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A Novel Implementation of Berenger’s
PML for FDTD Applications

Funda AklemanStudent Member, IEEEaNd Levent Sevgi

Abstract— In this letter, a new implementation of the IIl. BERENGER'SPML AND ITS NOVEL IMPLEMENTATION

three-dimensional (3-D) perfectly matched layer (PML) in - , . e
finite-difference time-domain (FDTD) applications is introduced. The original Berenger's PML results in 12 split field equa-

This technique is based on doubling the cell dimensions in PML tions in 3-D, two of which are given below

region where extra averaging of electrical field components OH (Eyw + E,.)

are necessary at the edges and faces along the PML-FDTD po———t 4 0 H, = — Y YE (1)
interfaces. The presented numerical examples are for 3-D ot Oz

structures which exhibit complex wave phenomena. Significant O0H., . O(Eyy + Ey2)

improvement obtained after this implementation, especially at Ho It +oyH.y = T ()

lower frequencies, is demonstrated.

Index Terms—Absorbing boundary condition, finite-difference The condition for the reflectionless absorption is

time-domain method, perfectly matched layer. o,  of .
— = i= Y, % (3)
e B
. INTRODUCTION which is independent of angle of incidence or frequency.

PPLICATION of absorbing boundary conditionsThe reflection is a function oy x d (i.e., conductivity
(ABC’S) to simulate open regions has been one dfultiplied by PML depth). The depth of the PML region
the key issues in finite-difference time-domain (FDTD§i-€., humber of PML layers) may arbitrarily be chosen but
calculations. Recently, Berenger [1] introduced a nov8Pt the conductivity. Assigning a constant value domay
technique called perfectly matched layer (PML) which offergause strong reflections because of a sharp conductivity tran-
excellent absorbing performance in FDTD applications. fition at FDTD-PML interface. A well-accepted choice for
is based on covering the FDTD volume with a fictitiou§onductivity profile in PML region is [1]
region where directionally dependent pair of electric and P\
magnetic conductivities are introduced to absorb outgoing (p) :Umax(a) (4)
waves. Since then, various modifications have appearedv\mere
numerical applications. Among these are using unsplit PML
[2] or electric displacement instead of electric field [3], ™=
making improvements to absorb evanescent waves [4], [5], . .
and extending the technique to match dielectric on isotropic” o_rder of ;patlal pol)_/nomlal, .
media [6] and dispersive media [7]. Also, noncubic cell [8], ¥ _d|stance in PML r(_ag|or_1 frgm FDTD_PML mterfage.
modal [9], and modified [10] type PML techniques hav he spatial decay of the field inside PML region is mainly

maximum conductivity value;
entire PML depth;

appeared in the literature. controlled byo,,.x which may be chosen as
In this letter, the Berenger's PML is implemented to mini- (n+ ey 1
mize the memory and computational requirements as well as Tmax = 75 1 R (5)

to obtain better absorbing performance, especially at lower _ _ _ o
frequencies. Both Berenger's PML and its new implementfer a given theoretical value of reflection coefficief) at
tion presented here display the same robust characteristi@mal incidence. For this exponential conductivity profile,
Therefore, detailed parameter tests and optimization are fig#t, the numberr) of PML layers (i.e., the PML cell size,
included. Instead, numerical examples are chosen for thréeewr.) and the reflection coefficient are chosen. Theg,..
dimensional (3-D) complex structures and the results dif®m (5) ando;(i = 1,2,---,m) from (4) are determined
compared for broad range of frequencies. where continuous distribution af(p) is staircased based on
m. Whatever the conductivity profile in PML region, the sizes
of PML and FDTD cells are same in all applications.

_ _ The performance of PML with exponential conductivity
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- Fig. 2. Unwanted reflections in the simulation of a thin-wire dipdl¢X at
60 GHz) in free space.
(©) CY
Fig. 1. FDTD-PML interface and field locations (right: FDTD; left: PML). —-20
(a) Equally separated magnetic fields (circles) which are used to calculate the 7
electric fields (squares) at the interface. (b) Two magnetic fields are no longer /2 .
equidistant when the PML layer size is doubled in theirection. (c) Two =, —40
inner magnetic fields are averaged to make an equidistant pair to the magnetic ,:: ,
field in the PML region. (d) The pair of magnetic fields which are used to o —60j
calculate the electric field at the interface. = ]
o ]
. . . . & —-80—
In Fig. 1, the FDTD-PML interface is shown in ary plane 3 ]
for any z = constant, together with the locations of field 100
. . . . . s T T T T [ T T 1T 1 T T 1
components. The thick line is the interface which separates the 0 2[5 5[0 7[5 100
FDTD region from the PML. As shown in Fig. 1(a), the two Frequency [GHz]

e.qmd|stant-magnet|c ﬂ_elds are used to C_a'c‘,“""_te the e,'eCtrEl& 3. Unwanted reflections near= Z,.x under the strip where dominant
field at the interface. Since the PML cell sizeyrdirection iS energy propagation occurs (near the longitudinal PML region).
doubled, the two magnetic fields on both sides of the interface

are no longer equally separated [see Fig. 1(b)]. To overcome _20
this, the two magnetic fields nearest the interface in the FDTD
region are first averaged [see Fig. 1(c)] and then the electric
fields at the interface is calculated from the magnetic fields,
as shown in Fig. 1(d). Since almost no propagation occurs
toward the PML—PML interfaces, the same procedure at these
interfaces are not taken into account.

