Steve Stearns, K60OIK

P.O. Box 4917, Mountain View, CA 94040-0917 | steve.stearns@comcast.net

Insulated Wire Models —
Lossless Insulations

Methods for modeling single and multiple-layer
insulated wire in antenna modeling programs.

Introduction

Amateur antennas often incorporate insulated wire, i.e., wire cov-
ered with a dielectric or magnetic material. The cover is sometimes
called cladding, coating, sheath, shell, or wrapping. The com-

mon term among amateur antenna modelers is insulation. Part

one of this two-part article describes methods for modeling both
single-layer and multiple-layer insulated wires in common antenna
modeling programs. A variety of insulation materials are allowed,
including dielectric, magnetic, and general magneto-dielectric
materials. This article focuses on lossless insulation. The methods
are accurate for modeling wires covered by low-loss dielectric
insulation such as common plastics.

Lossy insulations can sometimes be described by electric and
magnetic loss tangents. We address only the lossless case here and
defer the subject of lossy materials to a future article. The formu-
las presented here are new and have not been published before.

To facilitate understanding, brief derivations of key formulas are
included. This article is intended to be both an instructive tutorial
and a useful reference for antenna modelers.

Some programs, notably NEC-3, NEC-4, and AN-SOF, incor-
porate an insulated wire capability in their calculating engine but
are generally limited to modeling single-layer dielectric insulation.
Other thin-wire calculating engines, notably NEC-2, NEC-5, and
MiniNEC, do not have native capability to model insulated wire.
For these programs, an aftermarket user interface GUI program,
such as 4nec2, EZNEC, or MMANA-GAL, can provide an insu-
lated wire capability that the main calculating engine lacks. It is
therefore important to know how to model insulated wire both for
using programs that lack the capability and for getting an indepen-
dent check on those programs that do. Below we describe the main
methods for modeling insulated wires: methods that are built-in
and integrated with a Method of Moments (MoM) code, which
modify the moment method’s impedance or interaction matrix
directly, and methods that are indirect and may be used when the
MoM impedance or interaction matrix is inaccessible. All methods
assume insulation is electrically thin, not thick.

Figure 1 shows the cross-section of a wire that has one layer
of insulation. Conductor radius is a. Insulation outer radius is b.
Insulation thickness is & — a. The modeling methods described

here require that insulation thickness be much smaller than a
wavelength in the medium of the insulation. This requirement is
necessary to ensure higher-order cavity modes are cut off. There
is no requirement that the insulation thickness be small compared
to the conductor radius. Thick insulation is allowed as long as it is
electrically thin.

Induced EMF Method for Dipoles

One of the earliest methods of computing antenna impedance
is the induced e.m.f. method (IEMF) developed by A.A. Pistolkors
[2] and P.S. Carter [3]. The method is a degenerate form of MoM
in which there is a single segment and global, sinusoidal basis
function. Because of the single segment, this method applies only
to straight linear wires. J.P.Y. Lee and K.G. Balmain [27] show for
a symmetric, center-driven dipole made of an insulated, infinite-
conductivity wire in free space, the self-impedance of the single-
segment dipole is given by

Z=7

IEMF

+7Z

correction

The correction term Z_,,,.,.ion 1S @ pure reactance, which
depends on dimensions, dielectric constant, and is a product of
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Figure 1 — Cross-section geometry of a single-layer insulated wire
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where

1 = Characteristic impedance of free space,
376.73 ohms

k = Propagation phase constant (wave number)
in radians per meter

| = Dipole (segment) half-length in meters

&, = Dielectric constant of the insulation

a = Outer radius of the metal wire

b = Outer radius of the dielectric insulation
In(-) = Natural (base ¢) logarithm function

Because all factors are positive, the reactance is “inductive”
although its frequency dependence is different from the linear
proportionality of an inductor. Consequently, the effect of insula-
tion is to lower a dipole’s resonant frequency (and increase its
anti-resonant frequency) compared to that of a bare-wire dipole of
the same length.

One might think to modify the IEMF method to account for
insulated wire by substituting an equivalent bare wire radius
into Carter’s IEMF formula by using one of the equivalent wire
approaches described below. However, when treating a dipole as
a single long segment, the IEMF method does not give the correct
current distribution, nor does it take into account other effects such
as phase delay, distributed inductance, ac resistance, complicated
shaped wires, or parasitic elements. Such effects are taken into
account by using a many-segment model.

