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A Frequency-Domain Near-Field-to-Far-Field
Transform for Planar Layered Media

Ilker R. Capoglu, Member, IEEE, Allen Taflove, Fellow, [EEE, and Vadim Backman

Abstract—We report a frequency-domain near-field-to-far-field
transform (NFFFT) for the numerical modeling of radiation and
scattering in planar multilayered spaces. Although the results are
equivalent to those of Demarest et al. (1996), the formulation is
more compact, more stable, and applicable to observation angles
in the lower half space. Furthermore, the results are presented
in a vector-potential formalism that is more easily adaptable to
existing free-space implementations. The NFFFT algorithm can be
used in any differential-equation-based finite numerical method,
including but not limited to the finite-difference time-domain
(FDTD) method and the finite-element method (FEM).

Index Terms—FDTD methods, finite difference methods, finite
element methods, near-field far-field transformation.

I. INTRODUCTION

EAR-FIELD-TO-FAR-FIELD transforms (NFFFTs) in-
N volve the formulation of the radiated far field (or Fraun-
hofer field) in terms of near fields obtained via some finite nu-
merical method. A free-space frequency-domain near-field-to-
far-field transform (NFFFT) was developed for the finite-differ-
ence time-domain (FDTD) method by Umashankar and Taflove
[1]-[3]. This NFFFT algorithm was later generalized to mul-
tilayered spaces in [4]. In [5] and [6], a direct time-domain
NFFFT algorithm was introduced for the FDTD analysis of
three-layered media using a transmission-line (TL) analogy. In
this paper, we describe the frequency domain generalization and
extension of this TL-based approach to general (possibly lossy)
layered media. The resulting NFFFT algorithm can be used in
conjunction with any finite-difference numerical scheme, in-
cluding the FDTD and finite-element (FEM) methods. The re-
sults are equivalent to those in [4], with the following additions
and improvements:

(a) The results are bounded and numerically stable for arbi-
trarily-large electrical conductivities within the layering
structure. This is achieved by putting the recursive rela-
tions in a coordinate-independent form that is free of ex-
ponentially-increasing terms.
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(b) The far field is expressed in a uniform manner that is valid
for an arbitrary observation angle, whether it falls within
the upper or lower half space.

(c) A clear connection is maintained with the traditional
vector-potential integral formulation. This helps the
generalization of existing free-space NFFFT imple-
mentations which are usually formulated in terms of
vector-potentials. The software implementer does not
need to change the formulation of the radiated field
based on the vector potentials A, F' [see (3)—(4)], which
is common in existing free-space NFFFTs. The only
component of the software that needs to be updated is the
one that calculates the vector potentials A, F' using the
scalar transmission-line Green’s functions pertinent to the
specific layering structure. The NFFFT is thus split into
two independent modules, rendering it more amenable to
modularization and code reuse.

Explicit formulas are given for up to three layers in

closed form. From a software-implementation perspec-

tive, a closed-form solution for a restricted geometry is

a convenient starting point before attempting a full gen-

eralization to the most complete and complex solution.

After implementing and validating the simpler three-layer

NFFFT, the implementer is equipped with considerable

experience for a more general NFFFT implementation. In

the debugging stage, a lot of errors in the general NFFFT
can be caught by checking it against the (already tested)
three-layer NFFFT in a three-layered geometry.

The rest of the paper is organized as follows. In Section II,
the theoretical formulation of the NFFFT is explained. A recur-
sive algorithm is described for general layered media, and ex-
plicit formulas are noted for the special case of three or fewer
layers. In Section I1I, a validation study is presented to confirm
the accuracy of the method. In Section IV, an FDTD software
package featuring the NFFFT in this paper is briefly introduced.
Section V concludes the paper with a summary.

(d)

II. THEORY

The geometry of the problem is shown in Fig. 1 [7]. The
scattering or radiating structure A in Fig. 1(a) is embedded
in a planar N-layered medium, with relative permittivities
€ro - - - Ern_,» Telative permeabilities fiy, ... ptry_,, and elec-
trical conductivities og ...on 1 from top to bottom. For the
phasor analysis to be valid, the materials that make up the
structure A and the layer materials have to be linear. The half
space (upper or lower) containing the direction of observation
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Fig. 1.

is assumed to be lossless. In other words, if the observa-
tion direction is in the upper half space, o9 = 0; otherwise,
on-1 = 0. The z axis of the Cartesian coordinates is aligned
with the direction of stratification, and the z coordinates of
the N — 1 layer interfaces from top to bottom are denoted as
20,81, 2N_-2.