Reflection [dB]

As indicated in the literature, the performance strongly 80: o g‘é?:é}
depends on the parameterg.x, n, Apnyr, andm. In the 2100 S
following examples, numerical tests are carried out for various 0 25 50 w5 100
set of Apyr, andm values. It should be mentioned that extra Frequency [GHz]

_performance_ improvements m_both_our and Berenger's P 4. Unwanted reflections near— .. at the side PML walls of the
implementations shall be obtained if the parameters (such@§ostrip where weak energy leakage occurs.
omax andn) are optimized.

As clearly seen in this figure, doubling the PML cell size
IIl. NUMERICAL EXAMPLES results in an average of 15-20-dB increase in performances in
Three different structures are simulated within FDTD volthis electromagnetic radiation problem. The same calculation
ume [11] to show the effectiveness of novel PML techniqué repeated for multiwire antenna systems, and the effects
For all these examples maximum conductivity and order of directivity onto PML absorbtion are tested. It is observed
spatial polynomial are taken as,.. = 10 [S/m] (i.e., thatthe PML performances for both implementations increase
R = 5.0e — 3) andn = 2, respectively. First, a thin wire since most of the energy propagate toward the PML walls.
antenna, fed by a (first derivative of a Gaussian) pulse, isSecond, a simple microstrip line is taken into account
located within FDTD volume of 50x 50 x 50 cells with which needs special care [12] and exhibits complex wave
Az = Ay = Az = 0.125 mm. The length of the antennaphenomenna. The microstrip line is located along thaxis
isl = 20Az (I = A\/2 at 60 GHz) and is located along (x is the transverse distance apds the height) and is excited
axis. The FDTD volume is enclosed by an eight-cell PMwith a Gaussian pulse. A 44 20 x 60 FDTD space is
region, and frequency variation of unwanted reflections feahosen withAz = Ay = Az = 0.125 mm cubic cell
both implementations are plotted in Fig. 2. The legelRds-n  sizes. The width and height of the strip are 1 and 0.5 mm,
andBer-n (n is an integer) in this and the rest of the figuresespectively, and:,. = 4 for the dielectric substrate. The
stand for our and Berengeriscell PML results, respectively. frequency variation of the unwanted reflections during the
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Fig. 5. Unwanted reflections near the FDTD—PML interface along the re(ﬁ—

angular X -band waveguide.
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Fig. 6 belongs to the same waveguide test but for a different
excitation. A Gaussian pulse (with 5-GHz bandwidth) is
modulated by af, = 10 GHz carrier (i.e., a sine wave), and
the reflection coefficient is calculated for the dominant mode
propagation case. More stable frequency variation of unwanted
reflections for both cases is obtained for this band-limited
excitation in propagation region. Again, better performance
is obtained with the new implementation presented here.

IV. CONCLUSION

In this letter, a novel implementation of Berenger's PML
as been presented. The Berenger's PML performance may be
obtained with a fewer number of PML layers, which means
a substantial decrease in both memory and computation time
requirements. A serious disadvantage of this implementation
is the numerical dispersion effects. Since the cell size of PML
is larger than FDTD, one should take the PML cell sizes into
account for numerical dispersion. Further improvements may
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Fig. 6. Unwanted reflections near the FDTD—PML interface along the rect-
angular X -band waveguide for a band-limited propagation.

Frequency [GHz]

[3]

pulse propagation is given in Figs. 3 and 4, for transverse a
longitudinal-to-strip FDTD—-PML interfaces, respectively. In
Fig. 3, an average of40-dB reflections occur for Berenger’'s 5]
PML, but up to 30-dB improvements are obtained with the
new implementation for longitudinal propagation. Similarly,
better performance is obtained at the FDTD-PML interfac%]
for the transverse energy leakage as shown in Fig. 4.

Finally, unwanted reflections are analyzed inside a rect-
angular waveguide [9]. AnX-band waveguide is terminated -,
with six-cell PML layers on both sides and the propagation Ol;
the dominant mode is simulated which has a Gaussian pulse
time behavior (with 40-GHz bandwidth). The cross sectio
of the waveguide is chosen as 46 20. The length of the
waveguide is chosen as 210 and 650 for total and incidefl
wave observations, respectively. FDTD space is chosen with
Ax = Ay = Az = 0.5 mm cubic cell sizes [9]. The frequency[10]
variation of unwanted reflections near FDTD—PML interface is
given in Fig. 5. Again, better performance obtained in this cagg)
is clearly seen in the figure. As mentioned in [9], inefficienc
of PML layers to absorb evanescent waves cause oscillat
behavior in time domain, which means one should be carefull
when applying Fourier transforms. Here, windowing followed3]
by zero-padding is applied to the time variations in order to
obtain the necessary frequency resolution as well as to get
rid of the aliasing effects. The better performance obtained
with the new implementation, especially at the Iow-frequené;lld']
region, is shown in this figure. The last example shown in

4 be obtained if the depth of each PML layer is optimized to
cause maximum absorbtion [13], [14].
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