
by the original standard PML with the better performance
of CES-PML in the cases where inhomogencous waves were
encountered. Correia and Jin [13] introduced a split-field
formulation of a second-order PML, and since then, unsplit
FDTD formulations of the second-order PMLSs have been
reported [14], [15] and a formulation for a general N-order

ML was given in [16]. These have confirmed that at least a
second-order PML can perform better than cither a standard
PML or a CFS-PML can do on their own, highlighting that
increasing the order might benefit the PML absorption. Obvi-

IEEE: ANTENNAS

VOL. 56, NO. 9, SEFTEMBER 2008 2095

An Improved New Implementation of Complex
Frequency Shifted PML for the FDTD Method

Antonios Giannopoulos

Abgtruct—A new plememtzton o the perfectly matehed Iyer
ference time-domain

H
£
3

perfectly matched layer (PML) formulation uses the
complex frequency shifted stretching function and is based on the
simple concept of the recursive evaluation of an integral avoiding
the calculation of time derivatives. This recursive integration PML
is simple to implement, efficient and exhibits a modest gain in
performance over the convolutional PML without requiring any
extra computational resources or an increase in the algorithmic
complexity of the PML implementation.

Index Terms—Absorbing boundary condition (ABC), finite-dif-
ference time-domain (FDTD), perfectly matched layer (PML).

L INTRODUCTION

HE perfectly matched layer (PML) absorbing boundary

condition (ABC) is currently by far the most popular
method for the termination of finite-difference time-do-
main (FDTD) computational grids. Since its inception in the
mid-nineties there have been a number of applications of the
PML method. Shordy after the originl paper of Berenger
1] extensions, alternative deri and ions have

ooem
=

CPML B

200 w00

800 1000

Fig.3. Emorinthe I, field component at points A and B for models terminated
using RIPML and CPML. .. = 1 and 0 .ue = 0.2,

in FDTD codes has become much easier with the introduction
of the convolutional PML (CPML) by Roden and Gedney [16].
They have developed a simple approach that allows the incor-
poration of the CFS-PML into FDTD without the requirement
for a substantial increase in the computational resources. Their
formulation which is based on the concept of recursive convo-
lution—as originally introduced by Kelley and Luebbers [17]
for the simulation of dispersive media—it is casy to apply and
efficient.

In this paper a different approach is presented which is
equally efficient with the CPML in terms of computer memory
requirements. Numerical tests indicate that it could offer some
modest improvements in PML performance over the CPML.
The approach which is based on a recursive approximation of
an integral has been already successfully applied to develop
PML formulations for FDTD modelling of elastic waves [18].
This implementation, which from now on will be referred to as
the RIPML (recursive integration PML), can be casily applied
as a perturbation o existing FDTD codes without requiring any
substantial modifications. In essence, the RIPML can be applied
as a correction (o field quantities that belong to a PML region
after the normal FDTD equations lmvc bemg used to update
them in the same way as they are cre else in the

‘epcc|



Our own very accurate dispersive media model

0.03
0.02
IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 62, NO. 5, MAY 2014 2669 ] 0.01
5 O
. . . . . 8
A Novel Piecewise Linear Recursive Convolution .
5
. . . . & 001
Approach for Dispersive Media Using the =
Finite-Difference Time-Domain Method o
L A R . -0.03
Iraklis Giannakis and Antonios Giannopoulos 108 10?
GHz
R " " : . . 0.4 T - - v v
Abstract—Two novel methods for implementing recursively the of any frequency-independent parts of the medium’s relative
convolution between the electric field and a time dependent electric  permittivity are included with the ¢, relative permittivity at ——— TRC .
susceptibility function in the finite-difference time domain (FDTD)  {1Gnite frequency term. ’ 03 . CC 4
method are presented. Both resulting algorithms are straightfor- A b fﬁ. fferent methodol have b P =
ward to implement and employ an inclusive susceptbility function humber ﬁ L elre“ e i ave e?“l e ] — — —PLRC
which holds as special cases the Lorentz, Debye, and Drude media  [or numerically implementing dispersive materials into the = o02- - PD/CD -
relaxations. The accuracy of the new proposed algorithms is found FDTD. The resulting methods can be roughly divided in three <] '
to be systematically improved when compared to existing standard  categories: 1) auxiliary differential equation (ADE) methods 3
piecewise linear recursive convolution (PLRC) approaches, it is  [20}"(25]; 2) Z-transform methods [26]-[28]; and 3) the recur- 2 01 4
conjectured that the reason for this improvement is that the new sive convolution methods [18], [19], [29]-[36]. A systematic s
proposed algorithms do not make any assumptions about the time : g ¢ - o
variation of the polarization density in each time interval; no finite ~ TEV1EW of the methf)ds related to ADE and Tecursive convqlu- [1] TS -
difference or semi-implicit schemes are used for the calculation of tion can be found in [2] and [37]. In addition, an interesting
the polarization density. The only assumption that these two new  review about the modelling techniques used to simulate Lorentz
methods make is that the first time derivative of the electric fieldis  media can be found in [32]. —0.1 s . . . .
constant within each FDTD time interval Inclusive algorithms, with a uniform implementation for a 108 10°
Index Terms—Complex-conjugate pole-residue pairs, Debye, wide range of materials, are very attractive especially in sit- GHz

Drude, finite-difference time domain (FDTD), linear dispersive
materials, Lorentz, PLRC, recursive convolution, TRC.

