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ABSTRACT

A waveguide model is proposed for the evening type ftransequatorial
propagation mode. Field aligned irregularities observed in equatorial io-
nosphere are assumed to form dielectric waveguides. A local Champan type
layer electron density distribution is taken inside the guide. The tran-
sequatorial wave propagation is treated by using this model and the pro-
pagation theory of dielectric waveguldes. The total attenuation is compu-
ted between two points located in opposite hemispheres. The analytic form
of the results permits easy interpretation of the propagation characteri-
sties. A good agreement is observed between the experimental results and
the theoretical calculations for the total attenuation. Comparisons have
also been dene for the propagation delay and the incoming elevation angle
at the reception point.

1. INTRODUCTION

Evening type Transequatorial Propagation (E-TEP) is a special propa-
gation mode occcuring mainly between magnetically conijugate points. It has
well distinguishable characteristics from the Afterncon type Transequato-
rial Propagation (A-TEP) phencmena occuring on the same south-north hemi-
sphere circuits. The main difference between these two propagation modes
is that E-TEP takes place in exceedingly higher frequencies. As indicated
from their naming, E-TEP and A-TEF occur in different daily hours. Fur-
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thermore they have entirely different behavior as already discussed in
detail by Nielson! and Cracknell et al.?.

Several theoretical models have been proposed in the past to describe
the propagation mechanism in TEP circults. Initially a double refraction
scheme from the ionospheric crests have been proposeda. Although this mo-
del explains quite satisfactorily the A-TEP phenomena, fails te predict
the E-TEP basic characteristics!. Based on measurements of elevation
angles and group delays on a circuit between Okinawa {Japan) and Darwin
{Australia) a waveguide model has been suggested for the E-TEPY. The gui-
ding of high frequency waves through field aligned irregularities has
been examined theoretically by Nielson® and this theory has been extended
by using numerical techniques *to explain TEF phenomena by Heron et al,$
Recently a whispering gallery mode has also been considered to describe
TEF?. In the meantime the data gathered for the fine structure of iono-
sphere has shewn that there are elongated irregularities aligned with the
geomagnetic field limes in the equatorial ionospherea. These are tubular
shape depletion regions inside the equatorial ionosphere extending on
both sides of magnetic equator at lesast from 5° to 10° (magnetic dip?.

In this paper a dielectric waveguide model is proposed and is employ-
ed to analyse the E~TEP characteristics. In this analysis the propagation
theory of dielectric waveguides is used extensively. Closed form analyti-
cal results are derived for the transmitted field strength. The numerical
results cbtained by applying this theory are compared with experimental
results to verify the proposed theoretical model.

In fig. la the geometry of the proposed icnospheric duct is given. In
the same figure a characteristic electron density distribution profile is
alse shown {(Fig. 1b). Because of the Very High Frequencies (VHF) intere-
sted in this paper the electromagnetic characteristics of the iconosphere
can be described with a scalar dielectric constant € = nz, where n is
the corresponding refractive index. It is well known that,

=3
2 _ 31N(cm ")
S () (2

where N(cm_s) is the electron density and f(kHz} is the radiation freque-
ney.

The lonospheric duct is taken of circular ¢ross section and its axis
is assumed to be parallel to the magnetic field lines as illustrated in
fig. la. In order to describe the propagation through the ionospheric
duct the conventional polar eylindrical coordinates p,p,z are introduced.
In treating the waveguiding inside the ionospheric duct the curvature of
the propagation axis is neglected and is taken to be a straight line. A
widely used established theoretical model for the electron density profi-
les in ionosphere is the Chapman distribution®. In this paper also a si-
milar distribution is adopted. According to the observations given in
ref. 8 the electron density distribution inside the duct region is taken
to be,

2
Mp) = No)(1-(5)7) (2)
where p=a is an equivalent radius of the irregularity region. Of course

eq. (2} is valid only in the vicinity of the ionospheric duct and for
pr»a the conventional electron density profiles holds.
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On substituting eq. (2) into (1) after some straight-forward compu~
tations the following result is obtained,

n?(p) = n?(o)(1-28¢5)%) (3)

where
1 81N{0) /£

% 5 nZ2{o) )
n2(of = 1 - SL) (5)

f

In the following section analytical methods are employed to compute
the received field strength at an arbitrary point B due to a transmitter
located at A (see fig. la). For both points a line of sight condition
validity is assumed for the corresponding ionospheric waveguide end
points. An exp{+jwt) (w=2nf) time dependence is assumed for the electro-
magnetic field quantities and is suppressed throughout the analysis.

