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1, Imtroduction, , é%b

In the development of radio direction fimders and the study of the
bearing errors encountered in their use, it is valuable to have informe-
tion regarding the polarization of the downcoming radio waves, This in-
formation is of value since it is generally recognized that the largest
source of bearing error in the average direetion finder now in use is the
"nolerization error" due to the presence in the downcoming wave at the,
direction finder of wave components polarized both parallel and perpen-
dicular to the plane of incidence and with random relative phases, The
theoretical calculation of the expected intensities of these two com-
porents at the direction finder may be divided into two partss First,
the caleculation of the intensities of these two components in the down-
coming iomospheric wave and second, the ealeulation of the resultant in-
tensities of these two components at the direection finder due to the sum-
mation of the direet and ground-reflected waves. The first step ia thege

" emalculations has been covered previously by W. G, Baker end A, L, Greea™;
however, the analysis in Part II of this report leads to somewhat simpler
results and also includes the effects of fading., The second step was
searried out im & discussion by the sauthor on "Grouad Wave Propagation”
presented at the Fourth Annual Broadcast Bngimeering Conference held at
Ohio State University im 19Ul; this study is considerably amplified in
Part III of this report, Part IV desls with methods of testing direction
finders and a new method of measuring the electrical constants of the -
ground, The comclusions reached as & result of this theoretical study
are presented im Part V,

II. The Calculation of the Intensities of the Components Parallel and
Perpendicular to the Plane of Incidence ia the Downcoming
Ordinary and Extraordinary Ionospheric Waves,

It is well known that the presence of the magnetic field of the earth
causes a wave incident on the ionosphere to split into ordinary and extre-
ordinary waves, each of which thereafter travel independently in the iomo-
sphere and are reflected at different heights, At frequencies near the
magaeto-ionic frequeney (i.e, near 1500 ke in the United States) the
extraordinary wave is subjeet to mueh greater absorptioa than the or-
dinsry wave in traveling through the ionosphere ard is thus e negligible
component of the downeoming wave., In the follewing a derivation is givea
showing the effect of this splitting on the magnritudes of the components
of the dowacoming ordinary and extraordinary waves. Expressions are de-
rived for the intensities of the components polarized parallel amd per-
pendicular to the plane of incidence in the two cases whea the incident
wave is polarized either parallel or perpendieular to the plane of im-
cidence, In this derivation the assumption will be made that enly the

Lw, 6. B&ker &nd A, L, Green, "The Limiting Polarization of Downeoning
Redio Waves Traveling Obliquely to the Eerth's Magnetic Field", Proc.IRE,

August 19330 ?p. 11031131,
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free electrons in the ionized air-directly affect the propagation of the

radio waves through the ionosphere; this must certainly be true at least

a8 a good first approximation since, if heavier ions were primarily

responsible for the reflection, the magnetic field of the earth would not

have the effects on the propagation of the waves which are observed in

practice. In this derivation, Heaviside-Lorentz units and the following
"notation will be used,

charge on an electron. e is negative for negative electrons,
nmass of an electron.

electron density (number of free electrons per cubic centimeter),
earth's magnetic field, '

mean frequency of collisions between a free electron and neutral
air molecules.

2N .

vacuum wavelsngth of the radio wave.

velocity of light.

ke = 207 F,

radioc wave frequency.
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eH°/2 7 m ¢ = magneto-ionic frequency.
Ne?/m w 2,
(efmecw) B> =3, i+ v, L+ygk

£ /1.

viw,

1+ ig,

angle of incidence at the ionosphere.

dip or angle of inclination of the earth's magnetic field; I is posi-

tive north of the magnetic equator and negative south of the magnetic

equator, being zero at the magnetic equator,

Q = angle between the plane of incidence of the radio wave and the mag-

netic meridian; thus O is zero for propagation from South to North

along a line parallel to the direction of the earth's magnetic field,
90° for propagation from West to East perpendicular to the earth“

field 0 = 180° for propagation from North to South along the earth's

field and 6 = 270° for propagation from East to West perpendicular to

the earth's field,

velocity of electron motion in the ionosphere°

electric field of the radio wave,

magnetic field of the radio wave,

Poynting vector.

» 4y k = righthanded set of mutually perpendicular unit veetors,

]
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Following Darwin® , Lorentz's polarization term will not be used th&s
term could be added simply by adding 1/3x to the definition of u, 3

20 G, Darwin, "The Refractive Index of an lonized Medium", Proc,.Ray.Soc, ,
Series A, Vol. 146, pp.17-46, August 1934,

H. G, Booker and L, V. Berkner, "An lonospheric Investigation Concerning
the Lorentz Polarization Correction", Terr, Mag, and Atmospherlc Blee, ,
N Vol, 43, No, 4, December 1938, pp. M27QM50

Newbern Smith, "Oblique-Incidence Radio Transmission and the Loreatz
Polarization Term“, Jr, of Res. of the Nat'l.Bur.of Stds.,Vol.26, Feb,
19u1 pp0105~116
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When a radio wave passes through an ionized medium, -such as the
ionogphere, it causes the ionized particles “which are here considered
to be free electrons only, to oscillate with the period of the radio

. wave. The actual paths followed by the electrons in these oscillations

are determined by the electric forge in the radio wave e E which is
opposed by the inertisl force - m V (the dot over the V denotes differ-
entiation with respect to time so that denotes the scceleration) apd

a dissipative force due to the electron collisions equal to - v m V,

This motion is further modified by a force & Vx HO due to the magnetic -

field of the earth; the corresponding force on the. electron due to the
magnetic field of the radio wave is negligibly small compared to that of
the magnetic field of the earth and will be neglected, Even for an
electric field intensity of one volt per meter the corresponding magnetic

field intensitv of the radio wave would be only MMWQBS“ gouss whereas

- 30,000
the magnetic field of the earth is of the order of 0.5 gauss. Thus the-
equation of force for the eleciron may be written:

eE-nV-vn V.+ _-Y x H° 2.0 o o (1)

Since the electric force in the radio wave contains the time factor e i‘”t
thet part of the velo»ztv YV affecting the radic wave propagation will also

be proportional to this time factor so that (1) may be written
2

@-»—‘9;““1“";‘“1;?3’ (xEzo @
Solving (2) for & we obtain | |
ig=‘”% P1+11)1m1 Hmpvxﬁﬂ
o= € w me W
or E“af’;ﬂ [uﬂ»l;.i ¥y x .,EE,] Ve - f;u’!‘ iqlo v | (3)

whére I= ii + JJ + kk is the unit dya'dié'and é is:ti&e dyadic whose reciprocal’
is gxpressed . . - ‘ .

2 curengar SR W

The theory and use of dyadics are described in detail in the book "Vector
Analysis" in which J, Willard Gibbs' theory is presented by E. B, Wilson;

the theory is also presented in the recent book "Blectrodynamics® by Leigh
Page and N, I, Adams. By means of this theory we mayrgetermine the reciprocal
dyadic § from (&) s B ‘ o

5E‘hia form for this term in the force equation was first obtained by H, W,
Nichols and J, C, Schelleng in their paper "Fropagation of Electric Waves
Over the Earth“g'Bell Sys, Tech. Jr,, Vol, 4, April 1925, For another dis-
cussion leading to this same form for this term in the force equation sece
reference €, For a solution leading to somewhat different results see D,
Burnett, "The Propagatiom of Radio Weves in an Ionized.Atmosphere“ Proe,
Cambridge Phil. Soc., Vol. 27, Part IV, 1831, pp. 578-587.
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2 .2 ' 4 v ,
- W =y) 11+ Quyz=yyp) L1~ Wuyy + 5 y3) ik |
%
u (u? = y2) % - (Quys+ry;vp) 1i + (w® - ya) ¢¢+(1uy1~y2y3) 1k (%)
*luyy-yyd ki-Quyy 4,y K g+ G - y3) kk
Now (3) may be written in terms of * H . _
VEnam‘?»w%,i‘.- S R .
- w am = - . ' ;,_ ' (6)
It we assume that there are N free electrons per cu‘oic cemtimeter An the lonosphere,
then we mey write for the total current J (displacement plus conduction current)
due to the redio wave:
2
° o N c . .
JEE*Nel:Em"”’;“'} E=Y, (N
Maxwell's equations may be written for a medium defined as above:

S
¥YxBs-gH (9 |
y_xgz?x_y_gg | \ S (10) .

We will obtain the plane wave solution of (9) ard (10) by considering E and H to
be proportioaal to the plane wave function:

exp Ii{k/« BT = wt}‘) . (11)

where/« denotes the (in g'eneral complex) index of refrection of the radio wvaves,
n denotes a unit vector normal to the wave front and r is a vector denoting the
position of the field point from a fixed origin, for example9 the transmltting
antenna, Using (11) in (9) ana (10)- gives.
l .
E= =H
nxE=H (12)
1. . ‘
nxHE=-2¥E -y
If we multiply (12) and (13) by p. we find that

meyeE=0 - a5
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\ Thus we see that, although H lies in the plane of the wave front everywhere,
the vector __‘l_fo E and not E lies in the plane of the wave front in the

" ionosphere; thus for finite values of x (see equetion (8), the megnetic field
of the earth is responsible for a component of electrlc force in the direction
of propegation..

+

Next multiply (12) by n x and combine with (13) to obtain: 4
(an- 1+ 24 III)oE'*O ' ' (16)
A2
_ We wish to determine the relative magnitudes of the components of E normal
to the plane of the wave front, En., parallel to the plane of - 1ncidence at the’
layer or at the ground, E, ., and normal to the plane of incidence, By, 'I‘hua
we may set n = i and let the i = k plane be the plane of incidence so that
mynl-n-yl_ ,j_-d-y,,kand '

E=E L+B, 1+ Buk, o - an

Substituting the above in (16) yieids the following three equations:

2 : L
x(u. o= y ) X x -
- S 5 e G )+ gy G ) 20 G

(= %)
,E u(u - y2 iuy“* yny“) * E'L[ % u(u2 2) wl y.L)] = By ‘:"("”1\""‘2’5“(111}'11 _Lyu)
=0 a (19)
e ~ 2 % NN
~*n ;Zu - ¥y )(iuyl yny")-i' E* u;n ya)(iuyn+ yi_y,,) .”n"[l AT nﬁ:?;(u - y“)]
| =0 (20

v The above three equations may be solved simultaneously to determine

/c2, (B,/B,) ena (E /B):
ulu ~ x) - ¥f v{n Yo+ iy o= x)} (E \/B,)

M = l.x - % (21)
u (u? fye)ex(u - ¥g)
E, (Luy, = Y B /E) « (L uy, + yo¥,)
(“&\s x Yu ‘ ‘yna iy 24,/ n N n Jn (22)
En a (u «ey)\«x(umyn)
. e
J 2 2 .../ 0y
(2.3"}@ V=¥ = (Y“ * y_L) "' 1+ v (w - x) | (23)
B : v
" : 2'{ Y, Ip* Ly, (aw x)}
If we write y"' y, + 4 yp (w=x)= 4 i3 (2k)



then (23) may bve written S

5\ [543 2. 2y\° | A
L:): LA (hﬁ?u)+1, 1B , | (25)
By 2 A : : -

2 A

~ The two signs in (23) snd (25) correspond to the polarizations of the two
magnetoionic components of the wave, the wupper (positive sign)'co’rresponding’ _
- to the ordinary wave while the lower sign corresponds to the extraordinary wave,
If we write: :

{.2 2 2 2\ ¢ o, '
(E}:) = p 1B WL, (&1’-2’1‘) +1 } 1B  (26)
B 5 °© 2 A ‘ v 2 A
2 - .
(i}) = R e.,..iB - YE = y,z, _ yf - ylal) + 1 e==j.3 ¥ e
Eau x x m‘ﬂ;r _‘m-é-r

it is evident from (26) that R is always positive; R°<1 when yf( y;?\' and R°>1‘
" when yl>y,,c. Also we see by obtaining the product of (26) and (27) that:

1
R = - (28)

u

¢}

Upon using the above relation and substituting (24), (26) and (27) in (21) we
obtaint . :

u(u=x)=y3~AR°

s ) |

R T y’a_)a'x (ugka yi) o (29)
5 u\unx)-v +(A/R) . ' C

N2 lex 2 5 2 _ . ; o -(‘30) :
x u(u»y)vx(uwyn) '

(29) and (30) are resPectively the indices of refraction for the ordinary and
extraordinary waves. We see by (24) and (25) that the polarization of the waves
depends upon the values of x and of u s (1 4+ iz) and these in turn depend upon
the height in the ionosphere, x increesing with the height while z decreases |
with height; thus it is necessary to havn some way of determining the height at
which the radio wave splits into its two~ componem;s°
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It has been shown by H G, Booker. Gthat this splitting takes place at. the
height where the difference between the indices of refraction for the
ordinary and extraordinary waves| & , - u .| is equel to the change

|a . ol orla . x[ which takes place for a change of height equal to one
vacuum wavelength divided by 2/, Unfortunately, there is not. sufficient
data available at present to determine this height quantitatively, for our
present purposes, it will be sufficient to know that this splitting does
take place at a definite height in the ionosphere, this height being at a
level such that the electron density and consequentlv x is quite smallc

We are now in & position to determine the diviaion of energy between
the extraordinary and ordinary waves. Consider first a plane wave, incident
on the ionosphere at an angle ¢ and polarized so that its electric vector is
in the plane of incidence. If we use the subscript i to denote the incident
wave just below the point at which the wave is split into ordinary and ex-
traordinary components, thenov

By =By k | . (31)

Just, above the point at which the wave is split we may write the following
expressions for the ordinary and extraordin&ry wave components, making use
of (26) (27) anda (28)s

g,pg a [k+ B 18 } | N o (32)
Emv [e-g ety BN SY

In the above EQuétiéné R, denotes the value of R, éorrésﬁohding to the bdint
in the layer at which the incident wave is split into its two components.

Since x is small at this point we see by (22) that. B, may be neglected. Now
since the electric vector of the incident wave must equal the sum of the

electric vectors of the resulting ordinary and extraordinary waves we obtain
by equating (31) to the sum of (32) and (33): & .

~31B

) kS(a-!-b)k*(aR -2 | (3w
ld Ri. g 4
and we see thats | 1 : “
a+bﬁ33“1 (35)
2R - i?aii; - . N (36)

-

H, G, Booker, "Oblique fropagation of Electromagnetic Waves in a Slowly-
" Varying Non-Isotropic Medium", Proc° Roy. Soc. London, Vol.: 155, pp.235-=257,
June 1936,

6,
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“Solving (35) and (36) for a and b gives a = B, /(1+B5) ana v = B2 B, /(1+ BD),
thus we may writes ' : LT

E ) v ' ) . . _" R * . Yy
B [eer 2] - en
1+ 82 | o |

] o o
- ni 2 ~1B : S ,
ne o [fe-n vy Ge

2.