A separate formulation for a NFFFT is rarely necessary for
integral-equation-based numerical method such as the method
of moments (MoM) because the Green’s functions pertaining to
the layered medium are already available. We therefore assume
that a differential-equation-based finite method is employed,
and the structure A within the solution space is enclosed by a
closed NFFFT surface S as shown in Fig. 1(a). The dimensions
and positioning of the NFFFT surface are arbitrary, as long as
the surface contains the structure A. If the finite solution method
operates directly in time-domain (e.g., FDTD), the time-depen-
dent tangential electric and magnetic field components £:(¢),
H:(t) on S are converted to phasor values E;, H; at frequency
w using on-the-fly discrete Fourier transform [3], [8]:

E, 13
{m}‘%

1
N
n=0

where Af is the time step and NV is the number of FDTD itera-
tions. The true weight of the desired frequency component in the
frequency spectrum of the waveform is obtained by applying the
extra 1/2x prefactor to the summation representing the Fourier
transform. The sign of the complex exponent in (1) follows from
the electrical engineering convention exp{jwt) for the harmonic
time dependence of every field and source variable. Using the
surface-equivalence principle [9], these tangential phasor field
components are replaced by equivalent surface currents M, J;
radiating in the layered space without A as shown in Fig. 1(b).
The equivalent surface currents are given by

Mt:EtX’fl./ .]t:ﬁXHt (2)
in which # is the outward normal shown in Fig. 1(a). If the solu-
tion method operates directly in frequency-domain (e.g., FEM),
then the equivalent surface currents M;, J; are already avail-
able in phasor form.

Cross section of the radiation/scattering geometry in a planar layered medium. (a) The original geometry. (b) The equivalent geometry with surface currents.

A. Dyadic Green's Functions for the Vector Potentials

Let the spherical coordinates (r, 8, ¢) be centered around the
origin, and the angle variables # and ¢ denote the longitudinal
angle with respect to z and the azimuthal angle in the zy plane,
respectively. The # and ¢ components of radiated electric field
at the observation direction specified by the angles (#, ¢) can be
directly obtained from the vector potentials A, F' as follows [9]:

3
“

in which 7° = +/(u2p10)/(€%€0) is the wave impedance of the
observation half space (index 0 or N — 1), and €, 2 are the
relative permittivity and permeability in the same half space,
respectively. In the radiated-field zone, the vector potentials can

be written as
“f[ &N e

_€ege J" " = o A JKOTP
F=- G (6, ¢y 2’ )-Mi(r')ed ds’ (6)
4 rJJs

in which primed coordinates denote the positions on the sur-
face S, 7 is the unit vector in the direction of observation, £° =
w(epleopn)t/? is the wavenumber in the same direction, p’ is
the lateral position vector 2’z + '3, and dS’ is the differen-
tial area element. The functions G~ and G i are the asymp-
totic (r — oo) forms of the dyadic Green's functions pertaining
to the specific layered geometry. The (-) operator denotes the
dyadic-vector dot product, which produces a vector from an-
other vector. The axial coordinate 2’ does not appear in the

phase term in (5)—(6), since the effect of 2” on the far field i 1sF 613\21—
tirely absorbed in the dyadic Green’s functions G and G

For free space, a quchk comparlson with well-known expres-
and G

L
Ej =
L
B =

— jwAp — jwn’Fy
— JwAgs + jwn’Fy |

N g e~ I*

Jo(r)e TP ds’ (5)

sions reveal_§ that G
tity dyadic I:

=AJ =FM =
G =G =Texp(jk°z cosf).

are proportional to the iden-

Q)

The integrals (5)—(6) with (7) form the basis of the well-known
free-space NFFFT [3]. Solving for the vector potentials in gen-
eral layered media requires much more effort. Our approach is
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based on expressing the radiated field in an entirely different
form and comparing the results with (3)—(4). In Appendix A, the
radiated field in the upper and lower half spaces is expressed in
terms of one-dimensional scalar transmission-line Green's func-
tions [10], [11] by constructing an analogy between Maxwell’s
equations simplified by planar invariance and transmission-line
voltage/current equations. The interested reader is referred to
[7] for a more detailed discussion. The necessary information
for expressing the vector potentials A, F' in terms of the cur-
rents J:, M is contained in Appendix A, (47), (49), (61), and
(62). By comparlson of these e%uatlons with (3)—(6), the dyadic

