friried applied
e sciences

Article

Two-Wire Power Line Microwave Communication Using
Low-Loss Modes

Robert G. Olsen

check for
updates

Citation: Olsen, R.G. Two-Wire
Power Line Microwave
Communication Using Low-Loss
Modes. Appl. Sci. 2023, 13, 7846.
https://doi.org/10.3390/
app13137846

Academic Editor: John Xiupu
Zhang

Received: 8 June 2023
Revised: 28 June 2023
Accepted: 29 June 2023
Published: 4 July 2023

Copyright: © 2023 by the author.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Electrical Engineering and Computer Science, Washington State University, Pullman, WA 99163, USA;
bgolsen@wsu.edu

Abstract: A closed-form solution for the common and differential modal currents induced on a
pair of infinitely long parallel conductors by a source, field coupled to a power line, is derived.
For lossy conductors, the current consists of a continuous spectrum of radiation modes and (for
the common mode) a modified low-loss Sommerfeld—-Goubau (SG) mode and (for the differential
mode) a quasi-TEM mode. This model is used to investigate the influence of a parallel conductor
on microwave power line communication systems. When the complete current spectrum is used, it
is shown that the SG mode is not the primary reason why low-loss communication is possible on
power lines for distances on the order of 100 m. Nevertheless, and consistent with previous research,
microwave communication using power lines has advantages over free space communication, and
for typical parameters, the performance of these systems can be enhanced if the power line contains
more than one conductor.
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1. Background

The propagation of a low-loss surface wave on an open waveguide consisting of a
single lossy conductor in free space was investigated by Sommerfeld in 1899 and later,
in 1907, extended to the case of dielectric-coated conductors by Harms [1-3]. In 1950,
Goubau described the mode as a means of facilitating “wide-band long-distance commu-
nication” [4,5]. That work resulted in the identification of discrete propagation modes
for lossy conductors, dielectric-coated conductors or other conductors with appropriately
modified surfaces, as discussed by Collin [6] (pp. 718-720). Of interest, presented here is
the Sommerfeld-Goubau (SG) mode on a bare lossy conductor.

In the early 1950s, a significant amount of work was reported by Goubau et al. and
Dyott concerning the development of launchers for exciting this mode as well as investi-
gations of environmental impacts, such as rain, snow and ice and the effects of bends on
attenuation [4,5,7-9]. The launcher design work was heuristic and focused on matching
the transverse variation of the source field to that of the SG mode. Coated wires were
of special interest since the coating results in a more rapid decay of the field around the
conductor, and experimental launchers for these modes were reported. At about the same
time, Kikuchi studied the transition of quasi-TEM waves on a wire above earth to the SG
mode as the frequency increased into the microwave region [10,11]. Little additional work
on this mode was reported until 2004, when Wang and Mittleman suggested its use in the
terahertz frequency range as a lower-loss waveguide than either metallic tubes or optical
fibers. Specifically mentioned were spectroscopy, sensing and imaging applications but not
communications [12]. In 2006, Wiltse discussed the possibility of low-loss transmission and
the capability for transmitting high power in the millimeter-wave or terahertz frequency
ranges [13]. The specific idea of using the SG mode for wide-bandwidth open-waveguide
communication on power lines was introduced by Elmore in 2009 [14-16]. This was fol-
lowed in 2016 by an announcement from AT&T concerning a project to use SG-mode
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propagation on power lines for broadband communication [17]. Interest in the area of
broadband communication using this mode of propagation continues. For example, Galli,
Liu and Guanxi, reported a model for estimating channel capacity for open waveguides
constructed from lossy conductors [18].

In the past, a great deal of work has been conducted concerning the problem of
exciting currents on infinite wires with and without loss when using voltage sources [19,20].
However, voltage sources are not appropriate for communication along energized electric
power lines since a high-frequency source cannot be inserted into the line. Hence, field
coupling is the only option. While research on designing SG-mode launchers was conducted
in the 1950s, its emphasis was on dielectric-coated wires, given their more rapid transverse
decay of fields.

A complete solution for induced current consists of both SG mode current and a
current relating to the continuous spectrum of radiation modes. In 1964, a more rigorous
theory for the excitation of the SG mode using a ring source of magnetic current (identical to
a voltage source for the ring radius equal to the conductor radius) surrounding an infinite
lossy conductor was reported by Cohn and King [21]. In addition to the SG mode current,
they calculated the radiated fields using steepest descent integration (SDI). Unfortunately,
calculating these radiated fields is not equivalent to calculating the current due to the
continuous spectrum. This is because for field points near the conductor, the simple form
of SDI in [21] is not accurate since the SG pole is close to the saddle point [6]. Because this
field is needed to calculate the current via Ampere’s law, the current cannot be determined
accurately. Hence, Ref. [21] did not provide a complete expression for the induced current
(i.e., the SG mode and continuous spectrum).

