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Laboratory Models Used in the Investigation of Radio
Wave Propagation in lrregular Structures

Ezekiel BaharLifeFellow, IEEE

Abstract—A laboratory model first conceived by Wait to inves-  boundary perturbations, can be modeled. The controlled exper-
tigate radio wave propagation in the perturbed environment ofthe  jmental data obtained from these precisely defined models has
earth-ionosphere waveguide is described here. The construction been successfully used to check the validity of the approximate
of the laboratory model involves the exploitation of the following . . .
fundamental invariant properties of Maxwell's equations and the theoretical _SOIUt'OnS' To make such _us_e of the experimental data
ability to physically simulate the appropriate boundary conditions ~conducted in the laboratory model, it is not even necessary that
including the earth’s curvature: 1) invariance of Maxwell’'s equa- the model correspond exactly to the actual physical conditions
tions to size-wavelength transformations permits the scaling down in the earth-ionosphere waveguide. It need only be devised to
in size of the earth-ionosphere waveguide; 2) duality relationships prove or disprove an analytical solution.

between the electric and magnetic fields permits the representation b S - . .
of the azimuthally independent TM,, , modes excited by vertical The specific objective of this paper is to describe the devel-

dipoles in the earth ionosphere waveguide by the Tk, modes in opment of electromagnetic (EM) models. It is shown here how
rectangular waveguides; 3) a perfectly conducting magnetic wall they are used in the investigation of propagation in the earth
(where the tangential component of the magnetic field vanishes) jonosphere waveguide for cases in which the effective height
is simulated through the use of imaging techniques; 4) to account f ha jonosphere and or its physical parameters (characterized

for dissipation in the ionosphere, an equivalent surface impedance b f . d h | th th of i
boundary is simulated using a wall loading material with a specific Y @ Surface impedance) change along the path of propagation.

thickness and complex permittivity; and 5) to simulate the earth’s  The models also provide insights for the derivation of novel so-
curvature in the rectangular waveguide, an especially fabricated lutions to these problems.

dielectric material with a prescribed permittivity height profile is The construction of the laboratory model of the earth-iono-
used as the medium of propagation in the interior of the wave- gyhara waveguide involves the exploitation of the following fun-

guide. All five of the above artifices have been employed in order to d tal | iant " M I i d th
construct a scaled model of the earth-ionosphere waveguide. How- amental invariant properties of Maxwells equations an €

ever, one or a combination of them can be employed by researchers ability to simulate the boundary conditions in a physically re-
today to construct laboratory models from which controlled exper-  alizable manner.

imen;al data can be obtain_ed to \_/alidate analytical and numerical 1) Scaling: Invariance of Maxwell’s equation to size/wave-
spl_utlons aswell asto provide insights for novel approaches to solve lenath transformations
difficult propagation problems. g . : - : ) )
2) Duality relationships between the electric and magnetic
fields. The dual model was constructed because the
TM,,, modes do not exist in waveguides with rectan-
gular cross sections and perfectly conducting boundaries.
|. INTRODUCTION 3) Use of imaging techniques in EM theory to simulate a

N SITU experimental data of the transmitted waves in the magnetic conducting Wfa” upon Wh.iCh the tangential com-
earth-ionosphere waveguide may be obtained in the straightfor- ponents of the magnetic field vanish.

ward manner at the surface of the earth. But in order to analyze4) Physical S|mlt|Iat_|on .Of mpedapce boundary conditions to
account for dissipation in the ionosphere.

these experimental results and to compare them with theoretical5 X . , .
solutions, itis necessary to know the effective height of the iono- ) Simulation of th? earth_s curva;ure through the use of in-
sphere, its vertical profile, etc., as functions of distance along the homogeneous dielectric materials.
path of propagation. Such information is usually not known so Each of the topics listed above, associated with the construc-
that it is difficult to make comparisons between experiment af@n of the laboratory model, is considered here. The experi-
theory. Hencein situ measurements can only provide a partidhents conducted in the model are described briefly in this paper
check on the theoretical investigations. (Section 1V). A detailed discussion is beyond the scope of this
A very useful method for conducting an experimental studj@Per. The involvement of Wait in this work is referred to in his
of propagation in the earth-ionosphere waveguide is by med@gt Published manuscript [1].
of a frequency scaled model, that can be placed inside a
carefully controlled laboratory. Several classes of waveguide Il. OVERVIEW OF THE PROBLEM

Index Terms—Earth-ionosphere waveguide, electromagnetic
(EM) wave propagation, nonhomogeneous electromagnetic media.
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Several approaches have been employed to obtain solutions
for the propagation of EM waves in such an earth-ionosphere
waveguide, with their respective usefulness and limitations
depending upon the frequency of propagation and the distance
between the transmitter and the receiver. The exact harmonic
series solution for EM waves in the spherical waveguide lacked
good convergence. This series was converted by Watson [2] into
a more rapidly converging series. The new series representation
corresponds to a sum of residue contributions at poles in the
complex plane. The terms of the series associated with these
poles are the waveguide modes. Watson treated in particular the
case of low frequencies and assumed very highly conducting
spherical boundaries.