Green’s functions G and G are found to be
— AJ V f(’ O
G {0$—c05¢+0y—bm(/) 9zV —'51119
ET’
- Vh ~ Vb
+ cosd [qﬁ—’h sin ¢ + ¢y —— cos qb] } (8)
n Ui

=FM ~ N N Vh ’ol )
G =4 {cos 6 [0:3:VJL cos 404V sin p— 03 ;i /l—/’ sin 6]
:r} 1 lt

r

— ¢z “sin ¢ + qﬁyVP cOS (;5} 9)

Here, €, = €, — jo, /(weg) and p1). = pi,., denote the complex
relative permittivity and the relative permeability at the source
point in the n'" layer. The positive and negative signs in front
of the curly braces correspond to observation directions in the
upper and lower half spaces, respectively. The scalar functions
VP(z"), VP (') are related in a trivial manner to the transmis-
sion-line voltage/voltage and voltage/current Green s functions
7 P(z|2"), 7 P(z]2") (see Appendix A):

V0 =27 7 (gl e et (10)
As explained in Appendix A, 7 2(£|z') and 7 T(€|2’) are the
voltage responses at z = & to an excitation at z = 2z’ in the
form of an impulsive voltage and current, respectively. Here, &
is an arbitrary z position that is above (or below, for an obser-
vation direction in the lower half space) all the radiators, scat-
terers, sources, and layer interfaces. It is a temporary value that
will be seen to eventually drop out of the equations. The & de-
pendence of VP(z'), VF(z') is omitted from the notation for
brevity. We will refer to V7(2’) and V(2') as the transmis-
sion-line voltage and current responses, respectively. The pa-
rameters V?(z"), V7 (2') are the only part of the formulation
that depends on the specific layering. In the following, we de-
scribe a straightforward method for computing these functions
for an arbitrary stratification.

B. Calculation of the Voltage and Current Responses

From a theoretical standpoint, it turns out to be more conve-
nient to calculate the response inside the layers of a transmission
line to an excitation away from all the layer interfaces, rather
than the converse implied in (10). The former is strictly anal-
ogous to plane-wave incidence on a planar layered medium; a
subject that has been documented thoroughly in the literature
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[12]. Using the reciprocity properties of the transmission-line
equations [10], the observation and excitation coordinates can
be exchanged as follows:

e = 7
/e = -7 ).

The Green’s functions on the right side now represent the re-
sponses at the source point z’ to a impulsive voltage or current
at the auxiliary position z = £ away from all the sources and
layer interfaces. The voltage functions in (10) can therefore be
written as

(11)
(12)

VI =271

K3

VP(Z) = —277(2|¢) edk"Ecose

v

) ejk“{ cos 6

(13)
(14)

From here on, we will omit the polarization superscript p, be-
cause the formulas are exactly the same for the two polariza-
tions e and / except the definitions of ® and " [see (59)]. The
common equations for both polarizations will be presented, with
the implicit assumption that the calculation should be done for
the TM (e) and TE (h) polarizations separately.

Since (13)—(14) are in the form of voltage and current waves
traveling on a transmission line, we can assume that in the n'!
layer (see Fig. 1), they are a sum of upward and downward prop-
agating waves:

Vi () — Ve i =) L i (=) (15)
+ -
Vo () = — Yin gmitate' =) 4 Vi it (—20)
" n'n/ 777L
(n=0...N—1), (16)

where the upward and downward propagating waves are marked
by the superscripts (+) and (— ), respectively. Although the in-
terface coordinates z_; and zx_1 do not exist, they cancel out
in the final equations, so their values can be chosen arbitrarily
(for example, z_1 = zp and 2y _1 = zx_2). They are included
in the formulation to preserve uniformity in the notation. The
propagation constant 3,, and the intrinsic impedance 7),, in the
n*? layer are given by (58) and (59) with (53). As argued in the
discussion following (59), the correct root for the propagation
constants /,, is the one with a negative imaginary component;
for the exponential term would otherwise grow unphysically
without bound in a lossy layer (¢,, # 0) or in the total internal-
reflection (TIR) regime (R{e, pi! } < €2u?sin® #). With this
choice for f3,,, the amplitudes of the exponentials in (15)—(16)
always remain smaller than unity, since z,, < 2/ < 2,_1 in
the n*? layer. This will lead to a numerically stable algorithm
for V{J,;,U}” s V{'—i;v} that avoids floating-point overflows even for
the lossiest layers.