Direct Method-of-Moments Methods

Richmond: J.H. Richmond treats the perturbation as an additive
correction to the MoM impedance (or “interaction’”) matrix [20],
[21], [23]. Richmond’s approach does not add inductance loading
to segments. A modified current distribution on insulated segments
is determined from a segment-by-segment traveling wave model
that takes into account increased phase constant (reduced velocity
factor) on each insulated segment. The perturbations affect the
entire MoM impedance matrix, not just its diagonal elements as
loading would do.

i harc wine + EtRTEEbm

where Z is the NxN MoM mutual impedance matrix, and N is

the number of segments in the model. To determine the correc-
tion, Richmond uses two electromagnetic theorems: the volume
equivalence principle and the surface equivalence principle. First,
the dielectric medium is replaced by air containing volumetric
source field Jy. Then the volumetric source field is replaced by an
equivalent surface source field J defined on the outer surface of
the insulation. Finally, an integration is performed over the length
of the segment to obtain the impedance correction.
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NEC-4.2: G.J. Burke adopted Richmond’s method into
NEC-3 and NEC-4, calling it the IS (for insulation) command. He
improved Richmond’s model and made numerical comparisons
against the method of Popovi¢, et al., [23], [28], [34]. Geometry
is not changed; lengths and diameters of insulated wires are not
changed. Instead, additive correction terms are calculated for
the impedance matrix. The IS algorithm is very similar to that of
Richmond and Newman [23]. Wire dimensions are not altered,
and segment loading is not used. Instead, the impedance matrix
correction terms are computed and applied to the MoM interaction
matrix directly.

AN-SOF: The insulation approach in AN-SOF is to load seg-
ments. Wire length and diameter are not modified. AN-SOF calcu-
lates a distributed load, similar to how conductivity or resistivity
is added to wires. Each wire segment is loaded with an imped-
ance value, determined by multiplying the distributed impedance
per unit length (Z,;,, in ohms per meter) by the segment’s length,
where Z ., is computed from the transfer impedance between the
external medium, typically air or vacuum, and the internal medium
(conductor) with the dielectric layer in between. The formula used
is proprietary. The correction is to the diagonal elements of the
MoM interaction (or impedance) matrix and may be written as

Z=Zierin + Z

= band Wi =B haad

Indirect “Equivalent Wire” Methods

Indirect methods are useful for third-party or after-market GUI
programs. One simple approach to modeling insulated wires is to
replace them with equivalent uninsulated wires. Three different
methods for specifying equivalent wires are described below. The
methods have different accuracies, which are discussed in a later
section.

Method 1: The first method is due to L.B. Cebik, W4RNL, and
is used in 4nec2 with the NEC-2 engine [57], [69]. Given an insu-
lated wire having conductor radius a and insulation outer radius b,
the equivalent wire is an uninsulated wire having the same radius a
plus distributed inductive loading in the amount

1
L= H (é g, le 1- i In [éj henries per meter
2w \a £ a

r

where

L = Distributed inductance in henries per meter
&, = Dielectric constant of the insulation

Hy = Magnetic permeability of vacuum, 4nx10-7

henries per meter )
&, = Outer radius of the metal wire

a = Outer radius of the metal wire
b = Outer radius of the dielectric insulation
In(-) = Natural (base ¢) logarithm function



The equivalent wire has the same length and conductivity as the
wire it replaces. This method is not based on electromagnetic
theory but comes from an ad hoc curve fit to the insulated

wire correction inside NEC-4. Absolute accuracy has not been
established.

Method 2: The second method is due to A.S. Yurkov, RAOMB,
and is used in MMANA with the MiniNEC engine [65], [85].
According to this method, the equivalent wire is an uninsulated
wire having radius b (instead of a) plus distributed inductive load-
ing in the amount

1

potefi_ L
gr kabs
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27

_j henries per meter

ln(b
a

The equivalent wire has the same length and conductivity as
the wire it replaces. This method is based on electromagnetic
theory and is believed to be more accurate. However, this method
has the disadvantage that the distributed inductance depends on
ks> Which is neither a physical constant nor a geometric dimen-
sion, but rather is an indeterminate variable for which no formula
is given.

Method 3: The third method is due to the author, K60OIK, [74],
[86], [87], [89], [90]. According to this method, the equivalent
wire is an uninsulated wire having an intermediate outer radius a'
plus distributed inductive loading and modified conductivity. The
radius and loading are given by

L=l L

27 &

r

b .
In| — | henries per meter
a

Skin effect loss is accounted for by decreasing the metal
conductivity to

z@ij
, _ a &
Geff'ective =0 (gj

The radius lies between those of the other methods, i.e., a <
a' < b. So, the diameter of the equivalent wire lies between the
diameter of the conductor and the diameter of the insulation of the

siemens per meter

insulated wire. Distributed inductance and metal conductivity are
less than in the other methods. The adjustments to wire diameter,
loading and conductivity depend only on geometry and are fre-
quency independent. The K60OIK method is based on electromag-
netic theory. Its adjustments are exact in the quasistatic case, i.e.
at frequencies for which the diameter is very small compared to a
wavelength assuming the wire is in vacuum or air. Table A shows
examples of equivalent wires for some common copper wire sizes
and types. The conductivity of copper is assumed to be 58 MS/m
(mega-siemens per meter).

