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Abstract. In this paper, an acceleration technique is proposed to solve electromagnetic scattering and radiation
problems, which contain lossless anisotropic (Lossless-ANI) materials, based on the finite-difference time-
domain (FDTD) method. This technique provides a remarkable reduction in the simulation time of Lossless-
ANI electromagnetic problems. A microstrip patch antenna (MPA) with a Lossless-ANI substrate, and
electromagnetic scattering and radiation problems involved a Lossless-ANI scattering object are analyzed to
show the performance of the acceleration technique. Numerical results show that resonant frequencies of the
MPA, the bistatic radar cross section (RCS) of the scattering problem, and the directivity pattern of the radiation
problem are affected by the anisotropy.

Keywords: Electromagnetic scattering and radiation, finite-difference time-domain (FDTD) method,
anisotropic material.

Kayipsiz Esyonsiiz Elektromanyetik Sacilma ve Istma Problemlerini
Sonlu Farklar Zaman Uzayr Yontemini Kullanarak Hizhh Coziimler

Ozet. Bu makalede, sonlu farklar zaman uzay: (FDTD) yéntemine dayanan kayipsiz esyonsiiz materyeller
iceren elektromanyetik sagilma ve 1s1ma problemlerini ¢6zmek i¢in bir hizlandirma teknigi onerilmistir. Bu
teknik sayesinde kayipsiz esyonsiiz elektromanyetik problemlerin simulasyon siireleri 6nemli derecede
azalmaktadir. Hizlandirma tekniginin performansini gostermek igin kayipsiz esyonsiiz alttag tizerine mikroserit
anten ve kayipsiz esyonsiiz nesne igeren elektromanyetik sagilma ve 1sima problemlerinin analizi yapilmistir.
Sonug olarak, mikroserit antenin rezonans frekanslari, sagilma probleminin radar kesit alani ve 1sima
probleminin yonliilik oriintiisii esyonsiizliikten etkilenmektedir.

Anahtar Kelimeler: Elektromanyetik sagilma ve 1g1ma, sonlu farklar zaman uzay1 yontemi, esyonsiiz malzeme.

1. INTRODUCTION

Lossless anisotropic (Lossless-ANI) materials are materials whose permittivity and permeability are
functions of the vector direction of the electric and magnetic fields, respectively, whereas the permittivity
and permeability of the isotropic materials are the same in all directions. Directionally dependent
permittivity and permeability affect significantly the electromagnetic behavior of the materials because
the relationships between the electric field (E) and the electric flux density (D), and between the magnetic
field (H) and magnetic flux density (B) are nonlinear. This nonlinearity between the fields increases the
complexity of the formulation and the simulation time of the electromagnetic scattering and radiation

problems involved anisotropic materials.
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The finite difference time domain (FDTD) method is one of the most popular and useful numerical
methods for solving the electromagnetic scattering and radiation problems involving isotropic, dispersive,
and anisotropic materials. The lossy anisotropic algorithm based on the FDTD method was proposed in
[1-5] for solving the lossy anisotropic scattering and radiation problems. The lossless anisotropic
(Lossless-ANI) algorithm based on the FDTD method was first proposed in [6] for solving a microstrip
patch antenna (MPA) on a Lossless-ANI substrate with permittivity tensor, and then extended in [7] for
the Lossless-ANI materials with permittivity and permeability tensors. The FDTD method for solving
Lossless-ANI material requires large computer memory and long simulation time. Therefore, an
acceleration technique proposed here is applied to the MPA on a Lossless-ANI substrate, the Lossless-
ANI scattering, and radiation problems to reduce the required computer memory and simulation time.
This technique is based on dividing the problem domains into two sub-regions: one is free-space region,
and the other is the anisotropic region involved an anisotropic object. In the free-space region, the isotropic
formulation based on the FDTD method is performed, whereas the Lossless-ANI formulation based on
the FDTD method is applied to only anisotropic region instead of applying to the entire problem domain.
Therefore, this technique provides a significant reduction in the simulation time of the Lossless-ANI
scattering and radiation problems.

In this paper, details of the Lossless-ANI algorithm and acceleration technique are presented in Section
2. The Lossless-ANI scattering and radiation problems are analyzed to verify the performance of the
acceleration technique in Section 3. Numerical results are presented in Section 4.