At higher frequencies and at short distances from the trans-
mitter, the ray theory (multiple hop) involving geometrical op-
tics seems to be the most efficient solution. Adaptations of the
ray theory to radio propagation have been presented by Wait
and Murphy [3], [4], Budden [5], Bremmer [6], and others. At
lower frequencies and at larger distances from the transmitkdt 1. Vertical electric dipole in spherical earth-ionosphere waveguide.
these solutions are less suitable. A self-contained treatment of
the waveguide mode theory with special reference to VLF radio The zero-order approximation of (1) (flat earth approxima-
waves is given by Wait [7], who lists extensive references #pn for 2/a, < |C3)is
contributions in this field. ) )

The modal equation for TM, (azimetrically syametric Ry(C)Ri(C) exp[~i2khC] = exp(i2mn)
transverse magnetic) waves propagating between concentric n=123--. (4)

(uniform) spherical surfaces bounded by a homogeneous earth _ . - .
of radiusa, and a homogeneous ionosphere of radiys- A For the cases in which the above restriction(ors violated,

(Fig. 1) to a first-order approximation fd¢ka, /2)/3C| > 1 the effects of the earth’s curvature cannot be neglected. Unless
is gi;/en by [7] ¢ curvature effects are introduced into the model, it cannot be ex-
pected to yield the correct results. This aspect of the problem is

9 & M

Vertical

‘ 2 9 V2 discussed in Section IlI-E.
R,(O)R;(C") exp —'L%/ [02 +— 52} dy In many cases, such as for propagation over the sea, the
° earth can be considered a good conductor for TM modes in the
=exp{—i2rn} n=123, - (1) VLF range. Also for the ionosphere, it may be assumed that

in which an iwt) time dependence is assumed and the r ]_VZC/CA < 1. This is particularly the case for the lower order
N wWhi exp(iwt) P : u odes of grazing incidence. Hence, (2) reduces to

flection coefficients for waves incident on the earth and the iono-

sphere are, respectively R,(C) =1, R,(C) = —[1 —2N,;C/C;]
_ N, C-G, N NC = ~ = exp{=2N;C/Ci} ®)
Ry(C) = N,C+C, and R;(C') = NO (2)

Furthermore, in special idealized cases the approximation
In (2), C andC’ are the cosines of the angles of incidence i#:(C) =~ —1 can be used. In this case, the tagential component
the air (at the earth and ionosphere boundaries)@ndnd of the magnetic field at the boundary of the ionosphere is neg-
are the cosines of the angles of incidence in the earth and in tigéle, and for TM, , modes the boundary of the ionosphere
ionosphere respectively. They are related through Snell’s 1s&&@&n be considered a “magnetic conducting wall” (as compared
The corresponding sines of the anglesnd S’ satisfy (a, + With an “electric conducting wall” on which the tagential com-
h)S’ = a,S. It should be noted that, in generél,andS can be ponents of the electric field vanishes). This assumption would
complex as in the case when the modes are attenuated. neglect absorption at the ionosphere boundary and indeed for

The respective refractive indexes are the lower order modes the attenuation constant is very small.
Initially the experimental investigations were conducted as-
N _ [o0Fiegw 12 N [0 tiew & suming these idealized conditions [flat earth, with(C) = 1
9= [T} ’ P [T} ) and a sharply bounded ionosphere witf{C) = —1]. By simu-

lating an impedance boundary (Section 1lI-D), a better approxi-
whereo,, e, ando;, €; are the electrical conductivity and per-mation for z;(C') was obtained in which absorption at the iono-
mittivity of the earth and the ionosphere while the permeabiligphere boundary was not disregarded.
is assumed to be that of free space everywhere. With R,(C) = 1 andR;(C) = —1, the modal equation (4)
Consideration has been restricted to the propagation 6f JM reduces to
modes in the earth-ionosphere waveguide, corresponding to ra-
diation from vertical electric dipoles. exp{—i2khC,} = — exp{—i2np} = exp{—in(2p — 1) };
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P = 17 27 37 Tt B. Dual Models

The theory of modeling can be extended to include what is

called dual models [9]. The concept of the dual model is based

m(2p—1) upon observation that Maxwell's equations in free-space are

T okh ®) asymmetric with respect to the electric and magnetic fields.
Hence,

from which it follows that
C, =
is the solution for the cosine of angle of incidence.