The author’s method also handles wires that have several layers
of insulation made of different materials, and the materials are not
restricted to just dielectrics. The extended formulas and their deri-
vations are presented below.

Derivation of the K60OIK Formulas

In his treatment of thin dielectric cover, J.H. Richmond intro-
duced the P function for a single layer of concentric dielectric

cover
a

where a is the conductor radius, b is the insulation radius, and &,
is the insulation dielectric constant. The P function is a dimen-
sionless quantity that appears in the equations that define a bare
wire equivalent to an insulated wire. For a distributed line charge
q coulombs per meter, the electric flux density is directed radially
outward and depends only on distance from the central axis

q

:2ﬂp

L
&

r

P

D

P

By electromagnetic boundary conditions, the normal compo-
nent of D is unaltered at boundaries (by Gauss’s law). Accordingly,
for concentric cylindrical dielectric layers under an electrostatic
assumption, this formula is correct at all interfaces and throughout
space. For concentric cylindrical dielectric layers, the electric field
E is radially directed, and its value depends on medium according
to

P
£.€,

Table A. Some Common Equivalent Wires by K60OIK Method.

Solid / PVC Stranded / Polyethylene
AWG 14 12 10 14 12 10
Inner diameter, mm 1.6 21 2.6 19 2.4 2.9
Outer diameter, mm 34 3.9 45 2.4 2.9 34
Dielectric constant 3.6 3.6 36 2.26 2.26 2.26
Dielectric loss tangent 0.05 0.05 0.05 0.0002 0.0002 0.0002
Equivalent diameter, mm 2.758 3.284 3.864 2164 2.667 3169
Distributed inductance, nH/m 108.88 8942 79.24 26.05 2110 1774
Conductivity, MS/m 19.52 2372 26.26 4470 46.97 4857
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The electric potential between cylindrical surfaces at p = a and
p=>bis

Vz—TEpdp

a

1
27r880;[;

P
"zl
27[8 & \a

Distributed capacitance is

C=i=27zgrgo ln(é
4 a

j farads per meter

For a bare wire of radius a' and dielectric constant &, = 1, we have

C'=2ns, ln[
a

E’j farads per meter

Equating C'and C and solving for a’ gives

ln(iJ: 1—L ln(éj =P
a £, a

The equivalent wire’s radius is therefore

Ve (2) G

a

This formula was stated by A.G. Boswell, G3NOQ, [58].
As the next step, the inductance of the equivalent bare wire

of radius a’ must be loaded to equal that of the insulated wire of
radius a. The inductance can be determined from elementary mag-
netostatics. Consider a current filament / on the z axis. This current
creates a magnetic field intensity vector H. By Ampere’s circuital
law, the azimuthal component of H varies inversely with distance
p from the z axis.

H =1

2 p

Suppose a concentric cylinder with inner radius a and outer
radius b are made of material having permeability g, and this cyl-
inder in turn is surrounded by another cylinder of large radius
¢ >> b filled with vacuum or air. We may visualize this configura-
tion as a coaxial cable with two layers of different dielectric mate-
rials. The magnetic flux density B is then given by

H ol fora<p<b

2 p

B, = /
o forb<p<c

2 p

By Ampere’s circuital law, the total flux passing azimuthally
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through a rectangular radial plane having boundaries 0 < z <,
a < p<cis the integral

@szB-ndS:jjB¢ dpdz
N
l

b c
:g;’! [B,dp+[5,dp

_ M1l ln(2j+ ol ! ln(EJ
27 a 27 b

The distributed inductance (per unit length) of the wire of
length / is then

_®
Il

45 wn(E) o5

If radius a is changed to a’, the distributed inductance L is
changed to L' where

=g ()

The change in inductance is given by

AL=L—-L= Mln (ﬁj henries per meter
2z a’

The change is negative if a' > a. In other words, as the con-
ductor becomes fatter, its distributed inductance decreases. For
nonmagnetic dielectric insulation material, 4. = 1. Consequently,
to make the inductance of the equivalent bare wire the same as
that of the insulated wire, we must load the equivalent wire with a
positive distributed inductance equal to

Mo (@) _ Ul 22 A4l
—AL= ﬁ In (;j = ﬁ (1 - E—J In (;J = 20—” henries per meter

r

Up to this point we have assumed PEC (infinite conductivity)
wire. For wires of finite conductivity, we must set the bare wire
conductivity to a smaller value in order that the equivalent bare
wire of radius a’ and the insulated wire of radius a have equal ac
resistances. Skin depth & is given by

1

NSy o
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Figure 2 — Cross-section geometry of a multi-layer covered wire.

At low frequencies, there is no skin effect. A wire’s ac resistance is
the same as its dc resistance, inversely proportional to its cross-
sectional area. At high (RF) frequencies, where skin depth § is
small compared to wire radius, a wire’s distributed ac resistance is
inversely proportional to its circumference.