In a recent publication, an investigation of propagation on an open wire as related
to microwave communication systems on power lines was reported [22]. This paper was
written in order to clarify the relationship between the discrete SG modal current and
the total current since it is the total current that is relevant to the performance of these
systems. More specifically, a closed-form solution for the current induced on an isolated
infinitely long lossy conductor by a voltage source in series with it or an electric dipole in
close proximity to it was found. This model included contributions from the continuous
spectrum of radiation modes as well as the low-loss discrete SG mode. While the relative
magnitudes of these two components were shown to be sensitive to frequency and wire
conductivity, the total current on a lossy conductor is nearly the same as that for a perfect
conductor over distances comparable to power line communication repeater spacing.
Hence, it was shown to be possible to use a simple expression for the total current from
antenna theory to evaluate the performance of these power line communication systems.
Further, for observation points not near the source, the current induced by the voltage and
dipole sources differs only by a known constant. Dipole sources were considered since
voltage sources cannot be inserted into power line conductors. Finally, the advantage of a
single-conductor communication channel over a wireless channel using high-gain antennas
was quantified.

However, it was also noted in [22] that power line conductors are not isolated, and,
given the fact that SG mode fields decay slowly in the transverse plane, the influence of
parallel conductors could be important. Some recent work has appeared on the topic of the
SG mode on a pair of wires, but it did not incorporate the full expression for current, which
would include the continuous spectrum [23]. Hence, the impact of a parallel conductor is
investigated in this paper. More specifically, a single additional conductor will be assumed
parallel to the one that is discussed in [22]. The two-conductor case is considered since
its solution can be decomposed into simple common and differential modes leading to
additional insight into the solution.

2. Problem Definition and Exact Solution

The problem is illustrated in Figure 1. Here, two infinitely long parallel lossy (conduc-
tivity o) conductors, each of radius a and spaced a distance d apart are placed in the z
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direction. A voltage source of amplitude V volts at z = 0 and/or a y oriented elementary
electric dipole of length dI at a distance h from the origin along the y-axis are used to excite
currents on both conductors.

y
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h

2
phase conductor 1 i l Vi 4+ Lzt >
T

QY
‘:\Lphase conductor 2 1,(z,t) > zp e

Figure 1. Geometry of the Problem.

The approach here is to solve for the currents excited by the voltage source and
then (later) to use the fixed relation between dipole and voltage sources derived in [22]
to calculate those caused by the dipole source. The method is identical to that for the
single-wire case except that there is an additional source of field (i.e., the second conductor).
Hence, there will be two coupled equations (one for each conductor boundary condition)
rather than a single one, as in [22].

A pair of homogeneous Fredholm integral equations of the second kind for the current
I1(z) and I»(z) induced on this conductor (valid for —co < z < c0) can be written as

[ (g(a,z— N (z) + g2(d —a,z — z’)fz(z/))dz’ + Ee(—d/24a,2)
= *Vl‘s(z) +Ziwfl (Z,> (1)
[ (g22(d—a,z—2)1(2) + g% (a,z — 2')2(2'))dz’ + Eze(+d/2 — a,2)

= _Vzé(z) + Ziwfz (Z,)

g (p,z — 2') is the axial electric field at (p,z) = (a,z) of a unit current of length dz’
at (0,2/), E"Zg(a, z) is the axial electric field at (y,z) = (4,z) of the vertical electric dipole,
and 4(z) is the Dirac delta function. z;;, is the intrinsic impedance per unit length of the
conductor, which for conductor sizes and higher frequencies of interest used here can be
approximated as follows:

1/2 .
o~ [(Who (1+))
Zip =2 (20w> 5orn |kwa) >>1 )

For (1), it has been assumed that the thin wire boundary condition E,(a,z) = z1,[(z)
is applied to the inside surface of each conductor radius. The time variation is exp(jwt),
and the caret notation, *, indicates a phasor quantity.

A formal solution to (1) for the current can be developed given that the integral
equation is valid over the entire range of z from —oo to co. The solution can be found by
taking the spatial Fourier transform of both sides of (1). This transform and its inverse (i.e.,
F(v) and F~1(7)) used here are defined as follows:

[e9)

F(f@) = E) = [ flz)e1dz ©
F1(Em) = £2) = o [ Ene /ey @)

—00
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Here, the symbol ~ indicates a spatial Fourier transform with respect to the wire
direction z that is dependent on the transform variable vy.
Taking the Fourier transform of (1) using (3) and the convolution identity

F /f(z’)h(z—z’)dz’ = E(f(z))H(h(z)) 5)

Results in the algebraic equations (Note: the physical dimensions of all terms are
“volts” in the Fourier transform domain.)