As a first step toward a recursive relation for V;* , Vi, we
introduce the total-wave impedance Z,, at the 1nterfaces of the
transmission line, defined as the ratio of the total voltage and
the total current at z = z,,:

Zy = ;((ZE)) n=0...(N-2). 17
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Eavluating the above expression in both sides of the interface
and using the continuity of the voltage and the current, the fol-
lowing recursive relations are obtained for Z,, [12], [13]:

Zn - jnn tan(ﬂndn)

N — 720 tan(Bndy,)’
Z’rL—l +j7}n tan(ﬂn d'n)
" Tn +jZn71 tan(/ﬁn dn)

L1 =" n=N-—-3...0 (18)

Zp=mn . n=1...N-2, (19)

where d, = z,_1 — % is the (always positive) thickness of
the n*! layer. The upward recursion in (18) is useful when the
observation direction is in the upper half space; in which case
the recursion is initiated at the lowermost interface (z = zx_32)
with
Zn_2=-1Mn_1- (20)
This is because there are only downward-propagating waves in
the lowermost layer. If the observation direction is in the lower
half space, the downward recursion (19) should be used with the
following initial value at the uppermost interface (z = zp):
Zy =10 . (21)
As the second step, we derive a relationship between the coeffi-
cients VZ+ ,V; ofthe upward and downward propagating waves
in terms of the total-wave impedance. Substituting (13)—(16)
into (17) and evaluating at z,, and z,, 1, we obtain, respectively,

Z7l. g
Vi, = Vi 7M ¢ It (22)
n— n g
vf__Vfg__L_ﬂ_ejadm (23)

tn tn Zn,fl + TIn )

Finally, the continuity of the voltage wave (15) at the interface
2z = z,_1 dictates that

Vtit,l + ‘/;_:716*3',3”,71(1”,71 — Vv;:@ijﬂ”‘d”’ 4 V'L: ) (24)
A downward recursion for V; " is obtained (after considerable
algebra) by substituting (22) into (24), and expressing Z,, in
terms of Z,,_; using (19):

— — Z’n—l — n —3Bn_1dn_1

T =V, "I Pn—1dn—1 25
i = Vi ¢ 25)
Similarly, an upward recursion is obtained for V: by substi-
tuting (23) into (24), and expressing Z,,_o in terms of Z,, 1
using (18):

+ Zn_1+ Th—1 efj’ﬂﬂdn

vVt =V
! anl + Tn

(26)

The downward recursion (25) is useful if the observation direc-
tion is in the upper half space; in which case, V; = is fixed by
the transmission-line excitation at z = . It follows from the
transmission-line (54)—(55) and symmetry considerations that
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an impulsive current at z = £ creates two voltage waves of am-
plitude n? /2 traveling in opposite directions. Therefore, from
(15) we can write the following:

Vo et —2o1) — 9 <@6*Jﬂ0(f*z/)) pik€ cos 0 7

iy 9
which, since 3y = k° cos 8 in the upper half space, simplifies to

Vi =moelrr (28)

Using this as the starting point, V; ~ in each layer can be calcu-
lated recursively using (25). If the observation direction is in the
lower half space, the upward recursion (26) for V7+ should be
used. It is initialized by Vif_l , which satisfies '

vt e—IiﬁNfl(z'—z,rvfﬂ :2(7}]\771 e-]ﬂwfl(/?/—ﬁ)) €jk0£ cos 8
IN—1 2
(29)
Since S _1 = —k” cos 8 in the lower half space, this amounts
to
Vij;,l =nN_1 e ifN—1EN 1 (30)

The fictitious layer interface positions z_; and zx_1 in (28) and
(30) are canceled out by the fictitious thicknesses dg and dny_1
in the recursions (25)—(26). Their exact values are, therefore,
completely arbitrary.