Low frequencies: R (a)= ohms per meter

wa o
gh frequencies: R (a) = = > ohms per meter
' 2rado dra o

In both cases, distributed ac resistance depends on the product
a*o. The conductivity of an equivalent wire should be scaled to
keep its ac resistance equal to that of the insulated wire. We there-
fore have, regardless of frequency regime,

2 2 [I—LJ
f a a & op .
O =0 - =0 | — =0e siemens per meter
a

b

In addition to copper loss in the wire, there can be loss in the
insulation materials. Such loss is ignored in the present treatment.

Multi-Layer Dielectric Coating

The K60OIK method can be generalized to multi-layer, lossless
non-conductive dielectric cover, i.e., materials for which €, > 1,
u.=1, o.,,.,=0. Figure 2 shows the geometry of a multi-layer
covered wire. The wire has an inner conductor of radius a sur-
rounded by n concentric dielectric layers having outer radii
b, < b, < ... <b,. Each layer may have a different dielectric con-
stant. For n layers, J.H. Richmond’s P function is the dimension-
less quantity given by

P= 1—L ln(ﬁ)Jrz 1_L In bi

8,,’1 a i=2 gr,i i-1

Let the wire have a distributed line charge of ¢ coulombs per

meter. The electric flux density D is radially directed.

D, =-1
2o
The electric field E is likewise radially directed. At distance p
off axis it is
1
E =—D, =—1

p P
EE, e, p

The electric potential between cylindrical surfaces at p = a and
p=b,is
b,

bn

__4 ”L
2re, gr’l ( j 22:5 (bi_J

Distributed capacitance is

q -27¢,

v .
{lm(a}zlm( b H
gr,l a i=2 gr,i bifl

For a bare wire of radius a"and all dielectric constants unity,
&, =1, we have

-2re,

_ 2re,
" (b
ln(b],j+21n{ b ] ln(n/)
a i=2 bf—l a
Equating C'and C gives
(%)= (I_L}n(ﬁ) ‘ z(l _L}n[i) _p
a gr,l a i=2 gr,i bifl

Solving for a’ gives the equivalent wire’s radius as

~fa) () e

a i=2

C'=

In order to make the self-inductance of the equivalent bare wire
the same as that of the multi-layer insulated wire, we must load the
equivalent wire with a positive distributed inductance equal to

VRN A TN U N ) +z”: 1-—L |in[ 2o | |= 22 henries per meter
27 \a) 2m £, a) = &, b, 2

The equivalent wire’s conductivity must be scaled inversely
with its effective radius according to

1-———

-1
c=c (%)2 =c [aJZ(I LVM] ﬁ[bl;l]{ ” ] =oe? siemens per mete

b 2\ b,

Multi-Layer Magnetic Coating

The K60IK method can be generalized to lossless, non-conductive
magnetic cover, i.e., materials for which .= 1, u. > 1, o,,,,,=0.
An example is ferrite-coated wire. For magnetic cover, Lee and
Balmain[27] define a Q function analogous to Richmond’s P func-
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tion, which for single-layer cover is
b
=(u -1)In| =
O=(u,~1)In (a]
and for n layers is
b < b.
0= (ﬂ,~,1 - 1)ln (;‘j + Z(,u,,,i - 1)1n [b_lj
i=2 i1

Q like P is dimensionless. Q appears in the distributed inductance
analysis below.

Because all layer dielectric constants are unity, the radius of
a bare wire equivalent to one with n-layered magnetic cover is
unchanged

a'=a
Inductance is found by analysis similar to that for the multi-

layer dielectric case, the inductance per unit length of the wire
with n-layered magnetic cover of length [ is

Lzmln(ﬁ]+ﬂ S | L ||+ L[ £
2z a 2|5 b, 27 b

i n

If all relative permeabilities are changed to unity, the induc-
tance L is changed to L' where

szﬂm(ﬁ}ﬁ Sin[ 2| [ Ao £
27 a 27| b, 27 b

The difference or delta inductance is given by

, b . b )] 0
B AL O = I CS | B

| =

To make the self-inductance of the equivalent bare wire the same
as that of the multi-layer magnetic covered wire, we must load the
equivalent wire with a positive distributed inductance equal to

b n b .
_AL = %(ﬂ,._l 71) h{j] + ;—O{Z(ﬂ 71) In (ZH = % henries per meter

| =

The effective conductivity of the equivalent bare wire requires
no correction. Because the equivalent radius does not change for
wires with magnetic cover, the ac resistance of the equivalent bare
wire is the same as that of the original coated wire. Consequently
o=o.

Multi-Layer Magneto-Dielectric Coating

Finally, we consider a multi-layer cover of lossless, non-con-
ductive magneto-dielectric materials for which each layer satisfies
&21,p.21, 0, =0.An example is a ferrite coated wire cov-
ered by a plastic sheath. We merely need to apply the results of the
dielectric and magnetic cases treated above simultaneously.

