Annex II
AVAILABLE POWER, FIELD STRENGTH AND MULTIPATH CQUPLING LOSS

II,1 Available Power from the Receiving Antenna

The definitions of system loss and transmission loss in volume 1 depend on the concept
of available power, the power that would be delivered to the receiving antenna load if its
impedance were conjugately matched to the recéiving antenpna impedance, For a given radio
v z; , and z, represent the impedances c_:f the load, the
actual lossy antenna in its actual environment, and an equivalent loss-free antenna, reg-

frequency v . in hertz, let =z

pectively:
2, T Ty + ix"- (11. 1a)
z! =r' +ix' (II. 1b)
v v v
z, =rv+ixv (IL. l¢)

where r and x represent resistance and reactance, respectively. Let Wy, Tep-

resent the power delivered to the receiving anteina }oad and write yv;v and A respectively,
for the available power at the terminals of the actual receiving antenna and at the terminals

of the equivalent loss~free rece_iving antenna, If v'v‘ is the actual opén-circuit r.m,s,

voltage at the antenna terminale, then

v'zr
v oAy
Wy = . (11. 2)
lz‘ + z |
v 4%

*
When the load impedance conjugately matches the antenna impedance, 8o that z,, = z'v or

o pt P—— ' : :
T ST and x‘v X (II. 2) shows that the power /¥ delivered to the load is equal to

the power w’av available from the actual antenna:

w o= e—_— (II..3)

Note that the available power from an antenna depends only upon the characteristics of the

antenna, its open-cilrcuit veltage v‘v, and the resistance’ r'v , and is independent of the load



impedance, Comparing (IL 2) and (II, 3), we define a mismatch loss factor

w'v (r;,-r r")z-f(x'v-f x‘v)z
t., = L (IX. 4)
¥ 4r

r
v v

guch that the power delivered to a load equals w'av/‘mv . When the load impedance conju-
gately matches the antenna impedance, !mv has its minimum value of unity, and Wiy =

w:"- For any other load impedance, somewhat less than the available power is delivered to

the 10ad. The power available from the equivalent loss-free antenna is
Y

Wy = 4_1'-., (11. 5)

where v, is the open circuit voltage for the equivalent loss-free antenna,
Comparing (II, 3) and (II, 5), it should be noted that the available power w'av at the
terminals of the actual lossy receiving antenna is less than the available power w_ =10 _ w'

. av erv av
for a 168s8~free antenna at the same location as the actual antenna:

w ! vz
av VoV
lerv = V,B =1, (1. 6)
av r

The open circuit voltage v.v for the actual lossy antenna will often be the same as the open
circuit voltage v for the equivalent loss-free antenna, but each receiving antenna circuit
must be considered individually,

Similarly, for the transmitting antenna, the ratio of the total power wév delivered to

the antenna at a frequency v is !“V times the total power w radiated at the fraquency v:

tv

i )

.letv th/ W, (1. 7

The concept of available power from a transmitter is not a useful one, and 1 'tv for the trans-
c

mitting antenna is best defined ag the above ratio, However, the magnitude of this ratio can

be obtained by calculation or measurément by treating the transmitting antenna as a"réceiving

antenna and then determining Iet to be the ratio of the available received powers from the

v
equivalent 1oss-free and the actual antennas, respectively,
General discussions of lerv are given by Crichlow et al.[ 1955] and in a report pre-

pared under CCIR Resolution No, 1 [ Geneva 1963c]. The loss factor lnv was successfully
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determined in one case by measuring the power wtv

mitting antenna and calculating the transmission loss between the target transmitting antenna

radiated from a loss-free target trana-

and the receiving antenna. There appears to be no way of directly measuring either l"V or

’etv without calculating some quantity such as the radiation resistance or the transmission
loss. In the case of reception with a unidirectional rhombic terminated in its characteristic
impedance, " ‘erv could theoretically be greater than 2 [Hai-per, 1941], since nearly half.
the received power is dissipated in the terminating impedance and some is dissipated in the
ground, Measurements were made by Christiansen [ 1947] on single and multiple wire units
and arrayg of rhombics, The ratio of power lost in the termination to the input power varied
with frequency and was typically less than 3 dl.:.

For the frequency band ‘v‘ to Ym it is convenient to define the effective loss fac~

tors L and L . a»s follows:
er et '

m .
S {d w“/dv) dv
v,
I..“ = 10 log . db (IL. 8)

v
m
Sv (dw;v/dv) dv
1
¥
m
S' {d w;vldv) dv

Yy

Let = 10 log - db (Ir. o

v
S M W, /dv) dv
“s

The limits Y and A the integrals (I1.8) and (II.9) are chosen to include es-

sentially all of the wanted signal modulation eide bands, but Y

large and L sufficiently small to exclude iny appreciable harmonic or other unwanted radia-

is chosen to be sufficiently

tion emanating from the wanted signal transmitting antenna,



1i,2 Propagation Loss and Field Strength
This subsection defines terms that are most useful at radio frequencies lower than

those where tropospheric propagation effects are dominant,
Repeating the definitions of r .and r' used in subsection I, )}, and introducing the new

parameter rf:

rt. . antenna radiation resistance,
r;' .= resistance component of antenna input impedance,

rﬁ. T antenna radiation resistance in free space,
where subscripts t and r refer to the transmitting antenna and receiving antenna, respec-

tively, Next define

L, ® 10 log (#1f7), L, =10log (xl/x ) (11. 10)
L, = 10dog (ri/zp), Ly =10 log (e /x) (I1. 1 1)
L, =10log(r /r )L, - L (11. 12)
Lee ® 10 log (rr/rfr) ® L - Ler (1. 13)

[ Actually, (LL.8) and (I1.9) define Let cand Ler while (II. 10) defined r and ) glven r;
and .r;_].