In this model the ionosphere is assumed to be isotropic. In VzE = —iwpH
terms of the specific parameters of the ionosphere for the region

of the ionosphere where reflection is assumed to take place, it ng = lwek
is necessary thaty < v (wherewy is the gyrofrequency and Veck =0
v is the collision frequency). Hence, the system is considered VeuH =0 9)
reciprocal.
are also invariant (as a group) to the following interchange in
lll. ELECTROMAGNETIC MODELS physical quantities:
A. Scaling of EM Models H — E, E—-H p—e, e—pu (10

General aspects of scaling theory are briefly discussed here. ] o
Maxwell's equation along with several auxiliary constitutivévheres andy are, in general, the complex permittivity and per-
relations in the rationalized meters-kilograms-seconds (MK 8)eability.

system are given by The above transformations could be combined with the four-
parameter transformations (8) to give the following generalized
VzE = —iwB dual-model transformations:
VzH =J +iwD _ _ — _ 1
VeD=p Ey=—aHy, Hy=pE), [£=94, w2 = Wi
= 36 6
VeB=0 52:/—u1’ NQ:C;—gl, (11)
D—cE ary B
B=uH Hence, if in a given systems whose EM constantand i,
T —0E ) (in general complex and functions of position) operating at a

frequencyw;, the electric and magnetic fields akFg and H,,

where standard notations have been used for the field quantifig&Pectively; in another system whose EM constaa@nd .
and anexp(iwt) time dependence is assumed. It can readily 55€ numerically equal t656/a~)u, and (ad/Fy)es, respec-
shown that these equations are invariant to the following fodfve!¥: operating at a frequenay, = (1/é)w, and whose linear

parameter set of transformations [8]: dimensions are times those of the first system, the electric and
magnetic fields will be found to be-aH; and SE;, respec-
— — — — , 1, tively. Obviously either of these systems may be considered to
B=ak H =pH £=t =Y be tze dual mo}éel of the other. Y ’

D Bé o B- ab 7 T= B 7 86, It also follows from the above (dual) set of transformations,
oy oy vy p= ) P (8) that an “electric conducting wall” transforms into a “magnetic

Bs B, ab conducting wall,” a TM mo_de in a waveguide transform_s into a

€= o 2 o= Yo o p= %N TE mode and the surface impedance for a TM mode will trans-

form into a surface admittance of a TE mode. Similarly, the re-

where the symbol¢ represents length and the symboIQeCti‘?n coefficient fpr a vert.ic.ally polarizeq wave will trgns—
«, B, v, § are scaling constants that may take any valuefQ,rm into the refleptlon poeﬁ|C|ent fqr a_horlzontally pqlanzeq
real or complex. However, for practical applications of th&/ave: These relationships are al_so indicated by the dimension-
above transformation to modeling theory, length, frequend§SS form of the TM model equation (1)

and conductivity should transform into positive real quantities ) ) , )

hence,y, § and 3/« should be positive real quantities, (7)C' Simulation of the Earth’s Boundary in an Ideal

(8). Thus, it is possible to make measurements in one Syst;mo—mmensmnal (2-D) Model Using Imaging Techniques

(the model) and to interpret them in terms of another systemUnder the special conditions discussed in Section Il the initial
(the actual system under investigation) with different sizitat earth approximation of the earth-ionosphere waveguide with
and EM parameters and excited at a different frequency. Therfectly reflecting boundaries is represented by the region be-
relationship between them being given by the transformatiotveeen an “electric conducting” wall (earth) and a parallel “mag-
(8). Usually, as in the case treated in this work, these modeistic conducting” wall (ionosphere), separated by the distance
are scaled down in size and hence upward in frequency, but ieigual to the effective height of the ionosphere. In Section IlI-D,
also conceivable that a very small system could be investigaied shown how the physical characteristics of the ionosphere
by scaling it upward in size and downward in frequency. boundary are more closely simulated. The earth’s curvature is
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shown to be simulated by means of an inhomogeneous medium P’
within the earth-ionosphere waveguide in Section IlI-E. |
Considering the size and the complexity involved in the con- |
struction and operation of a three-dimensional (3-D) model, it N
was decided to construct a two-dimensional (2-D) model. The ' N
principal difference in the field variations for the case of the 1—
vertical electric dipole would be that the amplitude of the prop-
agating waves in the 2-D model would not have the inverse ra-
dial dependence one finds in the 3-D model. However, the 2-D
model can be made to be subject to the same modal equation
as for the 3-D modal equation (4). This 2-D treatment of mode
theory has been considered in detail by Wait [10]. In this 2-D
scheme, the broad walls perpendicular to the earth and the iono-

