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An Improved Thin-Wire Model for FDTD

Riku M. Makinen Member, IEEEJaakko S. JuntuneiMember, IEEEand Markku A. Kivikoskj Member, IEEE

~ Abstract—An improved thin-wire model for the finite-difference  function identically set to zero, the procedure of [4] can be used
time-domain method is proposed. The new model can be used toto test the accuracy of a 2-D thin-wire model. This is done in [5],

accurately model straight wire sections connected to other metal \yere jt js shown that the standard thin-wire model [1] does not
structures. In addition, the model includes the effect of charge ac- . . -
model the wire radius accurately in 2-D.

cumulation at wire end caps. The end-cap model is based on con- o . . . .
servation of charge and Coulomb’s law. Using the end-cap model, ~ In addition to accurate modeling of the wire radius, modeling
unconnected wires such as wire antennas are also accurately mod-of wire ends has a profound effect on the overall accuracy in
eled. The results indicate a significant improvement in predicting  modeling of wire antennas. Both the standard wire model and
the resonance frequency of a dipole antenna. the three-dimensional (3-D) version of [5] have been shown
Index Terms—FDTD, sub-cell model, thin-wire model. to suffer from the coarseness error affecting the length of the
wire [6]. A considerable improvement compared to the stan-
dard thin-wire model was achieved by introducing further as-
sumptions on the field distribution at the antenna ends based on
UB-CELL models are used in finite-difference time-doNEC-computed data [2]. However, only the wire ends are con-
ain (FDTD) method to describe small geometrical detaitddered in [2].
without resorting to a large number of smaller cells. Sub-cell In [5], a 2-D thin-wire model that accurately describes the
thin-wire models are widely used in antenna problems suglire radius was proposed. The 2-D model reduces to a filamen-
as modeling of wire antennas or as a part of the antennatary PEC wire when the nominal wire radius is sett6/2A ~
waveguide feed structure. In either case, the computed ingut08A, which is in agreement with the result given in [4]. In
impedance or scattering parameters are affected by the accutagypaper, the 2-D thin-wire model of [5] is extended into three
of the thin-wire model. In addition to the wire radius, accuratgimensions. In addition, an algorithm to model the wire end caps
modeling of wire length should be considered if the wire ends proposed. Instead of using precomputed field distributions for
are not connected to other structures. field components near wire ends, as in [2], we begin with sim-
In the standard thin-wire model [1] static field distributiorilar assumptions that are used in NEC-4 to model the wire end
is assumed for the scattered field components adjacent to gag@s [7]. The proposed model describing the effect of charge ac-
wire. The sub-cell geometry of a wire is modeled using the cosumulation at the wire ends is based on conservation of charge
tour-path integral formulation of FDTD. Modifications to theand Coulomb’s law.
standard model have been proposed, such as in [2], where fur-
ther assumptions on the field distribution near the wire ends are Il. |MPROVED THIN-WIRE MODEL
made. A different approach is presented in [3], where FDTD is _ i
formulated as the time-domain finite-element method, and static! "€ Proposed model is based on the contour-path integral for-
field solutions are incorporated by modifying the basis functioffgulation of FDTD, where the integral form of Ampere’s law
near the wire. and Faraday’s law are enforced locally in each Yee cell [1]. The
A filamentary hard source and a filamentary perfect ele@MPere’s law in free space is given by
tric conductor (PEC) wire implemented by setting an electric 9
field component on a wire axis identically to zero are known / —eoE-dSy = H-dl, (1)
to have a finite effective radius.;. A method to obtainr.y 5. 0t Ca

of a wo-dimensional (2-D) filamentary hard source was prﬁ\?here surfaces, is a dual-grid cell facet bounded by contour

sented in [4]. By comparison to a frequency-domain Green e L ,
function, the value of.¢ was found to be betwedn206A and éd formed by dual-grid cell edges. Similarly, the Faraday’s law

0.209A, whereA is the cell size. Due to the fact that afilamen!n free space is given by

tary PEC wire is effectively a hard source with the excitation /
S
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- Fl1/2,1,k Fig. 2. Circular Ampere’s law integration patfi; for a 1/r dependent

tangential magnetic field circulating the wire [5]. The field components are
Fig. 1. Faraday's law integration path for the looping magnetic fielgrojected onto the Cartesian cell edge@nprior to being used in the standard
components adjacent to a wire [1]. FDTD update equations.