In order to determine the division of energy between the ordinary and ex-
traordinary waves it will be necessary to calculate the average flow of
energy by averaging the Poynting vector throughout a period of the radio
wave. We may use (12) to determine H and, since x is very emall at the
point where the splitting takes place, A may be set equal to unity; thus:

_L:::

= LxB =T-By) | (39)

i
s

2 N -
B S ixk -;—i—%- [1-% *Pe] o)
E .
SLE W ~iB
By - 1+Rf [Ri i+ Ri'le _l_c_] ()

®

1}
e
b
i1

If we write S8 for the Poynting vector and E for ite average throughout a
period of the radio wave then, introducing the time factor 6~ *“%V ana
taking the real parts of the expressions for E and H, we obtain:

817 B x B T oBy cofwi s . (42)
8, = A [coeawt+3§'cosa (wt“"B)] i (43)
2
+ R
(1 2) o |
2 |
. By 4 .2 2 nal
-sz'c""'"!‘i'"z'*z [Ri cos®w b + RE cos (wt"'B)] i (k)
(1+ 8)"
1
§ = SE ) - (u5)
§,=88, 1 1 - (46)
2 i, g2 _ ‘
1
. |
o =X %Eui,. '-22"'. ST C . (.h».’)-.
| 1+ X | , » S
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We see from the above equations thet the average energy in the incident
wave ls equal it0 the sum of the average energies in the ordinary and
extraordinary waves, a8 would be expgcted9 end that the ordinary wave
carries the fractional part 1/(1+ Hi> of the energy in the incident wave,
Thus the field intensity 3f the ordinary wave will Dbe reduced by the '

factor 1/ J/ 1.+ Ry due to this splitting of the incident wave,

If we now'intfoduceytﬁé attenuation facters A, and A tojdenote‘the
absorption of energy in the wave while traveling through %he‘ionospherew then

we ovotain the following expressions for the average energy of the ordinary

-and extraordinary downcoming waves sg they emerge from the ionosphere:

2 42

'=-=C" ] R -

S, = £y ~2p s B T (ke

- 1+ Ri . ‘ . S

22 42 .- : Co : :
R

= . €2 B | :

5y @ 5 By, 5 1 | (49)

R 1+ R

Now if we write Rd for the value of Bb atvthe point'where the ordinary wave
assumes its limiting polarization as it emerges from the ionosphere, then

~ we obtain the following expressions for the electric and magnetic field in-

tensities and the average energy of the ordinary downcoming wave:

L, = a [lc'os w t k + Ry cos (}w t-.,. B) J,] - ~ (50)
Ba=es [eorwt joRycos (we e B K] (50
BaEgaf ey e 52y

SiACQ (48) and (52) are equal we obtein the following expression fﬂf 33
. lo nui . 1“ o ‘ ‘ij.';
s = , . - : R (53)
Jiv 2 f1en2
i d

and, uponhsubstitutingfﬁisriﬁ (50), we obtain finally the following éx~

pression for the downcoming ordinary wave!

A X : »
Bogq = S [cos wt k+ ld cog(wt + B) i] (sk)

v In‘avsimiié}jhagﬁ??“we may obtain an‘expréSSibn=for?theldohncqminquktraor»

dinary wave: -
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o i x #Hi o :
By = ‘ [Rd coswt k - cos{wt + B) J_] | (55)
hv 1R B

The above expressions are for the case when the electric field of the
incident wave lies in the plane of incidence; we shall next consider the
case vwhere the electric field of the incident wave is normal to the plane
of incidence i

By carrying through a procedure similar to that used above we obtain the
following expressions for the downcoming ordinary snd extraordinary waves
when the incident wave is polarized normal to the plane of incidence:

R A B
B = i o 41 |coswt k + Ry cos(w t + B) ll (57)
Ji+s 2 [f1+8 |
b B,
Teqg © Ry coswt k = ‘coa(wnt + B) ‘l] (58)

Jog %

. The above equations (54), (55), (57) and (58) are applicable at any radio
frequency end for transmission paths between any two pointe on the surface

of the earth:7 they indicate that, for an incident wave on the ionosphere
with 1ts electric vector either parallel oy perpendicular to the plane of

. incidence, both ordinary and extraordinary waves will, in general, be trans-

mitted through the ionosphere. An observer, of course, sees only the re-
sultant vector sum of the ordinary and extraordinary downcoming waves; before

~ discussing this resultant downcoming wave in more detail, however, it will be

desirable to determine sepsrately the polarization characteristics of the
ordinary and extraordinary waves. In order to evaluste the above equations
it will be necessary to’ obtai? expresqions for x and foioyn, Yo end y. 1f

we take (e/ml = 1,7592 x 10/ e.m,u., e = 4.8025 x 107 e.8.u, and ¢ T
2.99776 x 1040 ¢cm, /seco. then »
x = 8,0618 x 1075 /12 (59)

where fy. = radio frequency expressed in megacycles per second

fpne & 2,800 B2(gauss) | (60)

7In certain rare cases, the ordinery and extresordinary waves reverse their
modes of propagation before returning to the earth; equations (54) to (%58)
would not be appliceble in those cases., However, such situstions are seldom
encountered in prgctice; these phenomena are descridbed in the paper by Booksr
cited in footnoteV. “

&1



~earth's field at the height h (expressed in kilometers) and its value, HY

=1le

- where Ty, . = magneto-lonic frequency expressed in megacycles per second HO

is the intensity of the magnetic field of the earth at the point in the
ionosphere under consideration, The relation between the intensity of the

. , o
at the emrth's surface may be approximetely written as follows:

B z° (1 - 0.0005 n) S (61)

Since the radio waves, irrespective of frequency, are probably split into
their separate componente in the E layer of the ionosphere at a height of
approximately 100 km., equation (60) may be expressed in terms of the
magnetic field intensity at the surface of the earth as follows:

fyme (8t 100 km) = 2,666 HO (gauss) . §62),

Since H® varies from about 0,25 at the magnetic equator up to about C.7
at the magnetic poles, fhmc veries from about 0.65 mc at the magnetic
equator up to about 1.9 mc at the magnetic poles.

The expressions for Ype Yo and yy involve the direction of propagation
@, the angle of incidence at the ionosphere, ¢9 and the angle of inclination
of the earth’s magnetic field, I; thuss ‘

yngz (£,/2) (£8in I cos § = cos I ein @ cos 8) (63)‘
vy~ (2p/f) sin @ cos I - (61)
yu= (£,/2) (sin I sin § £ cos I cos § cos @) (65)

In the above equations the upper (positive sign) corresponds to the incident
wave while the lower sign corresponds to the downcoming wave. '

1 To determine the Qalues of 31 and Kd we may set x = 0 in equatioh (2u)
and obtein ,

AelPo (y, 5, = 2yp) + iy (66)
The value of z to use in evaluating (66) is rather uncertain due to the lack
of knowledge of the exact height at which the downcoming waves assume their
limiting polarizations. There is some evidence that this absorption has an

‘influence on the limiting polarizatione at bromdcast frequencies, so we will

arbitrarily take z = 0,206 at 1 mc; at higher frequencies z = v/f and will
consequently decrease very rapidly with increasing frequency. Since a
greater number of electrons are required for a given effect on the radio
waves at the higher froquencies (see (59)), the downcoming waves will assume
their limiting polarizations at higher heights on the high frequencies and,
ot these heights, v will be smaller, Gonseguently, in the calculations which
follow, it will be assumed that z = 0,306/fc

S .
A

« It is to be hoped that measure-

\ -
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ments of the limiting'polarization of radio waves, or other types of . .
measurenents, can be made to determine more’ accurately the.appropriate

values of z to be used in equation (66); in the mesntime.the above

assumption will probably vield results which will propefly;iliustfgfef
' the phenomena involved. - - : - L , o

- From the above equations we see that the polarization of the down-
coming waves dépends upon the frequency, f, the magneto-ionic frequency,
fh0 the digection of propagation, 8§, the angle of incidence at the iono-
gphere, (,° snd the angle of inclination of the earth's magnetic field,
I. In order to illustrate the phenomena we will consider the nsture of -
the propagation between points in the United States. The value of Iy
varies throughout the United States from about 1.37 up to 1,065 mc, v
averaging about 1,53 mc while the value of I varies from about 60° to 76°
aversging about 68° 30'; we will use these average values of fy and of I
in the following calculations. ‘ ¢

Pigure 1 shows the polarization ellipses for the downcoming ordinary
- and extraordinary waves for propagation in the United States at a frequency
of 1 mc from West to EBast (& = 90°) and for an angle of incidence at the
jonosphere, @, equal to 459, Notice that the major axis of the ordinary
wave ellipse (solid curve) is at right angles to the major axis of the
| extraordinary wave ellipse (dotted curve) and that the ratios of the major
%o the minor axes of the ellipses are the same for the two waves; this will
‘always be the case when the ordinary and extraordinary waves leave the iono-
sphere at the same or nearly the same place., The shape of the extraordinary
wave ellipse can always be determined by rotating the ordinary wave ellipse
in a clockwise direction in the j - k plane. The rotation with time of the
electric vector of the ordinary wave as viewed by an observer looking back
along the wave normal in the negative i direction is clockwise while it is
counterclockwise for the extraordinary wave in this particular case. In
general, the rotation of the electric vector of the ordinary wave is clock-
wise when the direction of propagation of the weve mokes an acute angle with
" the direction of the earth's magnetic field snd is counterclockwise vwhen the
direction of propsgation makes an obtuse angle with the direction of the
earth's magnetic field. The electric vector always rotates in opposite
directions for the ordinary and extreordinary waves. It should be noted
that the major axis of the ordinary wave ellipse lies very heafly along the
line formed by the projection of the earth's magnetic field on the j = k
plane; the slight difference in these directions (3° 20' in this case) is
due to the finite value of collision frequency at the point where the down-
coming ordinary wave sssumes its limiting polarization, At this frequency
the downcoming extraordinary wave is much weszker than the downcoming ordie
nary wave (Ax << Ag) so that, for most practical purposes, the’resultant
downcoming wave is represented by the ordinary wave alone. . i

&The relation between the angle of incidence,: $, at the ionosphere, the
angle of elevation of the downcoming radio waves, the virtusl height of the
jonosphere and the distance are discussed in the peper by K, A, Norton, S,
S.. Kirby, and G. H, Lester, "An Analysis of Continuous Records of Field

- Intensity at Broadcast Frequencies", Proc, IRE, Vol.. 23, pp., 1183-1200,
October 1935, o ‘ ‘

£
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» Figure 2 is the same as figure 1 except that the propsgation is from
Bast to West instead of from West to Bast; we see that the downcoming waves
are substentially different in this case, illustrating the fact that re-
ciprocity relations do not apply for iscnospheric wave propagation. ‘

Figure 3 is the same as Figures 1 and 2 but now for the case of North
to South propagation. In this case the ordinary wave ellipse has a rather
small component snd, at this frequency, since the extraordinary wave is
comparatively weak, the resultant downcoming wave may be expected to have
a fairly small horizontal component of electric force., The slight tilt of
the major axis of the ellipse in this case is due entirely to the slight-
. amount of absorption (finite value of z) assumed at the roint where the
downcoming wave assumes its limiting polarization. When the angle of in-
‘cidence at the ionosphere in this case of North-South propagation is in-
creased to a value such that § = I (68° 20' in this particular case), the
ordinary wave ellipse degenerates into a line along the k axis while the
extraordinary wave ellipse degenerates into a line along the j axis. This
occurs at all frequencies; at frequencies near the magneto-ionic frequency.,
f,» it should result in downcoming ionospheric waves with practically no’
horizontal component of electric force since the extraordinary component will
be negligibly small (Ax<<1¥)o When reflection is assumed at & 100 km"layer,
as is probably the case for frequencies near fy,, the distance of prepagation
corresponding to P = 68° 30" is equel to 335 miles, Thus, at this distance
South of a2 broadcasting station operating on a frequency near 1.5 mc, the
electric vector of the downcoming ioncspheric wave should lie almost entirely
in the plane of incidence. This condition might be found useful in testing
a direction finder for errors other than polarizastion error, or possibly for
determining the magnitude of the changes from the great circle transmission
path in such a case., When @ is greater than I in this csse of North-South
propagation, the direction of propagation makes an obtuse angle with the
earth’s magnetic field and the rotation of the electric vector of the ordinary
wave 1s then counterclockwise, : ;

Figure 4 shows the downcoming extraordinary and ordinary wave ellipses
for the case of South-North transmission in the United States on a freguency
of 1 m¢ and now for three different values of @ = 219 30' = (90° « I), Ls®
and 759, It will be noted that R, decreases with increaging ¢ (and thus also
with increasing distance) having a value of 1 for § = 21° 30', a value of 0.8812
for § = U5° and a value of 0.4826 for § = 75Y; because of the curvature of the
earth ¢'never has a value much greater than 75Y -~ see reference in footnote 8.
The case of ¢ = (909 ~ 1) is of particular interest because it affords a method
of measuring the value of z to be used in making calculations of the polariza~
tion of downcoming ionospheric waves., If measurements are m@de near the magneto-
ionic frequency, fy, only the ordinary wave will be received and it will be
possible to study its polarization ellipse alone. When ¢ 3 (90O = I} and & = O,
Ry will be equal to 1, irrespective of the value of 2z, and cot B = = 2. Thus,
when g = 0, B = 27Q° and the ordinary wave ellipse is a circle bub, for finite
values of 2z, B will lie between 270° and 3600 and 2z mey be determined by measur--
ing the ratio of the minor to the major axes of the ordinary wave ellipse, In
fact, if we write K for this ratio then:

2 = (1 K®)/2K (where ¢ = 90° = I and 8 = 0} - (67)
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Messurements might also be made at frequencies far removed from f, by
gseparating the ordinary and extraordinsry waves by means of & pulse
technique,

Figures 1 to U4 illustrate the generzl nature of the polarization of
downcoming radio waves in regions, such as the United States, where the
earth's magnetic field has & larger verticsl than horizoantal component,
The propmsgation in equatorial regions, on the other hand, where the v
earth's field ie nearly horizontal, will be markedly different, Conasider,
for example, the case of propagation st the magnetic equator where I = O,
When I = O we obtain by (63), (64) and (65):

n =% (fy/f) sin § cos (I = 0} X (68)
y, = - (fh/f)>sin o] (1 = 0) (697
yu =% (£,/£) cos ¢ con & . (1=0) . (70}

The upper sign in (68) snd (70) corresponds to the incident wave while the
lower sign corresponds to the downcoming wave. Now in the case of Bast-West
or West-Enst propegation yp, = y, = 0, A =0, Ry = Ry = 0 and we see by equa-
tions (54) and (58) that the resultant downcoming wave may be expressed:

5

Bog = Ao B

ny cosw btk (71)

where I = 0, 0 = 90° or 2700, By = B, k
in case the elegtric veetor of the incident wave lies in the plane of in-
cidence or by:

ExdswsAxELicoswt.i | | (723

- where I = 0, Q\: 90% or 270°, §§ = El-i 3

when the electric vector of the incident wave is normal to the plane of in-
cidence. Thus we see that the downcoming wave will be linearly polarized

in the same plane as the incident wave. AL fregquencies near the magneto-ionie
frequency, fj, there will be no downcoming wave when the incident wave is
horizontally polarized,

On the other hand, for North-South or South-North propagation at the
magnetic esguator (1 = 0), the propagation will be similar to that in the
United States, differing principally in the magnitudes of the parsmeters
and in the abcence of the particular cnse ¢ = 90O - I,

We will now turn to a considerption of the effect of frequency on the
propagation. Figures 1 to U4 are all for a frequency of 1 mc; as we go %0
the higher frequencies R; and Ry become larger and B approaches nearer to
909 or 2709 ~- both of these effects causing the downcoming wave ellipses .
to become more nearly circular. Figure 5 shows the polarization ellipses’
for propagation from West to East in the United States for ¢ = 70° and
for the frequencies f = 1, 2, 5 and 20 mec. At the higher frequencies, the
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attenuation of the extraordinary wave is approximately the same as that
of the ordinary wave so that both the extraordinary and ordinary waves
are important components of the resultant downcoming wave,

Before considerzng in more detail the nature of the resultant down-
coming wave (the vector sum of the ordinary and extraordinary downcoming
waves) it will be desirable to discuss the nature snd cause of the fading
of radio waves. There are two causes for the fading of ionospheric waves;
Phase interference between waves traveling slong slightly different paths
in the ionosphere and changes in the absorption of the radio waves due
to variations in the ionization distribution in the ionosphere, The phase
interference is responsible for the rapid changes in intensity which ocecur
from minute to minute while the changes of absorption are responsible for
the slower chaenges in the average level of the received flelds which ogour
from hour to hour and from day %to day.