Gt [1(7) + G2L(7) + Ex(—d/2 4 a,7) = = Vi + i1 (7) (6)
GEL(7) + GZI(v) + Eez(d/2 — a,7) = = Vs + zi I (7) )

where Gl = G2 = G,,(—d/2+a,v) and G2 = G2 = G,,(d/2 — a,7y), while E.,(—d/2
+a,h,7v) and Eez(d /2 —a,h,v) represent the axial electric field of the external source at
each conductor, where } is the distance of the external source above the conductors. V; and
V, represent the voltage at z = 0 of the source in series with each conductor.

The solution to these equations is formally valid at any frequency for which the conductor
radius a is small compared to the other dimensions and the wavelength at the frequency of
interest for which the conductor is appropriately modeled by its conductance o7,.

Here, (The subscript notation 1/2 means 1 or 2. It should not be confused with the
superscript % which means square root)

=~ 1 1/2
Cealx = x1/2,7) = g (+* - k) H? ((k% -7) "o /2) ®)

where p1 /7 = |x — x15| and Im (k — 72)1/2 <0
Equations (6) and (7) can be written more compactly in matrix form as follows:

I [—Vl - Egz]
A - > (9)
[12] Vo — Egz

~ ~, ~ ~ al
where (given symmetry and reciprocity) G} — z;,, = G2 — z;, and G}2 = G2. E,, and

A

~11 ~12
Gez — Zjw Gez
~21 ~22
Gez Gez — Ziw

E,, are, respectively, the axial electric fields of the external source evaluated at the bottom
surfaces of conductors 1 and 2.

The square matrix in (9) is 2 x 2. It is known that if it has 2 distinct eigenvalues, then
it has two distinct eigenvectors that are orthogonal with respect to it. It is also known that

any two-element vector (e.g., [I]) can be expanded in this set of eigenvectors so that
(1] = i) [Tgn] (10)

where [Tgm] is the matrix of the “geometric component” amplitudes (often referred to in the
power engineering literature simply as “mode” amplitudes), and |7 is the square matrix
(by columns) of normalized eigenvectors of the square matrix in (9). Since the matrix in (9)
is symmetric, it can be written as follows:

22
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The eigenvalues of this matrix (A) (not to be confused with A, which is used elsewhere
to designate “wavelength”) are defined by

A B %] [%}
=A 12
5 alla =[5 E
where the vectors § = [q4,4;|  are its eigenvectors. (not to be confused with g, which is

used elsewhere to represent charge). Since (12) represents a homogeneous set of equations,
it only has a solution if

]T

‘AgA AE—B/\‘:O 13)
This occurs when the quadratic
A2 24N+ <A2 - Bz> -0 (14)
Hence, the eigenvalues are
M2 =A+B =Gy —zp £ G2 (15)

The eigenvectors can be found by inserting the eigenvalues into (12) as

FB B ||qa]| _
VAL a0

Given that the matrix in (16) is symmetric, its eigenvectors are simply

7, =m [ﬂ and g, = ap {_11} (17)

where a1 and a; are arbitrary constants. g; represents the common component (again often
called the “common mode”), which has equal currents on each conductor, and g, represents
the differential component (again often called the “differential mode”).

These eigenvectors can be written as a matrix of eigenvectors (by columns) that are
normalized to a magnitude of 1, as follows:

1
=5l 4] 18)

If the column matrix of conductor currents I7 and I, is expanded in the eigenvectors

of the symmetric matrix, then
I I,
[J] = [] [Af’”l] (19)
I

I gm2
where ?gml and Tgmz are the “geometric mode” amplitudes.
If (19) is substituted into (9), the entire equation is pre-multiplied by the inverse matrix
[7] !, which (in this case) is equal to [7].
~ ~ A A al
1 {1 1 ] G -z G2 [1 1 } Igpn| _ 1 {1 1 ] -V —E,, (20)
211 -1 ngl Gezzzfziw 1 -1 Tgmz V2|1 -1 _Vz_fg';
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However, pre-multiplying and post-multiplying a matrix by a matrix of its eigenvec-
tors results in a diagonalized matrix of eigenvalues, as follows:

A1 ~12 A1 ~12
~1|Gez = Ziw Gez _ Gez — Ziw + Gez 0 _ (21)
U iR l 0 GB-zw-GE
In addition, the right-hand side of (20) becomes
" A N N al a2
1 {1 1 ] V- Eez] 1 |[Vy+W+E,+E, )
75 _ N A | T T 0 Al a2
V2l =1 |-V~ E. V210, ~ 0+ E, —E,
So that
~11 ~12 T S L
1 Gor — ziw + G2 B 0 N {gml _ ;1 Vi+Vo+ Eiz + ESZ (23)
2 0 ngz — Ziw — G;zz Igmz \/E Vl — VZ + Eez — ﬁez