The magnetic layer correction is via a loading adjustment. Thin
magnetic layers do not increase effective radius but do add series
inductance loading. Dielectric layers by contrast increase effective
radius, reduce effective conductance, and add a small series induc-
tance load correction.

Using the notations introduced above, a bare wire is equivalent
to one that has n concentric layers of thin magneto-dielectric cover
provided the radius, conductivity, and distributed inductance load-
ing are

a=ae"
o'=ce?’
Ho
—AL="—"(P

The distributed inductance load is the sum of two terms. The
first term corrects for the change in conductor radius. The second
term corrects for the magnetic relative permeabilities of the layers.

Further generalizations are possible to account for electric and
magnetic loss tangents, which the present analysis has not con-
sidered. The results here should handle many wire types that an
antenna modeler may encounter.

Table B. Equivalent Wire Models for Single-Layer Insulated Wire.

Parameter WA4RNL

RASMB

Radius a

Distributed Inductance Load, b é | b
H/m IUO (_ng [1__] ln(

Aol 1 b} (AL h{éj
2r ek a 2 g a

r*Vabs

Conductivity, S/m o o o[ L
a &
O' —_—
b
Accuracy Good Better Best
Insulation Dielectric Dielectric General
Used in 4nec2 MMANA EZNEC, SimNEC
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Materials Restrictions

The accuracy of the analysis above depends on assumptions
about materials and geometry. The central conductor is the only
material that conducts and is nonmagnetic metal. The cover mate-
rials are assumed to be non-conducting and lossless. Electric and
magnetic loss tangents are assumed to be zero. The cover materials
are electromagnetically simple, i.e., constant, linear, homoge-
neous, and isotropic. Exotic materials that are either time-varying,
nonlinear, bilinear, inhomogeneous, or anisotropic are specifi-
cally ruled out. Ferrites in homogenized form (e.g., ceramics) are
allowed. Ferrites in crystal form are anisotropic and violate our
assumptions. For many materials, electromagnetic parameters
are a function of frequency. This fact does not matter because we
consider only the single-frequency sinusoidal steady-state (also
called the “time-harmonic” or “monochromatic’) case. For most
materials, dielectric constant and magnetic permeability depend on
frequency and temperature. The values used in examples here are
merely typical. The electromagnetic behavior of matter and mate-
rials is discussed in C.A. Balanis [78] and A. Zangwill [83] and in
specialized texts in chemistry and physics.

The modeling methods are limited to insulation layers that are
electrically thin. The thickness of the cover must be small com-
pared to a wavelength in the medium of the insulation.

SNEM,

When this condition is not met or when a dielectric has arbi-
trary shape and dimensions, different methods of analysis can be
used. The internal fields in a dielectric resonator antenna (DRA)
are cavity modes. The cavity modes couple to and drive the
external field. One common shape for dielectric radiators is the
cylinder. Radiation from a cylindrical resonator is generally either
axial mode or normal mode. Fat cylinders can radiate in the axial
mode, in which radiation is end-fire, in the direction of the axis.
The cylinder acts like a waveguide or traveling wave structure. An
example is a polyrod antenna. By contrast, thin cylinders gener-
ally radiate in the normal mode, so called because radiation is
sideways, normal, or perpendicular to the cylinder’s axis. Some
examples include dipoles and monopoles, "flexible antennas for
portable radios ("rubber duck" antennas)," and even tall trees.

Our analysis is for wires that can be treated as long concentric
cylinders. End effects of finite length cylinders are ignored. One
should not expect our analysis to correctly model short ferrite
beads snug on a wire. An assessment of the theoretical soundness
of quasistatic approaches to electrically thin cover materials was
given by A.I. Mowete, et al., [75], [76], [77]. Techniques to model
general dielectric objects by using thin-wire antenna modeling
programs are reviewed in [89].

b—a<k =

Summary of Methods

All of the methods assume the insulation is electrically thin. As
insulation thickness is made greater, all methods become inac-
curate, but the NEC-4.2 IS function should work accurately for a
greater range of b/a ratios. The K60IK and Richmond methods

are similar in goal but different in technique. Both treat insula-
tion as a perturbation. The difference is Richmond treats the
perturbation as an additive correction to the MoM impedance
matrix. K60IK, on the other hand, treats the perturbation as a
small change in effective diameter. Neither approach increases
the self-inductance of segments or wires. Rather, K60IK keeps
the inductance of equivalent wires constant by adding exactly
enough inductance to compensate for the smaller self-inductance
of larger diameter wires. Similarly, wire conductivity is reduced
exactly enough to compensate for the smaller ac resistance of
larger diameter wires. Both the Richmond and K60OIK perturba-
tions affect the entire MoM impedance matrix. They do more than
just diagonally load the matrix. The IS feature of NEC-4.2 is the
most accurate method among those under discussion and the only
one that has been validated extensively against measured mea-
sured data. However, the K60OIK method achieves the same result
without directly modifying the impedance matrix. Moreover, the
K60IK method is the only method that allows multiple layer insu-
lations and insulation materials that can be dielectric, magnetic,
and magneto-dielectric — a degree of generality that the NEC-4.2
IS function lacks.

