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Abstract — In this paper, the electromagnetic pulses have
been investigated based on the theory of wave-hop
propagation. The approximate formulas are obtained for
the electromagnetic field of a vertical magnetic dipole in
the presence of an Earth-ionosphere waveguide. Based
on the results obtained, the approximate formulas are
derived readily for the ground wave and sky waves
due to horizontal electric dipole excitation by using a
reciprocity theorem. The corresponding computations
and discussions are carried out specifically by analogy
with those generated by a vertical electric dipole with the
formulas in CCIR’s recommendation. It is shown that the
sky wave pulses would interfere at certain distances and
occur by different time-delays.

Index Terms — Horizontal electric dipole, LF wave,
wave-hop theory.

I. INTRODUCTION

Theoretical investigations of the electromagnetic
wave propagation have led to a clearer understanding
of radiation mechanism. During the last decades, the
electromagnetic fields of vertical and horizontal electric
dipoles in the Earth-ionosphere waveguide have been
investigated for applications [1,2].

Early in the 1960’s, the analytical formulas were
derived for the ground wave and sky waves generated
by horizontal and vertical electric dipoles in the Earth-
ionosphere cavity. The details of the research findings
are well summarized in a classic book [3]. It was
demonstrated that the total field is a summation of
ground wave and sky waves.

In the last decades, many researchers had revisited
the problem and some new progresses had been made
[4]. Recently, the ELF wave generated by a horizontal
electric dipole was treated analytically in the Earth to
anisotropic ionosphere cavity in former research by Li
et al. [5]. The details of the study and ELF wave
propagation in the presence of Earth-ionosphere cavity
were summarized in the book by Pan and Li [6].

Based on these investigations, the LF (Low
Frequency: from 30Hz to 300Hz) wave propagation is
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to be investigated in the present study for evaluations
caused by a horizontal electric dipole source [7,8].

Despite calculations and measurements of the
magnetic induction signal due to electromagnetic pulse
had been presented earlier being utilized on radio
detection of the radiation [9], it is necessary to investigate
the radiation mechanism by analytical approximations.
In the treatment of this problem, the transient field is also
analyzed by the inverse Fourier transformation where an
electric dipole moment is adopted here to represent the
radiating source.

According to CCIR’s recommendation, it is known
that the total field on or near the spherical surface of
the Earth is determined primarily by sky wave at long
distances [10]. However, the explicit formulas have not
been recorded in literature for ground wave and sky
waves by horizontal electric dipole excitation. Therefore,
the LF wave propagation due to horizontal electric dipole
excitation is addressed in the present study.

In what follows, the computational scheme is
developed when both the observation point and the
transmitting antennas are located on the ground due to
a horizontal electric dipole excitation. The influence of
radiation mechanism radiation is investigated in time-
domain for each ground pulse and sky pulses, respectively.
When the observation point and the radiating source are
located above the ground, the LF waves in variant of
propagating paths are considered by the changes of the
height factor.

I1. FORMULATIONS
The geometry under consideration is shown in Fig.
1. The horizontal electric dipole representing for the
radiating source is located on the upward-directed z-axis
at a distance z, from the origin of coordinates above the
spherical Earth.

A. The electromagnetic field excited by a vertical
magnetic dipole

Following the same manner in [6], we started by
using ' V ' as the magnetic type potential function to
represent LF waves which is generated by a vertical
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magnetic dipole. They are:
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where the wave equation is written as:
VA +k¥V =0. (2)
By the method of separation of variables [11], we can
derive the electromagnetic wave vectors in the earth-
ionosphere waveguide in air as follows:
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Unlike the traditional WKB approximation [12] Airy
function is employed here in order to guarantee the higher
accuracy of solution at the higher frequencies in LF band.
The coefficients are derived correspondingly with the
excitation factor expressed by:
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and fm are the roots of modal equation of magnetic type
A(t,)B(t,)=1. Airy functions W,(t—y) and W, (t—y)
are defined by:
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B. Approximate formulas for ground wave and sky
waves excited by a horizontal electric dipole

Based on the results derived, the electromagnetic
components of LF wave are readily derived by using a
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reciprocity theorem. The six wave components are
summarized as:
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where the superscript ' he ' designates the horizontal
electric dipole for the radiating source.