]~ Magnetic Conducting Wall

fr— Magnetic Field Lines

sphere boundaries must be “magnetic conductors” and less than i - z
half a wavelength apart so that there would be no magnetic field \\--— Electric Conducting Wall
variations across the width of the waveguide (see Fig. 2). N

It is this region that will be modeled for experimental _’l '>\
investigations in the laboratory. But it is obvious that such dlz—

a waveguide with “magnetic conducting walls” cannot be _ . _

constructed without great difﬁculty and since then'['(Ernodes \'/T/lg\./efg.uid?oss section of the 2-D model of the idealized earth-ionosphere

are the only modes with 2-D field variations within a waveguide

with “electric conducting walls,” it was necessary to make use

of a dual model (Section 1lI-B). In the dual of the region in fy

Fig. 2 the TE, , modes would correspond to the TM modes !

in the earth-ionosphere and the ideal ionosphere boundary N

together with the broad walls will be represented by “electric

conducting walls,” but the earth boundary will be represented &
s

by a “magnetic conducting wall.”

To overcome the difficulty in simulating the dual of the earth
boundary (on which the tangential magnetic field must vanish) 2h(x)
a “mirroring” or “imaging” technique was suggested by Wait = .z
[9]. This technique is illustrated by referring to Fig. 3 in which Z
the dual-model waveguide, with twice the scaled height of the Hy =0 on the Plane of
ionosphere and a width less than half a wavelength, is shown. ﬁirr“f':::l'y C%:Z'uc"tfm'hescnh
All the walls of this waveguide are taken to be good electric N y g
conductors. % Electric Conducting Wall

If the symmetry about the:-axis of the waveguide is al- N
ways maintained (even when the heightaries as a function T
of ) and assuming that only waves with electric fields that —»d(%‘«—
are symmetric about the-axis are launched into a waveguide,
it is clear that only Tk, _1) o modes will exist in the model Fig. 3. Cross section of the 2-D dual model of the idealized earth-ionosphere
waveguide. This is true eveniif(z) # constant. Under these Waveguide used in the experimental investigation.
conditions it follows that the amplitude of the tangential mag-
netic-field on the plane of symmet(y, =) is zero. Hence, this gng
plane of symmetry in the dual model can represent the earth ol 5, ab
boundary. One should note, therefore, that only half the region 0 e T Ty (12b)
in the model waveguide represents the earth-ionosphere wave-
guide, with either the top or bottom narrow conducting walDn the basis that andé must be positive real quantities
representing the ionosphere boundary. Hence, & Jkhode
in the earth-ionosphere waveguide is represented by,a, TE

— Electric Conducting Walls

[T— Eiectric Field Lines

mode in the dual-model waveguide, with = 2p — 1 and v=9 (13)
p=1223 ... .
Since the media within the model waveguide is air, with pe];[Om which it follows that
mittivity e, permeability;,, and wave impedance it follows
from (9) that a=np. (14)
H1o B 5 oy The frequencies of interest (VLF) in the earth-ionosphere

Y e T T 38 (12a) waveguide are about 15 kc/s, hence, in order to scale the model
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down to a convenient laboratory size, it was decided to operatieincidenceC. These results were based mainly on studying a
at 9 GHz (X band). This determines the valuesyodndé since permittivity profile of the form

9-10° K(y)=K, [1 — %exp ﬁy} (29)

=§= = _=6-10°. 15
7 w2 = 158 (13)

here K, (the reference permittivity) is taken to be unity and
=~ wr/wi [14] and3 (a constant) is a measure of the sharp-
ness of gradient of the permittivity profile. Hereandw, are
the collision frequency and plasma frequency at the reference

The subscripts 1 and 2 refer to physical quantities in t
model and in the earth-ionosphere waveguide, respectively.
The transformations (9) are, therefore, in this case

_ _ _ P . heighty = 0.
Ey=—oal, Hy= (M™aBr £y =610 Complex values of have been plotted [15] fox, = 15 km
we =w1/6-10° g9 =(n)"% p2 =n*e1. (16) andL = 1/2 as a function of3. It has been shown that fgr =

1/2 [km]~! (‘appropriate value for quiet daytime conditions),

Provided thatv has the dimension ofimpedance, all the quarthe real part oty is approximately—2.85. The imaginary part
tities have their appropriate dimensions. Neglecting any noof o has been disregarded since its effects can be taken into
linear effects, the parametarneed not be specified since onlyconsideration by the choice of an appropriate effective height
relative amplitudes will have significance. of reflection in the case of flat earth model.