Differential and Common Modes

Since the matrix is diagonalized, the solutions to this equation for the component
amplitudes can be obtained via a simple inspection, as follows:

~ ~ al a2
A Vi+V,+E E
Tt = —V2 L 2T e T P (24)
Gez — Zjy + Gez
and
A WV By - By
Tgnz = —V2— 2 e (25)

~11 . ~12
Gez — Zjw — Gez

From these results, it is trivial to find formal solutions for the actual conductor currents,
al a2 R
if, for example, the external electric fields E,, and E,, are assumed to be zero, and V; =

V, V», = 0, wherein both the common and differential mode are excited. Given this,

A

A A 1%
Gez — Ziyw + Gez
for the common mode and
A A V
I1=—-1,=-— (27)

Gelzl — Ziw — Gf?lZz

for the differential mode.

As above, with excitation on only one conductor, both geometric modes will be excited,
and each has one or more distinct propagation modes, and the rate at which each mode is
attenuated as it propagates along the wires will be different.

Now using (8), the denominators of (26) and (27) can be written, respectively, as

Gl — 2y 2 G2 = 2 { (¥ =R [HP (13— 12 %a) £ HP (K3 —+2)'%a) | — b1
= 2L =) [HP (02 = 4)"%a) £ HP (2 = 42)*d) | + 610 (28)
= k{22 [H ¢a) £ B (@d)] + 0w |

4weo
where the + sign is for the common mode and the — sign is for the differential mode and

1/2
= (k% - ')’2) ,Im(C) < 06 = dwepziy (29)
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Finally, the formal solution to the integral equations for common mode can be written
using the inverse Fourier transform as

N u 1 7 4wey Ve 177
feld(z) = £/ (z) = — / 2oove ) gy (30)
! ? 2 )\ D+(7)
where N 5 5
Da(v) = ¢2[H" (¢a) + HE (@d)] + 6o (1)
and the individual currents in each wire can be written as
hz) = (z) + () (32)
and
b(z) = I5(z)+ B(z) = K(z) - 1{(2) (33)

3. The Spectral Solution

Solving (30) involves deforming the integration along the real <y axis into the complex
7 plane, as shown in Figures 2 and 3. To accomplish this, it is first necessary to discuss
the singularities of the integrand of (30) in this plane. Given the multivalued square root
function, branch point pairs can be identified at 7y, = £k, Fjoo with branch cuts connecting
them, defined as shown in Figure 2. As a further comment, the “proper” Riemann sheet is
defined as Im(¢) < 0. Since the branch cuts in Figures 2 and 3 are defined so that Im({) = 0,
the visible (i.e., top) portion of the complex plane is the proper sheet where Im({) < 0. In
addition to the branch points and cuts, there is a pole 7,, which occurs on the proper sheet
at Dy (7p) = 0, which is different for the common and differential modes.

Original Integration Contour Proper Riemann Sheet

\ Vi | m(¢)=Im((k-7)")<0
/\_. ‘_ko Yr

T f 1
| arg(g):—/ﬁ E}_-, @— mSG Pole |
I

atVimse

; /
New \ 3
Integration\\ /r b //
Branch Cut ? ;

Contour \

Figure 2. Contour deformation for evaluating (4) for the common mode along with a definition of
the relevant branch cut integration and the generalized mSG pole.

First, (30) for the common mode will be evaluated. In this case, (i.e., Figure 2),
the solution will be the branch cut integration plus the residue of a pole 55, which
corresponds to the SG pole described in [22] modified by the presence of the second wire.

The result is quite similar to the case discussed in [22], except that the details of the
branch cut integration and the mSG mode are different. Also note that if the conductivity
becomes infinite, the mSG pole will disappear into the branch cut at kg. One consequence
is the more complicated branch cut integration due to the additional term containing the
distance d.
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Original Integration Contour Proper Riemann Sheet

\ Vi Im(g):lm((kg—;/z)llz)so
kO r

—= [ ie -

\\ arg(é’):—ﬂ |§| f \ [,

\ \:glarg(é“) /

New \ I—o Quasi-TEM /

Integration /:- L Pole at y,, /
g \_ Branch Cut /
Contour \ ! /
: /
\\ Ii | //
S~ -7
_jgo

Figure 3. Contour deformation for evaluating (4) for the differential mode along with a definition of
the relevant branch cut integration and the quasi-TEM pole.

The case for the differential mode is somewhat different, as illustrated in Figure 3.
Here, there is no pole that corresponds to the SG pole in the case of a single wire. This can
be illustrated through an examination of the denominator of (30). In the single-wire case,
there is only a single Hankel function, and the SG pole occurs because this function has a
logarithmic singularity near kg. In the case of the two-wire differential mode, the second
Hankel function cancels this singularity, and there is no mSG pole. However, there is another
pole that corresponds to the well-known quasi-TEM mode for a pair of parallel wires.