A. Looping Magnetic Field Components

Derivation of the looping magnetic field components ad
jacent to the wire follows the derivation of a 2-D TM-mode
thin-wire model [5]. Let us consider computation of one o
the four looping magnetic field components adjacent to
wire, as shown in Fig. 1. The looping magnetic field and th 2
radial electric field are assumeld» dependent in the radial
direction, wherer is the distance from the wire axis. For
example, an update equation for the looping magnetic field
(¢+1/2, 5, k + 1/2) can be found using (2). Assuming free
space, we have [1]

n—|—1/2
Hy|i+1/2,j,k+l/2 Fig. 3. Cross-sectional view of a nonuniform cell for computation of the
1/2 scaling factorky for the magnetic field componerft,. The wire axis is
= H, |Tl_ . located at originO. A magnified view of the shaded area is shown on the
Yli4+1/2,4,k+1/2 - .
right-hand side.
At B B
B oAz [ w|i+1/2,j, k41T w|z‘+1/2,j, k}

2AL N N In a nonsymmetric case, values of the four looping magnetic
+ m [Ez|i41,j, k+1/2 EZ|i;j, k+1/2:| field components may differ from each other due to reflections
3) from other structures. Still, we may define a scaling factor for
each segment such that the line integralbfalong each cir-
wherea is the nominal radius of the wire. Note thHt, in (3) cular segment remains equal to the line integrdiadlong the
represents the tangential magnetic field along a circular pa#gspective Cartesian dual-grid cell edge, i.e.,
around the source, as shown in Fig. 2(a). Using a point value
such ag,, in (3) in standard FDTD update equations is in con-
tradiction with the assumption thaf, should represent the av- k. = / dl; // dly . (6)
erage value of the field along the Cartesian dual-grid cell edge. Cui Ca;
In order to avoid this inconsistency, we project the loopin
magnetic field components onto the respective Cartesian J%ﬁre, we assum# andky H are constant on each of the four
edges prior to using them in the standard FDTD equations [Sf9ments o1 andCs, respectively.
[3], [5]. Let us assume we have computed any of the magnetic' '€ Shape of the cells affects the valuebgf. A cross-sec-
field components? in Fig. 2(a) using (3). In order to projegt  tonal view of a cell withAz 7 Ay is shown in Fig. 3. In
into & H on a Cartesian cell edge, as shown in Fig. 2(b), w¥der to compute the scaling factor fék,, the looping mag-
use Ampere’s law as a starting point. Forming two integratid?ftic field component along a segment of the citClg at dis-

pathsC; andC, around the wire, we have tanceAx /2 from the wire axis is projected to the Cartesian cell
’ edgeCs,. Due to symmetry, we only need to consider half of
I = H.dl = H-dl,. (4 Fhe _ceII edge shown magnified_ in_Fig. 3. Lgt us consider pro-

cy Cy jection of the looping magnetic field at poidt, on Cy, to

For a rotationally symmetric case, the magnetic field is constatgF magnetic field along the Cartesian cell gdge at poinon
5. Due to thel/r dependence, the amplitude of the mag-

I .Th ling f i i he relati
Egg?hc;lf th eeiniggrl ngr? (;t:tfgl |andeée2 rmined by the relative netic field is decreased by a factor |61 P, | /|OF»|. The direc-

tion of the magnetic fields 1y at Py is tangential to the path

e — dl dly = 7 /4 ®) C1y. They component required in FDTD is obtained by pro-
H = o ! cy 27 ’ jecting the tangential field component to thedirection, i.e.,
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hy 1 = hg 1us - u, = he 1 cosé. Integrating oves, and di-
viding by the length of patld’,,, we have

R (Az/2)
kay = m/o cos GW dy  (7)

wherecos é projects the tangential magnetic field in thedi-
rection and the second term in the integrand is the attenuation
of the field due to an increase in the distance from the wire axis.
Integrating (7) gives

ki, = (Az/Ay) -tan~! (Ay/Az). (8)
Fig. 4. Cylindrical Ampere’s law integration surfadg for al/r dependent

The scaling factok . for H, is obtained in a similar manner radial electric field component adjacent to the wire. The field component is
and is given by projected from the Cartesian cell facgt to the cylindrical surfacess prior

to being used in thin-wire update equations.

ke = (Ay/Az) -tan™! (Az/Ay). 9)
Due to the fact thaf\ » is equal on both surfacet andsS,, the
Instead of scaling the value of the magnetic fi¢gld we use scaling factorkg for the radial electric field is determined by
the scaled valuéy H in standard FDTD update equations tdhe transverse cell dimensions
compute the adjacent electric field components.
kie = [(Az/Ay) - tan~! (Ay/Az)] 7 (12)

B. Radial Electric Field Components -
- eee e o | | by = [(Ay/A0) tan~ (Ac/Ag)] " @3)
The radial electric field components adjacent to the wire are

computed using the standard FDTD update equations. HOweNghich both reduce td/r whenAz = Ay.
the scaled values (e.gku Hy) of the looping magnetic field  As with the scaling factor for the looping magnetic field
components are used. For example, the radial electric field cogymponents discussed in Section I1-A, the radial electric field

ponent at{+ 1/2, j, k) is given by components themselves are not scaled. Instead, the scaled field
atl values are used in computation of the looping magnetic field
M components.