The equivalent height of the ionosphédie,) under normal  For a sharply bounded ionosphere whose normalized surface
conditions at night is about 90 km [11], henég,was chosen impedance i, the reflection coefficient for vertically polarized
to be 12.7 cm (5 in), about 3.81at 9 GHz. The width of the waves is given by
waveguided; was chosen to be 0.9525 cm. (3/8 in), such that
dy < A1/2 = 1.67 cm. Hence, the full cross section of the R,(C) = ¢-z ~— [1 — 20} ~ _exp{_20} (20)
model waveguide wakh; z d) = (25.4x.9525) cm. C+z z z

A rather de_ztailed account on the modeling technique i fovided thaC/» < 1.
onV(_ad, mcl_udlng a survey of_the problems that can be model dComparing (20) with (18), one gets
in this fashion can be found in an ARPA Report [9].

v ., —2
D. Simulation of the Nonideal lonosphere Boundary in the T T«
Model Waveguide and
For the lower order modes, the reflection coefficient at the Zrm =0.7027. (21)

ionosphere boundary is (5
P yis () It is interesting to note that this value féfry; corresponds

2NC> IN. very well with one derived by assuming a sharply bounded ho-
S e {0 an

mogeneous ionosphere with a complex permittivify= 1 —
Ci i(1/L) = 1 — 4. The surface impedance at the interface be-
tween such a homogeneous, isotropic media and free-space for
Hgatically polarized waves (TM modes) can be shown to be [16]

?

Ri(C) = — <1

provided tha2 N;C/C; <« 1. Strictly speaking, this equation
holds only if the ionosphere can be regarded as sharply boun
and homogeneous. From experimental data available [12], [13] (e; — 52)1/2
it appears that the effective permittivity of the ionosphere can be ZTMin,o = N——"——
well approximated by an exponential profile. However, in view

of the long wavelength (at VLF) and a relatively rapid changahere S, is the sine of the angle of incidence on the surface
of the electron density in the D region, there is particularly gogef the ionosphere boundary. The principal mdde= 1) is at
agreement with the sharply bonded ionosphere model at higghazing incidenc¢S; — 1), hence

oblique incidence (which is the case for the lower order modes) N2

[14], [15]. Under these conditions the waves in the region below Zrnio = n(_t) — = 0.707. (23)

the ionosphere can be considered to be reflected off a sharply w 1—i

bounded homogeneous isotropic boundary with a reflection co-1g simulate this more realistic model of the ionosphere
efficient B(C) (referred to the effective height of the “sharplihoundary in the dual-model waveguide, it is therefore neces-
bounded” ionosphere). For highly oblique incidence it has beggyy to replace both the upper and lower narrow conducting

shown [15] that for vertically polarized waves (TM modes) thga|is by a material whose relative EM constantsand;z., are
general behavior of the reflection coefficient for highly grazing

(22)

=

incidence is given by Ew = i _ 1 and T— G114 (24)
W €
R, (C)Y= —[1+aC] = —expaC (18) Since the ionosphere is assumed homogeneous in this model,

this material must be at least several skin depths thick so that it
provided thainC' < 1 andRea < 0. The complex parameter could be assumed to be a semi-infinite media. Although a few
« is seen to be almost independent of the cosine of the anfgerite materials exhibit a relative permeabiljiy ~ 1 — 4, they
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all have rather high relative permittiviti€s, ~ 10) together
with some other undesirable properties (such as nonlinearity).

N\

Because the exact dual model cannot be obtained, it was de- | _—— Brass Walls
c@ed to.S|mpI|fy the duality requlremenFs ;uch that the dual re- K&
lationship would hold exactly for the principal mode and only NTT
approximately for the higher order modes. This dual relation- - _ §f.’:\°.\: |_— Electric Conducting Walls
ship is expressed as L H;=0 on the plane of

_ ' symmetry(dual of the
[Z1w;1,0] iONOSphere= 772[YTE;170] (25) o I Perfectly Conducting Earth)}
4

dual model. For the purposes of verifying analytical results it 2g - * - o
is not necessary to simulate the earth ionosphere waveguide ex- I
actly. o

The surface impedance corresponding tosttfemode is de- ! Finite Surfoce Impedance
fined as the ratidZ,.; / H,.+, whereE,,; andH,,; are the tangen- R |
tial components of the electric and magnetic fields (associated IO 3
with the nth mode), respectively. - 5