3.1. Calculation of Pole Locations

The zero of (31) (i.e., either the mSG or quasi-TEM pole of the integrand of (30) here
given as 7y, and known to be near k) can be found using Newton’s iterative method. In
this case, an initial guess for the zero is selected as 7,(g) and successive approximations are
found as 0028 B
D+ (’)’p (n—1) )

~ (34)
D,i (’)’p(nfl))

Tp(n) = Vp(n-1) —

where D () is given as (31), and its derivative with respect to 7y, D', () can be shown to
be [24]
Dl (7) = —v[-2Hg" (¢a) ¥ 2HJ (¢d)

(35)
+CaH{ (ga) + CdH;? (¢d) |

It has been found that the sequence (34) converges quickly if the initial value ) is
selected to be near k.

A good approximation for the quasi-TEM mode propagation constant (using small
argument expansions for the Hankel function in (31) with the minus sign) is

o~ — %

3.2. Evaluation of the Current

Given the singularities of D+ (7y), (30) can now be evaluated by deforming the original
contour around the lower branch cut entirely on the proper Riemann sheet, as illustrated in
Figures 2 and 3. Given factor e /7% in the integrand of (30), the integrations along the lower
infinite semicircle are zero. Hence, the original integrations reduce to integrations along
both sides of the branch cut, as shown. However, because the pole at 7y, is enclosed by the
original and new contours, its residue must be added to each integration.

Equation (30) is integrated around the branch cut using the identities [24]

HP (~2) = ~H" (2) (37)
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H{Y (¢a) = Jo(Za) + Yo(Za) (38)
H (2a) = Jo(Za) — jYo(a) (39)

where H(gl) (9), Jo(q)and Yy (q) are, respectively, the Hankel function of the first kind and
Bessel functions of the first and second kind or order zero and argument g4. After multiplying
the numerator and denominator by ¢? to avoid infinity in the denominator at oy = ko, the
horizontal portion of the branch cut integral between 0 and kg is (Note that the integrations
on the two sides of the branch cut do not cancel because the argument of ( is different
on the each side due to the fact that it is defined as a square root. More specifically, the
different arguments of  are indicated in Figures 2 and 3).

ko '
s  —dweoV [ (o(a) £ Jo(gd))e 17z dy
W= O/ < ML) ) 40)
where
ML () = 24 ((Jo(@n) & To(@d))? + (Yo(ga) + Yo(cd) ) )

+1(2610 ) (Yo(Za) + Yo(gd)) — &7,
The vertical portion of the branch cut integral from v = —joo to ¥ = 0 can be written
(after using the substitutions v = —ju, dy = —jdu) and defining {; = (k% + uz) 12 as

cesd, —jdweoV T (B (Jo(Gia) £ Jo(Gid) e "du
B/ (z) 2 | ( D ) )
where
M (y) = C?((]o(éiﬂ) + Jo(Zid))* + (Yo(gia) £ Yo(Cid))2> @)

+](25zw€12) (YO(giﬂ) + YO (Cld)) — (Slzw

7

The subscripts “h” and “v” in (40) and (42) indicate the contribution from the horizontal
and vertical portions of the branch cut integration, respectively. If d;, is finite, (40) and (42)
are relatively straightforward to integrate numerically.

As noted earlier in Figures 2 and 3, there is a pole on the proper Riemann sheet in
the common mode case (i.e., the mSG pole) and in the differential mode case (i.e., the
Quasi-TEM pole) located between the original contour and integration contour used in this
work. Hence, the appropriate residue must be added to the branch cut integral in each case.
This residue can be found directly from (31) by expanding D (7) as a Taylor series around
7Yp- The result is
_ —2n1jNy

fres(2) = = e Iz (44)
D’ (7vp)

where D/, (7,) can be found in (35).
The total induced modal currents then are

[(2) = Ij(2) + I5(2) + [15° () (45)
for the common mode and

(z) = I{(2) + 2(2) + IZ ™ (2) (46)

for the differential mode.
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3.3. The Special Case for Perfectly Conducting Conductors

In the case of d;;, = 0, the term 1/? in the denominator of (40) and (42) grows without
bound near kj (due to the fact that the pole has been absorbed into kj). However, in the com-
mon mode case, (39) is still integrable since the sum of Neumann functions in the denominator
limits this growth. However, more care must be used to evaluate the integral. Note that this
does not happen in the differential mode case because the difference in Neumann functions
does not grow near ky. Given this difficulty, (40) is separated into two parts.