The fading due to phase interference will be discussed first, The
under surface of the ionosphere is irregular, probably consisting of clouds
of ions, etc,, distributed in such & manner thet a single downcoming iono-
spheric wave actually consists of a large number of component waves, each
of which has been reflected at a slightly different place in the ionosphere,
These separate wave components, since they have traveled along slightly dif-
ferent paths through the ionosphere, will arrive at the ground with randon
relative phases, As these relative phases of the separate wave components
change with time, the resiltant downcoming ionospheric wave (the vector sum
of ‘the component waves) will vary in amplitude over a wide range, = This is
the cause of the rapid changes in intensity which occur from minute to min-
ute in a downcoming ionospheric wave, The distribution of the intensity of
such an ionospheric wave with time is given by the Rayleigh distribution.?
If we write P for the percentage of time.that the field intensity, E, of
the resultant downcoming wave is exceeded, we obtain by the use of Lord ‘
Rayleigh's theorys

P = 100 e (E/E = | (13)

E e"‘i(wt‘*‘“) :QEl eéi(Wt*&l)*aooo+El ezi(wt*&i) + 000 v

~i{wt + ot )
v gy ollwtrsy) (74)
2 . e 2 2 2 '
EOEE1+E2+0000<+E1+000 +En ‘ (75)

In the above B; represents the field intensity of one of the n component
downcoming waves; repgesents the phase of the 3 th component wave and
is assumed to be random° is proportional to the average energy of the

9Lord Rayleigh, "“On the Resultant of a Large Number of Vibratione of the
Seme Pitch and of Arbitrary Phase", Phil, Mag., Vol. 10, pp. 7378, 1880;
see also the book "Theory of Sound“ 2nd edition, paragraph naa9‘189u :
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downcoming wave over a period of several fading cycles; B, would be the
intensity of the downcoming wave if the under surface of %he ionosphere
hed been smooth and there were no fading; OCis the phase of the re-
sultent wave. ZEquation (73) may be used to determine the distribution
of the intensity with time of the vector sum of several waves with
random relétive phases whenever n is large (greater than U4 or 5) and
each wave is ch smaller than the root-sum-square value_of all of the
waves, i.e., Bf <<Ej." It has been found experimentallylo that equation
(73) is applicable to downcoming ionospheric waves at broadcast frequen~
cies both in the standard bsnd end in the international bands; it seems
‘1ikely that it will be applicable to ionospheric waves at any frequency
except possibly at very low freguencies (below 100 kc) where the path
length differences between the component waves mey not be comparable to
the wavelength, It msy be observed that the above theory as to the
cause of fading is consistent with the observed fact that the fading
rate increases with increasing frequency since & given change in the.
jonosphere would be responsible for larger phase changes at the higher
frequencies,

If we let F =E/E, denote the ratio of the instantaneous amplitude
E to the smplitude B, of the electric field which would be present if
the energy of the downcoming wave had not been separated into n wave
components with random relative phases, then

2
P = 100 &F : ~ (76)

The above equation (which is the equivalent of (73)) is shown graphi-
cally in Figure 6 and we see that, as a result of the separation of the
downcoming wave into a large number of component waves, the instantaneous
intensity will exceed 2 E, for 1,83% of the time, will exceed By for only
36,8% of the time, will be less than 0.5 E, for 22.1% of the time and will
be less than 0.1 E, for 1% of the time. )

, It should be noted that the instantaneous energy of the resultant
wave (the vector sum of the scattered components) will reach values much
greater than the average energy of the corresponding unscattered wave; for
example, for 1083% of the time the instantaneous energy of the vector sum
of the scattered waves will be four or more times the average energy of
the corresponding unscattered wave. MNevertheless, the average energy of
the resultant wave (averaged over a period of time including several
fading cycles) will be equel to the average energy of the corresponding

1O‘l’he experimental proof that equation (73) is applicable to the fading of
fonospheric waves was given in a paper by Kenneth A. Norton, "The Nature
of Sky Wave Propagstion" presented st a meeting of the Baltimore section
of the Institute of Radio Engineers in January 1941 and later at the
Fourth Annusl Broadcast Engineering Conference at Ohio State University
in February 1941. It is expected that this paper will be published in
the Proceedings of the Institute of Radio Engineers.
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unscattered wave, This may be proven as follows: The instantaneous
energy of the resultant wave will be proportiocnal to E° and E will lie
between £ and B d E for the percentage of time

‘ ’ -5
dP= 200 2. e"(E/EO) a4 E
52

G

(an

Thus we may determine the average value of E° over a large number of fad-
ing cycles as folilowsy ‘ :

| /mz o
B 4P -
2 _
i . /o . = g° | - (78)

Y : o
a P
- Jo

and we see that the'average energy of the vector sum of the scattered
waves is equal to the average energy of the equivalent unscattered wave,

From the sbove discussion we see that, in order to take account of
the fading due to phase interference, equations (54), (55), (57) and (58)
mey simply be multiplied by the factor F; F may have any value between
¢ and ©, the percentage of time that F exceeds a particular value belng
given by equation (76), Since the instantaneous value of F for the or-
dinary wave will be different in general from the instantaneous value of
F for the extraordinary wave (since the bundle of waves making up the or-
dinary wave will have traveled separate paths from those followed by the
bundle of waves constituting the extraordinary wave) we will write F_ for
the ordinary wave phase interference factor and Fx for the extraordirary
wave phase interference factor. ' '

' We are now in a position to write down our fimal expressions for the
instantaneous intensity of the resultsnt downcoming ionospheric waves, If
we write ¢ where § = (oL, = ) for the instantaneous phase difference be-
tween the ordinary and extraordinary waves due to the difference in the
paths fellowed by the ordinary snd extraordinary wave bumndles in traveling
through the ionosphere, we obtain the following expressions for the in-
stantaneous intensity of the resultant downcoming ionospheric waves for the
two cases when the incident wave is polarized either Il or L to the plane of
incidence; .

=1 {wt + o o) .
P s SRR IV I T S L O
Jiv B S8 A
. R A F '
+ { Ry F@ - Ao X X e,f"iJ 1B g1 a9
AO

where By = B s k
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BaAe Ty o1d L,
A’O
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So far we have discussed only the rapid fading, ocecurring from

mirnute to minute, and due to phase interference,

The changes in absorption

in the ionosphere are alsoc responsible for very large changes in the re-
ceived field, but these take place at a much less rapid rate; these changes
exhibit themselves in equations (79} and (80) by changes in the attenuation

fagtors Ao and Axn

We know from experiment that A, and

nay ¢ hange from

hour to hour and from day to day over ranges of more than 100 to i3 in
general, however, these changes will occur more or less simultsnecusly
for the ordinary and extracrdinary waves sc that the ratio of Ay to A,
will be comparatively constant: this is particularly true at the higher
freouencies where, in addition, the actual changes in Ao and A, are less

than at the lower frequencies,

In any cese, since this fading, due to

.changes in ionosphere absorption, ceceurs at a comparatively slow rate,
we can assume that the ratio Ax/A0 will be comparatively constant for

. periods of an hour or more,

Wevgxe now in a position to interpret (79) and (80)., ¥, and F, vary
independently of each other from minute to minute from O up to very large
values while simultaneously § will vary at random in such a manner that all

values of é between O and I are equally likely.

For given values of F, end

Fxg the i1 component of the resultant downcoming wave will be & maximum when
'é = 0 and the L component will simultaneously be a minimum; conversely, when
= 1 the-il component will be & minimum while the L component will simulta=

necusly be a maximum.

‘As these changes in the relative intensities of ths

i and L components of the downeoming wave take place the resultant wave will
change from an ellipse with its mejor axis vertical to an ellipse with itse

mejor axis horizontal, these changes taking place within a few seconds,

It

should be noted that the phase between the L and |l components will alsc be
© varying rapidly with time and this will also cause the polarization ellipse
of the resulting wave to change its shape and the angle of its major axis

to the vertical.

In the study of radio direction finding the variables of particular

interest are the ratio of the amplitude and the relative
We see by (79

ti and L conponents in the downcoming wave.
they may be expressed as followss

\(ELdlalﬁ) =

ﬁ - -4
[Ry = By ala/a)) cosd + 1 R qlajh) siné ]e

B

§hase betwaen the
and (80) that

B
{g1)

A TR SR Foi | RTn R AE

[1-* Ry Rd q(Ax/AQ) cosd = i Ri Ry qlA /a,) sin é]

ya

-
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where Ei = E“i Eﬁ P o . L

[R R o= qla fa ) cos 6.+ £ q(A /A ) sind ]t o
— - (82)

[R + R, q(A /A ) cos 6 - i Rd q(A /A, ) sin é ]

1]

(2 4/, ‘1).

where By = E;i‘i= !

To obtain the above equations we have introduced the ratio q = Fe {F@ 80
that the only guantities varying rapidly with, time in (81) and (82) are
q and § , q being variable from zero up to a very large value and & between
O andm, In order to determine the distribution o0f g with time we may
make use of the following theorem°

Suppose & variable x is distributed in acéordanée with a probability

o) .
law ‘{ f (x) dx = 1; and a variable y in accordance with a probability law j
0
(y) dy = 1, xand y being independently distributed, Then the quotient Z iz

o
will be distributed according to the law j Q (z) az =1, where
m .
Q (z) = S £ lzy) g ly) v dy ] (83)
o .

In order to apply the above theorem to the determination of the distri-
bution of q with tlme we may identify F with x, F w1th y and q with z. Then;

' -32 ) ,
£ (F ) =2F &9 : - (g4)
2 \
g (Fx)‘ =2F X | : (g5)
Q (q)‘“ L g’ a F3 RS )7 x aF aaiejg ' (86)
(1 +,q?)

Thus, we see that the percentage of time, P, that the 1nstantaneouq ratlo
(Fx/F ) will be greater than q is given by

_ 2 q 100
P = 100 1 - m—g = (8
' © (1 + g2 X 1+ é o o

This distribution of g with time is shown graphically in Flgure 7: we see
that for 1% of the time q will be greater than 10, for 10% of the time q
will be greater than 3, for 50% of the time q will be greater than 1 and
for 90% of the time q will be greater then 1/3. In order finally to cal~

culate the distridbution with time of the amplitudes and phases of (E /Ei )
we must introduce the variations of g and of § with time in (81) end* 82)

Ug v, Huntingtongv“Freqtency Distri‘bution‘of'Product'and'Qnotient“9 *The

- Annale of Mathematical Statistics", pp. 195-198, Vol. X, No, 2, June, 1939,

T
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There is no simple meene of accomplishing this analytically so we will

rea>rt to graphical methods, keeping q fixed-at 10 predetermined values

and calculating the distribution of (E,4/%,;) as a function of §, all. %
values of § between O and 7 being considered equally likely. The 10 '
values of q used are the averages of the values of q in the intervals

from 0 to 10%, 10% to 20%, etc., as shown on Figure 7. These 10 values | -

of g are 6,218, 2.119, 1.743, 1.366, 1,108, 0.9058, 0.7334, 0,5783, O,4190,
and Oo 2175~ B ! . N .

For purposes of calculation, equations (81) anc (82) may be still
further simplified by introducing the following angles:

S x’.ifnvigf ‘ '
tan Gy = : (28)
e (Ry AO/Ri_q A) - cos

ten Cy = ' siné . (89)
(Ao/Ri Rd. q‘Ax) + cog b .

tan 03 = ~sin ) (90)
(Ri Rd Ao/q ‘“’x) - cos & -

tan C) = sin & - (91)

(Ri Ao/Rd q Ax) + c\og 6

: . sin C 03+ Co - B)= l ' 1l ~i(B-Y)
(E-L d/E“d) ® R ) sinzc ei( 1 2 _Eld./nud ° e (92)
a 8B M :

‘ where By = B 4 J

When = determination is to be made of the distribution of the relative phase
alone the following equations will be'fou_nd. useful: :

tan T = (1+ RE) ein

‘ _ (94)
(Rg AR A Q) =R R oq(AfA) - cos b(1- B
where E; = E . k | .
tan ¥ = (1+ 82) sin §

' -(95)
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where By = B4 §

Figure & shows IELd/EudI' while Figure 9 shows (B~ Y) as a function
of 8 for the above 10 values of q and for the particular case of an icno—
spheric wave on 5 mc for West to Zast transmission and for an angle of in-
cidence at the ionosphere, § = 70°; the curves in this figure correspond to
& wave from the transmitting station polarized perpendicular to the plane
of incidence at the ionosphere, e.g. horizontallyupolarizede (Perentheti-
cally it may be mentioned that the waves from s horizontal dipole trans-
mitting entenne are actually polarized pearallel to the plane of incidence
- when the direction of transmission is off the end of the dipole).* In de-
termining these curves the assumption was made that (4 /AO)'% 1; this will
be approximately true under most circumstances at the-ﬁigher frequencies,
Figures 8 and 9 are drawn only for the positive values of é between 0‘and
180%; we may obtain the corresponding values for a complete cycle of § from
- 180° to + 180° vy noting that a chenge in the sign of § does not change
the value of IELd/E“dI but does change the sign of Y. Since all values of

are equally likely we see that Figure & also shows (for a given value of
a) the percentage of time that lE;d/Eudl is less than the value shown on
the curve. ¥Finally, since these 10 values of q will esch be present (on the
average) for 1/10 of the time, we may determine the percentage of time that
I 3Ld/E"dl is less than some particular value by averaging the ten percent-
ages shown on Figure 8 for the 10 values of q; for example, the percentage
of time that |E 4/B.| < 4 is given by (84 + 84,5 + 86 + 8,5 + 98 + 100
+ 100 + 100 + 100 + 180)/10 = 9&01%0 These oversall percentages are shown
on Figure 10 but now the percentage scale at the bottom of the figure shows

"~ the percentage of the time that lE;d/Endl exceeds the ordinate values, e, g,
lE*d/E“dl > U4 for (100 -~ 94,1) = 5,9% of the time. The distribution of
iELd/E“dl is also shown on Figure 10 for the case where the wave from the-
transmitter is polarized parallel to the plane of incidence at the ionosphere,
e.g, vertically polarized. Figure 10 also gives the distridbutions for & 1 me
wave for the two cases where the wave from the transmitter is polarized either
perpendicular or parallel to the plane of incidence; since 1 me is neéar the

magneto-ionic frequency, fy, (A;/A,) has been assumed to be 0,1 in this case,

It will be noted on Figure 10 that, for both frequencies, !EAQ/EH&E is
larger when the transmitted wave is polarized perpendicular to the plane of
incidence. In the limit, as (Ay/A,) approaches zero, |E, 4/B) | becomes con-
stant and equal to-Rd regardless of the polarization of the transmitted waves
this is the case, for example, at the magneto=-ionic frequency, fy, where the
extraordinary wave is completely ebsorbed. - Under certain circumstances, near
the maximum usable frequency12 for a given layer in the ionosphere, the or=
dinery wave will Penetrate the layer and will not be returned

* See Appendix I,

12The maximum usable frequency was formerly given in the Hational Bureau of
Standards reports on "High Frequency Radio Transmission Conditions" as _
published each month in the Proceedings of the Institute of Radio Engineers,
These data may now be obtained by responsible organizations-by'writing
directly to the National Bureauvof Standards.,. . -

il

1
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to the earth while, simultaneously, the extaordinary wave will be re-

ceived with its normal intensity; in this case (AX/AO)7will become very

. large and ‘3;d/mua\ will again be constant regardless of the polar-
ization of the transmitted wave but, in this case, will'be equal to 1/Ry-
since the extraordinary wave alone is received. As the:frequency is in-

- creased well above the magneto-ionic frequency R; and Rafapproach 1 and,
except near the meximum usable frequency, (AZ/A°§ approaches 1 and the
distribution of lELd/Eud, becomes equal to the distribution of q as
shown by the dashed curve on Figure 10. On the other hand, as the fre-
quency. is decreased well below the magneto-~ionic frequency, (Ax/Ab)
approaches 1, as before, but R; and Ry become smaller rather then larger;
thus, the median (50%) velues of lELd/EHd‘ will be much less than one
when the transmitted wave is vertically polarized as is ‘usumlly the case
at these lower frequencies, The median values of l3¢d/3ud| are given
by the following formulas: ' i ‘

- 2 ' 2
RS + BT (AX/AQ)

. (96)
1 + B2 B2 (A_/A )%
i 4 X o

! ELd/Elld‘ m®

where Ei = Eui k

=)
‘

R2 R% + (A /A )° o
‘Eld/mud‘m = - 12 K (e7)
/| R2 + B2 (a_[A )% o
Ry + Ry WA /8

where E; = Qgi Jd
The values calculated from the above formulas in the examples shown on

- Figure 10 are (a) 0.U312, (b) 0,4691, (c¢) 0.9254, and (&) 1.0806 and when
these are compared with the values shown on Figure 10 it is evident that
the graphical method gives values which are slightly too large. The
reason for this is that too few values of g were used in the graphical
method, Another possible means of improving the accuracy of the graphi-~
cal method would be the use of values of q determined by averaging the
logarithme of q through the intervals from O to 10%, etc; the ten values
of q obtained in this way are 5,081, 2.403, 1.737, 1.364, 1,106, 0.90u2,