2. ANALYSIS OF THE E-TEP

The refractive Index given in eq. (3} is exactly the same with those
encountered in graded index optical fibers. In particular the parabolic
dependence to the p distance allows an analytic solution to the radial
differential wave equation. Furthermore since for the VHFE frequencies
4<<l {see eq. (4)) the weakly guidance condition is satisfied. Therefore
the guided waves can be described in terms of two orthogonal linear po-
larizations. Then a scalar electric field E(p,9,2) can be used to de-
scribe the propagation inside the ionospheric duct. Following the results
of the analysis in parabolic refractive index profiles!? the electric
field of nermal modes propagating along the peositive z-axis (fig. le) can
be written as,

_js =
E (psws2) = Eﬁme m Amn(p)cos(mw-rp;m) (6)
wherea
P gl 8
A (py = (/3 Byt g 00y et/ (7
mn w n 2
1/2
W = (Qa/(kon{o}VEEJ) {8)
_ 2VZ8 1/2
an = kon(o)(l— @t—o—)g (Zn+m+1)) (9}

M= Bl eens m=0,1,2,...

In =q. (6) E° and @0 are mode constants and in eq. (7) L(m)(x} are
the associated Laguerré polynomials. The mode dispersion characteri-
stics are determined by the propagation constants B given in eq. (9).
Notice that for a sufficiently large {2n+m+l) intege% value the term
under the square root takes negative values and then 8  is a purely ima-
ginary quantity. In this case propagation doesn't take place.

Consider now the TEP propagation geometry of fig. la. Assume a linear-
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ly polarized incident wave due to a transmitter located at the point A,
A local coordinate system is defined at the entrance of the waveguide as
shown in fig. le. The x, axis is taken inside the plane defined with the
incident wave electric %ield polarization & and propagation direction
defined with the unit wvector k., shown also in fig. le. The incident wave
electric field on the waveguidé input aperture can be written as

/BDPth —3koRl jkoki-rl
E, g ——— & e

~1 Rl

(10)

where P_ 1s the emitted power,

transmitter antenna gain,
distance between the point A and the input aperture center,
kK~ free space propagation constant {(=2x/A, A being the radiation
wavelength),
position vector of an arbitrary point on the guide input aper-
ture.

Intreoducing the expressions B & 5 sing; + z,cosd; and
0 = XqH4Yy. T PPy into eg. (103 wit% #; being the angle between the
ihcident ditection and z axis, the following result is cbtained
60Pth —jkORl jkoplcosmlsin%i
E, —g — ° 2 {11)

1

where xl = plcosml, ¥q = p,sing, .

The electromagnetic field induced inside the ionospheric waveguide
can be written in terms of a superposition of propagating normal modes
given in eq. (B),

-4 =z
o} mn 1
i i E e Amn(pl)cos(mwl) (12)

18]

E (01:0452) il

Neglecting the diffraction phenomena, at the z, = 0 input aperture
the folleowing boundary conditions should be satisfied,

E (13)

,..,1'X = E -

1

where gl ig the unit vector along the Ry axis.

Substituting eqs. (11},(12) into (13) and then multiplying both sides
with the function
r
Am,n,(pl)cos(m 04)

and integrating on the input aperture by employing the orthogonality re-
lations

21

1 = —_
i d$lcos(m¢l)cos(m ¢l) = 6mm' - (1)
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$eo Y
J dx e_xxmL(m)(X)L(T)(x)dx =6 £31214
n n nn n!

Q

{135)
where 6_ |, is the Kronecker symbol and
T

1 for m=0

€m T {2 for m#0

the following result is obtained

cosd . vHBAP G +ea on
o a Tt

Bam ¥ Wt 1 [ fidey /o degexpldk pysing cose) )
W 5 0l e ° e
T

. Amn(pl)cos(mmll (16}

Introducing into eq. {16} the expansioni!

