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' Ionospheric and ground reflection coefficients for transverse magnetic (TM)
and transverse electric (TE) waves are given, at a frequency of 17 kHz and over
a wide range of incidence angles. Both normal and severely disturbed iono-

' spheric conditions are considered, and the relative attenuations of the TM and

TE waves upon reflection from a soil of high electrical conductivity, and from

ice, are given. A method of determining modal resonance angles from compu-
tations of ionospheric and ground reflection coefficients is described, and esti~
mates of the rzalative attenuation rates of the TM and TE waves propagating in

the earth-ionosphere waveguide are given.
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Abstract

Tonospheric and ground reflectiun coefficients for transverse magnetic (T M)
and transverse electric (TE) waves are given, at a frequency of 17 kHz and over a
wide range of incidence angles. Both normal and severely disturbed ionospheric
conditions are considered, and the relative attenuations of the TM and TE waves
upon reflection from a soil of high electrical conductivity, and from ice, are given.
A method of determining modal resonance angles from computations of ionospheric
and ground reflection coefficients is described, and estimates of the relative atten-
uation rates of the T™ and TE waves propagating in the earth-ionosphere wavt
guide are given.
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Relative Attenuation of TM-TE Waves Propagating
in the Earth-lonosphere Waveguide

1. INTRODUCTION

Very low frequency radio waves (VLF) propagate in the earth-ionosphaere cav-
ity somewha as in a waveguide whose lower boundary is effectively a good conduc-
tor, and whose upper boundary has high permeability. The transverse magnetic
(TM) modes of propagation are then as symbolized in Figure 1. These modes are
characterized by having maximum field strengths at the lower boundary of the
waveguide, and minimum field strengths at the upper boundary. The TM 1nodes are
conventionally used for long range VLF commurication purposes, Figure 1 also
illustrates the transverse electric (TE) modes of propagation in which the field
strengths are a maximum at the upper boundary of the waveguide and a minimum at
the lower boundary. To date relatively few theoretical and experimental studies of
the propagation characteristics of TE waves have been made, primarily because
no suitable VLF transmitters have been available to efficiently excite the TE
modes in the earth~-ionosphere waveguide. Such transmitters necessarily must
be at a high altitude, with their artennas oriented horizontally with respect to the
earth, It now appears that the Air Force's ARC 96 trailing wire system, while
designed for conventional TM modes, should excite the TE modes as well; so
there is an increasing interest in the relative provagation characteristics or

(Received for publication 26 January 1972)
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Figure 1. Characteristics of TM and TE Waves

the TE and TM modes, both under normal and severely cisturbed ionospheric
conditions; and, for propagation over areas of the earth with low electrical conduc.-
tivities, such as in the polar regions. Of particular interest for long range VLF
communication purposes is the relative attenuation of TM and TE waves as they
propagate in the esrth-ionosphere waveguide.

. ollcwing Watt (1967), an estimate of the attenuation rate of a wave in the
earth-ionospnere waveguide can be obtained using the equation

3 \
10° |/R B + (R!,dB] cos ¢

%4B/Mm = 2 h sin 9 - (1)

where Rg and Ri are the ground and ionospheric reflection coefficients respective-
ly, h is the height of the waveguide, and ¢ 1s the mode angle of propagation with
respect to the vertical (the 'angie of incidence'), Because the attenuation rate is
highly dependent upon the magnitudes of the ground and ionospheric reflection co-
efficients, it is instructive to compare these quantities for the TM and TE modes
of propagation.
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2. COMPARISON OF TM/TE IONOSPHERIC REFLECTION COEFFICIENTS

2.1 Normal Jonosphere

Magnitudes of the TM and TE ionoapheric reflection coefficients at a frequen-
cy of 17 kHz are plotted as a function of angle of incidence in Figure 3. These
curves were computed with an AFCRL plane wave computer program, using the
“yiical daytime electron density and collision frequency profiles shown in Figure 2
to model the ionosphere. At ali incidence angles, the TE reflection coefficient,
1By, is greater than the TM reflection coefficient, y Ry . The curves also show
the relative attenuation, upon reflection from the ionosphere, of the TM and TE
waves, For example, at an incidence angle of 50°, the TM wave suffers 5.5 dB
more attenuation upon reflecticn than the TE wave, while at 80° the difference is
1.5 dB.

1
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Figure 2. Model of 3 Normal Daytime Ionosphere

2.2 Severcly Disturbed lunosphers

The TM and TI ronosvheric retlection coefficients calculated for a severely
disturbed ionosphere {Figure 4} are grven in Figure 5, and show that the relative
attenuation of the TM and T waves upon veflection 1s even greater than that cal-
culated for the normal ionosphery. For ecample, ot an iacidence angle of 50°, the

TM wave suffers 7 dB more attenuat.on than the TV wave (compared to 5.5 di for
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the 10ormal ionosphere), while at 80° the difference is 2 dB (compared to 1.5 dB for
the normal ionosphere),
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Figure 3. Ioncspheric neflection Coefficients—Normal I¢ time Ionosphere

The calculations of the plane wave reflection coefficients also show that for the
severely disturbed ionosphere, the reflections occur in regions of very high colli~
sion {requency, and the effec.s of the earth's magnetic field on the wave propaga-
tion are negligible. Under normal ionnspheric conditions the reflection coefficients
are deperdent on the direction cf propagation relative to the magnetic field; and,
waves propagating to the magnetic east are less attenuated than waves propagating
to the magnetic west. The calculations for the severely disturbed ionosphere show
no such azimuthal characteristics.