Rather than replace the narrow conducting walls of the /[

“ideal” model waveguide of Fig. 3, it was found to be prefer-
able to “load” the conducting walls with a lossy dielectric
material as illustrated in Fig. 4. d-
It is obvious that from the point of view of construction of

the model waveguide it would be very desirable to leave tif@y. 4. Cross section of the dual-model waveguide with lossy dielectric slabs
conducting narrow walls in place, but this has further advaﬂgading" narrow walls to simulate finite surface impedance of the ionosphere
tages. If the lossy slab is to be considered semi-infinite physﬁundary'
cally (several skin depth thick), it turns out that this material . ) o
must be very thick [9]. Also a system completely enclosed inere the plus sign is fog > / and the minus sign is for
conducting boundary is easier to analyze than one boundedty —"- Boundary conditions gy| =  yield

dielectric walls.

|

It now remains to determine the relative complex permittivity AT =011 .
of the lossy dielectric slab,, (1., is assumed to be unity) and its arn cOSkiph =arrpsinkrr (g —h)
thickness = g—h such that (25) is satisfied. Since this equation ZIn =ZIIn = ¥TE;n,o (29)

involves complex quantities, a range of values for (complex) ]
¢, can be found that satisfy the equation as a function of tN§'€"®¢ Zr, and Zp, are the ratios Eyy./Hpm. and

parametet. Errn-/Hrme, respectively, which are each equal to the
Considering only TE, modes (withn = 2p — 1 Surfaceimpedance for the 1€ modeZrg; n,o. _
p =1,2 3,...such thatd,; = 0 at the plane of symmetry The surface impedance for grazing incidefsg, — 1) is
y = 0); the electric field for thexth mode can be shown to be B 7 Wik 1/2 30
given by TE;n,0 = Ew =112 tanh[ikt(e,, — 1)*/7]. (30)
Ern. = ap, coskp,ye ™V, ly| < h Substituting (23) and (25) into (30) yields
Errnz = armnsinkrrn(g — |ye™ %, h < |y <g
. exp{—ikit(e, — 1)/} = " (31)
with 14+v2(ep — DY
= (k2 —k2)1/2 k2 = 2 giving the required relationship between the relative complex
VIn ( In To) To Hr (2 ) . . "
Y = (k% — k3 )Y k2, = wlerrprr dielectric constant,, and the thickness of the slab

Based on the numerical solution of () = ¢,,- —ic,; asa
where the subscript§ and /1 refer to physical quantities in function oft, it is seen that for thickness5 < ¢ < 1.5 cm, the

region l|y| < h and region Ik < |y| < g, respectively. values fore,,,. ande,,; are within a physically realizable range.
Thez component of the magnetic field (parallel to the surfaca dielectric slab withd = 1.585 cm (5/8 in),e.,, = 1.33, and a
of the lossy dielectric) is dissipation factoe,,; /=.,, = 0.27 was manufactured especially
I for this purpose with a deviation in the parameters of less than
Hing = —2 apn sin kppye Vn® h> |yl 10% from those required by (31) in the whole slab.
W“}i Inspection of (22) also shows th#t; is fairly independent
ITn of C for oblique incidence (lower order modes). Hence, the du-
Hite = iiwun atn €08 krin(e = [y]) ality conditi(?n (25) is fairly \Evell met for a few of ?che lower order
c VTR g>lyl=h modes. This is quite a significant property and it will also be

(28) found very useful in applying the surface impedance concept.
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E. Simulation of Curvature Using an Inhomogeneous Sincesy = 1, loges &~ 0. Alsoe; = (1 + x) iS approxi-

Dielectrical Material mately 1.03; hence, an expansion of [dg+ x ) in powers of
The earth’s curvature may be simulated artificially by mod2uSceptibilityx; yields

ifying the medium of propagation in the straight model wave- ax (14 xs)
i i iti ill the interi o= (= x3/2)

guide. In this case, it is necessary to fill the interior of the model vy Vi + V, f f

waveguide with a material for which the square of the refractive X f 3

index V2, varies linearly with height (analogous to the earth- IR VA 7 (14 x2/2) + 0(x7)- (34)

flattening technique given by Kerr [17]). It has been shown . . .
g que g y [L7]) Consider now a slab of the foam material cut into a trape-

analytically that such a structure does support the Airy-inte- idal tion. Thi terial is h h |
gral-type modes as in the earth-ionosphere waveguide [18], wifida! cross section. 1his matérial IS homogeneous, has a refa-

the restriction that:/a < 1, whereh is the height of the iono- tive permittivity equal tos, and its thickness is