“Equivalent wire” methods (W4RNL, RA9MB, and K60IK)
presume the MoM impedance matrix is unavailable for direct
modification. Accordingly, these methods can at best modify the
MoM impedance matrix indirectly, by modifying the geometry,
loading, and metal conductivity, of the wires. However, wire
lengths must be kept constant to keep from breaking a model.
Wire diameters and distributed loading (e.g., inductance and wire
loss due to finite conductivity) are the only variables that may
be adjusted given that the impedance matrix is not available for
direct modification or the addition of correction terms. Table B
summarizes the three methods of modeling single-layer insu-
lated wire. The methods can be used with any thin-wire program.
WA4RNL’s method is built into 4nec2. RASMB’s method is built
into MMANA. K60OIK’s dielectric single-layer method has been
added to EZNEC v7.0.3 and SimNEC.

The following differences are noted. The WARNL method
defines equivalent wires by adding distributed inductance alone.

15
— NEC-A. D WARNL (Hed)

m— MHEC-4.2 RASME [Blue]
MECA.2 KECHEK {Green]
= e NEC-4.2 15 [Black)

= 1
Groeen '
&

SWR

P
Blagk
1 £
#
11 +

14000 14050 14100 14150 14200 14250 14300 14350
Frequency, MHz

Figure 3 — Comparison of four insulated wire methods on a
20-meter square loop. Data from AC6LA.
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Table C. Equivalent Wire Models for n-Layer Covered Wire.

Each impedance point shifts clockwise on

its constant r-circle. Resonant frequen-

Parameter Dielectric Cover | Magnetic Cover | Magneto-Dielectric
(P>0,Q=0) (P=0Q>0) Cover cies are accordingly shifted down, and
(P>0,Q>0) anti-resonant frequencies are shifted up.
) In frequency bands where the impedance
Radius P P . .
ae a ae curve is locally tangent to an r-circle, the
shift has the same effect as frequency scal-
Distributed Inductance | (4 H ing, making the wire appear longer. This
Load, H/m e &Q 2P+ Q) g making ppear longer.
2 17 2 equivalence only holds near tangencies.
Near resonance, adding insulation makes
Conductivity, S/m oe’ o oe the wire appear longer. If the impedance

Conductor diameter and metal conductivity are not changed. The
RA9MB method defines equivalent wires by adding distributed
inductance and increasing the conductor diameter to that of the
insulation, but adjustment to metal conductivity to account for
increased diameter is absent. Additionally. the method has an
undetermined parameter. The K60OIK method defines equivalent
wires by (1) increasing the conductor diameter to a value between
the diameter of the conductor and the diameter of the insulation,
(2) adding distributed inductance, (3) reducing the metal con-
ductivity. This three-part correction gives the equivalent wire the
same distributed capacitance, inductance, and loss as the original
insulated wire. This method, based on electromagnetic quasistatic
theory, expresses the parameters of equivalent wires in terms of
physical constants and geometric dimensions with no undeter-
mined variables.

The K60IK method handles complicated covers such as multi-
layered insulations or wires covered by magneto-dielectric materi-
als. Table C summarizes the parameters for bare wires that are
equivalent to various multi-layered lossless insulations. Parameter
definitions and derivations are above. The K60OIK single-layer for-
mulas in Table B are a special case of the n-layer formulas in Table
C. The reader is referred to the works of J.H. Richmond [20], [21],
E.H. Newman [23], J.P.Y. Lee, and K.G. Balmain [27], and J.
Moore, and M.A. West [43] for theoretical discussion.

Accuracy Assessment and Validation

An antenna made of insulated wire will behave differently
from one made of bare wire. The differences show up in current
distribution, radiation pattern, field strength, efficiency, feed point
impedance, and resonant frequency. Amateur antenna builders are
generally most interested in impedance, resonant frequency and
SWR. Dielectric insulation mainly affects the feed point reac-
tance, more so than the resistance of a wire antenna. The effect is
to increase the reactance by a small increment. When viewed on
a Smith chart, the antenna’s impedance curve is shifted upward.

Table D. UHF Insulated Dipole Parameters.

Length 8 inches
Length to radius ratio 640
Conductor Copper
Insulation b/a 5.84
Dielectric constant 2.3
Resonant frequency ~ 600 MHz
Frequency sweep 0to12 GHz
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curve near the resonance is approximately
tangent to an r-circle on the Smith chart.
The effect is to shift the resonant frequency down.