3. COMPARISON OF TM/TE GROUND REFLECTION COEFFICIENTS

Shown in Figure 6 are the relative attenuations of the TM and TE waves upon
reflection from (a) good so1l, 0 = 1072 mho/m, and from (b)ic., 0 =2 X 1079
mho/m. At all angles of incidence the TM waves suffer more attenuation than the
TE waves. For reflections from 1ce, such as would be the case * v propagation

over tle polar regions, the relative ittenuation of the TM and TE waves 1s
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considerable; for examplr, at an incidence angle of 80° the TM wa 2 suffers 8.5dB
more attenuation than the TE wave.
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Figure 6. Relative Attenuation of TM and TE Waves Upon
Reflection From the Earth

4. ESTIMATION OF THE MODAL ANGLL. FROM IO\ USFHERIC
AND GROUND REFLECTION COEFFICIFNT { \LCULATIONS

In order that Eqg. (1) can be used to estimate attenuation rates in the earth-iono-
sphere waveguide, it is necessary to determine the angle of incidence ¢ for which
there 1s mode resonance (this angle is then called the 'mode angle'). Referring to
Figure 7, the condition that must be met for mode resonance is that the upward
gowng wave at R be coherent (in phase) with the upward going wave at 0, referred
to R.

The phase of the upward going wave at 0, referred to R, is

o, = @r/A) (dg +d) (2)

where A 1s the wavelength,
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Figure 7. Geometry Us.d in Determining the Mode
Resonance Condition

The computer program for the ionospheric reflection coefficients gives the

ratio of the down-going wave and the np~going wave at 0, where it is assumed that
the up~going wave has a reference rhase equal to zero. Effectively then, the com-
puter calcmations give the phase of the down-going wave, referred to 0. Letting
this phase be denoted as ¢ e? the value of the phase of the down-going wave at R,

before reflection from the earth, is
(3)

¢y = 9. + 2 m/a) dg + D).

After reflection from the earth, tne phase is
4)

93 =¥, + ¢g + (2 1'/M(ds + D)

where ¢g is the phase of the ground reflection coefficient, Rg

For mode resonance, kgs. (4) and (2) rust be equivalent, or
(2 n/A) @, +d) = (¢, +¢g) + (2 7/)) (dg+D)+ 20N (N=0, 1, 2, ...). (5)

From Figure 7, d = D, so that the mode resonance condition is
o, + ¢g =2rM(M=0,1,2,..). {6)
In practice, for a specified ionosphere and ground conductivity, the solution of

Eq. (6) for the modal angle of incidence ¢, is found by the use of successive approx-

imations, since both ¢c and ¢g depend on the incidence angle.




5. ESTIMATION OF TM AND TE ATTENUATION RATES

In view of the preceding discussioas, pa.ticularly those related to Figures 3, 5
and 6, and Eq. (1), TE waves should propagate in the earth- ionosphere waveguide
with less attenuation than TM waves, especially so if the propagation is ovir ice.
In the numerical examples that follow, the estimates for attenuation rates have been
calculated using Lq. (1), with the modal resonance angle ¢ determined by use of
Eq. (6). The ionospheric and ground reflection coefficients have been calculated
using AFCRL computer programs. For the severely disturbed ionospheric pro-
files, a sharply bounded ionosphere at a height of 40 km above the earth has been
assumed in the attenuation calculations, since at this height and above the iono-
spheric parameters change appreciably, relative to height changes in the order of
one wavelength at 17 kHz.

Example 1: Severely Disturbed Ionosphere (Figure 3)

Good Earth (0 = 10”2 mho/m, ¢/, = 20)

TM Waves TE Waves
) = 83° o = 78°
wRy = 0.74 1Py = 0.82
Ryy = 0.86 Ry = 0.99
o1y = -6 dB/Mm Oy = -4.8 dB/Mm

In this example, for propagation over good earth and severely disturbed iono-
spheric conditions, the TE waves suffer approximately 1.2 dB/Mn less attenuation
taan the TM waves,

Example 2: Severely Disturbed Ionosphere (Figure 3)

T keto=2Xx 1070 mho/m, e/to = 5)

TM Waves TE Waves
¢ = 80° ¢ =178°
wR, = 0.63 1Ry = 0.8
Ryy = 0.35 Ryy = 0.94
oy = -28.4 dB/Mm trp = -6.01 dB/Mm

In this example, for propagation over ice, the TM waves suffer approximately
22 dB/Mm more attenuation than the TE waves.

6. SUMMARY

U P AR RN~ S e ey T

Transverse electric (TE) and transverse magnetic (T M) plane wave reflection
¢ coefficients were computed at 17 kHz for a horizontally stratified 1onosphere, for




BOPLAIYE A AiEe i ke

both normal and severely disturbed conditicns. In both cases the ionospheric re-
flectiun loss was less Zur the TE polarizztion at all angles of incidence,

Reflections of the TM and TE waves at the surface of the earth were alfo
considered; again, the TE polarization was found to be reflected better, the differ-
ence being aspecially appreciable in the case of ice.

Attenuation rates, under severely disturbed ionospheric conditions for the first
order TM and TE propagation modes, were estimated using modal 2ngles, and
assuminrg a sharply bounded ionosphere at a height of 40 km. For good earth, .he
TE mode attenuation was somewhat less than that for the TM mode; put, in the case

of ice, the difference was considerable, being only about one-hundredth (1/100) that
of the TM mode.
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