1. INTRODUCTION

HE finite-difference time domain method (FDTD) [1],
[2] is a very popular numerical technique for solving

uations where materials with different dispersion mechanisms
need to be modelled. An inclusive ADE algorithm for modelling
Lorentz, Debye, and Drude media is presented in [23]. The al-
gorithm needs two additional variables to be stored per pole for
both Drude, Lorentz, Debye, and conductive term mechanisms.
A more efficient ADE inclusive algorithm which is based on
a complex-conjugate pole-residue method is presented in [22].

Fig. 4. Multi-Lorentz medium: Error between analytical and numerical reflec-
tion coefficients for TRC, PLRC, Complex-Conjugate (C-C) method, Current

Density method (CD), and Polarization Density method (PD).

Multi Debye, Drude and Lorentz materials and functionality that allows you
to fit using multiple Debye poles arbitrary complex permittivity data
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Diagonally anisotropic materials
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Automatic dielectric smoothing at Yee cell boundaries
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Soil or complex structure modelling: Stochastically distributed frequency
depended properties of soils based on the Peplinski model

Giannakish . YW + J««-°-AK-" W YW N FJ3 3 X«Mode$ny Franewoik wf@iount >XJé - o & * g
F X« X093 J0° «z >JTJ3 Z-IBEE 2o0rrallof Selecked Bopics M Npplied EarthwiDbservations and Remote p C
Sensing 9(1), 3751



Stochastic distribution of material properties, including rough surfaces, water
puddles and even blades of grass!
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Biomedical EM modelling

ZAxis ]

(b)

https:// itis.swisg/virtual - population/virtual -
population/overview/

https:// web.corral.tacc.utexas.edu / AustinManEMVoxeld AustinMan/ inde

x.html

Massey, J.,Geyik, C.,Techachainiran N., Hsu, C., Nguyen, R.l.atson, T., Ball, M. & Yilmaz, A. (2012), e( gzc
zAustinMan and AustinWoman: High fidelity, reproducible, and open-~ - A3 NX XK XN° 3 - a Jz«X° N /E- EXHK 2 p 7

in Proc. Bioelectromagnetics Soc. 34th Annual Meeting



https://web.corral.tacc.utexas.edu/AustinManEMVoxels/AustinMan/index.html
https://web.corral.tacc.utexas.edu/AustinManEMVoxels/AustinMan/index.html
https://web.corral.tacc.utexas.edu/AustinManEMVoxels/AustinMan/index.html
https://web.corral.tacc.utexas.edu/AustinManEMVoxels/AustinMan/index.html
https://web.corral.tacc.utexas.edu/AustinManEMVoxels/AustinMan/index.html
https://web.corral.tacc.utexas.edu/AustinManEMVoxels/AustinMan/index.html
https://web.corral.tacc.utexas.edu/AustinManEMVoxels/AustinMan/index.html
https://web.corral.tacc.utexas.edu/AustinManEMVoxels/AustinMan/index.html
https://web.corral.tacc.utexas.edu/AustinManEMVoxels/AustinMan/index.html

Simple example

Please look up the detailed documentation where
you can find examples!
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Transmission-Line
Feed:

Half -wavelength wire dipole antenna in free space £y 1)) <

Transmission
Line

#title: Wire antenna- half-wavelength dipole in freespace
#domain: 0.050 0.050 0.200

#dx_dy_dz: 0.001 0.001 0.001

#time_window: 60e9

#waveform:gaussianl 1e9mypulse

## 150mm length

#edge: 0.025 0.025 0.025 0.025 0.025 0.175 pec

## 1mm gap atentreof dipole

#edge: 0.025 0.025 0.100 0.025 0.025 0.1@k space

#geometry_view 0.020 0.020 0.020 0.030 0.030 0.180 0.001 0.001 Oaddnna_wire_dipole_fd
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Half-wavelength wire dipole antenna in free space
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Wire dipole antenna over a half -space

L=1m, r=6.74mm : V(t) _ ‘/06—92(75—1t0)27
h=0.5m g=15x 10’

to=1.43x 1077 ¢

Az = Ay = Az =10 mm
fo =337 MHz
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Modelling GPR transducers
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Commercial GPR antennas
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