2. LOSSLESS ANISOTROPIC ALGORITHM BASED ON FDTD METHOD

In this section, the formulation of the Lossless-ANI algorithm based on the FDTD method are presented
for the dielectric and magnetic anisotropic materials. In Lossless-ANI material, the D field is related to
the E fields by a permittivity tensor (£) and the B field is related to the H fields by a permeability tensor
(). These tensors have nine unique elements.

D, E, Exx  Exy Exz]|Ex B, H, Hxx  Hxy Hxz]|Hy
Dy =g Ey =g |Eyx  Eyy Syz] Ey and By =[ Hy = Ug !Myx Uyy  HUyz Hy 1)
D, E, €zx  €zy €zzI||E, B, H, Hzx Hzy Hzz||H,

The general form of Maxwell equations for Lossless-ANI material can be written the following set of four

equations [6-7]:
0B

E:—VXE
B=jiH = H=I[i]B
oD 2)
—=VXH
at

D=2 = E=I[Z"'D
where [£]71 and [f]~! are the inverse of the permittivity and permeability tensors, respectively, and
written as:

’ ’ ’ ’ ’ ’
Exx  Exy Exz HUxx Hxy Hxz
=—1 _ 1 |_r ’ ’ =11 _ 1 ’ ’ ’
[£]71 = - Eyx &y &z| and [f]7' = v Hyx Hyy HUyz 3)
S ’ ’ L ’ I
Ezx  Ezy  Ezz Uzx Hzy Hzz

where
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Ezx = Eyx€zy — EyyEzxs Ezy T Exy€zx — Exx€zyr €2z = Exx€yy — ExyEyx

.u;cx = UyyHzz — HyzHzy ﬂxy HxzHzy — UxyHzz M;cz = UxyHyz — HxzHyy )
.u;/x = HyzHzx — HyxHUzz, .uyy UxxMzz — HxzHzx » H&z = HxzHyx — HxxHyz
#éx = UyxHzy — HyyHUzx #zy Hxylzx — HxxHzy » .u;z = UxxMyy — HxyHyx
A, =g ( Exx€yy€zz + Exy€yzEzx + Exz€yx€zy )
—ExzE€yyEzx — ExyE€yx€zz — Exx€yz€zy (5)
A = ( HxxHyyHzz + HxylyzHzx + HxzMRyxHzy )
H “UxzUyyHzx — UxyHyxHlzz — UxxHyzUzy

The Lossless-ANI algorithm is based on updating the D, E, B, and H fields using four equations in (2).
These four equations are updated in order: beginning with E fields, then updating B fields from E fields.
Then H fields are updated from B fields after the convolution perfectly matched layers (CPML) is applied
to B fields. D fields are updated from H fields, then CPML is applied to D fields. Finally, E fields are
updated from D fields.

The updated E fields obtained from D fields in (2) are written in the following form at the time step n with
the proper discretized spatial coordinates:

n+1 _ &xx oy n+l gxy n+1 &xz 1y |n+1
ExliZos,ie = 4. DxliZosjne + 5D vl o5 T2, DeliZos sk (6.2)
n+1 4 =34 n+1 =34 n+1
— ny n+1 &y p Eyz 6.0
yli,j—O.S,k A, X1Lj-05k ta, Ag y|i,j—0.5,k t Ag y'i,j—o.s,k (6.b)
! ’ !
€ 1 y n+i Ezz n+1
E, M1 . =2p |V +-2D + 22 p, | 6.C
Z|L,],k—0.5 Ag |l] k—-0.5 yli,j,k—O.S Ag z1i,j,k—0.5 ( )

It can be noticed that the D,, and D, field components in (6.a) do not fit in the FDTD cells and an average
over four points surrounding the desired locations in the FDTD cells is calculated such that:

DI(i,j, k) = i[DJ’}(i +1,j+1L,k)+ D} +1,j,k) + DI, j + 1, k) + D} (i, j, k)] (7.2)

DP(i,j,k) = S0P + 1),k + 1) + DF (i + L,j,K) + DP(ij, k + 1) + DE(G,j, k)] (7.5)

Similarly, same modifications are made for D, and D, in (6.b), D, and D,, in (6.c).