Richmond’s method, which became the IS function in NEC-3
and NEC-4.2, has been extensively validated against measured
data. Accordingly, NEC-4.2’s IS function is the gold standard
against which other computational methods for modeling single-
layer dielectric insulation should be evaluated and compared.
However, n-layer and magneto-dielectric insulations are beyond
even its capability. The K60OIK method is the only one of the
methods presented above that can handle multi-layer insulations.

We compared the various methods on four insulated-wire
antenna models. Test models were run to compare different combi-
nations of insulation method and thin-wire engine, specifically
NEC-4.2 and NEC-5 [91]. We present results for four example
models. The first example is a 20-meter band, full-wavelength,
insulated square loop for which NEC-4.2’s IS command was com-
pared to the WARNL, RA9MB, K60IK equivalent wire methods.
The second and third examples use the same models that were
used by G.J. Burke to validate the NEC IS command. IS is com-
pared to the K60OIK method and original measured test data [23],
[34]. The final example has a more difficult model, an insulated
isosceles delta loop devised by AC6LA. This example compares
NEC-5 using the K60OIK method to NEC-4.2’s IS command.

Example 1 compares three different equivalent wire methods
against the IS feature of NEC-4.2 on a 20-meter band, full-wave-
length, square loop antenna. The antenna wire is 2-mm diam-
eter copper wire insulated with a 0.6-mm thick PVC insulation
having dielectric constant 3.5. Figure 3 shows the results. The
graph shows the SWR computed for a reference impedance of
120 Q. NEC-4.2 1S (black dashed curve) puts the SWR minimum
at 14.190 MHz. The W4RNL method (red curve) puts the SWR
minimum 67 kHz too low. The RA9MB method (blue curve) puts
it 26 kHz too high. Only the K60IK method (green curve) agrees
spot on with the NEC-4.2 IS calculation.

Table E. UHF Insulated Square Loop Parameters.

Perimeter 8 inches
Perimeter to radius ratio 640
Conductor Copper
Insulation b/a 5.84
Dielectric constant 2.3
Resonant frequency ~1.2 GHz
Frequency sweep 010 2.4 GHz




In his original validation of the NEC IS command, G.J. Burke
did a three-way comparison of Richmond, NEC IS, and laboratory
measured test data. The comparison was presented as graphs of
admittance Y = G + jB, [34]. The predicted feed point admittance
was compared to measured data. The test data was measured at
The Ohio State University (OSU), [23], [34]. Also, the computed
radiation efficiency was compared to theory. The author repeated
two of Burke’s test cases: a UHF insulated dipole and a UHF insu-
lated full-wave square loop.

Example 2 is Burke’s UHF insulated dipole. The insulated wire
was RG-59 coax with outer jacket and braid removed, leaving a
dielectric covered copper center conductor. Dielectric loss tangent
was assumed to be zero. The antenna was frequency swept from
dc to twice the resonant frequency. Table D gives the dipole’s
physical and geometrical parameters.

Figures 4 and 5 show the feed point admittance (conduc-
tance and susceptance) of the insulated dipole. It is observed that
the agreement between the K60OIK equivalent wire method and
NEC-4.2 1S is near exact. It is observed that both computational
methods have good agreement with the OSU measured data. This
example was one of several that Burke used to validate the IS
feature of NEC.
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Figure 4 — NEC-4.2 calculated conductance of test dipole,
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Ohio State University.
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Figure 6 — NEC-4.2 calculated conductance of test square loop,
comparing IS and K60IK methods. Measured test data is from The
Ohio State University.

Example 3 is Burke’s UHF insulated full-wave square loop.
Table E lists the loop’s physical and geometrical parameters. Like
the insulated dipole, the square loop’s insulated wire was RG-59
coax with outer jacket and braid removed, leaving a dielectric cov-
ered copper center conductor. Dielectric loss tangent was assumed
to be zero. The antenna was frequency swept from dc to twice the
resonant frequency.

Figures 6 and 7 show the admittance (conductance and suscep-
tance) of the insulated full-wavelength square loop. It is observed
again that the K60OIK equivalent wire method’s agreement with
NEC-4.2 1S is near exact. The agreement between both computa-
tional methods and the OSU measured data is not as good as for
the insulated dipole. The reason is unknown. It is possible that the
model parameters in Table E were not stated with enough preci-
sion. A small error in the insulation diameter or dielectric constant
is a possibility. It should also be noted that the OSU measure-
ments were made at a time before anechoic antenna test chambers
and precise measurement test protocols were in wide use. Proper
calibration of test setup, especially “de-embedding” a device under
test (DUT) from any stray capacitance and parasitic inductance
of the text setup is important for obtaining accurate measurement
results. Parasitic capacitance or inductance in the test setup may
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Figure 5 — NEC-4.2 calculated susceptance of test dipole,
comparing IS and K60IK methods. Measured test data is from The
Ohio State University.
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Figure 8 — SWR shift due to insulation of two methods with NEC-5
and NEC-4.2. Data from AC6LA.

account for the apparent shift in resonant frequency. Nowadays, at
UHF and microwave frequencies, modeling and computation are
considered to be more accurate than physical measurement unless
the measurements are made very carefully.