Some of the above formulation bears resemblance to previous
results in the literature [4], [13]; although our presentation is
more concise (for example, compare (25) with its counterpart
[4, (18a)]), numerically more stable, and applicable to any ob-
servation angle. The reason behind the numerical stability of our
method is that the exponential terms are always bounded in all
of the recursive relations, regardless of the conductivities in the
layers. In all the recursive relations, the exponentials are in the
form exp(—j3,.d,) where d,, is a positive real number and the
imaginary part of 3, is zero or negative.

If the far field with respect to a given origin is known, the
far field with respect to another origin follows trivially. If the
new and old origins are at (x4, y1, z1) and (¢, Yo, 20), respec-
tively, the far field amplitude £’ with respect to the new origin
is simply a phase-shifted version of the far field amplitude £
with respect to the old origin;

E' = Ecxp[—jk°((z1 — mo) cos ¢sin @
+(y1 —yo)singsinb + (21 — zg)cose)]. 31

C. Explicit Formulas for Three Layers

For up to three layers, compact closed-form expressions for
V.(z') and V;(z') can be found by explicitly carrying out the re-
cursions in the previous subsection. If the observation direction
is in the upper half space (¢ = €,,),

T01F12Tloe*j(ﬁoz'-ﬂ—Zﬁldl)
1- Florlgeszﬂlfh
(32)

Vi (2') =897 _T; e 7902

vg
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TABLE 1
(2, y, z) POSITIONS OF THE HERTZIAN DIPOLES USED AS EXCITATION
IN THE EXAMPLE PROBLEM (UNITS IN MM).

x-directed y-directed z-directed
(19.95,19,—-47.5) | (0,0.95,—47.5) | (—19,—19, —46.55)
(19.95,19,0) (0,0.95,0) (—19,—19,0.95)
(19.95,19,47.5) (0,0.95,47.5) (—19, —19, 48.45)

(it T et (2di+s)
1 =Tl 720d

’1‘21’1“106‘7‘(»’32(Z’-i-dl)—gldl)
sz (Z,) = ,—32831d
1 —Tplyge 32514

Vo, (") =T (33)

(34

If the observation direction is in the lower half space (¢ = «¢,.,),

’r(]l’rue*]—(ﬁozq‘ﬁldl*,‘32(11)

no_
Vi (2') = [ Toalie 720 35)
TIQe—j(ﬂldl—SZdl) y 7 e
"N —j§B12 Bz
V, () = — TS e [e =T el } (36)
Vi (') = — e it 4 F218j52(z/+2d1)

To1 D1\ pped (B2 +2d1) —012d1)

1 —Tyol1pe 720y

(37

In the above, the reflection and transmission coefficients I';,,,,,
T,.n are defined as follows:

_ Tm — Tn
— T

Pmn = ’rmn -1
Mm. + Mn

n=20,1,2. (38)
The current responses V; (z’) can be obtained trivially from
Vi, (2') using the relations (15)-(16). The downward-prop-
agating parts of V, (2') with exp(j/3z) dependence are
multiplied by #,,, whereas the upward-propagating parts with
exp(—7j5z) dependence are multiplied by — 1, .

For free space (v, = €r, = €ryy fhry = My = fhry)s
Ve(z') and V/'(2') reduce to exp(jk°z’ cost), VE(2') re-
duces to 7°exp(jk°z cosf)cosd, and VI"(z') reduces to
nh exp(jk°z cos #)/ cos #. Substituting these into (8)—~(9), it is
easily found that these dyadics both reduce to (7), leading to
the well-known free-space formulation [3].

III. NUMERICAL RESULTS

In this section, we will demonstrate the accuracy of the NFFFT
algorithm in the previous section by comparing the numerical
results obtained using a finite-difference time-domain (FDTD)
implementation with theoretical values. An 8-layered space is
considered for our example, with layer thicknesses d; = dy =
1.9 cm. The relative permittivities, relative per-
meabilities and the electrical conductivities are varied linearly
frome,, = 1.3 — ¢, = 1.5, ppy = 1.1 — pp, = 1.3,
ando; = 0.1 S/m — o, = 0.35 S/m. The upper and lower
half spaces are assumed lossless: 0o = o,. = 0. The origin is
placed at the uppermost surface of the layering structure. A total
of 9 infinitesimal Hertzian dipoles are placed in the FDTD grid at
the positions with respect to the origin indicated in Table I. The

- = dg =
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Hertzian dipoles are modeled in the FDTD method by a single
current element on the edge of a grid cell. Each dipole represents
a current distribution of the form