Therefore, the approximate formulas for the ground



wave and sky waves are correspondingly obtained by
invoking of Equations (12)-(17) due to a horizontal
electric dipole excitation. For simplicity, we take the
radial electric field as an example. The ground wave is
approximated by the fundamental term in Equation (12)
expressed by:

E =EV"™, (18)
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in which t,(s=12,3,......) are the sequential roots of
modal equation defined by:
W, (t,) - AW, (t,) =0. (21)
In the meanwhile, the first two sky waves are
expressed by:
lds"™7

(20)
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in which L; is the total ray length of the first-hop sky
wave; v, is the arriving angle on the ground of the first-
hop sky wave; D is the convergence coefficient due to
the spherical curvature of the ionosphere; F; and F,
represent for the antenna background factors of the
launch point and observation point, respectively, caused
by the earth curvature and the finite conductivity; ,R, is

the ionospheric reflection coefficient where the subscript
/I indicates that the electric vectors of the incident wave
and the reflected wave are parallel to the incident plane,

respectively;
I he
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in which L; is the total ray lengths of second-hop sky
wave; v, is the arriving angle on the ground of the

second-hop sky wave; Dy is the convergence coefficient
due to the spherical curvature of the ground; ,R,, R,

are also the ionospheric reflection coefficients where the
pre-subscripts indicate that the electric vector of the
incident wave is parallel or perpendicular to the incident
plane while the subscripts indicate that of the reflected
wave is perpendicular or parallel to the incident plane,
respectively.

The computational scheme of the above parameters
in this paper is not developed in detail for simplicity
which is similar to the case excited by a vertical electric
dipole. The related calculation methods are found in the
literature [10].
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Fig. 1. The geometry of wave propagation routines due
to a horizontal electric dipole excitation.

I1Hl. COMPUTATIONS AND DISCUSSIONS
Based on Equations (12)-(17), the evaluations are
carried out for LF waves generated by the radiating
source by horizontal electric dipole excitation in time-
domain and frequency-domain, where zs and z; represent
for the heights of radiating source and receiving point,
respectively.

A. Radiation source located on the ground

To illustrate the general formulas for the field
components obtained by horizontal electric dipole
excitation, the computations are carried out at f = 200 KHz
and f = 300 KHz in Fig. 2 for summer daytime where the
ionosphere parameters taken as follows: the equivalent
height of the ionosphere assumed to be h = 70 km,
electron density N = 10°m, electron collision frequency
v = 107 s, the ground which is characterized by the
relative dielectric constant e, = 80, electrical conductivity
6=5Sm?tand z, = z;= 0 km.

It is seen that when the receiving point and the
radiating source are placed on the surface of the Earth,
the ground wave decays along the propagation path, but
for each sky wave the maximum value occurs after a
certain propagation distance.

B. Radiation source located above the ground
Assuming the receiving point is on the ground and
the radiating source is located at a certain distance
from the origin of coordinates above the Earth, the
computation for the ground wave is similar to that
excited by a horizontal electric dipole on the ground
except for the enhanced gain factor. But for the sky
waves, corrections of angular distances should be
additionally taken into consideration by the change of
propagation paths.
(1) For the first-hop sky wave, the routine from the
radiating source T to the receiving point R in Fig. 3
(a) experiences a reflex by path TAP before the
hop path APR. This can be equivalent by the
contribution of the image source B which is
identical to the source B on the ground in Fig. 3 (b)
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with the equivalent Earth radius |OC|. Considering
the equivalent Earth radius |OC| = a, the propagation
path is approximated in Fig. 3 (b) with the
equivalent angular distance 6. By the triangle
similarity of PBA and PBC,
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Fig. 2. Amplitudes of the electric field

E(r,0)| indB
versus the propagating distances p due to unit horizontal

electric dipole excitation; a = 6370 km, & =80, s =5 S-m?,
and z, =z, = 0 km; f = 200 KHz, 300 KHz, respectively.