- 0,7329, 0.5756, 0.4162, and 0.1968 and, since the values less than 1 are
the reciprocals of the values greater than 1, their use would probably
vield slightly more accurate results in the graphical method of deter-
mining the distribution curves than the srithmetic average values of q
actually used. - . -

We turn now to a discussion of the relative phase between K 4 and Ey4.
We see by equations (92) and (93) that it is given by (B -~ T) and, since
Y §= ~T+§, the relative phase is determined for a complete cycle of &
from -~ 180° to ¥ 180° when calculations of ¥ are made for § between O and
+180°, Pigure 11 shows the percentage of time that the relative phase be-
tween Exd and Eud exceeds the ordinate values., Jor exam_zile° 50%‘qf curve

<
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(d) was obtained by averaging the perczentages on Figire 9 for the 10 ,
values of q and the remaining 50% obtained by using the average percent-
ages corresponding to negative values of Y. Figure 12 gives the results

of Figure 11 in’'a more useful way, showing the relative probability’ that
the relative phase between E ; and E 4 will be within + 109 of the
abscigsae; it shows that the most probadble value of the relative phase :
is B in cases (a), (b) and (c) while the most probable value of the: rele-. -
tive phase in case (4) is (B . 180°)., 1In general, the most probable

value of the relative phase between E 4 and Eyg in the downcoming wave is
the relative phase between Ej and Eyin the stronger of the two ordinary
and extraordinary wave components in the downcoming wave. The distribu-
tion of relative phase is of importance in direction finding since a
direction finder will be subject to large errors. only when the relative -
phase between E;d and-ﬁud lies between certain fairly narrow ranges of
values; if, in the design of the direction finder, these undesired rela-
tive phases could be made to have values much different from B or (B.- 180°),
an igprovement in the bearings obtained by the direction finder would re-. .
sult. However, as is evident on the curves of Figure-lZ, this possibility
 of improvement.would be less at the higher frequencies and would net exist
at all in the limit as Ry = Ry = (A /A) = 1, in vhich case the relative
phase between L 43 and Eys becomes truly random. As we approach the magneto-
ionic frequency, fh9 (Ax Ao) approaches zerc and the values of thg«relative
phase near B become more and more probsble, Also, as we a proach -the maxi-
mum usable frequency for a given ionospheric layer, (Ax/Ao§ will, more or.
less discontinuously, become very large and the relative phase between B ¢
and Egy will again become constant and equal to (B - 180°9), At low fre-
gquencies, where the transmitted waves are ususlly vertically polarized, the
ordinary wave will be the stronger component in the downcoming wave so that
the most probable value of the relative phase will be B, ' '

The examples given and some of the conclusiops reached in the above dis-
cussion are typical only of the case where yﬁ > ¥ so thet R;. and Rd are less
“than 1; we see by (6U) and (65) that this is alweys the case for North-South
or South-North propagation regsrdless of the value of I and is also the case
for Bast-West or West-Hast propagation when sin # > cot I. As we go from the
extreme northern to the extreme southern parts of the United Statés, c6t I+
varies from about 0,25 up to 0.58 and we see that R; and Ry will be less than
1 for any direction of propagetion in the United States when-the angle of
incidence, @, at the ionosphere is greater then 159 in the northern and grester
than 35° 30" in the southern parts of the United States., Since, for B layer
transmission, ¢ will be greater than 15° for transmission at distances graeater
than 35 miles and will be greater than 35° 30! for transmiession at distances
greater than 90 miles, we see that R; and Ry will be less than 1 for all con-
ditions of propagation in the United States except very short digtance trans-

mission in directions other than North-South or South-North,,

This completes the discussion of the polarization of the dowrcoming
ionospheric waver In general, we see that the relative amplitude and the
relative phase of the ‘components in the downcoming wave polarized ‘parallel
. and perpendicular to the plane of incidence become more nearly random the
- higher the frequency. The two exceptions to this rule are the cases where the
propagation is-on a frequency near (1) the magneto-ionic frequency, fy, at
which the polarization of the downcoming wave assumes the polarization
characteristic of the ordinary wave as shown by the solid curves in Figures 1
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to 5 or {2} the maximum usable frequency of a given ioncspheric layer
- near which the polarization of the downcoming wave assumes the polari.
zation characteristic of the extraordinary wave as shown by the dotted
curveﬂ in Figures 1 to 5. Thus, near the magneto-ionic frequency,

Ba< Elld in the most commonly encountered case where y§ » yg but E d?Elld
when y§i < ¥§: on_the gther hand, near. the maxxmug usable frequency

E 4 > Eyg when yﬁ > yi and E 53 € Ey4 vwhen y, < ¥f. In these two cases,
since the relative phase between B, 4 and Eud is constant, the sverage
bearing indiceted by a direction finder subject to polarization error
will not be the correct hearing 2s would be the case when the relative
phase is truly randonm, :

III, Theiﬁffect of the Ground on the Intensity and Polarization of a
Downcoming Wave Received Abvove or Below Its Surface,

, We will now consider the effect of the ground on the intensity and
phese of ‘the downcoming ionospheric wave. It will be convenient to use
& slightly different coordinate system in the following. We will take
the 1 - k plane as the plane of incidence, as before, but now k will, be
chosen perpendicular to the ground so that the normal to the wave front -
of the downcoming ionospheric wave may be expressed as the unit vector
ng = cos Wi~ sin k, where ¥ is the angle of elevatiocn of the down- -
coming wave, After reflection at the ground, the wave normal of the
ground-reflected wave will be n,. = cosY i + siny k. The resultant wave
above the surface of the ground will always consist of two parts: the in-
cident wave plus the groundureiiected wave, Flgure 1% shows the geometry
of the problem for the case in which the electric vector lies in the plane
of incidence.. The electric vector of the incident downcoming ionospheric
wave, E“d} is shown as a dotted line while the electric vector of the
corresponding ground-reflected wave, Zy,., is shown as a solid line. Since
the vertical component, E gy of the resultant field is, in general, out of
phase with the component par«llel to the ground, E‘x, the resultant electric
vector, By, will rotate in an ellipse in the i - k plane. Figure 13 has
been drawn for the particular cease of a downcoming wave on a frequency

= 1 mc'ariﬁving at an angle Y= 4% cver land with averasge conductivity
O’ﬁ-S x: 10™ e.m.u. and with the dielectric constant €= 15; the ellipse-
represents the resultant field at_a height 2z = 10 feet., In general, if we
write for the incident plane waveld at the height 2 above the ground!

13The downcoming ionospheric wave is effectively plane since it has come
from a”source at a very great distance., In general, a plane wave in free
sg%ﬁe nay be exggesqed as being proportional to the real part of
e B.r-w where r = x 1 +y J +z k and n is a unit vector normal
to the wave front. If we choose our origin of coordinates at the surface
of the ground at a distance z immediately below the point at which we wish
to spefify the wave, tb n r = z k and the incident wave will be proportional
to e~ sin Y + wt whi}e the ground-reflected wave will be propor-
tional to e*ilk z siny - Finally, if the phase of the incident wave
at the height z is taken to be zero, we obtain (98) and (99).
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By = Byg (cos Wk +sin ¥ 1) stws , I (98) |

then the corresponding ground-reflected wave will be:

1

e : 12k g sin ¥ —wt) ey
By = RyByg (cos Yk~ siny 1) L z sin ¥ M \(99-')_”

n2 sin ¥ - n? - cosa'ﬂl o

Ry= —
n? sin Y + \/na - cos® ¥

(100)
On the other hand, if the electric vector of the incident plane wave is 1

to the plane of incidence we haves ‘ :

. ~iwt : , o ) )
Egq=Bqde (101)

E

B =Ry B, )ell@rzsin¥-wt) - (o)

sin V¥ - \/n2 - cosaﬂl
sin\lf*\/n2= cos® ¥

In the above equations k = 2TW/A , n is the index of refraction of the
earth and n = £ + i x where x = 107973101015 é’eomguolfmcg c
is the conductivity of the ground expressed in electromagnetic
fme 1s the frequency expressed in megacycles per second and £ is the
dielectric constant of the ground referred to air as unity. The numeri-
cal magnitude of the quantity x is of fundamental importance in connec- -
tion with the effect of the ground on the radio waves, the nature of the
reflection being radically different in the two cases when x is very much
larger than the dielectric constant and when x is very much smaller than
the dielectric constant. Table I shows the value of x for verious fre-
quencies and for the ground conductivities normally encountered in practice

Ry = (103) :

e.mu
Xiid

Table No. 1

x ‘ foe . aeorﬁouo Description
1,95360 46 5 % 10-14 Land of Average Conductivity
11,2332 . © 1.6 10"1‘;_’; ' land of Low Conductivity
17.9731 o 5 5 x 10~1 Land of Average Conductivity
89,8655 ' S 5 x 10-14 Land of Average Conductivity
7.18924 x 10° 0.5  2x 10713 Lend of High Conductivity
1.95360 x 103 T 5 x 10~11 ~ Sea Water =
1.79731 x 104 5 5 x 10711 Sea Water
1.79731 x 105 0.5 5 x 10711 Sea Water
6.362 x 1010 10 3,54 x 1073} Aluminum
1,042 x 1011 10 5.20 x 10~ Copper



w0 26

The dielectric constant varies over a much more limited range, the mini-
mum value ordinerily encountered being 1 for air while the maximum value
is 80 for water, either inland lake or sea water. The dielectric constant
of ice is only about 2 while the values of € encountered over land vary
from about % up to about 30.. The dielectric constant of metals is nrob-
ably less than 10 and consequently is of little importance at radio fre-
quencies since x is so much larger for metals. A simple method for meagur- . B
ing the ground constants is described in Part IV, '

EEIRITF P ERCINCY E e SO Ve SN TEE

Notice that the magnitude of Ry (or of R() is equal to the magnitude
of the resulting ground-reflected wave for an incident wave of unit intensity
end that the phase of Ryj (or of Ry) denotes the change in phase when the in-
cident wave is reflected at the ground. The phase of the incident wave at
the height z is taken as zero., The phase 2 k z sin Y added to the ground-
reflected wave is due to the additional distance traveled by the ground-
reflected wave in reaching the height z above the ground; this may be seen
mosﬁyreadily by considering the case of normal incidence so that ¥ = 90° and
sin Y = 1,

Figure 14 illustrates the intensity and phase relationship (as given by

Ryjor Rl) between the incident and the growd-reflected waves (for the case
z = O) on a vector diagram with the electric vector either Il or L to the plans
of incidence and for three different frequencies and sets of ground constants,
The upper diagram corresponds to an ultra high frequency and ground constents L
such that x {{ £ ; the middle diagram corresponds to a frequency in the ‘
standard broadcast band and a typical set of ground constents; while the bottom.
diagram corresponds to the reflection of 500 kc over sea water., On these v :
disgrams the intensities of the direct and ground-reflected waves are repre-
sented by the length of the arrows while the phase of the ground-reflected wave
is represerted by the angle at which the solid arrow is drawn; the phase of the
incident wave is zero in each case, Each of the solid arrows. represents the
ground-reflected wave for a different angle of incidence of the incident wave,
Thus, for grazing incidence (¥= 0) we see that the ground-reflected wave is
equal in intensity and 180° out of phase with the incident wave. Now, con-
csidering first the case where the electric vector is || to the plane of incidence,
as we increase the angle W from zero at grazing incidénce to larger and larger
values, the intensity and phase of the reflected wave decrease until the angle

m 18 reached at which the phase of the reflected wave is 909, At this angle,
Yms which is called Brewster's angle, the reflected wave has a minimum inten-
gity; this minimum intensity decreases from zero for x = O up to O.M1 for x
very much greater than €. The angle ¥ , at which this minimum reflection takes
place is very near grazing incidence when x is large, being only 8' 6" for 500 ke - :
over sea water but increases to considerably larger values when x is smell. In E
the ultra high frequency case for propagation over land, we see in Figure 1L that
the reflected wave is very nearly 180° out of phase with the incident wave when
the angle Wis less then Brewster's sngle whereas the reflected wave is very
‘nearly in phase with the incident wave when the angle ¥ is greater than Brewster's .
angle. This is characteristic of the reflection of the electric vector in the
plane of incidence when x < €. This should be contrasted with the reflecticn
‘0of the electric vector when it 1s .L to' the plane of incidence: in this case, re- e
gardless of the value of X or of the angle of incidence, the reflected wave is
always very nearly 180° out of phase with the direct wave. ’

The formula for Brewster's angle is
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!

sinewm %;g:,nlf \/(:24-62)‘ (.E&-l‘) +x2{(x2+£2) :1}" (104)

' 2
(x2 + & 2) = 1

\

and this reduces to the following formulas when x is very much larger than
or very much smaller than €.

s

sy sl e S s

s‘i.naﬂfm = *é-%_wf : .(x <<E) - (106) °

Ag is shown in Figure 14, 4he phase of the reflected wave, when the electric
vector of the incident wave is in the plane of incidence, is 90° at Brewster's
angle while its intensity is a minimum. This minimum value of the reflection
coefficient at Brewster's angle may be calculated by means of equation (107?0

i Bt hYy
R = tan (=+ 2 =27 {107}
‘ il . 8 4 2 !
where tan b’ = (€~ cos® ¥ )/x '  (108)

tan b* = £/x -~ (109)
Bquation (107) reduces to the following equations when x is very much larger
then or very much smaller than €. -

|Ruln = tan (&) (x> €) | (110)
|Ral, =2 &332 (<< ) o aw
Hm = i 62 .

Figure 15 consists of curves relating the Brewster angle, 'Qfmg and the
corresponding minimum value of plane wave reflection coefficient, ‘Rlllmv
with £ and x. VWe see that when x is very small, as is ususlly the case at
the ultra high frequencies, Brewstez_'“s angle is independent of the ground
conductivity and the frequency, being dependent only upon the dielectric
constant of the ground; ¥ , is much larger over dry ground for which &£ is

small than over fresh water where £ is approximately equal to 80, Thus the

ground~reflected wave is out of phase with the incident wave over a much
wider range of angles of incidence over dry ground than over fresh water.
When x is very large, as in the case of propagation over ses water, Brewster's
angle is very small and we see that it is only at{ angles very near grazing in-

cidence that the reflected wave will be out of phase with the incident wave,

One characteristic of the reflection of plane radio waves should be men--
tioned since it might otherwise cause some confusion. When the radio waves
are reflectsd at normal incidence ("U = 9_0‘;’) no distinction can be made bhetween
the cases when the electric vector is ll or L to the plane of incidence. Thus,
when '4} = 000, it may be expected that the reflection coefficient will be the
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same in both cases, However, on Figure, 14, although the magnitude of the
reflected wave is the same for the electric vector Il or L to the plane of
incidence when ¥ = 90°, the two vectors are shown 180° out of phase. The
reason for this may be seen by reference to Figure 13. Considering first
the cese when the electiric vector is || to the plane of incidence, if we
refer the pesitive directicns of the incident and ground-reflected waves
to the positive z direction when ﬂfls zero, then, as we increase Y to 90°,
the positive direction cf the electric vector will be in the positive x
direction for the incident wave and in the negative x direction for the
ground-reflected wave. Since no such reversal of phase in space takes
place in the case when the electric vector is normal to the plane of in-
cidence, we see that it is necessary that the reflection coefficient

R;= =~ Ry when ¥ = 90°, \

The resultant wave received on an antenna near the surface of the
ground will consist of the vector sum of the incident and ground-reflected
waves; thusi :

Ey= Byg cos ¥ (1+ Ryei2kz s1a¥) pog o qin W (1 Ry etz sinWy 5 (112)

i&m ﬂnW)l
|35

‘lﬁ Eid (1 + Rl_ (113)

For convenience, the time factor ‘e * ™Y has been omitted in the above

equations. It should be noted that, in the || case, the vertical COMpPO-

nent of E is, in general, out of phase with the horizontal component so
that the resultant wave near the surface of the earth is elliptically |

polarized in the i - k plane, For examnleD in the particulsr case shown
in Figure 13, Ry= 0. 138 ¢i 122° 56' 30" 4