sphere and,, the radius of the earth. y [ d §

Several methods have been suggested for achieving the de-4(y) = do {1 + h <d_0 - 1)} =do <1 + h y) (35)
sired variation of the magnetic or electric susceptibility of the
material used to load the interior of the waveguide [19]. For i#d Whichdy = d(0) andd), = d(h), andé = dy,/do — 1.
stance, the inhomogeneous loading of the interior of the waveNow, if this slab of dielectric material is compressed verti-
guide with thin metallic posts results in variation of the effectivally so that its final cross section is rectangular, the height of
permeability of the propagating medium. Similarly, the effectiviie slab isdy for all values ofy. Consider the strip of width
dielectric coefficient of the propagating medium may be varie@- V1 andVz are now the volumes occupied by the polythene
by loading the interior of the waveguide with thin polystyren@nd air, respectively, in the strip. L& + V> = V, hence,
sheets of varying thickness. Since the model waveguide is 48Y/@V2)|vi=const. = 1. The differential equation for the sus-
proximately 25 ft long and 10 in wide, it would be rather dif<eptibility of the formy ; is, therefore
ficult and expensive to fabricate such models, though probably dy s dv
cheaper than constructing curved surfaces. In addition, even if m = v (36)
such models were fabricated, the effective susceptibility of the !
medium of propagation would not be independent of the axikitegrating both sides of the above equation yields
coordinate in the waveguide. Moreover, the desired vertical vari- Vi

. . e Xf X f0 0
ation of the electric susceptibility would only be crudely approx- T+ x;/2 =13 v (37)
imated. The requirement for axial symmetry in the model im- Xs Xfo/2
poses a further restriction on these solutions since the dielectriavhich x ;o and V4 are the corresponding values f§ and
material must fill the interior of the model symmetrically about’, aty = 0. For the slab of foam material under consideration
its center line. Wo/V = d(y)/do. Hence, solving (7) fox ; yields

The variation of the dielectric coefficient of synthetic foam 5 5
materials under compression has led to a physically realizabdg(y) =1+ x ;(y) = 1+ x 0 <1 + 7 y> <1 + % 7 y> .
solution to the problem of synthesizing the desired medium of
propagation [20]. This solution is based on the inhomogeneous (38)
compression of a slab of d!electric foam material. Th_e materil%te that sincey o < 1, <, exhibits a near linear variation as
found to be most appropriate for the purpose of this work 1S function ofy.
an extruded polyethylene foam, which Is 'made f.rom blown-up For the curved model it is necessary that [18]
polyethylene beads that trap large quantities of air when heated.

Uging a logarithmic-mixing rule g_iven by I__e_c_htenecker and er(y) = eo(l + ay) o= % (39)
confirmed by Buchner [21], the relative permittivity of the poly- a
et_hylgr_le foanz  may be expressed in terms of thg relative peHence,ah ~ 8X fo-
mittivities of the polyethylene and the trapped ajt respec-  For theDregion of the ionospherer is approximately 0.025
tively. Hence (corresponding to an 80 km effective ionosphere height). Hence,

with x ro = 0.037 cm anddy, = 0.375 cm

loges = (Vilogey + Valoges) (32)

1
h
Vi4 Vs d, = dy {1 T “_} =~ 0.62 cm. (40)

Xrf
in which V; andV; are the volumes occupied by the polythene

and air, respectively. Equation (32) yields a very good appro;—he model v_vavegu?de with simulated curvature was fab_ricgted
imation fore; sincee, ~ e». If the foam material is subjected and the basis functions can be expressed in terms of Airy-inte-

to compressionys decreases whilé?, e; ande, remain con- 9ral functions (see Section IV).
stant, and the resultant change in the relative permittivity of the
f ; IV. CONCLUDING REMARKS
oam is
The dual-scaled model waveguide described in this paper was
1 % 1 (33) constructed and experimental data was obtained for various ef-

— = 107‘ — 10" .
er OV Ve M+W (loges ges) fective height profits along the propagation path. A microwave

£1,82
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system was used to measure the horizontal component of thehese cases, excellent agreement between the experimental
electric field intensity and phase both along the center line ahd analytical results (amplitude and phase) for both horizontal
the model waveguide (corresponding to a propagation path @enterline) as well as vertical paths were obtained. In the
the earth’s surface) as well as at several cross sections of tedel with surface impedance boundaries [26], the higher
scale model (see Section IlI-A) waveguide (corresponding twder mode content was significantly smaller than for the model
a vertical line between the earth’s surface and the ionospherigh perfectly conducting boundaries [25]. For the model with
effective height) [22]. Since the waveguide used in the expestrface impedance boundaries the higher order modes attenu-
ments was a “dual” model (see Section IlI-B) of the earth-ion@ted over much shorter distances than the dominant principal
sphere waveguide, the horizontal component of the electric figttbde launched in the model waveguide. This was not the case
in the model corresponds to the horizontal component of tfer the model with perfectly conducting boundaries. Analytical
magnetic field. The earth surface, which is assumed to be psolutions, based on the representation of the fields as sums of
fectly conducting, is simulated by the center plane of symmetnyodes in radial waveguides with continuously varying fare
in the model waveguide. The fluctuations in the field intensitgngles were also tested in this work.