J(r) =ap(t)o(x — x0)6(y — yo)d(z — 20) (39)

where a is either &, §, or Z, §(-) is the Dirac delta function, and
the dipole moment p(#) is a sine-modulated Gaussian waveform:

p(t) = SiIl(27Tf()t)€7t2/2T2 (40)

with fo = 6 GHz and 7 = 0.242 ns. The power in the corre-
sponding temporal spectrum (w > 0)

o) = gy [Tt 2eson

falls to —40 dB of'its maximum at4 GHz and 8 GHz. The theoret-
ical far field created by the dipoles can be found using the formu-
lation in the previous section. For example, the radiated electric
field ofatime-harmonic z-directed Hertzian dipole of current mo-
ment p(w) placed at (0, 0, zg) is, from (3), (5) and (8),

(41)

o —jkr o
By = joo 'L )V, (20) = sin 6
T €ro

(42)

inwhiche? istherelative permittivity ofthe observation halfspace
and VS (z)isgivenby (16). The parameters of the FDTD simula-
tion arethe following: grid dimensions 15.2cm X 15.2cm x 15.2
cm, grid spacing Az = Ay = Az = A = 1.9 mm, time step
At = (0.98/v/3)A/c. The computational grid is truncated by
10-cell thick convolution perfectly matched layer (CPML) [14].
The constitutive parameters € and y are interpolated at the planar
interfaces to preserve second-order accuracy [15]. The scattered
field is collected on a rectangular NFFFT surface 3 cells away
from the PML, and transformed to the far field using the NFFFT
described in Section II. For better accuracy, two NFFFT surfaces
are used for J; and M, [16], and the wavenumber £° is disper-
sion-corrected using the exact dispersion relation in the observa-
tion half'space [3]. All far field amplitudes are normalized by the

factor
{‘J\/g re (R (43)

which is the broadside amplitude of the far field created by a
dipole with time-harmonic current moment (41) in free space. In
Fig. 2(a), the real and imaginary parts of both the # and ¢ com-
ponents of the electric field at # = ¢ = 45° are compared with
theoretical results for 100 equally-spaced frequencies between 4
GHz and 8 GHz. The solid and dashed lines represent the FDTD
results, while the dot and cross marks denote theoretical values.
In Fig. 2(b), the § and ¢ components of the phasor electric field
at f = 6 GHz on the ¢ = 45° plane is shown on a Cartesian plot
at 240 equally-spaced ¢ values between 0 and 27 (end points in-
cluded). The angles § = 7 /2 and § = 37 /2 are deliberately not
included in this range, since there are singularities in the formulas
at these angles. However, the formulas remain stable for angles
arbitrarily close to# = 7 /2 and# = 37 /2. InFig. 2(c), the § and
¢ components of the phasor electric field at f = 6 GHz on the
cone# = 135° is shown in a Cartesian plot at 120 equally-spaced
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Fig. 2. Comparison of phasor far-field amplitudes obtained using FDTD with theoretical values for a total of 9 Hertzian dipoles radiating in an 8-layered medium.
The positions of the dipoles are given in Table I. (a) Frequency spectra of £ (top) and E (bottom) at # = ¢ = 45°. (b) Cartesian plot of £y (top) and E
(bottom) with respect to #/7 on the ¢ = 45° plane at f = 6 GHz. (c) Cartesian plot of Ey (top) and E, (bottom) with respect to ¢ at@ = 135° and f = 6 GHz.
The legend in (a) applies to all subfigures.

¢ values between 0 and 27 (end points included). The maximum APPENDIX
root-mean-square error in all the plots in Fig. 2 is 1%. RADIATED ELECTRIC FIELD IN TERMS OF THE
TRANSMISSION-LINE GREEN’S FUNCTIONS

If the electric-field distribution on an infinite planar surface
is known and the region above the planar surface is homoge-

A general-purpose finite-difference time-domain (FDTD) neous, then the electric field above the planar surface is also
software package is being developed by the Biophotonics Group  known [17]. The same principle applies to the electric field in
in the Biomedical Engineering Department of Northwestern the lower half space, if it is known on a plane situated below
University. The software is developed as part of National Insti-  all the sources. We will now make use of these facts to derive
tutes of Health (NTH) grants ROIEB003682 and ROICA 128641, the radiated electric field in the uppermost and lowermost re-
and will be made freely available to the public in open source. It ~ gions of the multilayered structure shown in Fig. 1. The relative
features a full implementation of the NFFFT algorithm described ~ permittivity and permeability in the observation region will be
in this paper, as well as other auxiliary methods pertaining to lay- ~ denoted by €7 and p7, respectively. In the notation of Fig. 1(a),
ered media that are not currently available in commercial FDTD  these are €, ji,,, if the observation direction is in the upper half
packages. Interested readers can contact capoglu@ieee.org to  Space, and €, _,, fir5_, otherwise.