E,= 0. su353 k e 24° 6" o o oggggg 5 g1-15° N2 | (114)

or B = 0.84353 k cos (wt ~ 240 6°) + 0,088989 & cos (wt + 150 42')  (115)

where Eﬁd = 1

Figure 16 shows the resulting ellipses at the surface of the ground for
seversl different values of x in the case when the incident wave arrives
at an angle Y << ¥ . Since the downcoming ionospheric wave is, in
general, elliptically polarized in the j - k plane and since the ground
causes the || component of the downcoming wave to be elliptically polarized
in the i -~ k plane, the electric vector of the resulting wave near the

* ground may be represented as following a curve on the surface of an
ellipsoid of revolution,

For a consideration of the operation of a direction finder, the
separate intensities of the i, j and k components of the resultant field
are of interest. Figure 17 shows these three components when E'd 5 Bg=1
for two different heights above ground and for the following three frea '
guencies and sets of ground constants: ;
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(A) 0.5 mc 0= 5 x 107 emu,  (Ses Water) € = g0
(B} 1m O =~5x 107 o mu, (Average Land) € « 1
(C) Ub mc T =5x 107 o ., (Average Land) € = 15

Notice that the vertical component By, increases with increasing values

of x (increasing conductivity or decreasing: frequency) for the dipole at

the surface of the earth becoming very nearly equal to 2 for 0.5 mc ) -
propagation over sea water at certain low elevation angles, while the

horizontal components E and'El.decrease with increasing values of x,

In fact, for 0,5 mc aver sea water, By, and E; are extremely small at the

‘earth's surface, being equal to 0,00U47 even for waves arriving at normal

incidence. On the other hand, at a height of a quarter wavelength above '
the ground, Eux and QL increase with increasing values of x,

In Part II eQuations were obtained for the instantaneous ratio of

" the intensities and the instantaneous relative phase between the i and i/

components of the downcoming ionospheric wave and a determination made of
their most probable values. In order to convert these values into the
corresponding values for the resultant wave near the surface of the earth
we may writes

(1+ R, eiZkz sin ¥ )

B, [Byg = ’ °
,a.,/ B o W (1 + Ry el2kz sin¥)

(B, 4/B4a) | (116)

vhere (B, /E“z) represents the ratio of the horizontal (4) component to
the vertical (k) component of the resultant wave at a height 2z above the
surface of the earth and (B d/Eud) is the appropriate value of this ratio
in the downcoming wave as determined by equations (92) or (93). Thus the
effect of the ground alone on the polarization of the resulting wave near
the ground is given by (116) when we set (B d/Eud = 1, :

In the limiting case of grazing incidence (¥ = 0) the expré351on v
for the field ratio is quite simple; by substituting the values of Ry and
Ry in (116) and lettine'ﬁyapproach zero we obtain: :

E/E ., = . (B 4/Bq) - - (117)

L7THE g-oui x
where ¥ = 0

Equation (117) shows that the usually undesired horizontal component of
the resultant electric field for an ionospheric wave arriving at grazing
incidence is suppressed in-comparison to the desired vertical component
directly in proportion to the value of (E+ i x ); since x is 1000 times
as large over sea water as over average land, the advantage of locating
a direction finder over sea water becomes obvious, Since £, in general,
increases with the water content of the soil, the advantage of locating s
direction finder over swampy soil should also be clear from (117); this

'advantage would be more than 'loat, however, when the water freezes.

" .Another particular case of importance is the case of perfect con-
ductivity, in this case Ry = - RL = 1 and (116) becomes:
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tan (x z sin‘y) (8

o il /2
E-L/E“z - cos ¥ ‘Ld/E"d) /

(118)
where 0 = o

Figure 18 shows how the ratio ‘Ei/E"z‘ varies with the height of the re-

. ceiving point above the ground for a frequency of 2. megacycles per second,
The s0lld curves are for angles of elevation Y = 09,7°5° and 60° and corre-
spond to the reception of downcoming ionospheric waves with equel |l and L

"~ components over land of average conductivity. It will be noted that, under
most conditions, the effect of the ground is to° suppress \the horizontal
component in the resultant wave in comparison to the.yvertical component;
however, when ﬂrw 60° and z is greater than 34 feet, 'the vertical component
is suppressed in favor of the horizontal component, ' The dotted curves are
for sea water while the dashed curves correspond to &, perfect ground (O o0 )3
it will be noted that ses water is the practical equivalent of a perfect
ground. Since the 1 component of E is usually the undesired component for
a direction finder, it should be clear from Figure 18 that the wave collec-
tors should be loceted as near as possible to ground with the highest possi-
ble conductivity. Figure 19 shows EL/E gz for 20 mec. - Notice that, on this
frequency and for high downcomlng anglesD the vertical component rather than
the horizontal component is ‘often suppressed; for example9 when the wave
collectors are at heights between U and 24 feet over perfect ground there
will be more horizontal than vertical field.

Figure 20 shows the height above perfect gfound (0= w) at which
E_L/E‘ I first becomes equal to lE.Ld/Eud.l ; a direction finder designed to
reject the A component of E should be kept below this height. Over ground
of imperfect coanductivity, the height at which |E,[E | = | B,4/B 4 [ will be
considerably less than that over perfect ground as may be seen by reference
to Figures 18 and 19,

The equations so far given in this part of the reéport are for the elec-
tric field components; the corresponding magnetic field components may be
obtained separately for the incident and ground-reflected waves by means of

“equation (12) with_m set equal to unity snd the resultant magnetic vectors
 obtained by adding the direct and ground-reflected waves vectorially. -The
time factor e~iW?t is omitted in the following equations

Ha®naxBga=-Bgj o (119)
Hr ®0p x By ¥ = RyByg ot2ke sin ¥ (120)
B =~ Bg (1+ R, eloke sin‘V Ya oo ; | (121)
E‘lld ®ong x Ea®Bg (cos Yk+sinyi) - | (122)
;_g”,, 2 g, x "";1.1" Ry B4 (cos Yk - sin Y 1) eiakz sin Y (123)

H .Ld {cos Y (1+R el2kz einy) k+sin‘\|'(1 - RJ_ eiakz sinlll‘) i} (124)

In this case, since the vertical component, H, s of the resultant magnetic
field is, in generalg out of phase with the component parallel to the ground
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Hux' the resultant magnetic vector, Ell' will rotate in an ellipse in the
i

i- Kk nlane,

In-the case «f the direction finder consisting of spaced coaxiasl
loops, the undesived cowoonent of the field is E, while the desired com-
ponent is H, and we sbtain by means of (113) and‘L(l21) ;

/ i 2k y >
{1+ R, gickz a‘inﬂ’) po
B fHye - e (B /B ) (125)
S N ] 14/ “nd :
{ (L + Ky ot8kz sin ¥)

i

v with (116) shows that they are practically i=
dertical exceont in factor cos Y in the denominator of (116); thus
Figovea 18 and 19 mey =0 used in connection with the spaced coaxial loop
direction {inder sinmply by mwiliiplying the vaiues given by the curves by
the factor coayf. : - : ‘

h compearison of ihe

W

The equations giver for the reflection coefficients Ryand Ry corre-
spond t: the case where- groand is flat and electrically homogeneous $o
very great dspthe. When ¢ Cepth to groundwater, bedrock, and orebody or
eny mavked discontinulty in the zlectrical properties of the ground is
known,, tre following modifi-d values of the reflection coefficients may be
used. """ The coefficieats ©. be used in place of (100) and (103) when there
is 8 single plane of discontinuity at a depth A and with index of refrac-
tion n above and n, below this discontinuity are

2 .. 2 2
~ 1 ~ CO% ¥
P L | (126)

sinY- Y2 /n? - cos?

sin\[f“‘~92 \/ﬁ? - cos® ¥ - (127)

(128)

~F
1)
H
i
t

Do= T e | : ' (129)

‘ /'2 - 2 / 2 2 i
61 = n2Vn§ ~ c0a®V. n5Vn? - cos” ¥ eikZA\/ng - cos® ¥ (130}

n? \/ng - cos? **ng,/ne ~ cos® v

ﬂtw. H, Wise, "AsymptOQic Dipole Radiation Formulas", Bell System Tech. Jour.,
Vol. 8, Oct. 1929, pp. 662-671. Typographical errors in-his equations are
here corrected, ‘

/
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- \/ng"é ’C“os”“?‘?{.:;\/ﬁg‘ - cogl ‘V isz VA
\//n2 - .,cosal **"\Alg - _COsZ 1!

2 . cos? Y

", (131>

If A is not larpe and n, "is considerably d:.fferent from n then ))1 and ']2
differ considerably from unlty R . ,

It may be noted that the attenua,tion Gue to absorption of &’ plane radic
wave traveling a distance d in a medium with index 'of refraction n is given
by the factor

",iei'k n 4

and we see that the exponential factor in (130) and (131) is very nearly
equal to the attenuation factor of a plane radioc wave in traveling directly,
downward in the upper medium with index of refraction n to the discontinuity
at a depth A and back sgain to the surface.

1If we write B +41 A=k n, then the attenvation factor of the plane wave
is given by & ~bd yhere : e

A=k V//g_ sin'(ckja) , - (132)-.
Veos ol j .

For very low frequencies such that x Y&, equation (132) may be written
b=X/3 (xy>€) o (134)

end we obtain the result that the absorption coefficient, A, is directly
‘proportional to the square root of the frequency and to the square root of
the conductivisy, being independent of the dielectric constant. On the
other hand, at frequencies sufflciently high that x << £, equat:.on (1 32)
may be written

kx v
A= =2 (x<< E) . . (135)
which shows that the absorption coefficient, A'g is indépendeﬁt"bf the fre-
quency, directly. proportional to the: cendue’tivity and7inversely proportional

to the square’ ront of the d1e1ectr1c constant’ - .In ‘order to 111ustrate the
amount of this absorption as ‘a functionof-the radio- frequencyg the con-
ductivity and the dielectric conqtant Figure 21 'h#'s been drawn to show the
distence that & radic wave will travel through a medium before its intensity
is reduced to one~tenth of its former value, It is interes sting to note that
the ultra-high frequencies are absorbed only slightly more than frequencies
~in the standard broadcast band in passing through media of average conduc—
tivity. The constant A may he determined for the case whers d is ‘expressed
in feet simply by dividing the constant. 2,30259 by the distance in feet as
given in Figure 21. These results may be used for determining the exponential
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factor in (130) and (131) by _setting 4 = 2 A and using the equivalent
dielectric constent (E~ cos¥), '

So far we have been concerned with calculating the field intensity
above the ground, For some types of direction finders the Tield intensity
at & depth A below the surface of the ground is also of interest. When
the incident wave at the height z above the ground is given by (98),, the
transmitted wave at a point directly below and et a depth A is given by:

E ' - ) u ', 2

5, = ---gfl(l . By (cos Yk + /nz - cos? ¥ 1) Jlklz sin ¥+4 /n2 - cos=¥) . (136)
a ‘ .

= - B, (1+R) 4 Giklz sin ¥+ A /na -~ cosY) (131
1 T ‘

Since the k'and i components of (136) are, in general, out of time phase,

EltA wlll oscillate in an ellipse with its mejor axis very nearly parallel io
tixe ground when n is large. WNotice that the amplitude of B 4 is approximately
n times that of §l|t° In the case where the electric vector of the downcoming
wave is normal to the plane of incidence we obtaini

; 2 2 |
B, =B, 1+ RY 3 e.J.k(z sin ¥Y+A /0 - cos®¥) (138)

H"t = E“d(l* R;)(cosv&#,/ﬁe - }cosz\y,iw) en\‘(z sinﬂf%—A\/nz ~ cos?¥) (139)

[

in this case Hyy oscillates in an ellipse with its major axis very neerly
parallel to the ground; as before, the amplitude of Hlt is approximately n
times that of B t,l The attenuation factors in (136), (1}7)9 (138), and (139)
may be dztermined from Figure 21 or by equation (132) by identifying d with A
and Ewith (€~ cos®Y). The term kz sin Y in the above equations relates
the phase of the transmitted wave to that of the incident wave At the height z

above the ground, :

The above completes the discussion of the polerization of received iono-
spheric radic waves. By means of the eguations given in the preceding two
sections 1t is possible to determine the polarization cheracteristics of the
" electric or magrnetic fields of a downcoming.ionospheric wave as received above
or below the surface of the earth and to determine the influence on those
characteristics of (1)} the volarization of the wave as it leaves the trang- ,
mitting antenna, (2) the magnetic field of the earth, (3) the collision frequency
of the electrons in the ionosphere, (4) the angle of incidence at the ionosphere
as determined by the virtual height of the ionosphere and the distance between
transmitter and receiver, (5) the angle of elevation of the downcoming wave, (&)
the electrical constents of tke ground at the receiver, (7) the height above or
the depth below the ground at which the messurements are mede and (&) the radio
frequency.

= T N .
Y10 general gt may be determined from By by mesns of the relation Hy = n py x By

‘ . L[z 2 -
where ny = L cos Y i - & /fuf . cos“ Yk is the (complex) unit vector normel to

‘the wave fr8nt of the t?ansmitted, wave,
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IV. Testing Direction 7\ﬁers by Mesnsg af Fie;dh from Nearby Sources;
the Measurement of the Wlectrical Constants of the Ground,

For the purpose of t&ﬁting a direction finder for the presence of

polarization error, it is customery to transmit waves from a2 source et
a comparatively small distance away; see Figure 22. This introduces

many complications since the waves received at the direction finder may
no longer be coneidered tee be plane waves ag are the downcoming ionespheric
waves, and it is the purpose of this section to discusg, the resulting '
differences in the propagation, Waves with their electric vectors il 4o the
Pplane of inciderce should be transmitted from & vertical electric dipole
while waves with their electric vectors L to the plane of incidence should
be transmitted from & vertical magnetic dipole, i.e. a small loop antenna
with its axis vertical. - Sometimes waves are transmitted from horizontal
electric dipeles but, in this case, the waves at the receiving point will
have components polarized both W and L to the plane of incidence unless

the dipele is exactly horizontal and the recelving point lies in the equsas-’
tnrial plane of In tosting & direction finder it is impossible
for -both wave collectors to lie exactly in the squatorial plane of the
horizontal electric divole and, as a consequence, small amounts of electric
fis1d polarized parallel to the plazne of incidence will be present at each
wave collector when the center of the direction finder lies in the equas
torial vplane of the disoley furthermore, both the electric and magunetic

1elds associated with these undesired components are out %f phagse at the
twc wave ¢ollectors and thus cause still more difficulty e will teke

e & - k plane as the plane ol iacidence with ¥ vertlcal as in the previous

sec+1on Tsee Figurs 22). In the case of a perfectly conducting earth (T= @)
the electric and nmag ﬁnrxv fieldse at a distance 4 and a height z from & ver-
ticel electric or a i ¥ ie dipole at a height a are equal to the
resl parts of the fr,, :

o s . i i(&r wwh )
Zn- 11“51}( cos ¥, |1+ & ~ e AT
Hy *Hop B

+1B os¥y J1*+ -~ “}" o1 L

mHom z‘ir:s‘ Eﬂ) i R

. N RS [ . 1 (kroewt)

i{_l 3 "‘XHOE 9‘;’ Cos ‘Vi 1 v j.._‘\'_;,, FOR 4,,.]:.,“, e 2O vz i+ w-jf'-« - ..ew._“_.m..,‘f“.,.»- o
@1. *Eom | e 1 L kro . e

In the above equations the upper values and signs correspond to the werticsel
slectric dipole while the lowsr wnlues and signs correspond tn the vertical

16These undebxred eluuuvla fidli cumnonents frmm 8, Hori ontai electﬂxc u;vui@
heve very appropriately been designated as "bad-natured vertical® by Mr, W, H.
Wirkler of the Collins Radin anva¢\ whw firet pointed out their significance

“0

in direction finder testing.. - Bouatiocag for the fields from hnr1zuﬁt 1 eleciric

and msgnetic dipolesz are given in Annen tix I,
iy :