The updated H fields obtained from B fields in (2) are written in the following form at the time step n with
the proper discretized spatial coordinates:
n+0.5

/
n+0.5 ﬂxx n+0.5 Hxy ﬂxz n+0.5
Hyli =05 k-0.5 = B elij—05k-05 T 5 yll] 05k—05 T B I5j=055,k-0.5 (8.2)
n+0.5 _ Hyx +0.5 /‘yy n+0.5 l‘yz n+0.5
B, |} + == B 5 8.b
yll 0.5,j,k—0.5 A Il 0.5,/,k—0.5 3’|l 0.5,j,k— 05 Il 0.5,j,k—0.5 ( )
!
n+0.5 Hzx n+0.5 n+0.5 llzz n+0.5
H, 120505k = 3 BxliZos,- 05k+ yll 05,j-05k T B 21i=05./-0.5k (8.c)
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With a similar approach, the B), and B, field components in (8.a) do not fit in the FDTD cells and an
average over four points surrounding the desired locations in the FDTD cells is calculated such that:

By (i k) = Z[BRG+ 1,5 + 1,k) + BRG + L,j, k) + B (i j + L k) + B (i, j, k)] (9.2)

BF(i,j,k) =Z[B(i+ 1,k + 1D+ B(i+1,j,k)+B/(,j,k+ 1)+ B;(i,j, k)] (9.b)

1
4
Similarly, same modifications are made for B, and B, in (8.b), B, and B,, in (8.c).

The tangential electric field (E;) should be set to zero on the surface of the PEC patch on the Lossless-
ANI substrate. Therefore, when a PEC plate is located at k = k, plane in Cartesian coordinates, the
electric fields E, and E,, on the PEC are being set through their coefficients in (6.a) and (6.b) equal to
zero as follows:

g)lcx(irj' kO) = g)’Cy(i'j' kO) = S;CZ(iJj' kO) =0 (10)
S:;,x(i,j, kO) = gjlzy(irj' kO) = S:),/Z(irj' kO) =0

3. ACCELERATION TECHNIQUE FOR LOSSLESS-ANI ALGORITHM

The Lossless-ANI algorithm is applied to the entire FDTD problem domain which consists of the
anisotropic material and free-space. It is realized that most of the simulation time is consumed by
analyzing the free-space using the Lossless-ANI algorithm. In this paper, we present an acceleration
technique that allows to analyze the anisotropic material using the Lossless-ANI algorithm and the free-
space using the isotropic FDTD formulation [9]. In this technique, the FDTD problem domain shown in
Figure 1 is considered to have two sub-regions: one is free-space region and the other is anisotropic region.
In the free-space region, the isotropic FDTD formulation is performed to update E and H fields, whereas,
in the anisotropic region, the Lossless-ANI algorithm is performed to update B, H, D, and E fields
sequentially. Then, these fields are used to update fields in the next FDTD time-step in the simulation.
This technique provides more than 50% reduction in the simulation time of the problems.

|y Anisotropic region

rd

Free-space region Entire problem

d domain

Figure 1. Configuration of the FDTD problem domain divided into the free-space and anisotropic regions.

4. NUMERICAL RESULTS

In this section, the performance of the Lossless-ANI algorithm with the acceleration technique is tested
for solving an MPA [10] on a Lossless-ANI substrate, and Lossless-ANI electromagnetic scattering and
radiation problems. In all simulations, a personal computer used in this work has Intel® Core™ i7-4790
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CPU and 8 GB DDR RAM. The program is written and compiled in 64-bit MATLAB version 8.2.0.701
(R2013b). The convolution perfectly matched layers (CPML) [8] are used here to truncate the FDTD
problem domain. The boundaries of the problems here are terminated by an 8 cells thickness CPML and
10 cells air gap is introduced between the objects in the problem and the CPML boundaries.

4.1. Electromagnetic Scattering from a Lossless-ANI Sphere

The bistatic RCS of a Lossless-ANI sphere is calculated to show the effect of the anisotropy and to verify
the efficiency of the Lossless-ANI algorithm with the acceleration technique. Figure 2 shows the Lossless-
ANI sphere illuminated by an z polarized plane wave traveling in the positive y-direction. A Gaussian
waveform is used as an incident plane wave. The diameter of the Lossless-ANI sphere is 20 cm. The cell
size of the problem space in each direction is 5 mm. The bistatic RCS of the sphere are calculated for the
three plane cuts (xy, xz, and yz) at 1 GHz. The simulation is performed for 2000 time steps.