Propagation loss first defined by Wait [1959] ia defined by the CCIR
[1963a] as
. L

mL-Lr-L db ., (11. 14)

f t re

L_ =L -L
P [ ir

Basic propagation loss is

L =L +G ,
pb p P (I, 15)
Basic propagation loss in free space is the sgame as the basic transmission 10ss in free space,
L defined by (I1. 74).

The system loss L’ defined by (2,1) is a measurable quantity, while transmission loss

bf*

1., pathloss Lo' bagic transmission loas Lb, attenuation relative to free apace A, propa-
gation loss Lp' and the field strength E are derived quantitiai, which in geperal réquire a

theoretical calculation of Le and/or L as well ag a theor'eti_cal estimate of the 1oss

t, er ft, fr

in path antenna gain Lgp'



The following paragraphs explain why the concepts of effective power, and an
equivalent plane wave field strength are not recommended for reporting propagation
data,

A half-wave antenna radlating a total of wt watts produces a free space fleld

intensity equal to
- 2 2
8, % 1.64 wt/ (4wr”) watts/km (11, 16)

at a distance r kilometers in its equatorial plane, where the directive gain is equal to its
maximum value I, 64, or 2,15 db, The field is linearly polarized in the direction of the
antenna, In general, the field intensity ’p at a point T in free space and assoclated with

the principal polarization for an antenna is
et ) . 2 2
sp(r) = wtgp(r)/(tlwr } watte/ km (II. 17)

a8 explained in a later subsection, In (II.17), T=rf and gp(i-‘) ie the principal polarization
directive gain in the direction r. A similar relation holds for the field intensity sc(r) aBw-
soclated with the cross-polarized component of the field.

Effective radiated power is associated with a prescribed polarization for a test antenna
and is determined by cgmparlng s, as calculated using a field intensity meter or standard

signal source with !p as meagured using the test antenna:
Effective Radiated Power =.Wt + 10 log(sp/lo) = Wt + Gpt(i’l) - 2.15 dbw (II. 18)

where Gpt(Fl) is the principal polar.i.zatiora directive gain relative to a half-wave dipole in the

direction T, towards the receiving antenna in free space, and in gencral is the initial direction

1
of the most important propagation path to the recelver,

These difficulties in definition, together with those which sometimes arise in attempting
to separate characterlu.tica of an antenna from those of its environment, make the effective
radiated power an inie}'ior p.a:.ramgter._ comparegi with the total radiated power Wt. which
can be more readily measured, The following equation, with Wt determined from (II, 18),
may be uged to convert reported values of Effective Radiated Power to estimates of the trans-

mitter power“output w " w};éq tranamission line and mismatch losses _L“ and the power

radiation efficiency 1/4 et ate known:

Wy

= t = ’
T w:+ L wt + Let + L dbw (I1. 19)

1t 1t

The electromagnetic field is a complex vector function in space and time, and informa-
tion about amplitude, polarization, and phase is req&ired to dqacribe it. . A real antenna rew-
spondg to the total field surrounding it, rather thap to E, which conespopds to thg T, m, §.
amplitude of the uédz;l "equivalent! electromagnetic field, defined at a siﬁgle point and for a

specified polarization,



Consider the power averaged over each half cycle as the "instantaneous' available

signal power, w
2
w_=v [R watts
k.4 v

where v is the r.m.s. signal voltage and R ia the real part of the impedance of the re~

celving antenna, expressed in ohma. The signal power w available from an actual receiving

antenna is a directly measurable quantity.
The field strength and power flux density, on the other hand, cannot be meagured di-
rectly, and both depend on the environment, In certain idealized lthlonn the relationship

of field strength e, and power flux density, s, to the available power may be expressed as
8= ezlz = wwhr/(gkz') wattl/mz

where e is the r.m.s,. electric field strength in volts/m, = is the impedance in free space

in ohms, M\ ims the free space wavelength in meters and g is the maximum gain of the re-

cefving antenna.
The common practice of carefully calibrating a field strength measuring system in an

idealized environment and then using it in some other environment may lead to appreciable

errors, especially when high gain receiving antennas are used.
For converting reported values of E in dbu to estimates of W % °F estimates of

the available power Wn_ at the input to a receiver, the following relationships may be use.

ful:
Wy =B+, + Ly -G + Ly - 20logf - 107.22 dbw (11. 20}
W, =E- L!r - Ly #G - Lo - 20 logf - 107.22 dbw (1. 21)
Wy =W -L. =W -L_-L_ dbw (1. 22)

In terms of reported values offield strength E w in dbu per kilowatt of effective
1
radiated power, estimates of the systeim loss, La' basic propagation loss Lpb' or basgic

transmission lose I“b may be 'derived from the following equations,

~
L, =139.37+ L, +L, -G +G -G (7)) +20logf -E, b (11. 23)
Ly = 13937 <L 4+ G = G (7)) +201ogf - E,,  db (I1. 24)
L, =139.37 L +G - G (¥} +20logf - E db (11. 28)

provided that estimates are available for all of the terms in these equations,



For an antenna whose radiation resistance is unaffected by the proximity of its en-
virgnmeng, Lrt = L" = 0 db, 'L“ = Let'. and Lfr
tant for frequencies less than 30 MHz with antenna heights commonly used, it is often as-

surmned-that L =L =3.01db, L_ =L +3.0ldb, and L_ =L + 3,01 db, corresponding
rt rr ft et fr er

to the assumption of short vertical electric dipoles above a perfectly-conducting infinite plane.