RN ¢ SRR
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magnet»c, dipols i Bp=uHy €0 for a verticsl. electric dinole and By Hy= G
for s vertical magnetic dipule. By, and H,p are the values of the elsciric
and magnetic radistion fi elds at & unit oi@tance in free space in the egua.-
torial plane of the electric diveole while and H, are the corresponding
values for a mngn$hi” dipole,i7 The d1suance ri. in %he ahove equations
musst always be maqh 1argpr than the largest dimension of £the electric or
magsmt1 dipole; ﬁhe dimensions of the dipole must also be small in comparison
to the‘waveleng ih; The phase of the field from the electric dipole is re-
ferrel 'to the puaﬁe of ‘the current. 1n ‘the dipole while the phrse of the field
fron the magnetic dipols is referred %o the phase of the magnetic field st
the senter of the dipele which! in turn; is in phase with the current in the
dipole. T3, Tos Yy and'Va are ade quate¢y defined in Figure 22. Note that
ten Yy = t&. - z}{d so that Wy is negative when z > 8 tanW¥o = (a + 2)/d,
The unit vectors Y, ¥ msﬂfl k+sin¥; 4, Yo = cos Yo k- sin ¥s 4,
ry = cos ‘J,r d - sin ¥4 k, snd rp = cos Wp 4 +sin Yo kX ore slso ‘shown
on Figure 2 The wnit vector 9 1s perpendicular to both k and d (see Figure
28) and is;deflned by the relhtlnn = k x d, For aistances d > A the terms
~in {140) ‘and (1M1) proportional to r-2 and 3 may be neglected for most
" practical purposes unless ﬂf)-andﬁwg ars large and this leads to a very sub-
stantial simplification in “3}) and (141}, The t&rms associsied with the
subseript 1 in (iM0) and (141) recresent the fields which would be preésent
in free space s w2y bo gean by keeping vy fixed and allow;ng rs to increase
without 1imit; these terus i” the oresence of the ground ars called the direct
wave, The terms suescismted with the subscript 2 in (1LO) and {141} are cvelled
the ground-reflected wave; Lf we let (a4 z) apoproach zero the direct and
grouni-reflected waves frum the magnetic d¢inole exactly cancel each other
while thasa fron the electric dipnle add tn produce a resulting field which is
Just twica th space field. 4As the hoight of the dipole above the earth’
is changed iy ntion redistance changes and thus the power for a given
current alsc var] ng this variation is not shown explicitly in (lhO) and (i41)
since thezs egquations are for s fixed current rather than for a fixed power,

o it
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m [
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1t should be noted that, ot »umotﬂnces less than one wavelength or, due %o
the oresence of ths ground., EVbn at distances greater than one wavelength, the
amplitude of H,is rot equal to the amplitude of E,,(when H .7 B,ye 86 that
both are expressed in the same units) as it would be at large distances in free:
space and, as_g;consequeuce,Amea urements of %Atcanno be made with'a loop
antenna without appropriate ¢orrection for this difference.’ Similarly, in the
cage of the vertical magnetic dipole, the amplitude of Hyis not equal to the
, amplitude of Ej.a Ia order to investigate this point further we will consider
the caas where r » % z; then ¥ and VYo may be set equal to ¥ and T and ry
may be et equal to.r, where the amplitude slone is involved, but must be set
equal to r < 2 sinY and r + z =in ¥, respectively, where they occur in the phase.

1Twhen ry is expressed in melers, B, is eﬁnre ead in volts pev meterb I denotes
the antenna current measureu in_amperes angd. A is measured|in meters, then
Boe = 30k 1 hand By = 30 k€ 1 A where h i the effective length of the
celectric dipole measured in meters and & is the turns area of the magnetic di-
pole measured in square meters times the number of turns. When field intensisty
surements are made using a loop antenna. ac tunlly H rather than ¥ is
measured; when such field intensinie; are de,1gnated as volts per meter they
refer to the related value of B Uﬂl”h would be present if the field measured
were that of 2 plane wave in free space; thus our equations for H may be ex-
pressed in terms of the volis per meter measured with & loop anienna by

setting HOQ = Eoe and hom  = Ecm”
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o
\Iotinﬁ that [¢-ikz sin W giks Mn\l«f‘] 2 cosl{k z sin V) and
« Z

sind | oikz sin¥WT= _ 24 gin(k » sin\lf) we obtain fro;n the a-
bove equations: ' '

" N » , ikr
E , = i2B,, coslkz sint¥) {cosa W‘*‘(l - 3 gin® ¥) [J‘»— 1 ]}e a (142)

we kr (kr)2 r
B ) . 1 Sikr .
By = Zge [sm(;/;z ) - 4 2 coslix sin}) [ sineos “’{1*3[§; i (m)’é“] F4)
' K , . ikr - ‘
Hy = ~12H, o .;cos.(kz Sifn ¥} cos ‘V [1 M ii‘}.“e“”;“ ¥ : (ll}ll») o

o N - 11 J]etxr
I_Iilz = ~i2H srn.n(_kz sm‘lﬁ){ \P*(l - 3 gin®Y) [;{;* (kr‘? “r - (14s)

. , ik .
H‘“(1 = 2H lcos(kz sin¥)+i -f; sin{kz sin \ll)] sinYeos \\f{l-r 3[;: 1 1} z (1u6) .

Kr. (kr)‘aj
ikr B
E, = 128, sin(kz éin ¥) cos ‘l!![l + ﬂ%} .‘?M;« . ~ (147)

where r v z

From ihe ahove cquations we see that the amplituds of Xy, may be determined

earth by meauring Hy and usina the fellowing relation:

EE“ZE l Hy cos ¥{1+ (1 ~ 2 tan® ¥) Lr - ,_, }/ +~-~~- l , (11{8) '

where r 5% 2z

~

and, similerly, the amplitude of Ey may be determned over . perfect earth
by neasu“%ng P,u and using the fcllow:.ng relation:

}ELE = an [i?ﬂ- Ki}/cosljﬁ‘{l-ﬂ- (1 - 2 tang\” {kr (Kr)"é‘ }vl (1’49)

where r » % z

It will be noted thet the factor in (149) is just the reciprocal of the factor
in (148); this factor is shown graphically in Figure 23 with 1{!= 0‘3‘ 15° 30°
Ko 15! ’5]."9 and 45°%, wmm a function of the’ dzstance r expresssd in *’frsctlmq
of the wavelength. It should also be noted thet, when z is less then s guarter
wavelength, B, E"d* while Hoq > Hya.

The modificatiogs in the above equations due to the finit;e. cbhduc’civity of
the ground are considerable, especially at the higher frequencies where x may

D o e e e o

*The Ejq and Hyy of this part of the re*)ﬁrt refer to the components in the
direction of the unit vector d and have no reference to the values of the
downcoming lonospheric wave of the preceding sections. '
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not be very large. As has been shown in recent paperg:._.'by ‘the author this
effect may be represented by 1ntroduc1ng the’ ‘plane. wave ‘réflection co-
~efficients, R and R_Lg as factors in the expressions for the ground-re-
flected waves and by adding.a surface. wave, g thus, at a dietance d >7twe
may writes o

’

iery * kT2
_;f:_"a iEOQ{cos ‘4!1 9.””,131+ coswg Ry & “{f o
| L ,,‘1'1_ ‘ o —

'l (¢ + krg)

. tcos ¥l - "‘311“8@534 [ cos ¥p ke f'fz (150)
| ‘ ' ik ‘ R ei(¢+kr2)
EJ_ﬁ .,1'1{0 {cos’l}! - + cos \P‘Z Ry = -l- cos 1{!2(1 = Rn)f(Pe°B ).....___E; (,;51)
v i C . . . Lo C
’ ikry ikrp IR ' : Vi(¢-¥kr2)
E_L:: A‘_Eo'm 8 Jcos ¥y e "4 cos ¥, Ry e +cos VYo (1 ~ R_L)f(Pm,Bm) ‘_5 = {(1s52)
| L5 T Te o T2
: oo ik ikro
Enﬁ Hom{c"swl = — Y} + oS ‘l’? RL P2
. . ) -1‘1 ro

. L . o
+ cos "lfa(l - BE(P B ) cos ¥ k*an - cos “'2 ]—J:-—*E*}( 53)

It ise understood in tbe above equations that the time factor g lwt is to be
introduced -and. that the fields are represented by the real parts of the re-
suliing equations. Ry and Ry are the plane wave reflection coefficients as
Gefined in (100) and (103) but with.¥ replaced b 2, the third term in each
ecuation represents the surface wave and f(P B)e “is the surface wave’
attenuation function which is given grraphically as a function of P ané ‘B in
figures 24 and 25. :

(P, B) e“¢ =141 LN e erse (- 1 /1:;) | éi Qs

pl P I . ‘ (155)

18K, A, Norton “Phygical Rpality of Space and Surface Waves in the Badiatlor Field .

of Radio Antennas", Proc. I.R.E,, Vol. 25, Sept. 1937, pp. 1192.1202; "The

" Propagation of Radio Waves Over the Surface of the Barth snd ‘in the Upper At~

. mosphere®, Part II, Proc. I.R.E., Vol, 25, Sept. 1937, pp. 1203-1236; "The Cal-
culation of Ground»Wave Field Intensity Over a Finitely Conducting,Spherical
Earth", Proc. I.R.B., Vol., 29, Dec, 1941, pp. 623-639., The equations given
here aiffer slightly from those in the earlier papers due to a correction 0D~
tained by retaining an additional term in the series expension for R in. equa~
tion (1M) ‘of the second reference ‘above and rearranging some of the otkev terms.
Tris results in a factor coge Yo multiplying f(P,B) in Euz and le and a factor
l/cos2 ﬂfg in the éxpressions for Py 2nd P, Theqe change* have ‘the ef‘ect\of
decreasing the intensity of :the surface wave much more- rap;dly ar the angle
Y, is increased from zero. Bxact expressions for the eleatric’ anﬁ vertical
magnetic fields at any distance from a vertical magnetic dipole over a
finitely conducting earth are given in an appendix for the case when the

' transmxtt1ng and recelvxng antennas are on the surfayeo<
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P, and P .are called “numerical distances "; both increase with increesmg
values of \lrg but Py decremses while Py increases with increasing values of
xand of €. The angle B, lies bethen "0 ana 90° while the angle By lies
between 90° and 180°, Since P =n" P, when¥p iy the surface wave from
 the vertical magnetic dipole is very much more rapn.dly attenuated with
distance then the surface wave from the verticai electric dipole, In fact,
“when 4 > A and 'n ‘)10 P, will be sufficiently large so that £(P,B) mey -
be accurately represented bv the firet term in its asymptotic expansions

. ) . . niB N .2, -«‘12B i - “133 . »
£(p, B) oif = &P 136777 "1.3.5.67707 - a58)

2F (2p)2 - (a3

Notice also that the attenuation of the surface wave from the vertical
magnetic dipole increases with decreasing frequency.= On the other hand, the
surface wave from the vertical electric dipole is much less repidly attenuated
at all frequencies, the atienuation increasing with increasing frequency.

- A comparison of the ahbove equations with the corresponding equations for
plane downcoming waves as given in Part III indicates that, due to the ores-
ence of the surface wave, the fleln from a local transmitter is not the same
as that from the lonosphere; noswever, if we let the distance r increaee with-
out,1limit, keeping ¥ fixed, then the surface wave it attenuated more rapldly
than the sum of the direct and ground-reflected waves and thus becomes a
" negligible component of the resultant field, Wk and‘\lf approach ¥, 1'1 approaches
r - 2 sinV, TP approache&s T -+ z sm\lt and we r)btam fron (150):

iE. . cos Yelk(r ~ z sin¥) : _ .
1z toe ‘ - - {COS\P‘(]. + R“ elekz gﬁin 1”) ¥

- .
+sinY(1 - Ry o1okz sin¥ Q} (159

iw

(where r approaches w)
We see that the above equation becomes identical to (112) for downcom:.ng
ionogpheric waves when we write:

; k(r - 2z sinV) Y A
i Byg cos ¥e R . By . : o (160)

r

In a similar manner it can be shown that (151), (152) and (153) become
identical to (121), (113). and {124} respectively when r is allowed to in-
crease without limit. Thus we see from the above that, in order to simu-
late downcoming ionoepheric wavées by means of a locel transmitter, it ie
necessary to transisit from such a. distance that the surface wave is a
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negligible component of the resulting field; this distance decreases as
the angle Y, increases since the surface wave decreases while the space
wave (vector sum of the direct and ground-reflected waves) increases
with increasing values of ¢'ga Thus, keeping ro fixed, we may write
approximately for the relation between the intensity of the vertical
¢omponent of the surface wave with ¥o % 0 and its value at Yot

m+l
ByzSU (0) (cos 4’2)
1+A n2 Sianz m

Vo2 - cos? ¥,

(1€1)

EquU (4’2) =

vfhere m = 1 at short numerical distances (Pe € 0,1) and m = 3 at large
numerical distances (Pe > 20): the corresponding expression for the
surface wave field from the vertical magnetic dipole is:

B
18U

I
()= _asu () cos"y (162)
2 g8in ‘Pe 3 ‘

14—

\/ne 0082\‘,2'

where Py > 20

" From the above equations we see that the surface wave from the vertical
electric dipole decreases much more rapidly with ¥5 than the surface wave
from the vertical magnetic dipole. The above equations show that (with ro
fixed) the surface wave decreases monotonically with increasing values of
Yo and thus with increasing values of either a or z.

iIn order to obtain a clearer picture of the relative imporiance of
the space and surface waves we will consider the expressinsns for the re-
ceived wave-at the surface of the ground (z = O): in this case, r1 ¥ T'p = r and
¥ = ¥o = ¥ and we obtain: '

B = iE coé'?[(l*ﬂ“) +(1 , Rll)f(Pe"Be)ei¢]<cos'qn_§‘+\/n2 . cost V¥ d>e?°i-kr (163)

Ey® e 2 A

B, = 18 _ cos$? [(1+R,.) N Ru)f(PepBé)eiqj] elkr (16%)
: . o] ] . 3 ©

| - . |

E = By, cosyo [_(14- R+ (1~ R_L)f(Pm,Bm)eW} e ‘ (165)

-

r
' . - ikr
H = H_ cos \’ri[(-li"' R,) + (1 - R_\,)f(Pm;,Bm)e‘W}](cosltﬁ_:_*/'nz ~ coszllrg_)g”:’“ (166)

where z = Q and 4 > A\

s
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Thne first terme in the square brackets in the above equations represent .
the space waves while the second terms in the square brackets represent
the surface waves, In the case of transmission from the vertical elec-
tric dipole we may write for the ratio of the intensities of the surface
wave to the space wave: i

Bisy| - |Husu| - [Vn? - cosy

Lrie.B) (167)

e’ e

where z = 0 a >A

Sincelﬁx - cosa\{f/nzl sinWg, we see by (167) that the space wave will
be stronger than the surface wave at all distances whenever ¥ is greater
than the Brewster angle Y¥p; at the larger numerical distances the surface
wave is comparable in intensity to the space wave only for very smell angles.
Figure 26 shows the relative importance of the space and surface waves at
the surface of the ground for several different freouencies and angles of
elevation over average ground as a function of the distance expressed in
wavelengths., It is evident from thie figure thet the importance of the
surface wave relative to the space wave decreases rapidly with increasing
elevation angle,¥. If we assume that the surface wave is negligible when
it hasg an intensity less than 1% of the space wave, we see by Figure 26 that
transmissions designed to simulate ignospheric wave transmigsion must be
-made from a distance of the order of 2 wavelengths when ¥z U5°, 50 wave-.
lengths when¥= 15° anc 500 wavelengths when Y = 5°, The curves on this
figure asre also applicable for other values of the ground conductivity if the
frequency is simultaneously changed in the seme proportion; for example, the
0.5 mc curves are also applicable to 2 mc over ground with a dielectrlc con-
stant of 15 but with a conduct1v1ty equal to 2 x 10713 e.m.u.

Over sea water the surface wave from the vertical electric dipole is
smaller relative to the space wave than over land. Table No. II gives the
ratio of the surface to space wave intensity at the surface of the ground for
a vertical electric dipole at a distance of one wavelength over sea water.

