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1. INTRODUCTION

The problem of medium-frequency(MF) and high-frequency(HF) wave propagation
in urban areas has been studied for many years. However , there exists no adequate
prediction method for general applications. The measurements in London areas have
shown the unexpected high attenuation in some parts of UK cities and the anomalous
variation patterns of the electromagnetic field with distance!'l.It has been shown
theoretically that , in contrast to the homogeneous earth case , the field over a highly
inductive surface impedance behaves in a peculiar manner due to interference between
the usual Norton ground-wave and the trapped surface wave!” * ®), The ground wave
propagation is strongly influenced when the impedance of the propagation path changes
abruptly as it occurs when the radio wave traverses a coastline!*!, Experimental
measurements for frequencies between 4 and 32MHz have shown that the signal level is
also influenced by the tropospheric ducting'®’

In the present study , we investigate the ground wave propagation along the
inhomogeneous impedance surface. We assume that the surface duct is appeared over
the mixed-path!®, We will compare the theoretical results with the experimental data
obtained by the measurements carried out in Tokyo areas in Japan,

2. FORMULATION FOR CONSTANT IMPEDANCE

A modified refractive index m(z)=n(z)+z/a , where n(z) is the refractive index in
the atmosphere and a is the radius of curvature of the earth , and the coordinate systems
(x , z) are shown in Fig.1(a) and Fig.1(b) , respectively. The modified refractive index
m(z) decreases as the function of the height z from the earth’s surface , which assumes
the occurrence of the ground-based tropospheric duct. The earth’s surface is described
by a constant impedance surface Z, B1.18] "which is defined as the ratio of the tangential

electric field to the tangential magnetic field at the air-ground interface.
When the vertical electric dipole source A of current moment 1,dl is located on the
earth’s surface , the vertical electric field E at the distance x may be represented by
10 pg I dl i

E=EqW(x) , Eg=—1"—¢ m

Imx ground wave
where Eg is the vertical electric field
excited by the same electric source located

on the flat , perfectly conducting surface. e rf -
The W(x) is the attenuation function con- (aI)Tl(Z) “earth's su ace
taining the information about the surface

impedance Z, , the distance x , the duct  Fig.1 (a) Modified refractive index.
(b) Constant impedance surface

requency. .
parameter , and the freq y and coordinate systems(x , z)

When the m(z) is approximated by m(z)
1-z/ag , where ag is the constant parameter , the attenuation function can be given
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by the following from:
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where £, and Za(= Z,/120m) are the dielectric constant of the air at the interface and

the normalized surface impedance of the earth , respectively. Since the radio waves are
confined to the earth’s surface , we have used the Airy functions Ai(t) and Ai’(t) in

Eq.(2).
Employing large argument expansions for the Airy functions Ai(t) and Ai‘(t), and
applying the following transformations:

. -1 “Wig -~
t=sq?exp(-in) , x=p(iq2) exp(-in) , q=2""38"exp(in) 3)
in Eq.(2) , one may obtain the following integral.

1 ~£ IJ—S ivn 53 4i 1 _;5r8 1 6
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4 2 3
8 1(+iv5)'s? (1+i45)°s® (1+ivs)'s™?
The inverse Laplace transform in Eq.(4) is evaluated by applying the formula
given by Bremmer. One may obtain the following representation,

W(p):F(p)—%{ (1+2p)F(p)-1-i,/n—p}83+{(%p2—1)F(p)+iJer(l )+1—2p+ p }56

35 1 1 3 ) (35 35 1 2 5 2) 35 35 67 2 5 3 }6 9
222 F 2.2 = LIPS .5
{(8 4p (p)-iyn PHEP — 1 P =P 3P )

The Sommerfeld funcuon F(p) , the numerical distance p , and lhc duct parameter & are
defined as follows.

- k _
F(p)=1+iJmpe Pcrrc(—ipUZ) ' p=_‘_iz =iz 1/7{ kag 12)2 } ©
The attenuation function in Eq.(5) for the surface duct problem may be reduced (o

the attenuation function for the spherical earth® of radius ag by the analytic
continuation from ag to —ag (=agexp(in)).

(3]

3. FORMULATION FOR INHOMOGENEOUS EARTH’S SURFACE

In this section , we derive the electromagnetic field representation which takes
into account the existence of the tropospheric surface duct. The modified refractive
index m(z)(=1-z/ag ) and the mixed-

path associated with the coordinate z z
systems (x , y ., z) are shown in

Fig.2(a)and Fig.2(b) ,respectively. /L Z
The surface impedance assumes

the valueZ, for x<0 and Z for m(z)/ @/ X

x>0. d(=r,+1p) is the total dis- mixed-path

tance between the lransmi'ttﬁng (a) (b)

antenna A and the recelvifE  gig2  (a) Modified refractive index.
Following the general treat- (b) Mixed-path and coordinate

ment of Wait"*! | one may obtain systems(x , y , z).

the vertical electric field at the
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observation point B as follows:

E=EqW’(po) )
, 12 viKk W(p)W(po — K
w (po)=W(po)+i(EQ) (t-JR)* ©W(po ~Kp) ®
n Jp(Po -Kp)
ikd~2 O'b—i(l)Eb Ty Iy
=—7 , Kemm"——— | V=2=z=z=—"=2—
Po =" % o, -iwe, d 1+ ®a)

where Egis the reference field defined in Eq.(1) . The W’(po) is the attenuation
function over the mixed-path and the W(po) is the attenuation function over the

constant impedance surface Z, derived in Eq.(5). The second term in the right hand side
of Eq.(8) is the contribution from the portion of the impedance surface Z.
The integral in Eq.(8) may be divided into two parts:

poV/K p’ poV/K
[y 6@)p=[] GE)ep+ [P Gorap. ©
where G(p) is the integrand in Eq.(8) and p’ is an arbitrary value which satisfies:
0<|p’|<<|poV/K| . |Kp’|<<|po] . |po|>>1. (10)

Then the first term in Eq.(9) is evaluated analytically by applying the following
approximation and the power series expansion for the Sommerfeld function:

W(po —KP)~W(PO) , F(p)=l+i(ﬂp)l/2 —2p+i\/1?P3I2+ .. (11)

Jpo-Kp  Jpo

After performing the straightforward calculation , one may obtain:

172 . .
w’ (Po)‘-‘W(Po)“(Bng) (1-~/l—<){m[2(p')"2 +idn p'-%(p')y 2 7 oy —l{% @)

JpPo 2 2
_%(p,)sn _ﬂﬁ_(p,)slz}as *{#G")Q +%(P,)5/z __2_(p,)7/2 _%—ﬂ_(p,)‘t}s«s + ]

7

poV/K W(p)W(po — Kp)
b e

The integral in Eq.(12) can be evaluated numerically.

(12

4, NUMERICAL RESULTS AND COMPARISONS WITH MEASUREMENTS
We performed the extensive numerical
calculations to investigate the propagation
phenomena of the electromagnetic wave
propagation over the mixed-path. We have shown
in Fig.3 the calculation results for the field
strength as the function of the distance at three
frequencies. The propagation path changes
abruptly from the land to the sea at 40km(see
Fig.2). We assume that the conductivity and the
dielectric constant are ¢,=0.01 S/m and £,=10
for the land , and &, =5 S/m and €,=80 for the
seawater. The duct parameterd defined in Eq.(6)
is assumed to be zero (i.c.,8=0) in Fig.3. The
radio waves over the sca surface arc strengthened
compared with those for the all-land path(dotted Fig.3 Field strength for land-to-sea path.
curves). In Fig.4 , we have calculated the field Radiated power: 100 kW

- _ . mixed-palfl
| — 1 homogeneous

100

[2)
o

FIELD STRENGTH (dBuV/m)

DISTANCE(km)
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strength for four values of the duct parameter.

T T LR T LI} T T

The signal levels are enhanced more strongly as —— : homogeneous
the duct parameters § increases . w3 0 =025
120¢ ceeemee 6 =0.30 i

We performed the experiments in Kanto area
including Tokyo in Japan. The measurements were
made on two frequencies 954 kHz and 1134 kHz.
Since we observed the similar tendency for both

FIELD STRENGTH (dBxV/m)

frequencies , we show here the experimental data 100F

for 1134 kHz taken in the route I and the route

I in Fig.5. The coverage by man-made objects is i

quite different between two routes. The route I L e g, S
807 50 100

passes through the low density area while the
route [I is on the high density area including the DISTANCE(km)

city centers. The results are shown in Fig.6. The Fig.4 Effects of the surface duct.
experimental result on the route I agrees very

well with the theoretical one obtained from Eq.(1) )
and Eq.(5) for the constant impedance. We used Ulum""‘ya
0,=0.01 S/m and ¢,=10.

The experimental result on the route [ agrees
very well with the mixed-path theory in Eq.(7) and
Eq.(12). The portions extending from the
transmitting antenna to the distance 30km are the
high density area and the remaining portions are
the low density area. We used the normalized

surface impedance 2a=0.1616xp(-i76") for the
high density area and Z, with ¢,=0.03 S/m and
£, =10 for the semi-rural area.

A

Route 1

Fig.5 Route I and Route II

5. CONCLUSION .
used for experiment.

We have derived the electromagnetic field
representation over the mixed-path , taking into

account the existence of the tropospheric duct. E ]50_' T e e :;:xplerir;]eml.
We have clarified numerically the propagation ;i 5 —— . theory i
phenomena over the mixed-path where the m | .
propagation path changes from the land to the sea. Z - .
We have also shown that the experimental results & | Route I -
obtained in Tokyo areas agree very well with the O 100F 1
numerical results caluculated by using the theory ,E § . 7
for either the constant impedance surface or the E‘f i '.
inhomogeneous impedance surface , depending on < : i
the coverage by man-made objects. uE]: sok Route I e * ]
— 1 L1 L 1 1 .
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