and phase due to a sinusoidal effective height perturbation wasieasurements in a model waveguide with an abruptly
due to interference between waves travelling in opposite dira@rying surface impedance were also compared with analytical
tions for paths before the height perturbation. For paths beyoswlutions [27]. In these cases, very good comparisons were
the height perturbation the interference was due to waves trabtained when judicious use of reciprocity was made. It was
eling in the same direction (no reflected waves in this regiorghown that when the incident dominant mode was launched in
The relative intensities of the different waveguide modes can thes region where the surface impedance were very small com-
obtained from the electric field (intensity and phase) measuigared to the surface impedance beyond the abrupt transition,
ments along a vertical path. The field along the centerline tife reflections at the transition were very small compared to
the model waveguide was probed through holes about one eititd reflections in the reverse situation. The analytical solutions
of a wavelength apart. The field measurements along the crossre first derived for the case in which the reflections were
section of the model waveguide was probed initially throughery small. On invoking reciprocity, the solution for the reverse
similar holes along the cross section of the waveguide and lag#uation was obtained. Thus, the experiments conducted in the
by an especially designed waveguide junction with a probe atodel waveguide not only enable theorists to examine their
tached to a sliding side wall of the waveguide. Using this devi@malytical solutions, but also present them with observations
the electric field could be measured continuously along a vehat lead to simpler and more accurate solutions.

tical path. Ideally it was only necessary to probe the field from Curvature was also simulated in the model waveguide with
the model centerline to one side. However, in order to estimate use of lossless dielectric material with varying susceptibility
the field intensities of the even numbered modes,the fields wégge Section 11I-C) [19], [20]. For this model, the basis func-
probed across the cross section of the model waveguide. Thiééses can be expressed in terms of Airy-integral functions [18].
undesired modes (with relatively small intensities) were due Tthe data obtained from this model waveguide is in agreement
deviations from the centerline symmetry of the model waveyith the analytical results. Thus, for the dominant mode, field
guide (see Section IlI-C). They generated asymmetric electhitensities initially increase (height gain) as a function of height
fields along the cross section of the waveguide. above the earth’s surface. For the flat earth model waveguide the

The fields generated by step variations in the effective heiglfasis functions are sinusoidal and the field intensities decrease
of the model waveguide were measured in order to simulateén@notonically as a function of height. It should be noted that in
day to night or night to day transition [23]. These results conarder to maintain symmetry about the centerline of the model
pared very well with the analytical solutions that were derivegrepresenting the earth’s surface) the inhomogeneous dielectric
It was shown that judicious use of the reciprocity relations reaaterial must fill the interior of the model waveguides symmet-
sulted in a significant reduction in the computations. This waigally about the centerline of the model.
due to the observation that the intensities of the reflected waveShe model waveguide was excited by the dominant mode
were significantly smaller for a day to night path compared totArough a specially designed, gradually tapered waveguide that
night to day path. connects a standarkl-band waveguide to the model waveguide

Excellent agreement between experimental and analytical f28].
sults was obtained for wedge shaped day to night transition re-
gions for both vertical and axial paths in the model waveguide.

Here, too judicious use of the reciprocity relations was very ACKNOWLEDGMENT
helpful in obtaining the analytical results for night to day prop-
agation paths.

All the proceeding experiments were conducted in a moo%?
waveguide with perfectly reflecting (electric and magnetic)
walls. These were followed by experiments in models with both
perfectly reflecting boundaries [25] and surface impedance
boundaries (see Section IlI-D) [26]. Sinusoidal day to night [1] J. R. Wait, “The ancient and modern history of EM ground wave propa-

" . . . . gation,”|IEEE Antennas Propagat. Mageol. 40, pp. 7-24, Oct. 1998.
smooth transition regions as well as local sinusoidal depressmnﬁ]

; X ) ; - . G. N. Watson, “The transmission of electric waves around the earth,”
in the effective height were considered in these experiments.  Proc. Roy. Sogvol. 95, p. 576, 1919.

The author would like to thank J. Craig for preparing the elec-
nic version of the manuscript.
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