Table 11

The Ratioc |EuSU /EuSP‘ Over Sea Water at a Distance r/)g Equal
to One Wavelength From A Vertical Electric Dipole

(z % 0; sinY= afr; € =20;0=%5x 1071 e,mu.)
fme L $= 10° Y= o150 Y= 300 ¥ = us°
0.5 0.02219 0.009237 0. 005058 0.001382 0.0004603
1 0.03138 0.01306 0.007153 0,001555 0.,000651C
2 looohh39 0.01847 0.01012 . 0.002764 0.0009207
5 0.07018 0.02921 - 0:01600 0,004371 0.001456
10 " 0,09925 004131 02262 0,006182 0.002059
20 0,140l 0,05841 0,008T41 0.002911

0.03199
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The surface wave from the vertical magnetic dipole is, relatively, N

of less importance than t'ha,t from the vertical electric’ dipole- thus at
the surface of ‘the ground we obtain from (165) and (166) .

uSU

B ool H" ;;,“cos?\lr ‘ ~ R A
*SU‘fa: |% e L;!o £ (P, B) oo (168)
wherez"f-ﬁi()"' arA

"~ When we subsitute in (168) the flrst term in the asymptotic expansion
for £(Py, By) e obtain ?* -

Esul HuSU _ cos? ¥ » s (169)
Eysp HllSP 2“(r/70 s:.n\lll\/ - cosz‘v* 2 'sin \P-l-sina\’f/./ l

where z = 0 d}?\ ,n2,>10

Table III gives the ratio of the surface to the space wave intensity at
the surface of the ground for a vertical magnetic dipole at a distance
of one wavelength over average ground,

Teble III1

The Ratio l \ SU /E spl Over Average Land at a Distance r/A Equel to
One Wavelength From a Vertical Magnetic Dipole

(z =0; sin¥= afr; €= 15,0 = 5 x 1014 e.m.u.)

e ¥ = 50 Y= 150 W= u®
- 0.5 ©0,1338 0.04154 0.007763
1 0.1874 0.05774 0.01C57
2 . 0.2588°  © 0.07875" - 0.01399
5 0.3672 0,1093. 0.01851
10 0.4261 0.1251 - 0.02062
20 0.4513 0.1317 =~ - 0,02146

At larger distances the ratio may be obtained simply by dividing the ratios
given in Table IIl by the distance expressed in \»ravelengthts° "As in the case
of the vertical electric dipole the values of the ratio at a ‘givén distance
in davelengths are thé same for other ground conductivities if the frequency :
is changed in the same proportion, i.e. x is kept constent. :

The Measurement of the Dielectric Constant a,nd
Conductivity of the Ground s

Bquation (163) provides the basis for the wave tilt method of measuring
the ground constants,  We sée by (163) that ‘both the space and surface wave
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‘components of the ground wave have the same polarization at the surface

of the ground.‘ This' forward tilt and polarization of the electric '
vector are discussed: and illustrated graphically in a recent paper by the
~author; see also Figure 16 in this report. ‘The ground constants are
determined by measuring the forward tilt and the ratio ‘'of the minor to

the major axes of the polarization ellipse of the electric. vector,- How-
ever, since measurements. of the: electric-field intensity must be made,
electric dipole receiving antennas must bé used and measurements with such
"antennas are difficult to make accurately because of disturbances to the
electric field due to the presence of the field intensity meter and the
operator, However, we see by (166) that the magnetic vector from a verti-
cal magnetic dipole is also elliptically polarized in the plane of inci-
‘dence and thus may be used in an alternate and in general preferable
method for determining the ground constants. (166) may be written:

T H,E Hq [g_* cog ¥ . 15‘] lwt . (170) .
" I \/n§-= cosé\\f ‘ c

z2=0; a4ArN

If we write

AeiBs __cos W o 1 o (a7
an ~cos?y JE - 141 x' |
where £ ?»-MQL-M S ‘ - ' (172)
cos® ' ‘ - o
x! = X (173)
cos® Y ' '

then (170) becomes

'g_'":: “d [a cos wt + k olcos (wt+ p)]' | | ’_ (174)

=0; 4y A

N

The above equation. shows that the vector magnetic field from a vertical
magnetic dipole rotates in an ellipse in the plane of incidence with its
major.axis tilted s few degrees above the horizontal. The magnetic vector
reaches. its maximum extension when wt = -8 and its minimum extension
when wt = /2 ~ & where : ‘

tan § = T[/l* B TS - ] . ' (17%)

2

195¢¢ ‘the second reference in footnote 18.
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’T oo Lo o2 B - - - e
2 [1+0L2 cos Eﬁ] :

The measurable propertiev of the ellipse are 9, the tilt of the ma,jor
axis above ‘the horizontal and K, th\e ratio of the :minor to the major axes.

tan 8 = ok [cos ﬁA-t- sin B tan 6] ' : T am
K = tan 6 cot 9 . {178)
Figure 27 shows © and K as a function of x' for £’ 2v5, 10, 20 and 80,

The procedure for determining the ground constants from the above:
results is as follows. A smell transmitter is used with a loop antenna Y
which is set up with its axis in the plane of incidence (see Figure 27) at
a distance greater than one wavelength from the point at which the ground
constants are to be determined and at s height such that an easily meas-
urable field intensity is obtained at the receiving point. Using a field
intensity meter with a loop antenna set up in such a manner that it can be
rotated about an axis perpendicular to the plane of incidence but with the
loop axis always lying in the plane of incidence, measurements are made of
8 and K; the loop on the field intensity meter is to be placed as near the
ground as possible but in no cese at a height greater than a small fraction
of a wavelength or a small fraction of the height & above the ground. Having
measured € and K, s corresponding set of values of €' and x' may be de-
termined by means of the graphs of Figure 27 Finally & and.c’are determined.
by means of the following equations:

E,"” £ cosf ‘\V o : ' ‘ _(179)'

T = x! cosP Y £ ° 5.5638 ]LO"16 e.m.u, : (180)
v me 387°

At very high frequencies, x' will be small and we may write

A S | 0 (18w
‘ sin2 8 |
x! = 2K (182)

sin2 8 tan ©

where x' << (£ =~ 1)

";EOA horizonfal eléctric dipole may be used instead of the loop antenna-at the

transmitter (see Appendix I); in this case the axis of the receiving loop
should lie in the equatorial plane of the horizontal electriec dipole which
should be placed as nearly horizontal as possible in order to avoid stray
vertical electric fields; however, these stray fields will not cause as much
difficulty in connection with ground constant determinations as they would
in testing a direction finderc
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We see by the above eguations that the dielectric constant, £, mey be de-
termined at the very high frequencies simply by'measuring 8 whereas a
determination of the conductivity, o, requires a measurement of both € and
K. At very low frequencies, on the other hand, x' will be large and we '
may write ' o

2 tan® & 2 Kk°

where x' > > (€' - 1)

We see by the above equations that the conductivity, O, may be determined
at very low frequencies by measuring either € or K but that the dielectric
constant, €, may not be measured at all; this is no particular defect of
the method since the dielectric constant has no appreciadble effect on the
propagation at these low frequencies. Accurate measurements of K may be
made only wrovided the loop on the field intensity meter is well shielded
or balanced so that its minimum reading on a linearly polarized masgnetic
field (guch sg is generated by a vertical electric antenna) is much less
than X times 1tg maximuwn reading on the same field,

The Galculation of Electric Field Intensities
From Measurements of Magnetic Field Intensities

Since most field intensity meters use loop antennas as wave collectors
they measure the magnetic rather than the electric field intensity. The
appropriate correction factors to be used at any distance from vertical
electrlc or magnetic dipoles over a perfect earth have been given in (148)

a (149) and shown graphicelly in Figure 23, We will here consider the
co responding expressions for distances greater than a wavelength and for
an earth of finite conductivity. When the distance r »>»z, (150} to (153)
may be written

s - RTE i2kz sin
?”ltz = 1 Byg cos ¥ [1+ Rye ¥

+ (1 R )£(Pg,B,) (P + cleg s?n ¥) } ‘ei_k(r =f=.rz Binﬂfl (184)

Byg = i Byg cos ¥ [sin ¥ (1 - i-) - sin ¥ (l*i—) R, el2kz sin ¥

> - ) ’ ! i s »
L Vn cos® ¥ (1 - R")f(P 3,) o1 (P + 2z sin\}!)] e’k(r z sin¥) (185)

n2 r
CHy o= oe Nz , . (186)
By e ¥ |
E.L: By, éoév 1,,_'3-‘.8121\:2 sin Y
. (A iX(r - 2z sin{)
+ (1 - RY1(P,,By) ol +2Kk ““‘F)] e hd (187)



" Hyp By cos ' Do :
Bom —mah ’V“ | ' | - (188)

v Eom

iakz sin \F

&

Ha = Hom cos ¥ [sin ¥ (1 - ) - sin ¥ (1+ 5 R,

v SR 0¥ (1 Rgf(rm»Bm),?iw*m Si“w] e - 1) (189)

. T
where r >z and r » A

The above equations show that, when r) » 2z and B and H are expressed in
units such that they are equal in free space (see footnote 7, Byyz may
be determined by multiplying H; by cos ¥ while Ej may be determined by
div1d1ng H" by cos¥: this latter result is of particular importance since
H, is usuafly much smaller than Hlld near the surface of the earth so that
measurements of the magnitude of H, rather than Hy, would provide much too

©  large a value for L_‘_,, In fact at the surface of the earth9 since

sin ‘V (1 = Rn) = COB (.1+Ru) and sin V (1 oo R_L)
Jne ~ cos ‘V(l* Ry, (185) and (189) may be wrltten

/ = COS \P‘H_L

| Byg = = e o (190)
' Hoe '
E _H ey : .
By = on tid B (191)
Hom 2 - cos® Y
where z = 0 r>Nn

and we see that E, is very much sma,lle‘r than the value which would be ob-
tained by measuring Hnd and using no correction factor,

The Ground Wave Field Intensity at a Depth
A Below the Surface :

The electric and magnetic field lntensitips at a depth A below the
surface of the ground and at a distance d from a vertical electric or
vertical magnetic dipole at a height a (see Figure 22) may be expressed

1 E
By = ——2° cos\lr[(1+n)
L} 2

‘ n _ )
'+ (1 = R.l)f(PeoBe) e‘i¢‘] (cos ¥ k+,/ =~ cO8 \P' ) lﬁ{ﬁ”’lw: 28 j’w (192)
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1]
H
e

¢] 1k(r+AJn cos :V)

H Hyg cos W 9 [(1+ Ry + (1 - R)E(P_,B) &

=
oo i¢] ik(r-l-AJn - cocaaip')

933

oy

E, = By cos¥ 9_‘[(1-"' R)+(1- R)£(P,,By) e (19&)_

B, = Hy cos '4:[(1 + B))

...4"

: oo . k( ‘/ - ) - |
+(1‘.. RJ_)f(‘_l’m,Bm) em](cw\lﬂ_g‘o \/ne - cosa'qlg‘) et r+A . “"c‘?f“f“ - (195)

A comparison of the above equations with eguations (163) to (166) for the

field intensity Just above the surface indicates that they give the same

ya

value of field intensity with A = O for all of the components except E
which is nz‘times a8 strong just above the surface as it is just below
the surface. The ratios of the surface to space wave components given in
(167), (168), and (169) and in FPigure 26 and Tables II and III are also

i

. applicable to the transmitted wave under the surface of the ground.

"Part V., Conclusions.

°®

The principal purrpcse of this report has been to provide a ?icture of
the nature of the polarization of downcoming ionospheric radio waves with

~emphasis on those characteristics which have an effect on the operation of

a direction finder. It was found convenient to separate this study into
two parts (a) a study of the polarization of the downcoming waves befcre
they reach the surface of the earth and (b) the modification in the polari-
zation caused by the fact that the wave collectors of the direction finder
are placed near the ground so that the resulting wave at the direction
finder consists of both a direct wave and a wave reflected from.the ground.

For a study of direction finding the polarization of a downcoming wave
ig adeguately described when we can specify the ratio of the intensities of

" the components of the electric and magnetic fields polarigzed parallel and

perpendicular to the plane of incidence and the relative phase between these
components° It was found that, at very high frequencies, the ratio (EJ.d/Elld)

in the downcoming wave varies from a value much less than one to a value
much greater than one, the median value of the ratio being one:; for one
per cent of the time it is greater than 10 and for one per cent of the
time it is less than 0.1, At very low freouencies (Fg.d/Enld i3 dis-

tributed over a narrower rang ge of values and the median velue will be
much less than one when the transmltted wave is polarized parallel to
the plane of incidence at the ionnsphere and will be mich greater than
one when the transmitted wave is polarized perpendicular to the plane of.
incidence at the ionosphere (see equations (95) and (97)), Near the
magneto-ionic frequency, fy, (for definition of f, see equation (62))

-the extraordinary wave is abso*bed in the 1onosnhere and the ratio
.(E d/E ) becomes equal to the constant value Ry (for definition of

‘ see equations (66) and (26)). Just below the maximum usable frequency,
only the extraordinary wave returns to the earth and the ratio (Ex.d/Eugd
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becomes equal.to the constant value I/Rdo ‘At very high frequencies the rela-
‘tive phase,bqtmcgn‘EJ:d~and E];d is random whereas, at very low frequencies,
"walues of the relative phase near. B (for definition of B see equation (66))
are more probable when the transmitted wave is polarized parallel to the plane
of incidence while wvalues near (B - 180°) are. more probable when the trans-

- mitted wave is polarized perpendicular to the plene of incidence, Near the
magneto-~ionic frequency, £}, the relative phase becomes equal to the constant
value B and just below the maximum usable fredquency the relative phase becomes -
equal to the constant value (B - 180°). o '

For wave collectors near the ground, the effect of the ground is to
suppress the perpendicular component. in favor of the parallel component of
the resulting wave under most circumetances (see Figuree 18, 19 and 20).

' When the elements of the direction finder responsive to the undesired per-
pendiculafvcomponents of the resulting wave are buried underground as in the
shielded U direction finder, this suppression will be very large indeed (see
equations (138) and (112)) so that such a direction finder should be com-
paratively free from polarization error. On the other hand, when a direction
finder is to be operated primarily at the shorter distances so that the ele-
vation angles of the downcoming ionospheric waves are large, the parallel com-
ponents of the downcoming waves: will be suppressed in favor of the horizontal
components for wave collectors above the ground and a direction finder designed
to operate on these latter components, such as one with spaced vertical mag-
netic dipole wave collectors, would be expected to have some advantages.