H

Figure 2. Geometry of the Lossless-ANI sphere.

Three different simulations for the Lossless-ANI sphere are considered in this example. In the first

simulation, the material parameters of the Lossless-ANI sphere are given as follows:

3 09 0 2 06 0]
£§=¢,09 3 Oflandi=u,|06 2 0 (11)
0 0 3 L0 0 2l

In the second simulation, the material parameters of the Lossless-ANI sphere are given as follows:

3 0 09 [2 0 0.6]
E=¢|0 3 O]and g=p,|0 2 0 (12)
09 0 3 06 0 21

In the third simulation, the material parameters of these Lossless-ANI sphere are given as follows:

3 0 0 2 0 0
E=¢, [0 3 0.9] and @i =y, [o 2 0.6] (13)
0 09 3 0 06 2
The bistatic RCSs for the xy, xz, and yz plane cuts in Figure 3 obtained from the three simulations are
calculated at 1 GHz using the electromagnetic scattering fields from the Lossless-ANI sphere. These
results are compared with the RCS obtained from the isotropic sphere when the material parameters are
set to relative permitivity (,=3) and relative permeability (u,.=2). It can be seen from Figure 3 that the
direction of the anisotropy in the sphere effects the magnitude of the RCS. The simulation time of the
Lossless-ANI sphere with the acceleration technique is 5 min 43 s, whereas those without the acceleration
technique is 11 min 54 s. Therefore, the acceleration technique provides 52% reduction in the simulation
time.
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Figure 3. Bistatic RCSs for a) xy b) xz c) yz plane cuts.
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4.2. Electromagnetic Radiation from a Dipole Antenna in the Presence of a Lossless-ANI Sphere

Figure 4 shows the problem geometry which consists of two objects: a dipole antenna placed a distance 2
cm away from a Lossless-ANI sphere along the x-direction. The dimensions and material properties of
the sphere are the same as those of the Lossless-ANI sphere given in Figure 2. The length and radius of
the dipole antenna are 16 cm and 0.25 mm, respectively. The discrization of the problem is 2 mm in all
directions. The dipole antenna is excited by a voltage source with a Gaussian waveform. The single dipole
antenna is simulated to determine the operating resonance frequency in which the antenna radiates well.
The resonance frequency is 900 MHz and the input reflection coefficient (S11) of the single dipole antenna
is shown in Figure 5.

Dipﬂ]_e antenia LDES-].ESS-ANI
(16 cm) ) — sphere
Separation
2 cm
Figure 4. Geometry of a dipole antenna in the presence of a Lossless-ANI sphere.
0~ : :
p—
. \\
o -10 \ /
RS)
»' -15 /
-20 J
-25 ¢ - : . : : :
0. 0.6 0.7 0.8 0.9 1 11 1.2 13 14

Frequency (GHz)
Figure 5. Si1 of a single dipole antenna.

The simulation is performed for 4000 time steps. Three different simulations for this problem are
performed when the material parameters given in (11)-(13) are used for the Lossless-ANI sphere. Since
this is a radiation problem, the directivity patterns are calculated as far-field radiation patterns at 900
MHz. The directivity patterns for the three plane cuts are plotted in Figure 6 to show the direction effect
of the anisotropy in the sphere. These results are compared with the directivity patterns obtained from the
isotropic sphere when the material parameters are set to &,.=3 and w,=2. The simulation time of the
problem with the acceleration technique is 151 min, whereas those without the acceleration technique is
309 min 54 s. Therefore, the acceleration technique provides 51% reduction in the simulation time.
Furthermore, considerable reduction in the simulation time can be achieved especially with larger
separation between the dipole antenna and the sphere.
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4.3. Microstrip Patch Antenna with a Lossless-ANI Substrate

A microstrip patch antenna with a Lossless-ANI substrate, shown in Figure 7, is analyzed using the
Lossless-ANI algorithm with the acceleration technique. The cell size of the problem is dx=0.3891 mm,
dy=0.4 mm, and dz=0.1985 mm. The size of the rectangular patch is (31 dx)x(40 dy). The length and
width of feeding line are 30dy and 6dx, respectively. The MPA is excited by a voltage source with a
Gaussian waveform. The simulation is performed for 5000 time-steps.