B(2) = .(2) + Iy (2) (47)
where the first is A
ffm(z) = —4a72r€0V.
_ , (48)
kO(} : (Jo(Za)+]o(Cd))e =dy
o \ 2 (Uo(Ga)+1o(gd)?+(¥o(Ga)+Yo(gd))?)

and the second (following the method of [22]) is

1 () = Y gtz | a1 | 1T KGadA/2)
hb 1o T

+ 7'(/2} (49)

1o = \/ Mo/ €0 is the impedance of free space, 7, is the Euler constant, A is small enough
that {> = (k3 — 7?) = 2ko(ko — ) and small argument approximations can be used for the
Bessel functions [24]. In this solution, the substitutions u = (kg — ) and v = In (62% koazu)
have been used. Note that (49) accounts for the mSG pole residue, which (for J;;,, = 0) has
been absorbed into k. Finally, (42) along the vertical portion of the branch cut (but with
6wy = 0) can be evaluated numerically as earlier.

Since the pole at 1y, is absorbed into ko, there is no separate residue term. Given these
results, the current induced on a perfect conductor by the voltage source is

Ii(z) = I, (z) + Iy (2) + I5(2) (50)

3.4. Relationship to Dipole Excitation

It was shown in [22] that there is a simple relationship between the current excited
by a voltage source and that by a dipole in the immediate proximity of the conductor. To
convert from the voltage source solution to that for a dipole with current [;(w) and length
d ¢ with its center at a distance d¢ /2 from the outer surface of the conductor, one must
multiply the voltage solution by the factor

—Iy(w)no/ (V) (51)

Since the dipole is assumed to be very close to the conductor, its influence is limited
to that of that conductor in its proximity. Hence, this factor can also be used to convert
the two-wire case for a voltage source on one conductor only to the dipole solution for the
two-wire case.

3.5. A Simple Solution
Shen, Wu and King [25] have developed a simplified solution for the total current in

the single conductor perfectly conducting the case that is valid for z/ (kga®) >> 1. Itis

FfcA ~ _]V 27-[]
P& = = I G/ (ko) — 7o — /)

¢ koz (52)

It was shown in [22] that (52) is a very good approximation of the total current (i.e.,
continuous spectrum plus the SG mode) induced on a conductor with typical conductivity.
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Hence, it was used as a simple approximation for the total current on a lossy wire. It will
be shown in the next section that it is reasonable to use (52) for the common mode current
in the two-wire case if the wire radius “a” is replaced by the geometric mean radius of the
two wires, v/ad. The notion that this is reasonable can be shown by examining (49) and
noting that a major contribution to the common mode current is the same as that for the
single wire case in [22} but with “a” replaced by v/ad.

It will also be demonstrated shortly that the quasi-TEM mode contribution to the
differential mode is the dominant contribution away from the immediate vicinity of the
source. Its residue (using small argument expansions for the Hankel functions in (35) is

. 27V :
[%4(2) = —=—————¢ J1QrEmM? 53
®) = otnaza) 9

Hence, a reasonable approximation for the total current on the two wires is as follows
fj2(z) = I*4(2) £ 1" (2) (54)
where the plus (minus) sign is for the current on wire one (two).

4. Results
4.1. Pole Locations

The first result (shown in Table 1) is a set of propagation constants for the SG (single
wire) mode discussed in [22] and the mSG (two-wire common) and quasi-TEM (differential)
modes for 1 and 10 GHz. The SG and mSG modes were found using a numerical solution
of (31) set to zero without (for the SG mode) and with (for the mSG mode assuming the +
sign) the second Hankel function. The quasi-TEM pole location has been determined using
(31) set to zero with a minus sign or (36).

Table 1. Modal propagation constants for a = 1 cm, ow =35 x 107 S/m, d (for mSG and Quasi-TEM) = 0.5 m.

Frequency (GHz) Type of Pole (vp—ko)lko x 1076
1 SG 9.1 —j10.3
1 mSG 59 — 7.0
1 Quasi-TEM 172 —j17.2
10 SG 3.8 —j4.5
10 mSG 2.8 —j3.7
10 Quasi-TEM 55 —i5.6

It is clear that the mSG mode has slightly less loss than the SG mode. This is due
to the fact that the current is spread out over a larger area of wire surface. However, the
Quasi-TEM mode has a significantly larger loss factor. Hence, for communication systems,
it is important to examine the excitation of each mode in the single- and two-wire cases.

4.2. Common vs. Differential Mode Solutions

In Figure 4, results are shown for the magnitude of the current distributions at 1 GHz
for the common and differential modes. Two methods are used for calculating the common
mode current: the perfect conducting method of (47) and the lossy conductor case in
(45). There is little difference between these two methods over typical communication
ranges, as was the case in [22]. Hence, perfect conductor theory can be used. Second, in
the lossy conductor case, both the continuous spectrum and the mSG modal component
are important for typical communication distances. There is no important condition (for
communications) for which the mSG mode dominates the continuous spectrum (at least
for the source studied here). Note, however, that for the differential mode, the quasi-TEM
mode dominates even at very short distances away from the source.
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Figure 4. Plot of common and differential mode currents for Table 1 parameters and f = 1 GHz.
Figure 5 illustrates that (52) is a reasonable approximation for the total common

mode current, (44), with a — v/ad, especially at lower microwave frequencies. When this
substitution is made, the branch cut integration of (40)—(43) can be avoided.