Example 4 is our last example—an HF bottom-fed isosceles
delta loop. AC6LA devised this model as a challenging validation
test to compare NEC-5 using the K60OIK method against NEC-4.2
using its internal IS function. The antenna is made of the same
insulated wire as the square loop in Example 1 and dimensioned
for 50 Q impedance at 14.175 MHz.

When comparing different combinations of insulation method
and engine, it is important to realize that different engines give
different impedances for the same bare wire model. In order to
isolate the effect of an insulation method from the native error in
an engine, one should compare the impedance delta between bare
and insulated wire models. The delta that matters most is in the
frequency shift of the feed point reactance AX( f). The shift in feed
point resistance AR( f) is very small. By comparing deltas instead
of total impedance, we avoid confusing an engine’s inaccuracy
with the insulation method’s inaccuracy.

Figure 8 shows results for NEC-5 using the K60OIK method
versus NEC-4.2’s IS command. The data shows the SWR shifts
between bare and insulated wire predicted by two methods using
different engines. The graph gives comparisons both of NEC-5
versus NEC-4.2, as well as K60OIK versus IS. The red and blue
traces are for bare wire, and the green and black dashed traces are
for PVC insulated wire. Regarding NEC-5 versus NEC-4.2, an
8-kHz difference is observed between the two engines for identical
bare-wire antenna models absent insulation. This difference is due
to errors that are native to the engines.

Figure 9 shows the reactance shift between bare and insulated
wire predicted by two methods using two engines. Over the nar-
row bandwidth the reactance curves are straight lines. Each reac-
tance curve’s resonant frequency (zero crossing) was calculated
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Figure 9 — Reactance shift due to insulation of two methods with
NEC-5 and NEC-4.2. Data from AC6LA.

from its slope and intercept found by linear regression analysis.

Table F shows the resonant frequencies for the various com-
binations of engine and insulation method. The 8-kHz difference
between the NEC-5 and NEC-4.2 engines is again seen. Regarding
K60IK versus IS, the bare-to-insulated shifts of reactance are
almost identical: 315.8 kHz for NEC-5 using K60OIK versus
315.4 kHz for NEC-4.2 1S. The 400-Hz difference between
insulation methods (K6OIK versus IS) is 20 times less than the
8-kHz native difference between the NEC-4.2 and NEC-5 engines
observed in Figures 8 and 9. We conclude the K60OIK method
under NEC-5 produces the same insulation frequency offset as the
IS command of NEC-4.2.

Modeling of multi-layer magneto-dielectric sheaths is beyond
the capability of the IS feature in NEC-4.2 and indeed all commer-
cial thin-wire electromagnetic modeling software. Consequently,
the K60OIK multi-layer formulas cannot be compared to com-
mercial thin-wire software because none exist. However, modern
computational electromagnetics (CEM) software based on surface
equivalence or volume equivalence principles can be used, as can
finite-element method (FEM) programs such as ANSYS HFSS.
Validation against measured test data remains to be performed.

Conclusion

Techniques for modeling insulated wire were reviewed and
explained. We considered insulations made of layers of dielectric,
magnetic, and magneto-dielectric materials. Only lossless materi-
als (loss tangent zero) were considered. A sequel may examine
losses in linear low-loss dielectric and magnetic materials and give
methods for determining antenna radiation efficiency and gain
pattern. To the author’s knowledge the formulas presented are new
and have not been published before. These formulas enable an
antenna modeler to model wires coated by many materials. The
results here should handle many wire types that an antenna mod-
eler may encounter.

Table F. Resonant Frequencies in MHz.

Bare Wire
NEC-4.2 NEC-5
14.48980 14.48165

NEC-4.2 IS
1417439

Insulated Wire
NEC-5 and K60OIK
1416582
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Upcoming Conferences

SCalLE 22x
March 6 — 9, 2025
Pasadena, California

www.socallinuxexpo.org/
scale/22x

The 22nd Annual Southern California
Linux Expo, SCaLE 22x, will take
place March 6 — 9, 2025, at the
Pasadena Convention Center in
Pasadena, California.

Utah Digital
Communications Conference
February 22, 2025
Sandy, Utah

https://utah-dcc.square.site

The Utah Digital Communications
Conference will be held February 22,
2025, in Sandy, Utah.

2025 Central States
VHF Conference
July 24 - 27,2025
Lincoln, Nebraska

https://2025.csvhfs.org

The 2025 Central States VHF
Conference will be held July 24 — 27,
2025, at the Lincoln North Hotel and

Conference Center in Lincoln,

Nebraska.
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