) 2k "
51n%icos¢l) = E €] Jk(koplsln%i)cos(kml) (17)

exp(jk p
o
k=0

1

and by using the transformationll

n o

£2- 1 oy ANV (= TR (1)
o

instead of eq. (16} we have,
¥ — 5 -
o 6CPth ]koRl.m xi/

* m/2_(m) n n!
E - 2cos%i ——§1—- a je e Xy Ln (Xi)-(—l) e (19}

k w
X, = —9—sinai (20)
V3

Substituting the mode coefficients into eq. (12} the guided wave
field distribution can be computed at an arbitrary distance z. = z along
the guide axis. In particular by setting z, = L equal to the guide length
the field at the output aperture can be computed. Assuming again the re-
fiection phenomena to be negligible the field on the =z =L ocutput aperture
can be taken equal tc the incident wave Eu(pys9.,L). IN order to compute
the field at the reception point B the following diffraction formula is

employed!?,

e_]koRQ o 21 ik k_ 8,
Bp = Pgeosd S ey T dnge’ g (o001 (21)
2 pl-O ¢l-0

where k_ 1s the unit vector aleng the line connscting the output apertu-
re center and the reception point B. Defining the angles 35 and ¢, as gi-
ven in fig. lec, the k_ unit vecter can he written as

k, = zlcos%S+51n%S(xlcosﬁs+y151nms) (22)
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Substituting eq. (22) into (21) after a procedure similar to that
given from eq. (14) to (19) the electric field wector at the reception
point was found to be

. (2.+x_)
) i e-]kO(Rl+R2) - 12 5
E, = eiky 5 -———?qﬁ;——P—- /SOPth cosd,cosd_-e S(¢S,xi,xs)
(23)
where
kow
Xg = ;g— 31n%s
m =Bl
S(ws,xi,xs) = i ; (-1) cos(mws)sme .
n! {m)} {m) m/2
(mtny! Ln (Xi}Ln (xs)(xixs) (24)

As shown in the appendix the series given in eq, (24) can be summed
approximately. Then the following result is obtained,

_jkon(o)L -
S(ms,xi,xs) =318 < exp {—lcot( 2ﬂL)(x-+x +2VX.x_cosg.)
2 2 a 178 i7s s
sin(ﬁzég)
a
+ %(xi+xs+2fxixscosms)} {25}

The refractive index n(o) up to now is assumed to be a purely real
quantity. In order to take into account the imperfect structure of the
ionospheric duct, which will cause scattering, the n(o) will be taken as
a complex number with a small imaginary part, that is n(e)=n'{o)~in"(o}
with n™{o)<<n'(o}. Furthemore the passing of the signal through the ionoc-
spheric layers before and after the waveguiding will result into Faraday
rotation type depolarizations?. Because of the randomness of this effect,
a 1/¥2 factor will be introduced in computing the |Er‘ field strength.
Then using eqgs. (23), (25) after some simple algebra the following result
is obtained Y v

i waey VAT i
x w2 /PG exp{ = sing,sind_cosw)

- ottt " -k "
!gr[ = e KX, cosd,cosd e exp( kon (o)L}
ain( < ) (26)

where o = n-¢_. Notice that ¢_ is the angle between the % axis and the
projection of K_ into the transversal plane of the ionospheric guide as
shown in fig. lc, Because of the south-north transmission geometry always
LRl and therefore a~0,

If the receiver antenna gain is G, then the overall attenuation
using eq. {26} is found to be

]
+

G
l "r 4 2 .
= w (cos%icosﬁs) exp( 2k0n(O)LJ

2
T RlR

L]
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exp(—v2 k_w/sind, sind _cosu}

sinQ(—zgé) (27)