= El‘|?+1/2,j,k
At
YAV

C. Axial Electric Field Components

[anyI?If/Z g k+1/27 kHHy|?J:r11/22, i, k—1/2:| The axial electric field components within the perfectly con-
At b1/ ntb1/2 ducting wire are identically set to zero. As a field component in
+m |:HZ|Z‘+1/27]'+1/27 v Heli im0, k} (10) FDTD represents the average value of that field through the cell
facet, zero axial electric field is enforced throughout the cell. As
wherek; projects the looping magnetic field components to aconsequence, no displacement current is allowed to flow in the
Cartesian cell edge. The radial electric fighg computed using axial direction and an assumption of static field distribution is,
(10) represents the average value for the electric field flowirlgerefore, enforced.
through a Cartesian cell facét, as shown in Fig. 4. The com- Connecting a source on a wire described by thin-wire equa-
puted value can be directly used in the standard FDTD upd&@ns is discussed in [8]. Itis shown that the assumptions on field
equations to compute the adjacent axial magnetic field comglistribution enforced in a delta-gap hard source [9] are consis-
nents. However, in order to compute a looping magnetic fiet@nt with those enforced in both the standard model [1] and in
component, as shown in Fig. 1,1gr dependent radial electric the proposed model. As a consequence, thin-wire equations can
field point value is required instead of an average electric fiehe freely applied to a cell containing a hard source. No scaling
through a Cartesian cell facet. factor such a%y or kg is used for the axial electric field ex-

In order to obtain a point value for the radial electric field agited by a hard source. This is due to the fact that the area of the
distanceA /2 from the wire axis, the radial electric field compo-cell facet the axial electric field flows through is not used in any
nent is projected from a Cartesian cell fadetto a cylindrical of the update equations. Therefore, no scaling based on area is
surfaceS,, as shown in Fig. 4. Due to thig/r assumption, the required. Note that while the axial electric field at the source is a
radial electric field is also constant on surfage Keeping the function of time, no displacement current flows through the cell
surface integral oF,, unchanged, the scaling factog required because the change in the axial electric field does not contribute
to project the electric field to the cylindrical surfaggis simply  to the computation of any of the adjacent field components.

determined by the ratio of areas $f and .S, as follows: The resistive voltage source (RVS) [10], [11] allows displace-
ment current to flow through the source cell. This is in contra-

b — ds ds (11) diction with the assumption of static fields enforced in thin-wire
E= s ! S, 2 equations. Consequently, limitations in a stable range of values
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for wire radiusa or time stepA¢ result if either standard or re- r z
vised thin-wire equations are used in a cell containing an RVS
[8]. Itis likely that the problem is related to correctly defining
the axial electric field distribution for both the RVS and wire
model simultaneously.

A direct consequence of a nonzero displacement current is
that, for the proposed model, (4) does not hold. However, as an R
approximation, one can form the Ampere’s law integral equa-
tions over$S; andC; in Fig. 2(a) when deriving RVS update a
equations, and apply thin-wire equations (10) and (14) as usual.

This results in similar stability constraints that are observed
when directly combining the standard wire model and RVS [8]. K
0

D. Thin-Wire Update Equations

The update equation for the radial electric field components
is given in (10). However, the update equation for the magnetic
field components looping the wire is slightly modified from (3):ig. 5. Geometry for evaluation of the field due to a charged end cap. The
by including the scaling factoky of (11) For example the geometry is similar to that used for a uniform surface charge density in [7].
looping magnetic fieldl, at ¢ +1/2, j, k + 1/2) is given by

distribution results in more compact expressions for the electric

H |a+1/2 ' field due to the charged end cap and is, therefore, adopted in the
Ylitl/2, 5, k+l/2 proposed model.
= H, |T“1/2 , Conservation of charge requires that at wire end [12]
Yli+1/2,4,k+1/2
At n n g d [
" ol ReBalyass e = ke Eeliys i /5 Jonda == /C pdl (15)
2At

whereld is the current density at the wire end anés the line
charge density on the edge of the end cap. Assuming static field
(14)  distribution, potentiap due top is given by Coulomb’s law [12]