(2) Similarly, for the second-hop sky wave, the
propagation path TAP,BP,R in Fig. 4 (a) can be
equivalent by the hop path CAP, BP,R excited by
the image source C. Therefore, the propagation path
is approximated in Fig. 4 (b) with the equivalent
angular distance 0. By the triangle similarity of PBA
and PBC,
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(a) First-hop sky wave (b) Equivalent model
Fig. 3. Propagation path for the first-hop sky wave when
the receiving point and radiating source are located
above the ground.

(a) Second-hop sky wave (b) Equivalent model

Fig. 4. Propagation path for the second-hop sky wave
when the receiving point and radiating source are located
above the ground.

(3) For the higher orders of sky waves, the equivalent
angular distances will be more complicated to obtain.
But for each sky wave vector, limited observable
heights are requested for each hop wave due to the
altered propagation path. In Table 1, the lowest
observable heights are listed for the first-hop sky
waves with propagation distances p = 100 km,
p =200 km, p = 300 km, and the radiating heights
h=10m, h=20 m, h=30 m, respectively. It is seen
that the lowest observable height restriction for the
first hop sky wave is weakened as the increase of
radial distance.

In Fig. 5, the electromagnetic field Efe(r,0)| are

computed and plotted at the radiating height z;= 5 km,
radial distance p = 100 km due to unit horizontal electric
dipole excitation, at the operating frequency f = 200 KHz
and f = 300 KHz, respectively. It is shown that the
maximum values and minimum values of the first two




hop sky waves occur periodically because of the
interferences caused by the enhanced angular distances.
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Fig. 5. Amplitudes of the electric field |[E*(r.0)| in dB

versus the propagating distances p due to unit horizontal
electric dipole excitation; a = 6370 km, & = 80, 0 = 5

S'mt, and z, = 5 km; f = 200 KHz, 300 KHz, respectively.

C. Frequency-domain response

In Fig. 6, the electromagnetic components are
evaluated by the variance of operating frequencies, with
the radiating heights z; = 0 km, 1 km, 5 km, and the
distances p =100 km, 200 km, 300 km, respectively. The
equivalent height of the ionosphere assumed to be
h = 90 km for summer day-time, electron density is
N = 10° m?, electron collision frequency is v = 107 s,
the ground which is characterized by the relative dielectric
constant & = 80 and electrical conductivity ¢ =5 S'm™.
It demonstrates that the radiation efficiency is improved
by the enhancement of the radiating height. In the
meanwhile, when the radiating source is located above
the ground, the curves appear oscillatory decaying by the
variance of frequencies.
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Fig. 6. The electric field of sky waves due to horizontal
unit electric dipole excitation versus the frequency;
a=6370 km, & =80, 6 =5 S'm™, and z; = 0 km; p = 100
km, 200 km, 300 km, zs =0 km, 1 km, 5 km, respectively.

D. Time-domain response

Assuming that all parameters are same with those in
Fig. 6, the characteristics of the transient electromagnetic
field generated by a horizontal electric dipole are similar
to those of vertical electric dipole case. The transient
electric component |EM™ (r,t)\ consisting of ground wave

and two sky waves is computed by the inverse Fourier
transformation excited by unit horizontal electric dipole
and plotted in Figs. 7-8. This demonstrates the fact that
excitation efficiency of a vertical dipole is much higher
than that of a horizontal electric dipole for ground wave
component, whereas with the increase of propagation
distance, the sky wave part of the horizontal electric
dipole radiation performance is better than vertical
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electric dipole. Therefore, the radiating source is better
described as a superposition of a vertical electric dipole
representing for the ground wave and a horizontal
electric dipole representing for the sky waves.