It is interesting to examine the contribution of each term into over-
all attenuation. The (R.R,)~2 term represents the free space ioss while
the (cos®,cos® )2 is thé Dolarization mismatech loss. The most important
and inter@sting term is the exp(-+v2 k wvsind.sind_cosa). As already
mentioned @=0 and X w by employing eqs. (8}, (4}, (5) found to be k w =
3.05 f(MHz}f§7}E?ET. Introducting the numerical data f£=144 MHz, a=25 Km

dnd N{o) = 10%m~? it is found that k,w=3900. Therefore in order to have
minimum attenuation the terms (sin¥;sind$,) should be close to zero as
much as possible. In case of a peint illuminated directly from the wave-
guide axis it 1s possible teo have $.=0 or $_=0. Minimum attenuation is
achieved on radic links crossing perpendicuiar the magnetic equator pro-
vided that %, and 3_ are sufficiently small. Therefore, where the magne-
tic field isuniform over earth surface, the magnetic conjugency is the
main condition to have a small attenuation. The exp{-Zkon"(O)L) term
represents the scattering losses inside the wavegulde and has been intro-
duced on a phenomenological ground. In the next secticn the possible va-
lues of n'{o) will be discussed. Finally the term sin{v2AL/a} appearing
in the denominator arises from the superposition of normal mode field
distributions at the waveguide cutput aperture, For specific frequencies
it is possible to have v2AL/a = nm (n=0,1,2,...) and then A + +», From
the analysis given in the appendix it is shown that this condition cor-
responds to the in phase superposition of all travelling modes. The non-
physical result A + +~ seems to arise because of the approximate B
propagation constants and the infinite number of modes used in summing

up the series S(g.,x;,X ) (see appendix}, Since in practice the resonance
condition ¥2AL/a = ni cannot be satisfied exactly, the 4 > « non physical
result 1s not considered being a serious problem.

In computing the total propagation delay between the transmitter and
receiver the summing of the delays occuring on the paths is considered.

s

(28}

I S
c C

where C = 3x10% m/s.

Note that the group velocity inside the ionospheric guide is taken

approximately equal to v, = 3w/38 . * n{o)C for sufficiently small (2n+
m+l} values (see eq.(3))}7 ?

3. CO¥PARISON wITH EXPERIKENTAL RESULTS

In this section numerical results cbtained by applying the analytical
expressions of sec. 2 will be compared with measurements dene on Pretoria
{South Africa) - Athens (Greece) and Harare (Zimbabwe)-Athens VHF clreu-
its.

Details of the eguipment characteristics used at transmission (Preto-
ria and Harare} and reception stations (Athens), measurement techniques
and results as well, are described in detail elsewhere??13, In fig., 2
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the actual propagation geometry is illustrated where the great circle
passing through Pretoria and Athens iz shown, On the same circle appro-
ximately the position of Harare is also shown. The intersection polnt
between this specific great circle and the magnetic (dip) equator has a
north latitude +10° while the maximum density of the equatorial anomalies
iz at 249 north and 3° south latitudes respectively. Based on cbserva-
tions during the peak of the 21st solar cycle the ionospheric ducts seems
to be extending at least between these latitudes® with a maximum height
above the magnetic dip equator. The waveguide axls follows approzximately
the magnetic field of lines. Furthermore for the specific circuit geome-
tries the great circle is almost perpendicular to the magnetic dip equa-
tor { 80°) and therefore in eq. (27) the angle o is taken almost equal

to zerc (see fig. lel).

In order to compare the measured data with the numerical results
obtained by using eqs. (27), (28} and the elevation angle at the recepti-
on peint, a simple computer program has been written. The ionospheric
guide characteristics and compiled from the measured values given in ref,
8 and are taken to be a=25 km, N{o) = 10%em 3. The values of G G, are
known from the working conditicn of the stations where the transmiszion
line and antenna pattern losses are included, The wavegulde length on
each hemisphere and the commeon axis height h, above the magnetic dip
equator are taken to be urnknown.

Measured data is available at 28, 50, ls4 and 432 MHz frequencies?213
By running the computer program successively and comparing with the expe-
rimental data at 144 MHz for the overall attenuation (average value), in-
coming elevation angles and total propagation delay, the values of L and
h, giving the best fit are determined. Through this procedure the value
of n"{o) iz also determined. These values are:

7

L = 2870 km, h_ = 850 kmy n"(o) = 3.10° (29)

and from the geometry of the problem 9 = $_ = 0,2°

s

It is interesting to compare the predicted overall attenuation at
other frequencies (28, 50 and 432 MHz) with the measured data. Employing
the values given in (29) the overall attenuation is computed at the 28,
50 and 432 MHz frequencies. In table I the comparison of measured and
theoretical attenuation is given in dB units., A reasonable agreement is
observed at 50 and 28 MHz on both E-TEP c¢ircuits. Nete that the measu-
rement accuracy was 3 dB. These results are obtained by taking n'"{o) to
be independent of fregquency. Initially it was thought reasonable to as-
sume Rayleigh scatterers inside the duct. Then kon'"(o) should vary as
(where f is the frequency) since k n"{o)} is proportional to the total
scattering cross section Q. However, computations indicated that n"(e)
iz independent of frequency and therefore § is proportional to £, Accor-
ding to this obserwvation it 1Is suggested that the inhomogeneities ingide
the duct are tenious large size scaterrers.

Fer the 144 MHz the minimum attenuation when #;-%.=0 is also quoted.
Notice that the measured minimum attenuation 196 db corresponds to an
average value while the predicted 147 dB is the absolute minimum, At 432
MHz measurement of attenuation was possible conly on the Harare-Athens
circuit. In this case because of the wvery high losses only signals under
very favorable conditions (with $;=9_,=0) can be measured. Therefore it is
reasonable to compare the minimum attenuation rather than average values,
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Indeed a rough agreement is observed at 432 MHz Harare-Athens circuit.

In table I comparisons are also given for the total time delay and
the elevation angle ¢ (only at 144 MHz). In general the agreement is
good. The smaller propagation delays observed at lower frequencies are
attributed to other icnospheric propagation modes such as double refra-
ction from the crests (4F) or the conventional 2F; propagation at 28 MHz.

4. CONCLUSIONS

An analysis has been presented for the Evening type Transquatorial
Propagation by taking into account the ducts ohserved in equatorial io-
nosphere.The overall attenuation between two points located at opposite
hemispheres has been computed. The closed form of the obtained results
permits easy interpretation of the predicted overall attenuation. Compa-
rison of the measured attenuation at 28, 50, 144 and 432 MHz frequencies
with the theoretically predicted values shows a reasonable good agreement.

TABLE I. Comparison of predicted and measured parameter values.

TOTAL MEAN ATTENUATION (db)

Circuit Pretoria ~ Athens Harare - Athens
Feequency Theory Measurement Theory Measuremant
(MHz)
432 368(187 min) 384 (184 min) 234 (222 min)
184 208{147 min) 208 (196 min) 211 211 (199 min)
50 160 165 158 157
28 155 155 154 147

TIME DELAY (ms)

Range Average

144 26.10 25.6-2b6.5 26.0 23.2 -
50 26,12 24 .8-26.4 25.2 - -
28 26,15 24 .4-27 .2 24,6 - -

ELEVATION ANGLE IN ATHENS (%} (fig. 1a)

14k 11 9 < ¢ < 20 11 9 < § < 20
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APPENDIX

Computation of the series 8(¢S,xi,x8)
In order to compute the serles given in eq. (24) the mode propagation
constants B, defined in eq., (3) are approximated as follows

VZh

W(2n+m+l) (Aa.1}

an = kon(o)(l-

which is valid when the second term inside the parenthesis iz very =smal-
ler than 1. Furthermore use is made of the identityll;

® e+t _m
B nl {(m} (m) n_ 1 1-t 2 2/Ent
L Tyt B (W= e (ent) ©.1_ (=2 (A.2)

where I (x) is the modified Bessel function. Introducing inte eq. {(A.2)
the wvalues
(2Y2AL

J
a
t = e % E = x., = X

and since
_ LTV s
Iv(q) = R Ca)

the series in eq. (24) can be rewritten as follows,
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V2B
il

( (. +x Je )
. 1 k=

expl-] ——no———
~jk_n(o)L 1ok

Z2sinf —a—)

-3
Slg_yX:4%x_) = 2 € .
L . /28L,
sin{ ===}
a
V2A
Jj—1L
1/2 a
+oo i (xixs) e
| Emcos(mws)dm e e (A4.3)
Mo == . Y2DL
51n(*:r)

Cbserving that the summation of the series in eq. (A.3) can be deter-
mined by using eq. (17} after some straightforward algebraic operaticns
the results given in eq. (25) is obtained.
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