IV. SOFTWARE IMPLEMENTATION

be notified when the software becomes available for download. Let the equivalent electric and magnetic currents J(r’),
M (7') radiate in the layered space shown in Fig. 1(b). Let

z = £ be any plane above or below all the layer interfaces

V. SUMMARY and the source currents. The exact value of £ is immaterial

since it will cancel out in the final result; but it is of conceptual
importance that it exists. In the subsequent analysis, we will
use the plane-wave spectrum of the electric field on this plane
to derive the radiated electric field in the upper and lower half
spaces. Let the plane-wave spectrum of the 2D electric-field
distribution (., ) on the planar surface z = £ be defined by
the following Fourier transform operation:

In this paper, a concise and numerically stable frequency-do-
main near-field-to-far-field transform (NFFFT) is described
for general planar layered media. The results are applicable to
layers with arbitrary frequency-dispersion properties, although
only electrical conductivity is considered here. Unlike pre-
vious studies, the formulation also covers observation angles
in the lower half space. The results are especially relevant to _ . poc
differential-equation-based finite methods such as the finite-dif- E(ky, k. &) = / / E(z,y, &)e! (keatkyd) dpdy.  (44)
ference time-domain (FDTD) method and the finite-element e
method (FEM). Although the core derivation is based on a The inverse of this Fourier relation is the plane-wave represen-
transmission-line analogy, the final formulas are presented in tation
vector-potential form; which helps the transition from free-space 1 B g e ke
implementations. Numerical FDTD results were given for an E(z.y.§) = (2T)2 ’/'/_OC E(ky, by, e Itk +kyy)dk:ndky-
8-layered medium and shown to agree well with theory. (45)
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In the above, the Fourier operation is applied separately to each
Cartesian component of the electric-field vector. Extending each
plane wave in (45) into the upper or lower half space, the fol-
lowing expression can be written for the electric field anywhere
in the region z > £ or z

E(z,y,2) J/L/n E(kysky, €)
we ik x+ky?fﬂ:kz(57§))dkldku’ (46)
with k. = ((k°)?—k2—k2)1/2, and k° = (w/c)(e2p2)'/? is the

wavenumber in the observation half space. The plus and minus
signs in front of & are for the upper and lower half spaces, re-
spectively. This field satisfies Maxwell’s equations in the ob-
servation region, as well as the boundary conditions at z = £
specified by (45). It is therefore the unique solution for the elec-
tric field in the observation region. The radiated electric field,
defined as the asymptotic limit of the integral (46) for r — oo,
can be obtained using the steepest-descent method [17]:

e Ik k0| cos B

E.(r,0,¢) = IR s Ba, 8,6)  (47)
T 2w
in which (r, 8, ¢) are the usual spherical coordinates, and
(o, 3) = (k° cos psin 8, k? sin ¢ sin ). (48)

The far-field expression (47) is valid for the full § range from 0
to m, covering observation angles both in the upper and lower
half spaces. The interpretation of (47) is that the far-field at a
given observation direction is directly proportional to the vector
amplitude of the plane-wave component on the surface z =
¢ that is incident in the same direction. For a planar layered
medium, the invariance of the geometry perpendicular to the
axis of stratification (the z axis) can be exploited to obtain the
vector plane-wave amplitude E(«a, 4, £) in terms of one-dimen-
sional scalar transmission-line Green's functions [10], [11]. As
a consequence of the lateral invariance of the geometry, the fol-
lowing spectral superposition integral holds for E(«, 3, &) [7]:

// G (. 8,612) - To(v)eike? aS’
+/ ./SG Yo, 8.612) - Mo ()P s, (49)

E(a,B,¢

where k, = a& + 3y and p’ = 2’z + y/'y is the lateral position
= M

vector at the source point. In (49), G (o, 3,2 2") denote

the spectral dyadic Green's functions, explicit expressions for

which are given in [10, Egs. (28)—(31)]. These expressions are

reproduced here for the sake of completeness:

’:E-I
G (o,p,¢72)=—au 7§ — 907/
A A k:p —
+ zu i ¢+ uz 7
we()e" wepel,
1 k2
e b(E -2
Jweped | Jwege,
(50)
~EM R R ,
G (0,87 )= w0/ S+vu7
k k
P r e o5 [ 7% il (51)
wegeL Wit !,
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In these expressions, the unit vector % is defined to be parallel
to the zy-projection of the radial unit vector 7 in the direction
of observation, while @ is the 90°-rotation of @ in the zy plane:

U =cospZx+singy, U =—singx+cosody. (52)

The unit vector @ is equivalent to the unit vector (;5 in spherical
coordinates. In (50)—~(51), k, = |k,| = k°sin§, and
’ . On

— , r_
€ = &p, T s Hy = Ho,,
Weq

(53)

are the complex relative permittivity and the relative perme-
ability at the source coordinate z’, assumed to be in the n'"
layer. The scalar functions 7 2, 7 % 7 £ 7 ¥ (polarization
superscript p being e or h) are transmission-line Green's func-
tions, representing the voltage (or current) response at z = £
to an impulsive voltage (or current) excitation at the source co-
ordinate = = z’. They satisfy the following transmission-line
equations:

d7? .
o= —gBnP. s P (54)
d'/f B P 3 ’
s :—jnfp/i+é(z—z), (55)
and
d7? ) .
1 Y= — Bt P+ 8(z -2 (56)
2
ds» 8
dz = _’EV {)/ (57)

where the propagation constant 3 and the polarization-depen-
dent intrinsic impedance 7” of the transmission line are

/ /
8=k :'(;—Zg—sm?a (58)
Ber k°
e _ 0 T , _ T . 59
0t =1 Foel n* =’ T (59)

In (59), n° = +/(112410)/(€%€g) is the wave impedance of the
observation half space. In lossy layers (o,, # 0) or in the total-
internal-reflection (TIR) regime (R{¢’ 1.} < ¢“u?sin”#), the
sign of the imaginary part of the propagation constant 3 should
negative so that all the exponentials decay in the direction of
propagation.

Thanks to the placement of ¢ above (or below) all the sources,
¢ never equals 2’; therefore, the term 6(¢ — 2’) in (50) can
be neglected. Because ¢ is also above (or below) all layer in-
terfaces, there is only an upward- (or downward-) propagating
transmission-line voltage/current wave at = = £. Consequently,
the ratio between the transmission-line voltages 7 ¥, 7 7 and
the transmission-line currents. 7 ¥,.7 T is simply the intrinsic
impedance 7"

AR 7P

=ttt sb=g_"
/r’p

b
nP

n® = +n°cosf, 7n" =£n°/cosb. (60)

The positive and negative signs in the above relations corre-
spond to the upper and lower half spaces, respectively. Note that
the intrinsic impedance #? is defined to be positive, hence the
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=+ sign in front of the cos § term. The dyadic Green’s functions
are put into a more convenient form if the first vector compo-
nent in each of the dyads u#, uv, 42, etc. is projected onto the
spherical-coordinate unit vectors (7, 8, ¢), whereas the second
vector component in each dyad is projected onto the Cartesian
unit vectors (z, ¥, ). After substituting (60) and simplifying
considerably, the following expressions for the dyadic Green’s
functions are obtained:

~EJ . .
G (0,B,€2)Y= —8% 7 ¢secOcosd — B 7 " sec O sin ¢

vos

s}
c .

r R T
o’ —€: tanf 4+ ¢z 7 ' sing

K

— iy 7 teosg (61)
~FBEM

G (o.p,¢7) =0% / Csecfsing — 0;@ 7 ¢ seelcos ¢
+ ¢ 7 Mcosd+ ¢y 7 sing

sooop Lopg
— ¢z 7 ,’41—‘—781110.
Y

i (62)

Substituting (61)—(62) into (49), and (49) into (47), the radiated

electric field is expressed in terms of scalar transmission-line

Green’s functions 7 2, 7 ¥ 7?7 ¥ (polarization superscript

e or h) that satisfy (54)—(56). The calculation of the radiated
electric field is thus reduced to the calculation of 7 7, 7 f’ s
7 P 7 ¥ for a given layering structure in the z direction.
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