In Fig. 9, the ground wave and first two sky wave
pulses are computed respectively. It appears that the
ground pulse and sky waves arrive at distance p = 80 km
and p = 150 km with different time-delays. Specifically,
the time delay for each wave stay longer at the farther
propagating distance.
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Fig. 7. The transient electric field

toa horizontal unit electric dipole; a = 6370 km, & = 80,
=55 - m?, z;=0 km, z- = 0 km, p = 100 km, f = 200 KHz.
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Fig. 8. The transient electric field |E* (r,t)| in V-m™ due

to a horizontal unit electric dipole; a = 6370 km, & = 80,
0=5Sm7?, z,=0 km, 5 km, 30 km, respectively, z,= 0 km,
p =100 km f =200 KHz.
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Table 1: Restriction on observing heights for first-hop

sky wave

Distance | HED Source | Limit Observable Height
(p/km) (zs/m) at Receiving Point (z/m)

10 8.2777

100 20 17.4862

30 26.8464

10 6.7228

200 20 15.1516

30 23.8845

10 5.3333

300 20 12.9931

30 21.1103

*The limited observable heights are listed for the first-hop sky
waves; for the higher modes of sky waves, the influence of
revised angular distances are negligible compared to the first-
hop wave. They are not listed.
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Fig. 9. The transient electric field [E* (r,t)| inV - m™ due

to horizontal unit electric dipole excitation; a = 6370 km,
=80,0=5S-m?, and z = z;=0 km; p = 80 km, 150 km,
respectlvely.

IV. CONCLUSIONS

The matter of LF sky wave propagation has been
investigated by analytical approximation. In the present
study, it is provided that: (i) Explicit formulas derived
for the evaluations of LF ground wave and sky waves
due to a horizontal electric dipole excitation; (ii) When
both the observation point and the radiating source
are located on the ground, it is demonstrated of high
performance of radiation efficiency for ground wave by
vertical dipole excitation over a horizontal electric one,
while it is opposite for sky waves. (iii) The influence
of LF radiation mechanism appears in time-domain



by different time-delays for the pulses. (iv) When the
observation point and the radiating source are not located
on the ground, the LF waves in variant of propagating
paths are affected by the change of height factors and
angular distances with restricted observable receiving
heights for sky waves.

ACKNOWLEDGMENT
This work was supported by the [National Natural
Science Foundation of China] under Grant [number
61271086, 61571389].

REFERENCES

[1] J. P. Casey, “Extremely Low Frequency (ELF)
Propagation Formulas for Dipole Sources Radiat-
ing in a Spherical Earth-Tonosphere Waveguide,”
NUWC-NPT Technical Report 11,369, May 2002.

[2] S. Pal, “Numerical modelling of VLF radio wave
propagation through earth-ionosphere waveguide
and its application to sudden ionospheric disturb-
ances,” Newweb.bose.res.in, vol. 53, no. 2, pp. 33-
37, May 2015.

[3] J. R. Wait, Electromagnetic Waves in Stratified
Media. 2nd ed., New York: Pergamon, 1970.

[4] K. Li, Electromagnetic Fields in Stratified Media.
Zhejiang University Press, pp. 409-415, 20009.

[5] G.Z. Li,T.T.Gu,and K. Li, “SLF/ELF electromag-
netic field of a horizontal dipole in the presence of
an anisotropic earth-ionosphere cavity,” Applied
Computational Electromagnetics Society Journal,
vol. 29, no. 12, pp. 1102-1111, Dec. 2014.

[6] W. Y. Pan and K. Li, Propagation of SLF/ELF
Electromagnetic Waves. Berlin Heidelberg: Springer,
pp. 17-63, 2014.

[71 A. Nag and V. A. Rakov, “Lightning discharges
producing very strong radiation in both VLF-LF
and HF-VHF ranges,” 2009 5th Asia-Pacific
Conference on Environmental Electromagnetics,
vol. 427, no. 32, pp. 79-84, Oct. 20009.

[8] C.L.daSilvaandV.P.Pasko, “Physical mechan-
ism of initial breakdown pulses and narrow bipolar
events in lightning discharges,” J. Geophys. Res.
Atmos., vol. 120, no. 10, pp. 4989-5009, May
2015.