\ ——— Spectral Solution

— —Eq(25)-a=sart(ad)
\

Spectral solution
N

25 = —Eq(25)-a=sqrt(ad)

! F=1GHz

0 10 20 30 40 50 60 70 80 90 100
Distance From Source (m)

Figure 5. Comparison of the full spectral solution to the approximate solution of (26) when the
geometric mean radius of the two wires v/ ad is substituted for the individual wire radius a. The
parameters are given in Table 1.

Figures 6 and 7 are plots of the individual wire currents excited by a voltage generator
at z = 0 on wires 1 and 2, as well as the single wire current from [22] for frequencies of
1 and 10 GHz, respectively. As expected, the current on wire 1 exceeds that on wire 2 in
the two-wire case. In addition, of interest is the fact that the current on wire 1 at 100 m
for the two-wire case is significantly higher than that on the single wire. This indicates
that the performance of a microwave power line communication system can be enhanced
by the existence of parallel wires. This conclusion is consistent with that reported in [7].
Additionally, when approximations of (52)—(54) can be used, very simple expressions for
the current result. This is more commonly true for [;(z), which has smaller errors and is
also more important for evaluating communication systems.
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Figure 6. Comparison of the individual wire currents in the two-wire case and the single-wire case.
f =1 GHz. All other parameters are given in Table 1.
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35
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Figure 7. Comparison of the individual wire currents in the two-wire case and the single-wire case.
f =10 GHz. All other parameters are given in Table 1.

4.3. Communication System Performance

It was shown in [22] that there are significant advantages to using a power line
conductor as an open waveguide compared to free space communication systems for
microwave communications links between two power line poles on the order of 100 m
apart. Because the total attenuation of a system containing two conductors is smaller than
that for a single conductor, this conclusion is even stronger than the two-wire case.

5. Conclusions

e  Closed-form solutions for the common and differential mode currents excited on a pair
of parallel wires by a voltage source on one wire have been derived. Spectral solutions
using a continuous spectrum of currents and the modified Sommerfeld-Goubau (mSG)
and quasi-TEM modes in the common and differential mode cases, respectively, are given.

e Itis shown that the mSG mode is not the primary reason why microwave communi-
cation using power line conductors for distances on the order of 100 m has relatively
small losses.

e A simple formula for the total current on the driven wire may often be used to
approximate the total induced current in the two-wire case.

e  For distances comparable to microwave power line communication system repeater
spacing, using power line conductors as a waveguide has significant advantages
over free space communications. Further, a second conductor can enhance system
performance.

Funding: This research received no external funding.

Acknowledgments: The author would like to thank Daiki Tashiro of CRIEPI in Japan for reading
and commenting on the manuscript.



Appl. Sci. 2023, 13, 7846 14 of 14

Conflicts of Interest: The author declares no conflict of interest.

References

1.  Sommerfeld, A. Ueber die fortpflanzung elektrodynamischer wellen langs eines drahtes. Ann. Physik Chem. 1899, 303, 233-290.
[CrossRef]

2. Harms, E Electromagnetische wellin an einem draht mit isolierender zylindrischer hulle. Ann. Phys. 1907, 23, 44. [CrossRef]

3.  Stratton, J.A. Electromagnetic Theory; McGraw Hill: New York, NY, USA, 1941.

4. Goubau, G. Surface waves and their application to transmission lines. J. Appl. Phys. 1950, 21, 1119-1128. [CrossRef]

5. Goubau, G; Sharp, C.; Attwood, S. Investigation of a surface-wave line for long distance transmission. Trans. IRE Prof. Group
Antennas Propag. 1952, 263-267. [CrossRef]

6.  Collin, R.E. Field Theory of Guided Waves, 2nd ed.; IEEE Press: New York, NY, USA, 1991; p. 852.

7. Goubau, G. Single-conductor surface-wave transmission lines. Proc. IRE 1951, 39, 619-624. [CrossRef]

8.  Dyott, R. The launching of electromagnetic waves on a cylindrical conductor. Proc. IEE-Part III Radio Commun. Engin. 1952, 99,
408-413.

9.  Goubau, G. Open wire lines. IRE Trans. Microw. Theory Tech. 1956, 4, 197-200. [CrossRef]

10. Kikuchi, H. Wave propagation along infinite wire above ground at high frequencies. Electrotech. |. Jpn. 1956, 2, 73-78.