When, &8 in most direction finders, the vertical component of the electiric
field (or the perpendicular component of the magnetic field) is the desired
component while the perpendicular component of the electric field is the
undesired component, there will be less polarization error when the direction
- finder is located over soil with the largest possible value of the index of
refraction, n, i.e. over soil with the highest possible dielectric constant
and conductivity., In Part IV a simple method for measuring these ground con-
stants is described. g -

The probleme arising when testing a direction finder by mesns of fields
transnmitted from a source at a comparatively short distance away are dis-.
cussed in Part IV, Due to the great complexity of the fields at distances
less than one wavelength from a tremsmitting antenna and the lack of any
rea® nably simple, yet accurate, equations for the field at these short
. distances, it is considered desirsble to keep the source for testing the
direction finder at a distance greater than one wavelength, - It is shown
that, due to the presence of a surface wave from the nearby transmitter
“which is sabsent in the csse of the downcoming ionospheric waves, tests for
determining the magnitude of the polarization error of a direction finder
can only be made for high elevation angles unless the source is removed
to a very great distance or unless appropriate correction is made for the
effect of the surfacé wave, In genersl it would appear that the National
Bureau of Standards method of testing a direction finder for polarization
error ig to be preferred; in this method the polarization of the test wave
is measured at the direction finder and the direction finder performance
- is then calculated using the equstions in Part III of this report.
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.The method of calculating the electric field corresponding to the mag-
netic field as measured by & loop antenns is also given in Part IV, In
particular, it ie ehown that By may be determined from H,,z by dividirg

by cos ¥ when the dxqtance T 7) 2z aad v ) b

A directiOn finder site should be on very 1evel 1and with uniform
ground conductivity. Although it has not been tried, it seems likely thst
~information of value concerning a proposed site could be obtained very
easily and rapidly by transmitting from a vertical magnetic dipole and
measuring the ground constants at various points on the site using the
method described in Part IV
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A;m entix 1

. The Electric and Magnetic Fields from Horizontal Electrie -
and Magnetic Dipoles, - RN
A£ n distence 4 » A the electric and magnétic field intensities from
& horizontal electric dipole at a height & end pointing in the positive i . '~
direction may be expressed: , , '

| ikry ikry RAUVES 0 A
E,= 18,8008 + Ry S & (1 - ROT(Py,B) = ~ (196)
| | Y L eFTe '
Ell: i Eoe cos Q{aipaﬂll er 1!'1 + sin ‘l"a Ry = - 2
\ 1 2

YA \ | .
n“ - cos< Y,
o a -
- 5 - RYL(P,,B) [coa ¥, k+ 5 a
by B Ty
’ - (1977
e‘lkx‘l . eikra . ) .
' 1 : 2
, - 4 i@+ k rp)
+ (1 - Ry )f(R,,B) [cos ¥, k+/o? - cos? v, g_] .2 5 - (198)
~ ikr - JEr2
B = -1Hy, cos 00]sin W,y 5;_---». +sin ¥, Ry —
. = T
2 . cos® P k) o
n" - ‘ 2
+ f cos ‘l’g (1~ R)E(P ,B) & (199)
2 . . []] [ e T
n ’ 2 .
where & YA ' < V | \

The angle 0 together with the other geometrical parameters in the above
equation are adequately defined in Figure 28 and in Figure 22 which il-
lustrates the geometry in the plane of incidence. The unit vectors §
and d mey be defined O = cos 8 J - 8in 8 1 and 4 » cos &1 + sin &

When the receiving point lies in the eguatorial -plane of the hori- -
.zontal electric dipole, © = 90°, Ey=® B # O and.f(l96§ and (198) becone
very similar to the expressions (152) and’ (153) for tke vertical magnetic
.dipole except for the factors cos ‘P'l and cna'\ygu On the other hand,

" when the receiving point liee in the i - k plane, i.e. for transmission.
off the end of the horizontsl electric dipole, 9= 0, B, = H y#{0 and the
"electric field will 1le entirely in the plane of incidence; the surface



. .when the center of the direction finder lies in the ecustorial plane, then

;-5om U

wave is weaker 1n this case in proportion to the factor /nz - cose \I’ /n cos 'l]fa
, _than the surface wave- frmn the Vevtical electric d1pole . ;

L Goneider th case of tranamission along the equatorial plane of the -
.horizontal electric ‘dipole for- the purpose of testing a direction finder; -

E, at one of the wave collectors will be: equal to = B i for the other wave

- . collector since & will be slightly greater, than, .90° for one of the wave

-collectors and wiil be slightly 1ess than 900 for the other wave collectofo -

- At a diatance d ) 7\the electric and megnetic field intennties from a
A' horizontal megnetic- dipole at a heigrht a: and w:.th its axis pointing in the
positive i direction may be expre geds : :

k 2 - -
2 . ST
i St S
U 2
L : S n- o= cos™ ¥, 19 + Kk rp)
L% (1 -‘AR")'f‘(?e‘.‘Bé)'[30,‘? ¥, k+ f SR ?2 ..} : 2 (200)
E.‘LVE Eém.cqs‘O-g{iin ,"Vl er — ¥ Sin ."pg R.L“"'—“‘:;‘
e ! S TR u
: — s - i(¢+k r2) '
L %fa% - cos? ¥ (1. R)E(R,,B ) — } (201)
A R w,r-2=s~”' S R TR
B R (1 g r2> =
B = - By uneﬁ & T4 R, +uqaR)ﬂP B)e - (am)
. , g T, ERAREE - W LT
S o ikry o o .fi:k“- .;_"? e
R 1 JHerp L PR
....1_{‘.'” -] _gom cos O{sin \yl "Vl"' gin q:a R.L , riz R L
S : 4 1' R . e L .
i(¢+kr)
. f2 - cosa \P'a (1 - R_\_)f(l’ B ) {cos ‘\\52 k-i-\/ - cos® '(P' ‘1 2 $
- 2o
- B . Lo o R (203)

When the receiving point lies in the equatorlal plane of the horizontal A
"magnetic dipole, & = 90%°, B, = H,=0 and (200) and (202) become very .similar .

to the expressions (150) tmd (151) for the vertical - electrm dipole except for

* the factors cos \Vl ard cos ‘\’z,' On the other hand, when the receiving point -
. lies in the i - k plane. ©= 0, E,= H; = 0 and the magnetic field will lie ~
E entirely 4in. the plane of incidencea The smrface wave is: stronper in this '

latter case. in proportion to-the ‘factor ""-.'*-"ha - c032 '3" /cos ."l!'g than the L PR
j surface wave - from the vertical magnetic dipole, this suggests that the trans‘ o o

\
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missions from a loop entenna with its axis parallel.to the pla df'incidenbe‘
for the purpose of measuring the ground constants W111 be strongestxwhen the:
loop axis is parallel to the ground ' B : : . , Cowy

Appendix 11

" Exact Bquations for the Field at the Surface Radiated
from a Vertical Magnetic Dipole on the Surface

BEquations (150) to (153) are spplicable cnlg at distances greater than
one wavelength and then only when ne 21, Wisel  has given exact seriee
~ expansions_for the vertical electric dipole and these have been: evaluated -
by Burrows“® at distances less than one wavelength for several different :
valuegs of the dielectric constant, with x = O and with (a +- z) =0, 1.es with
the transmitting and receiving antennas on the ground .

Bxact expressions are given bdelow for the vertical magnetic and the ’

horizontal electric fields at the surface of the earth radiated from 8. vertin:
cal magnetic dipole at the surface of the earthz .

-2 B |
2= - o:l) [(1 a2 o iK(n - 1)a) N (. (Heln = 1)51),

1kd(n® | N
| . (1 - olk(n - l)d)] e -w (204)
(ka)? ¢

. . | |
-2 H | :
By = om L. o3 gtkln - l)d) Y (1 - 2 oik(n - 1)a)
tka(n® - 1) | _ kd _ .

§

- =9 ; 1 - n'eik(n 1)? 9 . eikln - l)d)] ei(kci ~wt) (205)
(xd) 2 (kd)3 | d

The above exact equations were derived from the exact expression for the wave

2lgee footnote 14; also ¥. Howard Wise, "The Grounded Condenser Antenna Radia-
tion Formula", Proc, I.R.B., Vol, 19, pp. 168“«1689. Sept. 1931, and "Note .
on Dipole Radiation Theory" Physicé Vol by, pp. 35”»358 Oct 1933 ’

220harles R, Burrows, "Radio PrOpagation Over Plane Earth - Field Strength
Curves", Bell System Technical Journal, Vol. 15, pp. U5~75, Jan. 1937, and
an addendum to the above paper in Bell System Technical Journal, Vol. 16,
PP. 57“*577’ Oct. 1937.

kN
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. funetion obtained by van der P0123 for a vertical magnetic dipole on the .
surface; an equation for H,g could not he obtained since it involves dif-
ferentiation with respect to z which does not appear in the wave function
for the case (a+2z) = 0, At very short dishances we see by the above '

equations that the field will oscillate with dirtance due to the terms cone

taining the exponentisl elkin = 1)d At 1arge distances, since ik(n - 1)d
vill have a large negative real part, the exponential will appreach zero,
the quantities in the square brackets in (204) and (205) approach one, and
(204) and (205) become identical to the first terms in the asvmptotmc exX~
pansions of equations (152) and (153) with (&*-z) = 0.

" Since the above equations are confined to .the case (aﬁ-z)‘a 0 and .
since the field from the vertical magr.etic <dipole increases very raoidly _
as {a-+2) is increased, they are of little interest except from the academlc
point of view. Uhfortunately. equally simple exact equations for the fleld
with (anfz) different from gero .car~ot be obtained; the infinite series

expansions obtained by Wise for this case (given in the second reference in A-

footnote 21) may ‘be useful in some_applications but, at ‘distances less than
one wavelength where (150). to (153) are not sufficiently agcurate, so many

terms must be retained in these series expansions that they aré very diffi~ .

cult to use,

S

s s

éjialth ‘van der Pol “Uber die Ausbreitung blektromagnetischer Wellen“, Jahrbuch

der Drahtlosen Telegraphie und Telephonie, Zeitschrift fur Hochfrequenztechnik,

‘Band 37, Heft 4, pp. 152-156, April 1931,



THE POLARIZATION OF A DOWNCOMING RADIO WAVE

(AS VIEWED BY AN OBSERVER LOOKING BACK ALONG
THE WAVE NORMAL IN THE NEGATIVE J_DIRECTION)

f=1mMC fy
0 =90 WEST-EAST) @ =45°

1 =268 30

= 1.53 MC - |
Eoq= kCOSwt + j0.7187cos(wt + 258 a2 30)

Z=0.306 Exd=K0.7187C0Swt — jcos(wt + 255 42" 3d)

NOTE: THIS FIGURE SHOWS ONLY THE SHAPES
OF THE POLARIZATION ELLIPSESy ON THIS FRE-
QUENCY THE EXTRAORDINARY WAVE ELLIPSE
WiLL BE MUCH SMALLER THAN THE ORDINARY
WAVE ELLIPSE DUE TO THE GREATER ATTEN-
UATION OF THE EXTRAORDINARY WAVE. E oq
AND Exd ARE SHOWN AT MAXIMUM EXTENSION,

Fio |



THE POLARIZATION OF A DOWNCOMING RADIO WAVE

f=1MC = 1.563 MC
" 0=270 (EAST-WEST) ¢ = 45°

I= 68° 30

(AS VIEWED BY AN OBSERVER LOOKING' BACK ALONG
THE WAVE NORMAL IN THE NEGATIVE _1_DIRECTION)

Eod=kcOswt + jo7715c0s(wt + 310° 557)
Exd=k0.7716coswt — jcos(wt + 310’ 55
Z = 0.306 =xd =2 wt — jcos(wt + 3107 55)

NOTE: THIS FIGURE SHOWS ONLY THE SHAPES
OF THE POLARIZATION ELLIPSESy ON THIS FRE-
QUENCY THE EXTRAORDINARY WAVE ELLIPSE
WILL BE MUCH SMALLER THAN THE ORDINARY
WAVE ELLIPSE DUE TO THE GREATER ATTEN-
UATION OF THE EXTRAORDINARY WAVE. E od
AND Exd ARE SHOWN AT MAXIMUM EXTENSION.
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THE POLARIZATION OF A DOWNCOMING RADIO WAVE

(AS VIEWED BY AN OBSERVER LOOKING BACK ALONG
THE WAVE NORMAL IN THE NEGATIVE LDIRECTION)

. [
F=IMC f=1.53 MC Eod= KGCOSwt + j0.2957G08(wt + 287° 1)
" ©=180° (NORTH - SOUTH)- §=45°

Exd=K0.2957C0Swt — jcos{wt ¢+ 287°1")
= 68° 30 z=0.306 =xd= 2 | J.c0sk

NOTE: THIS FIGURE SHOWS ONLY THE SHAPES
OF THE POLARIZATION ELLIPSES; ON THIS FRE-
QUENCY THE EXTRAORDINARY WAVE ELLIPSE
WIiLL BE MUCH SMALLER THAN THE ORDINARY
WAVE ELLIPSE DUE TO THE GREATER ATTEN-
UATION OF THE EXTRAORDINARY WAVE. Eod
AND Exd ARE SHOWN AT MAXIMUM EXTENSION.

Fig 3



v 34Nn9oid

‘NOISNILXI WNWIXYIW LV NMOHS 3yv PXT gNV

POF "3AVYM ANVYNIGHOVHLIX3 3IHL 40 NOILVN
-N3LLV ¥31V3IY¥D 3HL O1 Ind 3ISdI113 3JAUM
AMUNIGYHO 3HL NVHL 337 1VAS HONW 39 1M

3Sd 17173 JAVM AYVNIQYOVYHLXI IHL AONIND

-3¥d4 SIHL NO ‘S3Sdi113 NOILVZINYI0d 3HL 40

. , S3dVHS 3IHL ATINO SMOHS 3FHNOI4 SIHL : 310N \

SL=¢ 1-06= 0¢ 12=¢
™ AT PX T = - —_ . =
(282 + 3m)soa [ — N 5009284 05 =P*3 () ,482 + 2M)s00f —~ 30500 W=P*F (14282 + 2)500f — 1m s00zi88°0% = P¥3
. o~ pPo= ey — — e
C 182 + 1™M)soo09zay of + amsodV="P°3 (! .82 + 2m)s09f 4 1ms0oy=P°F (1 £82 + 3)s0021880f + 3m 500 =POF

90€0=2 0¢ 89=1 (HIYON-HINOS) 0=6 OWest =" ow i =y

(NOILO3IMIQT 3IAILVOIN 3HL NI TYWHON JAVM THL
ONOIVY M0VE ONINOOT HIAHISHAO NV A8 GIm3IIA w<v

3AVM O1QVYH ONINOONMOA V JO NOILVZINVIOd 3HL

.
- > -



THE POLARIZATION OF A DOWNCOMING RADIO WAVE

(AS VIEWED BY AN OBSERVER LOOKING BACK ALONG
THE WAVE NORMAL IN THE NEGATIVE DIRECTION)
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I
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|
J

f=1MC

Eoa=KC0Swt + j0.4283C0S(wt t 219)
Exd =k0.4283C0Swt — jCOS(wt + 219°)

o 7
=68 30
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1
A
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f =5 MC

|
Eod=kCOS wt + j0.7508C0S(wt + 253 31')
Exd =KO0.7508C0Swt ~ jCOS(wt t 253 31)

o= 90" (WEST—EAST)
g=70" 1= 68" 30
z= 0.306/f%c¢

f,= 1.53 MC

|
Eod =KCOSwt + jO.55565C08(wt + 235 15)
Exd=KO0.5555C0Swt — jCOS(wt + 235 15)
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-
|
f =20 MC %
1

Eod =KCOSwt + jO.9273COS{wt + 265 38)
Exd =k0.9273C0Swt~ jCOS(wt t 265 38)

Fig, 5




- THE DISTRIBUTION OF THE AMPLITUDE OF THE VECTOR
‘SUM OF A LARGE NUMBER OF SCATTERED WAVES WITH
RANDOM RELATIVE PHASES FOR THE CASE WHERE THE
.EQUI_VA_LENT UNSCATTERED AMPLITUDE IS UNITY
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FIGURE 6



" THE DISTRIBUTION OF THE RATIO OF THE AMPLITUDE OF
TWO VECTORS EACH VARYING INDEPENDENTLY IN TIME
IN ACCORDANCE WITH THE RAYLEIGH DISTRIBUTION
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THE DISTRIBUTION OF THE RATI!O
lE_Ld/EudI FOR 10 FIXED VALUES OF q

f£=5MC R;=0.7523 Rg=0.7508 (Ax/Ao)=|£i=Elij

30

PER CENT, TIME

FIGURE 8
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THE DISTRIBUTION OF THE RELATIVE PHASE BE-
TWEEN Ej 4 AND Ejg FOR 10 FIXED VALUES OF g

f=5MC Ri=o."i523 Ry=0.7508 (Ac/Ag)= 1 Ei=Eij
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DISTRIBUTION OF lE'Ld/E”dl

o= 90" (wesT To £AST)

¢ =10
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VECTOR REPRESENTATION OF GROUND REFLECTED WAVE

I ELECTRIC VECTOR PARALLEL TO PLANE OF INCIDENCE
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THE POLARIZATION OF THE ELECTRIC VECTOR NEAR THE EARTH'S SURFACE WHEN
A WAVE WITH ITS ELECTRIC VECTOR PARALLEL TO THE PLANE OF INCIDENCE IS
INCIDENT AT AN ANGLE. b << ¥, : .

X=500

FIGURE 16
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THE RAT!IO OF THE RESULTANT HORIZONTAL TO VER—

"TICAL ELECTRIC FIELD COMPONENTS WHEN A PLANE
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HEIGHT IN FEET ABOVE THE GROUND
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%

CORRECTION FACTOR FOR DETERMINING
THE VERTICAL COMPONENT OF THE
ELECTRIC FIELD INTENSITY FROM
A VERTICAL ELECTRIC DIPOLE BY
MEANS OF MEASUREMENTS OF THE HOR-
IZONTAL MAGNETIC FIELD INTENSITY.
(ALSO‘APPLICABLE TO DETERMINATION

OF E; FROM VERTICAL MAGNETIC DIPOLE
B8Y MEANS OF MEASUREMENTS OF Hyz )
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PHASE OF THE SURFACE WAVE

ATTENUATION FUNCTION
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HORIZONTAL ELECTRIC DIPOLE
HORIZONTAL MAGNETIC DIPOLE
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