* iohra (@) [ = Bl

wherekgE, is thel/r dependent radial electric field. As stated b= 1 / 14 di (16)
earlier, the computed magnetic fielfl, represents thé/r de- dreg Jo R

pendent looping magnetic field at distantg2 from the wire
and the scaled valuey H,, should be used in computation of all

adjacent electric field components. : .
J P the end cap of the wire. The electric field due to the charge ac-

Scaling factoréy andkg used in (10) and (14), respectively, . . . X
are the only modification to the standard thin-wire model [1] r&umulated at the wire ends is computed from the potential using

quired for a wire with both ends connected to other metal struc- _
: . ; E=Vo. a7
tures. However, if the wire ends are unconnected, as is the case

in a wire antenna or the tip of a coaxial probe, the wire ends alsorhe FDTD implementation of the model for the end caps re-

whereR is the distance from a point within the line charge distri-
bution onC'to the observation point, ardis the path enclosing

need to be considered. guires further approximations. Let us consider the top end of a
wire in the z-direction, as shown in Fig. 5. The current at the
I1l. WIRE END CAPS end of the wire is not available in FDTD. It is, therefore, ap-
A. Wire End-Cap Model proximated with the current at half a cell below the wire end.

] o ) Note that the current must travel half a cell distance to reach the
The basic principle of the proposed wire end-cap model {§re end in order to contribute to the surface charge at the end

similar to that used in frequency-domain method of moments, |n addition, it takes a finite time for the electric field due to
(MoM) code NEC-4 [7]. Let us consider a half-wave dipole ifhe charge to reach the observation point [13]. However, it was
free space. The current is zero at the_ antenna ends only if {§8nd that retarding the field does not significantly affect the re-
antenna is very thin. However, with a finite wire radius, a small ,;ts and was. therefore. not included in model. The change
current is allowed to flow to the antenna end caps. As a resthe total charge at the wire end is computed using (15). As-

charge is accumulated at the antenna ends. The simplest appgiiing the current constant for the duration of each time step
imations for the charge distribution on the end cap are the uni; \ve have

form surface charge distribution used in [7] and the uniform line

charge distribution along the edge of the end cap. Both approxi- Ag= _]|Z+1£21/2 At (18)
mations are valid and either one of them could be chosen. In fact, v

the effect on the wire model turned out to be practically idenvhere the currentis computed from the circulation of the mag-
tical for the two charge distributions. However, the line chargeetic field around the wire at half a cell below the wire end.
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The electric potential due to the charged end cap is compufeld is computed at each time step, and the contribution of the
using Coulomb’s law resulting in accumulated charge at the wire end is already included in the
previous value of the electric field. Adding the contribution due
to the change in charge at the end cap to the electric field at each
time step is equivalent to using the total accumulated charge to
compute the electric field due to charge, as required in (16).
wherea is the wire radiusR is the distance from a point within - goth the axial and radial electric fields due to the charge at
the charge distribution to the observation point, and line chargg wire end cap are rotationally symmetrical. However, there
density is given by = Ag/2ra. Using the notation of Fig. 5, s field variation in the axial direction. In FDTD, the field at the
the distancef from the line charge to the observation point ignigpoint of a surface is assumed to represent the average field
given by value through that surface [1]. Therefore, we need to average
the electric field due to the charged end cap over the respective
R= 12+ a2 - 2racosf + 22 (20)  dual-grid cell facet. We emphasize that it is of utmost impor-

] ] ) o ) tance in FDTD that each field component represents the average
wherer is the distance from the wire axisjs the distance from  51,e of that field through a cell facet.

the wire end in the axial direction,is the radius of the wire, and The axial electric field at\z/2 above the wire end cap is

6 is the angle in the transverse plane betwe@nda. Solving  4yeraged over a dual-grid cell facet of sixeAy as follows:
the integral in (16) gives

1 27

P de (19)

(7)(7)’2):471-50 0 R

1 Ay/2 pAz/2
1 Aq¢  4daK(k) B — /
- 21) 59T Azay o]
dweg 27a (7’ + a)2 + 22 ( ) LRY J_ay/2J—Az/2

whereE, ,(r, Az/2)is given by (25). The averaged vallg";
due to charged end cap will be added to the axial electric field
computed using the FDTD update equations. Let us then con-

b(r, 2) E. ¢(r, Az/2) dedy (27)

whereAyg is the charge computed using (1%),is a complete
elliptic integral of the first kind, and