11.  Kikuchi, H. Propagation characteristics along a dielectric coated cylindrical conductor above the ground. Proc. IEEE 1978, 66,
351-352. [CrossRef]

12.  Wang, K; Mittleman, D.M. Metal wires for terahertz wave guiding. Nature 2004, 432, 376-379. [CrossRef] [PubMed]

13.  Wiltse, ].C. Surface-wave propagation on a single metal wire or rod at millimeter-wave and terahertz frequencies. In Proceedings
of the 2006 IEEE MTT-S International Microwave Symposium Digest, San Francisco, CA, USA, 11-16 June 2006.

14. Elmore, G. Introduction to the Propagating Wave on a Single Conductor; White Paper; Corridor Systems, Inc.: Santa Rosa, CA, USA,
2009; Available online: http:/ /www.corridor.biz/Full Article.pdf (accessed on 30 June 2023).

15.  Elmore, G.; Watrous, ]J. A Surface Wave Transmission Line. QEX Magazine, 3-9 May/June 2012. Available online: http:
/ /jwatrous.org/swtl.pdf (accessed on 30 June 2023).

16. Elmore, G. A New Approach to Outdoor DAS Network Physical Layer Using E-Line Technology. Corridor Syst. Tech. Rep. 2011.
Available online: http:/ /www.corridorsystems.com/pdf/DASWhitePaper.pdf (accessed on 30 June 2023).

17.  AT&T Press Release (S5e2016). AT&T Labs’ Project AirGig Nears First Field Trials for Ultra-Fast Wireless Broadband Over Power
Lines. Available online: http://about.att.com/newsroom/att_to_test_delivering_multi_gigabit_wireless_internet_speeds_using_
power_lines.html (accessed on 30 June 2023).

18. Galli, S.; Liu, J.; Guanxi, Z. Bare metal wires as open waveguides, with applications to 5G. In Proceedings of the 2018 IEEE
International Conference on Communications (ICC), Kansas City, MO, USA, 20-24 May 2018.

19. King, RW.; Harrison, C.W., Jr. Antennas and Waves: A Modern Approach; M.I.T Press: Cambridge, MA, USA, 1969.

20. Collin, R.E.; Zucker, EJ. Antenna Theory: Part 1, McGraw Hill: Mew York, NY, USA, 1969.

21. Cohn, M;; King, M.]. Excitation of the Sommerfeld wave by a uniform magnetic ring source. IEEE Trans. Ant. Prop. 1964, 12,
651-653. [CrossRef]

22.  Olsen, R.G. On Single Wire Power Line Microwave Communication Using Low-Loss Modes. IEEE Trans. Antennas Propag. 2021,
69, 8722-8730. [CrossRef]

23.  Molnar, D.; Schaich, T.; Al-Rawi, A.; Payne, M. Interaction between Surface Waves on Wire Lines. Proc. R. Soc. A 2021, 477,
20200795. [CrossRef] [PubMed]

24. Abramowitz, M.; Stegun, I.A. Handbook of Mathematical Functions. National Bureau of Standards; Applied Mathematics Series 55;
ASME: Washington, DC, USA, 1964.

25.  Shen, L.; Wu, T.T.; King, RW.P. A Simple Theory of Dipole Antennas. IEEE Trans. Antennas Propag 1968, 16, 542-547. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/andp.18993030202
https://doi.org/10.1002/andp.19073280603
https://doi.org/10.1063/1.1699553
https://doi.org/10.1109/T-AP.1952.28049
https://doi.org/10.1109/JRPROC.1951.233782
https://doi.org/10.1109/TMTT.1956.1125062
https://doi.org/10.1109/PROC.1978.10906
https://doi.org/10.1038/nature03040
https://www.ncbi.nlm.nih.gov/pubmed/15549101
http://www.corridor.biz/FullArticle.pdf
http://jwatrous.org/swtl.pdf
http://jwatrous.org/swtl.pdf
http://www.corridorsystems.com/pdf/DASWhitePaper.pdf
http://about.att.com/newsroom/att_to_test_delivering_multi_gigabit_wireless_internet_speeds_using_power_lines.html
http://about.att.com/newsroom/att_to_test_delivering_multi_gigabit_wireless_internet_speeds_using_power_lines.html
https://doi.org/10.1109/TAP.1964.1138265
https://doi.org/10.1109/TAP.2021.3088584
https://doi.org/10.1098/rspa.2020.0795
https://www.ncbi.nlm.nih.gov/pubmed/35153544
https://doi.org/10.1109/TAP.1968.1139241

	Background 
	Problem Definition and Exact Solution 
	The Spectral Solution 
	Calculation of Pole Locations 
	Evaluation of the Current 
	The Special Case for Perfectly Conducting Conductors 
	Relationship to Dipole Excitation 
	A Simple Solution 

	Results 
	Pole Locations 
	Common vs. Differential Mode Solutions 
	Communication System Performance 

	Conclusions 
	References