[91 A. Nag, V. A. Rakov, and D. Tsalikis, “New
experimental data on lightning events producing
intense VHF radiation bursts,” American Geo-
physical Union, vol. 53, no. 12, pp. 199-204, Nov.
2008.

[10] CCIR Interim Method for Estimating Sky-wave
Field Strength and Transmission Loss at Freg-
uencies between the Approximate Limits of 2 and
30MHz. New Delhi: International Radio Consult-
ative Committee; 1970. (CCIR Recommendation;
no. 252-2).

XU, GU, ZHENG, LI: LF SKY WAVE PROPAGATION EXCITED BY A HORIZONTAL ELECTRIC DIPOLE

[11] I. S. Gradshteyn and I. M. Ryzhik, “In table of
integrals, series, and products,” Table of Integrals,
vol. 98, no. 3, pp. 1157-1160, Jan. 1980.

[12] D. M. Brink, “WKB Approximations,” Semi-
classical Descriptions of Atomic & Nuclear
Collisions, vol. 13, no. 1712, pp. 241-251, 1985.

Hong Lei Xu was born in Jiangyin,
Jiangsu, China, on June 7, 1990. She
received the B.S. degree in
Communication Engineering from
Nanjing University of Posts and
Telecommunications, Nanjing,
‘ China, in 2012, and the M.S. degree
5 in Jiangsu University, Zhenjiang,
China, in 2015, respectively.

She is currently working toward the Ph.D. degree in
Electromagnetic Field and Microwave Technology with
the College of Information Science and Electronic
Engineering, Zhejiang University, Hangzhou, China.
Her current research interests include radio wave
propagation theory and its applications.

Ting Ting Gu was born in Leshan,
Sichuan, China, on June 18, 1988.
She received the B.S. degree and
M.S. degree in Electromagnetic Field
and Microwave Technology from
Zhejiang University of Media and
Communications, and Hangzhou
Dianzi University, Hangzhou, China,
in 2010 and 2013, respectively.

She is currently working toward the Ph.D. degree in
Electromagnetic Field and Microwave Technology with
the College of Information Science and Electronic
Engineering, Zhejiang University, Hangzhou, China.
Her current research interests include radio wave
propagation theory and its applications.

Juan Zheng was born in Yulin,
Shanxi, China, on October 6, 1992.
She received the B.S. degree in
Electronic Information Engineering
from Xidian University, Xi’an, China,
in 2015.

She is currently working toward
the M.S. degree in Electromagnetic
Field and Microwave Technology with the College
of Information Science and Electronic Engineering,
Zhejiang University, Hangzhou, China. Her current
research interests include radio wave propagation theory
and its applications

663



664

Kai Li was born in Xiao County,
Anhui, China, on February 10,
1968. He received the B.S. degree in
Physics from Fuyang Normal
University, Anhui, China, in 1990,
the M.S. degree in Radio Physics
from Xidian University, Xi’an,
Shaanxi, China, in 1994, and the
Ph.D. degree in Astrophysics from Shaanxi Astronomical
Observatory, the Chinese Academy of Sciences,
Shaanxi, China, in 1998, respectively.

From August 1990 to December 2000, he was on the
faculty of China Research Institute Radiowave
Propagation (CRIRP). From January 2001 to December

ACES JOURNAL, Vol. 33, No. 6, June 2018

2002, he was a Postdoctoral Fellow at Information and
Communications University (ICU), Daejeon, Republic
of Korea. From January 2003 to January 2005, he was a
Research Fellow with the School of Electrical and
Electric Engineering, Nanyang Technological University
(NTU), Singapore. Since January 2005, he has been a
Professor with the Department of Information Science
and Electronic Engineering, Zhejiang University,
Hangzhou, China. His current research interests include
classic electromagnetic theory and radio wave
propagation.

Li is a Senior Member of the Chinese Institute of
Electronics (CIE) and a Member of the Chinese Institute
of Space Science (CISS).