2 /ar sider the radial electric field im direction. In order to compute
k= e (22) the average value for the radial electric field¥at /2 from wire
(r+a)?+= axis, we average the field in axial direction
The electric field due to the charged wire end cap is obtained 1 A2
from potential using (17). However, in FDTD, we need to sep- B, = X / E. (Ax/2, z)dz (28)
arate the axial-field component and the radial-field component. ZJ—nz/2
The axial electric field is given by where E, ,(Axz/2, z) is given by (26). The averaged value
. E2ve represents the average radial electric field through a
a¢(77 Z) T4 . . .
E. qr, 2)= g, (23) cylindrical surface such as surfase in Fig. 4. Finally, E3"¢
Z . . . . . ’
is projected to a dual-grid cell facet using the inverse of the
Similarly, the radial electric field is given by scaling factor of (11). The other radial electric field components
at wire end are obtained similarly.
By (r, 2) = 9¢(r, z) (24)  Note that in (26) and (28) we assume that the wire does not
I or block the field contribution of the line charge observed below

the wire. However, below the wire end only part of the line

charge distributed along the edge of the end cap is “visible” to
Ag 2E(k) the observation point. A simple approximation for the masking
(25) effect is given by

Solving (23) gives

E,

%9

" dneo 27 (r—a)? +22) i+ @)t £ 22
whereF is a complete elliptic integral of the second kind &nd kv =(1-a/A) (29)

Is given by (22). Solving (24) gives outside the wire axis wherea is the wire radius andh is the transverse cell size. Note
P Ag ((7,_a)2+22) K(k)—(—r2+a2+z2) E (k) thatkp; reduces to unity in the limit of an infinitely thin wire.

T, q =

. - 4)\2 2 . 2 2 . . .
dmeo mr((r—a)?+2%) V/(r+a)? +z B. Approximate Solution to Averaging Integrals

Equations (27) and (28) can be evaluated numerically. For

whereK is a complete elliptic integral of the first kind is a the ease of implementation, we provide simple yet satisfactory

complete elliptic integral of the second kind, aids given by 2PProximationsto (27) and (28). Assumidg: = Ay = Az =
(22). A, the axial electric field due to the charged end cap can be

According to (16), we need the total charge at the wire ePProximated by
to compute the electric potential due to the charge. However, <

(26)

in (25) and (26), we only use the change in the total charge at gave
%9

3
% + Z Cm(a/A)m) : Ez,q(ov A/2) (30)

m=1

the wire end. This is because in FDTD the change in electric
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4 the electric field, resulting in an additional term in electric-field
update equations at wire ends. For example, the update equation
Ez!,»,,,w,,z for the radial field in thez-direction at the top end of the wire
3 is given by
| Pli ol 2y v E |’f+1 .
i x:g’j’kw > z 2‘1'1/27.77 ktop

ntl/2
H1/2, 7, ktop

1|i+l/2,j,k

= Exllayo, j w,, T/ kE) kar B3V |

yli,j—l/2,k,w o

At /2 /2
< Ax - 5 EI _EOAZ |:Hy|2+1/2:j: kt0p+1/2_ kHHy|H'1/2:j: kt0p_1/2:|
- v o i Jky1/2 At

|:HZ|Z|—1/2,]'-I—1/2, row — Hzlia g2, 512, ktop}
(35)

EoAy

wherekg, kyr, and ELY; are computed using (11), (29), and

. ) (28), respectively. The scaling factdy kg projects the radial
> electric field due to the line charge to a Cartesian dual-cell facet.

i - i I The axial electric field component at the wire end also in-
Fig. 6. Electric field components near the wire end. All electric field L. L
components shown are affected by the charge at the end cap, except forctdes an additional term describing the accumulated charge at

axial electric field within the wire ati( j, k.., — 1/2), which is identically the wire end. At the top end, we have
set to zero.

E |n+1
21e, 4, keoptl/2
where constants, = —0.111, ¢co = 3.31, andez = —2.51. The N e/
point value ofE. , on the wire axis half a cell above the wire = EZ|i,j, keotl/2 T 204 i) 5, Keoptl /2
dis gi b

end is given by 3 At [H |n+1/2 _H |n—|—1/2 }

Aq (A/2) colAy Zli, 41/2, koptl /2 %3,5-1/2, kyoptl /2

E. (0, Az/2) = 372 31)
dmeo (a2 + (A/2)2) At /2 72
+ YAV y|z‘+1/2,j, Bpoptl/2 y|z;1/27j7 ioptl/2

wherea is the wire radius. This approximation to the equation (36)