= L". In other cases, especially impor-

At low and very low frequencies, Let' Ler' Lft’ -and Lﬁ_ may be very large. Propagation
curves at HF and lower frequencies may be given in terms of LP or .Lpb so that it is not

necegsary to specify Lat and L“.

Naturally, it is better to measure L, directly than to caleulate it using (11.23}% It
may be seen that the careful definition of Ls. Lp. . L, or Lo is simpler and more direct
than the definition of . I..b. Lpb' A, or E, .

The equivalent free-space field strength Eo in dbu for one kilowatt of effective
radiated power is obtained by subatituting Wu = Wt = Effective Radiated Power = 30 dbw,
Gpt(r1)=Gt=Z' 154db, L“=Lﬁ=0 db, and Lpb= L, in (I1.18) - (IL, 20), where L, is glven by (2. 16):

E_ = 106.92 - 20 lagd  dbu/kw (1. 26)

where r in (2.16) has been replaced by d in (II. 26). Thus e, is 222 millivolts

per meter at one kilometer or 138 millivolts per meter at one mile, In free space, the

"equivalent inverse distance field ai_:rength". EI’ is the Bame as Eo' If the antenna radia-

tion resistances L and r. are equal to the free space radiation resistances Yoo and
et then (II.25) provides the following relationship between El lew and I..b with

Gpt(rl) = Gt:

Eka # 139,37 + 20 logf - Lb dbu/kw (1Ir. 27
Consider a short vertical electric dipole above a perfectly-conducting infinite plane, with an
effective radiated power = 30 dibw, Gt = 1,76 db, and er = 3,01cdb,. From (II.18) Wt = 30,39
dbwy since G t(i-‘l) = 1,7¢ db, Then from (II.26) the etjuivalent inverse distance field is

P

E.=E +L _+L__=109.54 - 20 logd . dbu/kw (11, 28)
1 o rt rr _

corresponding to e = 300 mv/m at one kilorneter, or er = 186.4 mv/m at one mile. In

I
this situation, the relationship between E;kw and Lb is given by (II. 25) as

s 142. -
Eew ® 2.38+4 20 logf - L, dbu/kw, (. 29)
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The foregoing suggests the following general expressions for the equivaient free space field
strength Eo and the equivalent inversge distance field E_:

I
E =W -L+G)-20logd+7477 dbu (IL. 30)
E =B +L +L_ dbu (11. 31)

Note that Lrt in (II. 30) is not zero unless the radiation resistance of the transmitting
antenna in its actual environment is equal to its free space radiation resistance. The defi-
nition of. “attenuation relative to free space' given by (2. 20) as the basic transmission
loss relative to that in free space, may be restated as

A=I“b'Lb£=L'Lf=EI-E db (11. 32)

Alternatively, attenuation relative to free space, At' might have been defined (as it some-

times is) as basic propagationloss relative to that in free space:

At=Lpb-Lbf=A-Lrt-er=Eo-E db (I1. 33)
For frequencies and antenna heights where these definitions differ by as much as 6

db, caution should be used in reporting data, For most paths using frequencies above
50 MHz, Lrt + Ln_ is negligible, but caution should again be used if the loss in path

antenna gain L is not negligible. It is then important not to confuse the "equivalent!!

free space loss Lf given by (2. 19) with the loss in free space given by (2.18).



1I.3 MULTIPATH COUPLING LOSS
Ordinarily, to minimize the transmission loss betwéen two antennas, they are oriented

to take advantage of maximum directive gains (directivity) and the polarizations are matched,
This maximizes the path antenna gain. With a single uniform plane wave incident upon a re-
ceiving antenna,. there will be a reduction in the power transferred if the antenna beam ie not
oriented for maximum free space gain, If the polarization of the receiving antenna is mafched
t-o that of the incident wave, this loss in path antenna gain is due to Morientation coupling less",.
and if‘there is a polarization mismatch, there will be an additional "'polarization coupling loss",
In general, more than one plane wave will be incident upon a receiving antenna from a single
source because of reflection, diffraction, or scattering by terrain or atmospheric inhomoge-
neities, Mismatch between the relative phases of theﬁe‘ wav_eé and the relative phases of the
receiving antenna response in different directions will contribute to a "multipath coupling logs"
which will include orientation, polarization, and phase mismatch effects., If multipath propa-
gation involves non-uniform waves whosae ampli.tudes,' polarizations, and phases can only be .
described statistically, the corresponding loss in path antenna gain will include "antenna-to-

medium coupling loss', a statistical average of phase incoherence effects,

This part of the annex indicates how multipath coupling loss may be calculated when in-
cldent waves are plane and uniform with known phases, and when the directivity, polarization,
and phase response of the recelving antenna are known for every direction. It is assumed that
the radiation resistance of the recelving antenna is \maffectéd by its environment, and that the
electric and magnetic fleld vectora of every incident wave are perpendicular to each other and -

perpendicular to the direction of propagation,

II, 3.1 Representation of Complex Vector Fields

Studying the response of 4 receiving antenna to coherently phased plane waves with
several different directions of arrival, it is convenient to locate the receiving antenna at the
center of a coordinate system. A radio ray traveling a distance r from a transmitter to Ithe.
receiver may be refracted or reflected so that its initial and final dircctions are -diffe-rent,

If -f is the direction of. propagation at the receiver, T = fr is the vector distance from the
receiver to the transmitter if the ray pathis a straight line, but not otherwise.