In order to verify the result obtained using the Lossless-ANI algorithm in comparison with that obtained
using the isotropic FDTD formulation, the MPA with isotropic (¢,=2.2 and pu,.=1) substrate is solved. The
input reflection coefficients (S11) of the MPA, shown in Figure 8, show excellent agreement. The
operating resonant frequencies of the MPA are 7.68 GHz and 18.04 GHz.

0.785

. b \\ A

: /
RS
w -15 | Isotropic Substrate
I ---- Lossless-ANI Substrate
-20 |
-25 : :
25 5 75 10 125 15 175 20
Frequency (GH2)

Figure 8. Siu: of the MPA with the isotropic substrate obtained using the Lossless-ANI algorithm and the isotropic FDTD
formulation.

Two different simulations for the anisotropic substrate are performed. In the first simulation, the elements
of permittivity and permeability tensors for the anisotropic substrate are given as follows:

Exx = €1 COS20 + &, sin%0, &y, = €1, €, = & Sin*0 + &, cos*6
Exz = Ezx = (&1 — &2) SINO 050,85y = €5 = &y, = &5, =0 (14)

_ 2 2 _ _ 2 2

Hxx = M1 €OS“O + Uy SIN“0, Uy = Uq, fzz = Mg SIN“O + Uy cos°6

hxz = Hzx = (g — Hp) SinO €050, lyy = Uyx = Hyz = Hzy =0

where @ is the angle between the optical axis and the x-direction. In the second simulation, the elements
of permittivity and permeability tensors for the anisotropic substrate are given as follows:
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Exx = €1, Eyy = £1C0S°P + & sin’P, &,, = & sin’¢p + &, cos?¢
Eyy = &7y = (&1 — &) SING COSP, &3y = €y = Ex7 = €4z = 0
Ix = My, fyy = W1 COSPP + Uy SIN*P, 1y, = 1y SiN* + iy cos*
Hyz = Uzy = (11 — p2) sing cosg, Uxy = Hyx = Uxz = Hzx = 0
where ¢ is the angle between the optical axis and the y-direction. The Si: as a function of # and ¢ obtained
using the Lossless-ANI algorithm are shown in Figure 9 and Figure 10, respectively, when £,=2.35,
£,=2.05, u;=1.1, and u,=0.9 in (14) and (15). It can be observed from Figure 9 and Figure 10 that the
resonant frequencies of the MPA are affected by the anisotropy in the substrate. It can be observed from
Figure 9 that the lowest operating resonant frequency of the MPA is decreasing when the angle 9 is
increasing from zero to /2, whereas the highest operating resonant frequency of the MPA is increasing.
The resonant frequencies of the MPA are tabulated in Table 1 to show the effect of the angles (6 and ¢)
in the substrate. The simulation time of the MPA with the acceleration technique is 14 min 25 s, whereas
those without the acceleration technique is 30 min 38 s. This presented technique provides 53% reduction
in the simulation time.

(15)

Table 1. The operating resonant frequencies of the MPA versus the angles of § and ¢.
0 ¢
0 /4 /2 0 /4 /2
Lowest resonant frequency (GHz) 756 736 710 740 7.74 8.08
Highest resonant frequency (GHz) 17.80 18.10 1840 17.44 1690 16.38

Angle
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5 N AT ol NN
H \IFT Q % 7N,
=.‘r” v \V4 /Y
-10 + vEH\
g f Y
= .5 ) ¥
: ! \L
wn H
-20 6=0 i
------ 0=r/4 V'h:'
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Figure 9. S11 of the MPA as a function of 9 obtained using the Lossless-ANI algorithm.
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Figure 10. S11 of the MPA as a function of ¢ obtained using the Lossless-ANI algorithm.



5.

Kaburcuk / Cumhuriyet Sci. J., Vol.39-4 (2018) 1107-1118

CONCLUSION

In this paper, the performance of the acceleration technique integrated into the Lossless-ANI algorithm
based on the FDTD method is presented for solving the electromagnetic scattering and radiation problems
containing Lossless-ANI material. The acceleration technique provides remarkable reduction in the
computation time of configurations containing Lossless-ANI material. It can be realized from the
numerical results that the resonant frequencies of the MPA with the Lossless-ANI substrate, the bistatic
radar cross section (RCS) of the Lossless-ANI scattering problem, and the directivity pattern of the
Lossless-ANI radiation problem are affected by the direction of the anisotropy.
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