(27) is accurate within 1% foz/A < 0.5.
The radial electric field due to the charged end cap can éere the magnetic field components are computed using the
approximated by standard FDTD update equations. The additional terms in (35)
and (36) are assumed small compared to the total electric field.
ave 1 . m Within this assumption, field variation near the wire can be as-
Eelq ~ 2 + Z cm(a/A)™ | - B g (A/2,0) (32)  gymed unaffected by the additional term, and the field compo-
m=t nent can be used in standard FDTD update equations.
where constants; = 0.166, c; = —3.65, c3 = 8.91, and
¢4 = —16.1. The point value oF,. , computed half a cell from IV. NUMERICAL RESULTS AND DISCUSSION

the wire axis in the radial direction is given by A. Half-Wave Dipole as a Transmitting Antenna
Ag (A2 —a)K (k) + (A/2+ a)E(k) A 0.305-m half-wave dipole antenna was used to test the pro-
4req W(A/Q)((A/Q)Q — a2) posed model. The antenna input resistance and reactance were

(33) computed at frequency = ¢/(2L), wherec is the speed of
light and L is the length of the dipole. The proposed model and

E, ,(A/2,0) =

where parametel; is given by the standard thin-wire model [1] were tested for a wide range
of values for the wire radius. In addition, scattering parameter
b - 2\/a(A/2) (34) |S11| to a50£2 reference was computed for a thick and thin wire
(A/2)+a in order to demonstrate how accurately the resonance frequency
is predicted.

The data for the elliptic integrals can be found using tabu- |y EDTD, a uniform grid was used. Two cell sizes were con-
lated data found in [14] or mathematics software such as Mapiggered with 41 and 21 cells per dipole lengthresulting in
Equation (32) provides an approximation to (28) thatis accurat&4.- and 14.5-mm cells, respectively. In the proposed model,

within 1% fora/A < 0.4. the straight wire sections were modeled using (10) and (14).
, , At wire ends, (35) and (36) were also used. The computational
C. Update Equations for Wire End Caps space extended at least ten cells from the antenna in each direc-

Let us continue with a-directed wire in free space, as shownion and was truncated using a perfectly matched layer (PML)
in Fig. 6. The accumulated charge at wire ends contributes(& P, 0.0001) absorbing boundary [15]. A simple delta-gap hard
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Fig.8. |Si1|referencedto50). The numberin the legend refers to the number
gf segments or cells used per antenna lengtlfa) Wire radiusu = 0.4A,
whereA = L/41. (b) Wire radiuse = 0.05A, whereA = L/41.

Fig. 7. Input impedance at frequengy= /2L, wherec is the velocity of
light in vacuum andL is the length of the dipole. (a) and (b) are plotted a:
function of wire radius: divided by dipole lengti.. The number in the legend
refers to the number of segments or cells used per antenna IEngh Input
resistance. (b) Input reactance.

modeled over a wide range of values for the wire radius. As ex-
ected, adense grid provides more accurate results. As shownin

source was used to excite the antenna [9]. In impedance caIEu . .
Ig. 8, the resonance frequency of the dipole antenna is very ac-

lations, the voltage values were interpolated in time to Compegl]rately predicted by the proposed model. The results are very

3:;[3;2'3 half a time-step offset between the voltage and Currgcr:]ct:ur_ate for a thick wire [_see Fig. 8(_a)], while the error ig grad-
' ] ually increased, as the wire radius is decreased [see Fig. 8(b)].
The reference data were computed using NEC-2 [16]. Th@e results indicate that the proposed model provides a signifi-
ratio of the segment length and wire radius should be greaggt improvement compared to the standard model [1]. The im-
than two when using the extended thin-wire kernel in NEC-2y5yement over the standard model is largely due to the end-cap
This limits the number of segments that can be used to mogsddel.
a thick-wire antenna. For example, the smallest number of segTne effect of the end-cap model 481, | is illustrated in
ments per dipole length used for the thickest antenna was 4 9. The dipole is modeled using the standard wire model and
resulting ina r_atio of the segment length and wire radius of 2;§‘re proposed model both with and without the end-cap model.
For thinner wires, the number of segments was gradually iAgain, the dipole was modeled using 41 and 21 cells per dipole
creased up to 241 segments per dipole length. lengthL. The results with the standard wire model and the pro-
The input impedance at frequengy = ¢/2L is shown posed model without the end-cap model suffer from a shift in
in Fig. 7. Using the proposed model, both input resistanéequency toward dc. The difference between the results is due
in Fig. 7(a) and input reactance in Fig. 7(b) are accurately the inconsistent treatment of field components in the standard
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! @ NEC-2 (161) ' in the axial direction is reduced. The results with the end-cap
Ll TR T PROPOSED MODEL Nocap @y [ Model indicate that part of the error in resonance frequency typ-

RN ~ - STANDARD MODEL [1] (41) ically attributed to the dispersion error is, in fact, caused by the
’ coarseness error.