A paper by Kales [1951] shows how the.amplitude, phase, and polarization of a uniform,
monochromatic, elliptically polarized and locally plane wave may be expressed with the aid
of complex vectors, For instance, such a wave may be expressed as the real part ofvthe sum
of two linearly polarized complex plane waves \/”Z?r exp(iT) and iﬁ:iexp(i"r). These
components are in time phase quadrature and travel in the same direction ~-f, where iz =1
and _e-r and _e-.1 are real vectors perpendicular to ¥, 3The vector 7:.1_ + ije-i is then a complex
vector. Field strengths are denoted in volts/km (107 microvolts per meter} and field inten.
sities in wa,ttm/kmZ (10'3

milliwatts per square meter), since all lengths are in kilometers.
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The time-varying phase
T =klct - 1) (IL. 34)

is a function of the free-space wavelength A, the propagation constant k = 2n/\, the free-
space velocity of radio waves ¢ = 299792,5 x 0,3 km/sec, the time t at the radio source,
and the length of a radio ray between the receiver and the source.

Figure II-1 illustrates three sets of coordinates which are useful in studying the phase
and polarization characteristics associated with the radiation pattern or response pattern of
an aﬁtenna. Let r="Ffr represent the vector distance between the antenna and a distant point,
specified either in terms of a right-bhanded cartesian unit vector coordinate system ﬁo. ﬁl.

?.2 or in terms of polar coordinates r, 8, ¢:

- N 2 2 2 2

r=Ffr =ﬁox0+ﬁxxl+x2x2, T =X +:t'.l tx, (IL, 35a)

X, = T cos 9, X =r 8in @ cos ¢, X, =r 3in @ sin¢ {11, 35b)
£ = (0,0 = ﬁo.cos 8+ (% cos ¢ + %, 5in¢) sind, (11, 35¢)

As a general rule, either of two antennas separated by a distance r is in the far field or
radiation field of the other antenna if r > ZDZI);, where D is the largest linear dimension

of either antenna,
to each other and to £, is often calculated or measured to correspond to the right-handed -

The amplitude and polarization of electric field vectors and -;¢' perpendicular

cartesian unit vector coordinate system ¥, 89, $.¢ illustrated in figure II-1, The unit vector

~

& is perpendicular to ¥ and ﬁo' and &, is perpendicular to &, and £, In terms of vector

¢ 0 ¢
cross-products:
é“‘> =(f x ﬁo)lsine = :'il sin¢ = ﬁz cos ¢ {11. 36a)
é‘e = S¢ x F= (SED ~ Fecos8)/sin0, (L. 36b)

The directive gaim g, a scalar, may be expressed as the sum of directive gains ge and

g‘i’ associated with polarization components '_e'e = Eeee and "é:t 2 3¢e¢. where the coeffi.
cients ey and e¢ are expressed in volts /km: '
BByt (11. 37)

Subscripts t and r are used to refer to the gains g, and g, of transmitting and receiving

: : L . . 2
antennas, while g is the ratic of the available méan power flux density and e /qo, where

=10



e, as defined by (I, 38) is the free space ficld strength at a distance r in kilometers from

an isotropic antenna radiating w,  watts
. .
e, = [ﬂawt /(4”2)]/; volts fkm , (1L. 38)

-7
Here, 0, = 4nc. 10 = 376.7304 + 0,0004 ohma is the characteristic impedance of free
space. The maximum amplitudes of the € and ¢ components of a radiated or incident field
are I-_é.el N2 and I:-.;l NZ , where

Va

Y, ;a volts /km , (1. 39)

Tl ce = % e lze =
Ieel =eq = e gg volts/km, |e¢|.-—e¢-e°g
If phases o and 1'¢ are associated with the electric field componénts ?9 and _e.¢. which

are in phase quadrature in space but not necessarily in time, the total complex wave at any

point T is
NT (€, +i¢)) exp(i7) = VT [ expli 7o) +"é‘¢ expli 7,)] exp(i), (I1. 40)

From this expression and a knowledge of Iy T
8,0, 9,9

components ?r and :i, which are in phase quadrature in time but not neces sarily in space:

» Wé may determine the real and imaginafy

— — -
v % eecosTe+e¢coa'r¢ (II.41a)

o
L
o
L]
"

eissiei=eesmfa+e¢5m1¢. {II. 41b)

The next section of this annex introduces components of this wave which are in phase quadrature

in both time and space,
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II,3.2 Principal and Cross-Polarization Components
Principal and cross-polarization components of an incident complex wave
NZ (e +ie)exp(iT) may be defined in terms of a time-independent phase . which is a
r 1

function of T [Kaleé, 1951]. If we write

a_r+1ei=(el+1e2)axp(11i) {11, 42)

and solve for the redl and imaginary components of the complex vector ?1 + i_e-z, we find that

e Eele1 =erC°5Ti+eismTi (II.43a)
e, ,ezez =e cosT - e.sinT. (IL. 43b)

Whichever of these vectors has the greater magnitude is the principal polarization component

— H " a—
ep' and the other is the orthogonal cross-polarization component ec:

2 2. 2 2 .2 - . ,
el =e_cos T + e, sin Ti_+ e ce sm(z-ri) (1I. 44a)
2 2 .2 2 2 - -
= + - . .
e, se. sin T, te cos T e e sin(Z'ri). (L. 44b)

The phase angle A is d'e;errhined from the condition that —e-l -:2 = 0:

ta.n(ZTi) = Zer . ei/(er - ei ) {II. 45)

Any incident plane wave, traveling in a direction -f is then represented as the real

part of the complex wave given by

NZT eexp[ilT + T = \/‘Z‘(“e'p + i”e’c)exp[i(-r +1)]. (11. 46)

~

The principal and cross-polarization directions ep and é‘c are chosen so that their vector

product is a unit vector in the direction of propagation;

8 8 =-fa .
.px (11, 47)
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A bar is used under the symbol for thé complex vector —En—e.p + i_;c in (II, 46) to distinguish
— - —

it from real vectors such as :9' e¢, e e e , and .;c‘ The absolute values of the vector

coeificients ep and e may be found using (II,44).
As the time t at the transmitter or the time T at the receiver increases, the real

vector component of (II, 46), or “polarization vector",
— - — .
NZ [epcos(‘r *T)-e, gin(7 + 7]

describes an ellipse in the plane of the orthogonal unit vectors Sp =_e:'..'l:,lep and sc =?clec'
Looking in the direction of propagation -r{0,¢) with ep and e, both positive or both negative,
we see a clockwise rotation of the polarization vector as T increases,

Right-handed polarization is defined by the IRE or IEEE and in CGIR Report 321 [ 1963m] to
correspond to a clockwise rotation of a polarization ellipse, looking in the directibn of prop-
agation with r fixed and t or T increasing, This is opposite to the definition used in classical
physics,

The Yaxial ratio" ec/eP of the polarization ellipse of an incident plane wave

JT:a:exp[i(T + -ro)] is denoted here ag
a = e:c/ep {11, 48)

and may be either positive or negative depending on whether the polarization of the incident

wave is right-handed or left-handed. The range of possible values for a is -1 to +1,
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If. 3,3 Unit Complex Polarization Yectors
I the receiving antenna were a point source of radio waves, it would produce a plane
wave 'JTEr exp[i{7 + 'rr)] at a point T in free space, The réceiving pattexn of such an
antenna as it responds to an incident plane wave \ITEexp[i('r + Tr)] traveling in the opposite
direction -f is proportional to the complex conjugate of Er exp (i 'rr) [S. A. Schelkunoff and
H. T, Friis, 1952}

['E’r exp(it )]* = (:pr - i'é'cr)exp(-i'rr) . (1. 49)

The axdal ratio ecrlepr of the type of wave that would be radiated by a receiving antenna

is defined for propagation in the direction £. An incident plane wave, however, is propagating
in the direction -£, and by definition the sense of polarization of an antenna ﬁéed for reception
is opposite to the sense of polarization when thé antenna is used as a radiator. The polarization
associated with a receiving pattern is right-handed or left-handed depénding on whether a

is positive or negative, where

axr = -aqr[epr, ecr = ~epr axr. (1L, 50)
The amplitudes leprl and Iecxl of the principal and cross-polarization field components
:pr and _;cr are proportional to the square roots of principal and cross-polarization directive
gains gpr and Bop! respectively, It is convenient to define a unit complex polarization
vector -Er which contains all the information about the polarization résponse associated with

‘8 receiving pattern;
. ) 2 -4
Er = (Spr + 18“ axr)(l + axr) (n. 51)
LR FS S (IL. 52)

The directions spr and scr are chosen so that

S L (11, 53)

In a similar fashion, the axial ratio a, defined by (]I, 48) and the orientations € andé
: ’ P
of the principal and cross-polarization axes of the polarizdtion ellipse completely describe
the state of polarization of an incident wave V‘Z’Eexp[i('r + 'r‘)] » and ite direction of propa-

gation -% = ep X e . The unit complex polarization vector for the incident wave is



E:E/IEI=(8p+i€cax)(lfa:)'l/‘. (1. 54)

The magnitude of a complex vector E'-'-;p + i-;c is the square root of_‘the product of e and

its complex conjugate ?p - i_e’c:

IT] =& %% - (e: el volts km. (IL. 55)
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I11.3.4 Power Flux Densities

The coefficients ep and e, of the unit vectors Gé and é‘c are chosen to be r.m, s,

values of field strength, expressed in volts fkm, and the mean power flux densities ap and
s, associated with these components are

2 2 2 2
sp = ep Iqo watts /km', s, =e. I'qo watts [k, {11, 56)

The corresponding principal and ¢ross-polarization directive gains gp and g, ‘are

(1I, 57)

where W, is the total power radiated from the trangmitting antenna. This is the same rela~
tion as that expressed by (II, 39) between the gains Bg* g*, and the orthogonal polarization
e. and e .