For further verification, the proposed wire model without the
end-cap model was compared to a filamentary PEC dipole. The
proposed model reduces exactly to a filamentary PEC wire when
the nominal wire radius is set to™/2A ~ 0.208A. This is in
agreement with the result for a 2-D TM-mode thin-wire model
[4], [5], providing further support for validity of the proposed
wire model. In contrast, the standard thin-wire model [1] re-
duces to a filamentary PEC wire when the nominal radius is set
to ¢ 2A = 0.135A [17].

B. Half-Wave Dipole as a Receiving Antenna

1 . . . .
N 03 o'fanQUéﬁscy [GHZ(}'S 0.8 os In order to verify the proposed model for a receiving antenna,

@ two 0.305-m dipole antennas 20 cells apart were considered.
One antenna was used as a transmitter, while the other was used
& NEG-2 (161) ' as a receiver. The antennas were modeled using a uniform grid
N T PROPOSEDMODEL o cap ey [ With 41 cells per dipole lengtt resulting in 7.44-mm cells.
= - STANDARD MODEL (1] (21) An RVS with a 50€2 internal resistance was used for excitation,
and the receiving antenna was loaded with ab€esistance
[11]. The reference result was computed using NEC-2, utilizing
a 5042 load in both the transmitting and receiving antennas.
The coupling between antennas with= 0.1A is shown in
Fig. 10. Both magnitude and phase .®f; follow closely the
reference result, indicating that the proposed model is also valid
for receiving antennas. The frequency shift present in the results
computed using the standard model [1] is mainly caused by the
coarseness error.

ISl [dB]

C. Application to Waveguide Probe Feed

o s o TS o In addition to simple wire antennas, metal wires are also used
FREQUENCY [GHz] as a part of the feed structure. A typical example is the coaxial
() probe feed that can be used to excite, for example, patch an-
) ) _tennas and waveguides. In order to demonstrate the proposed
Fig. 9. Effect of the end-cap model ¢fi,.| of a 0.305-m dipole antenna with _ . ; .
wire radiusa = 0.1A, whereA = L/41.|Sy,| is referenced to 5. The ~Wire model as an important part of the coaxial probe feed struc-
text “NO CAP' in the legend refers to the result computed using the proposédre, we consider input admittance of the probe-fed rectangular
wire mogel without the end-cap model. The cell size is/Aay L/41 and (b) waveguide described in [19]. As the effect of the end-cap model
A =L/ is demonstrated in the previous two sections, we seek to illus-
trate the importance of correct averaging of the field compo-
wire model. In contrast, a considerable improvementin resultsients discussed in Section Il.
observed when the end-cap model is added to the proposed wirA cross-sectional view of the waveguide is shown in Fig. 11.
model. For both grid resolutions considered, the results with tfibe waveguide is matched at both ends ingthtirection and the
end-cap model agree very well with the reference result. probe extends to the top of the waveguide. The end-cap model
An explanation can be found as follows. In FDTD, PEC obwas, therefore, not used with the proposed model. However, in
jects appear larger than their nominal dimensions [18]. Thisdase the probe does not extend to the top of the waveguide, the
also the case with PEC wires where the field singularity resultsd-cap model should be included. The waveguide was mod-
in a loss of the second-order accuracy of the FDTD algoritheted using g18 20 20] cell grid truncated with the PML(8, P,
[19]. While the wire radius can be accurately controlled using0001) absorbing boundary [15]. A 8BRVS with a sine-mod-
thin-wire models, the length of the wire is affected by the coarselated Gaussian pulse centered at time satep600 utilizing a
ness error [6]. As aresult, wires appear longer than their nomirigl decay rate of 100 time steps and modulation frequency of
length. In the case of dipole antenna, the error in resonance ftes GHz was used to excite the waveguide. The time step was
guency due to the coarseness error has been shown to domisatdo 0.9 times the Courant limit.
the error caused by numerical dispersion [6]. In Fig. 9, both theThe input admittance was computed as given in [21]. The
standard and proposed models without an end-cap model suffeitage values were interpolated in time to obtain voltage
mainly from the coarseness error. In contrast, the end-cap moaethe same instant of time the current is defined. The input
modifies the fields near wire ends such that the coarseness eimggedance atAz/2 above the bottom of the waveguide

183 035
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Fig.12. Inputadmittance of the waveguidéandB refer to conductance and
susceptance, respectively. The theoretical and experimental data are extracted
from [20].

multiplying by exp(—jw(A2/2)/¢). The input impedance (and
input admittance) at the bottom of the waveguide was finally
computed from the correctety ;.

The results are shown in Fig. 12. Both the real and imagi-
nary part of the input admittance are accurately modeled using
the proposed model. Comparison to the results with the stan-
dard wire model indicates that inconsistent treatment of field
components affects the accuracy of the standard model [1]. This
is especially the case in the feed region, where the current and
voltage computed form field quantities directly affect the com-
puted input admittance. For comparison, the simulation was re-
peated using the delta-gap hard source to excite the waveguide.
The results were identical to those shown in Fig. 12.

D. Stability

An analytical stability condition is not derived for the pro-
posed model. Instead, numerical tests were carried out using
both small and large values for a wire radiudn order to have
control over the size of the feed, the feed point was also mod-
eled using the thin-wire equations. A Gaussian pulse centered
at time step: = 200, utilizing al/e decay rate of 15 time steps
was used as an excitation waveform. The tests were carried out
using a uniform grid for a duration of 200 000 time steps.

Using a delta-gap hard source, the proposed model was found
stable for wire radii less thafy /2, whereA is the transverse cell
size. In fact, the proposed model was stable with 0.49A and
a time step of 0.999 times the Courant limit [9], whereas with
the standard model time step needed to be reduced in order to
obtain stability witha = 0.49A.

Fig. 11. Cross-sectional view of the coaxial probe feed of a rectangular AS discussed in Section II-C, connecting an RVS on a wire

waveguide. The dimensions are identical to those given in [26%, 3.1 mm,

b="7.13mm,h =57 mm,d = 135 mm, ande/d = 0.5.

limits the stable range of values for wire radiuand time step
At. When using an RVS, the time step needed to be reduced
to 0.9 times the Courant limit in order to obtain stability with

was then computed. Parametg&y; referenced to 52 was a = 0.49A. However, with the standard thin-wire model [1], the
computed and shifted to the bottom of the waveguide kiyne step needed to be reduced even further in order to obtain
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stability. This shows that the instability observed when using10] W. Sui, D. A. Christensen, and C. H. Durney, “Extending the two-di-

by th d del and passive lumped element$2EE Trans. Microwave Theory Tech.
y thé proposed model. vol. 40, pp. 724-730, Apr. 1992.

[11] M. Picket-May, A. Taflove, and J. Baron, “FD-TD modeling of digital
signal propagation in 3-D circuits with passive and active loal<EE
Trans. Microwave Theory Teghvol. 42, pp. 1514-1523, Aug. 1994.
V. CONCLUSION [12] ‘:JLQA)lAl Stratton,Electromagnetic Theory New York: McGraw-Hill,
. . [13] A. Salinas, R. G. Martin, A. R. Bretones, and I. S. Garcia, “Modeling of
A new thin-wire model for FDTD has been proposed. The straight thin wires using time-domain electric field integral equations,”
proposed model can be applied to both connected and uncon- Proc. Inst. Elect. Engpt. H, vol. 141, pp. 123-126, Apr. 1994.

. . . ; 4] H. B. Dwight, Tables of Integrals and Other Mathematical Datth
nected wires. Special care is taken when connecting straight ed. New York: Macmillan, 1961.

wire sections to a Cartesian FDTD grid. In addition, an end-cajis] J.-p. Berenger, “Three-dimensional perfectly matched layer for the
model based on conservation of charge and Coulomb’s law to ~ absorption of electromagnetic waves,”Comput. Physvol. 127, pp.

; o 363-379, 1996.
treat unconnected wire ends has been proposed. The stablllty(ﬁg] G. J. Burke and A. J. Poggio, “Numerical electromagnetics code

the model was investigated using numerical tests. The tests indi- ~ (NEC)—Method of moments—Part I,” Lawrence Livermore Nat. Lab.,
cate that the model is stable for wire radii less thgf2, where Livermore, CA, Tech. Rep. UCID-18834, Jan. 1981. _
A is the transverse cell size [17] S. Watanabe and M. Taki, “An improved FDTD model for the feeding

. . gap of a thin-wire antennaJEEE Microwave Guided Wave Letpp.
The model was evaluated by comparison to NEC-2 datausing  152-154, Apr. 1998.

a dipole antenna as a test structure. The results indicate that tH8] K. S. Kunz and R. J. LuebberShe Finite Difference Time Domain
proposed model can be used to accurately model both transmit- Method for Electromagnetics Boca Raton, FL: CRC Press, 1993, ch.

ting and receiving antennas. In addition, the proposed modeig) G. Mur, *The modeling of similarities in the finite-difference approx-
was applied to a waveguide problem to demonstrate validity of  imation of the time-domain electromagnetic field equation&EE

the wire model as a part of a feed structure. ':IL';aSnls. Microwave Theory Techvol. MTT-29, pp. 1073-1077, Oct.

[20] A. G. Williamson, “Analysis and modeling of a coaxial-line/rectan-
gular-waveguide junction,Proc. Inst. Elect. Eng.pt. H, vol. 129, pp.
262-270, Oct. 1982.
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