6 é

The total mean power flux density s at any point whete :_t; is known to be in the radi-

components

ation field of the transmitting antenna and any reradiating sources is
—- 2 2 2 2
s-l_g_l /no-geolqo-sp+sc-(ep+ec)/q°
2 F 2 2 2
= (er + e, )Iqo -_(e9 + eq’)/no watts /km (11. 58a)
=g + =g+ =4 rzs/ =8 /ez {11. 58%)
E-SP B, “Bg T By =AM P, =8n,/e, -

where e is given by (II.38), The power flux density s is proportional to the transmitting
antenna gain 8 but in general g is pot equal to g, as there may be a fraction ap of

energy absorbed along a ray path or scattered out of the path. We therefore write

N 2, 2
g=g lra )=a g (1+a ) =a,g. (1L. 59)

The path absorption factor ap can also be useful in approximating propagation mechanisams
which are more readily described as a sum of modes than by using geometric optics, For
instance, in the case of tropospheric ducting a single dominant TEM mode may correspond
theoretically to an infinite number of ray patha, and yet be satiafactorily approximated by

a single great-circle ray path if ap is appropriately definéd. In such a case, ap will

occasionally be greater than unity rather than less,
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Orienting a receiving dipole for maximum reception to deétermine Bp and for minimum
reception to determine S. will also determine §p and Sc:* except in the case of circular polar-
ization, where the direction of & in the plane normal to r is arbitrary. In the general
case where Iaxl <1, either of two opposite directions along the line of principal polarization
is equally suitable for SP.

Reception with a dipole will not show the sense of polarizatiom Right-handed and left-
handed circularly polarized i'eceiving antennas will in theory furnish this information, since
E may also be written to correspond to the difference of right-handed and left-handed circu-

larly polarized waves which are in phase quadrature in time and space:

- e + ec
e=(3 t+id) > . (I1. 60)
=(e_+e N2 tts flm I 61
sr.- ep €. no) watts/ (11, 61a)
2,, 2
s, =(«ep - e ) /(2n ) watts/km {1L. 611b)

so the sense of polarization may be determined by whether sr/ﬁ‘ is greater than or less than

unity. The flux densities 5. and s, are equal only for linear polarization, where e = 0.
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11, 3,5 Polarization Efficiency
The polarization efficiency for a transfer of cnergy from a single plane wave to the
terminals of a receiving antenna at a given radio frequency may be expredsed as a function of
the unit complex polarization vectors defined by (II,51) and (IL.54) and the angle q:p between
principal polarization directiona associated with E and Er. '_I'h’.lu polarization efficiency is

2 2 .2 2
cos ¢ (a_ a +1) +s8in"y (a_+a_ )
|ﬁ_.|2= p' X Xr p'ox xr {11, 62)
Ex 2 e (@l +1
(ax ) axr )
where
ep- epr = -Sc- Scr = €08 \‘Jp, SP- scr = epr- éc = Binl‘JP. (II.63)

Asg noted in section 2 following (2.11), any receiving antenna is completely "blind"
to an incormning plane wave 'J'Z'Eexp[i(‘r + Ti)] which has a sense of polarization opposite
to that of the receiving antenna if the eccentricities of the polarization ellipses are the same
“axl = ‘axr|) and if the principal polarization direction & of the incident wave is perpen-
dicular to & . In such a case, cos tbp =0, a =2, and (IL.62) shows that the polarization
efficiency |f- ﬁrlz is zero, As an interesting special case, reflection of a circularly
polarized wave incident normally on a perfectly conducting sheet will change the sense of
polarization so that the antenna which radiates such a wave cannot rece_iVe the reflected wave.
Insucha case a_=-a  =x1, so that | -ﬁrlz = 0 for any value of Y ,

xr .
On the other hand, the polarization efficiency given by (11.62) is unity and a maximum

xr
and principal polarization direction of the receiving antenna match the sense, eccentricity,

transfer of power will occur if a =a and Qip = 0, thatis, if the sense, eccentricity,

and principal polarization direction of the incident wave,

For transmission in free space, antenna radiation efficiencies, their directive gains,
and the polarizatioh coupling efficiency are independent quantities, and all five must be
mlaximized for a maximurn transfer of power between the antennas, A reduction in either one
of the directive gains g(-f) and 8, (f) or a reduction in the polarization efficiency l_ﬁ ﬁrlz
will reduce the transfer of power between two antennas,

With each plane wave'incident on the receiving antenna there is associated a ray of
lerigth r from the transmitter, an initial direction of radiation, and the radiated wave
Et exp[i{7 + Tt)] which would be found in free space at this distance and in this direction.
When it is practical to separate antenna characteristics from environmental and path charac-
teristics, it is assumed that the antenna phase respdnse Tt' like - 'rr, is a characteristic

of the antenna and its environment and that
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T, =T +7 (1I. 64)

where Tp is a function of the ray path and includes allowances for path length differences and
diffraction or reflection phase shifts,

Random phase changes in either antenna, absorption and reradiation by the environ-
ment, or random fluctuations of refractive index in the atmosphere will all tend to fill in any -
sharp nulls in a theoretical free-space radiation pattern :_é' or Er' Also, it is not possible
to have a cornplex vector pattern e/r which is independent of r in the vicinity of antenna nulls
unlegs the radiation field._ proportional to 1/r, dominates over the induction field, which

is approximately proportional to 1/r .
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II. 3,6 Multipath Coupling Loss

Coherently phased multipath components from a single source may arrive at a receiving
antenna from directions sufficiently different so that T.i and T, vary significantly. It is
then important to be able to add complex signal voltages at the antenna terminals, Let n=1,
2,--~, N and assume N discrete plane waves incident on an antenna from a single source,
The following expressions represenﬁ the comp}ex open-circuit r,m, s, signal voltage Vo
corresponding to a radio frequency v cycles per seécond, 2 single incident plane wave
J'Z'En exp[i(T + 'rm)], a loss-free receiving antenna with a directivity gain Brn
and an effective absorbing area a matched antenna and load impedances, and an input

resistance r, which is the same for the antenna and its load:

1
v_ = (4r Vsnaen)/‘ (B, B dexplilrd s 47 -7 )] volts (11, 65)
s =S |%m =w.a flanr %) watts fkm® (1L, 66)
n TSR M TV P onBin n i

2

2 .
a . =8 A /l4m) km (1L, 67

- Z -1 ’ :
En B, [(1+ a’m)(l + airn)] Ve [tr+ axnaxrn) cos \JJPn + l(axn + axrn) sintppn]. (11. 68)

if the polarization of the receiving antenna is matched to that of the incident plane wave, then

a 8 q’pn =0, -ﬁn - ﬁrn = ].,. and

] 2 2%
Vo= [4r oV apngtngrn A /(411'1:“) 1 exp[il{T + Tpn + Tin -‘rrn)] volts, (11. 69)

If the coefficient of the phasor in (II. 69) ‘hae the same value for two incident plane waves, but
the values of Tin” Ten differ by w radians, the sum of the corresponding complex voltages
is zero. This shows that the multipath coupling efficiency can theoretically be zero even
when the beam orientation and polarization coupling are maximized, Adjacent lobes in a
receiving antenna directivity pattern, for instance, may be 180° out of pbase and thus cancel
two discrete in-phase plane-wave components,

Equation (II. 3) shows the relation between the total open-circuit r, m, 8, voltage

N
. *
v, E [ z vnva volts (I1. 70)
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and the power w, available at the terminals of a loss~free receiving antenna:

2 )
wo=v, [{4r v) watts (IL. 71)

In writing w, for w in {II. 71), the subscript v has been suppressed, as with almost
all of the symbols in this annex. Studying (I 65} - (I 68), (IL 70), and (IL7l), it is seen
that thezexpreesion for w, is symmetrical in the antenna gains gp, gpr, and g, = aj gp,
Bor ™ Py gpr' and that w, is a linear function of these parameters, though v, is not.
From this follows a theorem of reciprocity, that the transmission loss L = - 10 log (wa/wt)
is the same if the roles of the transmitting and recelving antennas are reversed,
Tha basic trahsmission loss Lb is the system loss that would be expected if the
actual antennas were replaced at the same locations by hypothetical antennas which are:
(a) loss-free, sothat L, = L__ = 0db. See (2.3).
{b) isotropic, so that gt = gr =1 in every direction important to propagation between
the actual antennas,
(c) free of polarization coupling loss, so that ]i;' . _f:v'r| 2.1 for every locally plane
wave incident at the receiving antenna,

(d) isotropic in their phase response, so that Tt. =T, = 0 in every direction,

The available power Yob corresponding to propagation between hypothetical isotropic

antennas is then

1
2 N A cos(t =~ T )
z {2 pn P _pm (1L, 72)
ab (4") rn rm .
m=1

The basic transmission loss Lb corresponding to these assumptions is

= . = - db 11,75
]_b 10 log (wab/wt) Wt wab . ( 3)
The basic transmission loss in free space, Lbf’ corresponds to N = 1, apl =1, -Tpl = Q,
!‘1 =r
2 .
L o.=-10log (M (4nr)] =32.45+ 20%0g f+ 20 log r db (1L, 74)

bf

where f is in megacycles per second and r is in kilometers. Comparce with (2.10),
A may be seen from the above relations, only a fraction 5 of the total Tux density
per unit radiated power w, contributes to the available received power w_ from N plane
€

i 2
waves, While sn is expressed in watts/km , se is expressed in watts/kmz for cach watt
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ol the power wt vadiated by a single source:
= dnw_ /(N ,
8, 7 'n'wa/ wy ) (I1. 78)

For each plane wave from a given source, Enexp(x Tin) or Ernaxp(-x Trn) may sometimes
be regarded as a statistical variable chosen at random from a uniform distribution, with all
phases from -m to m equally likely. Then real power proportional to 'En'?:nl z may be
added at the antenna terminals, rather than the complex voltages defined by (II, 65) ~(I1. 68).

For this case, the statistical "expected value" <se> of 5, is

N
<g > = a_ g g | +p |2/(41|'r2) {II. 76
e pntn®rn Bt Bry n'’ . 76)
n=1

In terms of se, the transmission loss L is

L=21,46+ 20 log { - 10 log s db. (I1.77)

Substituting <e > for 5e in (11,77), we would not in general obtain the statistical expepted
value  <L> of L, since <L> is an ensemble average of logarithms, which may be quite
di!ferent from the logarithm of the corresponding ensemble average <ae>. For this reason,
median values are often a more practical measure of central tendency than “expected"
values, With w, and \ fixed, median values of 8, and . I, always obey the relation

(11, 77%» while average values of 8, and L often do not,

The remainder of this annex i8 concerned with a few artificial problems designed
to show how these formulas are used and to demonstrate some of the properties of radiation
and response patterns. In general, information is needed about antenna patterns only in the
few directions which are important in determining the amplitude and fading of a tropospheric
signal. Although section II, 3.7 shows how a complex vector radiation or reception pattern may
be derived frotn an integral over all directions, it is proposed that the power radiation
efficiencies and the gains gr(f) or gt(-P) for actual antennas should be determined by meas-

urements in a few critical directions using standard methods and a minimum of calculations.
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II. 3.t ldealized Theorctical Antenna Patterns
Consider a point source of plane waves, represented by complex dipole momenty
in three mutually perpendicular directions, SEO, ﬁ.l, and 22. These three unit vectors,
illustrated in figure II, I, define a right-handed systermn, and it is assumed that the corre-
sponding elementary dipoles support r,m,s. currents of IO' Il' and IZ amperes, respectively,
‘The corresponding peak scalar current dipole moments are Nz Iml ampere-kilometers,

where m = 0, 1, 2, and the sum of the complex vector dipole moments ﬁm\rZ'Iml exp (i 'rm)
may be expressed as follows:

_:a_’=_'a’l + i_'a’z {11, 78a)
a; =\/'Z'H(ﬁ°c0+ﬁlcl fﬁzcz), az='JT1!(ﬁoao+Elsl +§Ezsz) (I1. 781L)

2 2 2 2 .
1" = lo + Il + 12, € = (lm/l) cosT . sm = (lmll) sinT , m=40,1, 2. (IL79)

Here, o Tl' and Ty represent initial phases of the currents supported by the elementary

dipoles, The time phase factor is assumed to be exp(ikct),

Using the same unit vector coordinate system to represent the vector distance T from

this idealized point source to a distant point:

r ::ﬁu‘xo + ﬁl x, + ﬁz x, = gr (1L, 80)

where Xqr X0 and %, are given by (11, 35b) as functions of r, 6, ¢. The complex wave at

T due to any one of the elementary dipoles is polarized in a direction
r x_(ﬁm x £) =‘£m - Fxmlr

(11.81)

which is perpendicular to the propagation direction: £ and in the plane of ﬁm and ¥, The

total complex wave at T may be represented in the form given by (II.41):

NZ e(explit) =NZ ('é"r + i'éi)exp(i =T (?p + i?c)exp[ih + 7]

=[#x @ x #)] [n_/(2\7)] expliT)

(11, 82)
T =k(ct - r) tn/d (I1.83)
NZe =[a, - #@ . 1)) n /(2x r) volts/km (11. 84a)
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\/T“é'i = ["{2 - ?Ca'z. #)] n /{2 ) volts /km, (IL, 84D)

The total mean power flux density s(_r-) at r is given by (11, $ka);

s@ =l +efin =laf- G 07 ¢a) - &, 01,

2
1, (18 2. 2,.2 . 2,..2. 2 Z 2
= --—-——----4)\2.::Z [t- (I0 xo + I1 xl. + I2 x_z)/(l.r) - Z(cmxox1 + cOZxOxZ + clle xz)lr ]
(I, 85)
-1
€on = I L /T)coslr - 7). (I1.86)

The total radiated power w, is obtained by integrating s{r) over the surface of a sphere

of radius r, using the spherical coordinates r, 0, ¢ illustrated in figure JL 1:

2 " 2 2w ﬂo(xl)z
w, = S;, dé So dor s(r)sinod = -—-——-3—;—2---- watts . (11.87)

‘ —r
From (IL 87) it is seen that the peak scalar dipole moment N 211 used to define a, and

e
a

2 in (II.78 may be expressed in terms of the total radiated power:

ﬁiz = Swtn-‘rr_i'r ampere«kilometers , (I1. 88)

The directive gain g(T) is

I\2 I8\2
g(';') = 4r r2 B(?)/wt = ':" [1 - (~1—0> canG - (Tl) ainz ;] c052¢
L2, _ :
- <—-iz‘-> sin" © sin2¢ - <c01cos ¢+ o2 8in ¢> 8in{26) - €12 sinz-e si.n(zq;)] . {1,89)

This is the most general expression possible for the directive gain of any combination of
elementary electric dipoles centered at a ﬁoi.nt. Studying (II. 89), it may be shown that no
combination of values for Io, Il' Iz. -ro, -rl, Ty will provide an isotropic radiator, As
defined in this annex, an isotropic antenna radiates or receives waves of any phase and

polarization equally in every direction.
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For the special case where I0 = Il = ]:2 = I[\I'T, o = w/2, T,=0, and T,E T

1
(I1.89) shows that

2
g{f) = 1+8in 0 sing cos ¢ . {II. 90)
With these specifications, (IL 78) shows that €g=0 ¢ = -c,= 1/NF, 8o = /N3,
8, =6,=0, and (IL78) with (IL88) shows that
——tn ~ ™ e ~
a = (xl -X,)b, a,=XxDb (IL91a)
1
_ 1%
b=\ [wr/('lrno)J . (11.91h)
Substituting next in (II.84) with the aid of (I1.2):
— -~ -~ ~ m— ~ ~o Lo
JTe‘r =6 (X «X,-1b,), V‘Zeineo(xo— T cos 0) (IL. $¢)
r 2 '11/2
= = gin € - sindg) . o
e, }ﬂowt/(‘i‘ﬂ'!‘ )J . b2 sin 0{cos8 ¢ = sind ) (11, -3)

The principal and crosswpolarization gains determined using {I1.57) and (I1.58) are

~ - 2
gp(r) =1+ smae(amq, cosd - 2y, . g (F) = Yosin 0, (1. 94)

The subscripts p and ¢ in (IL94) should be reversed whenever g(4, ¢) is less than
sinze. Minimum and maximum values of g are 1/2 and 3/2 while gp ranges from
1/3 to 1 and g, from 0 to '1/2,

The importance of phases to multipath coupling is more readily demonstrated using
a somewhat more complicated antenna, The following paragraphs derive an expressgion for
a wave which is approximately plane at a distance r exceeding 200 wavelengths, radiated
by an antenna composed of two three-dimensional compléx dipoles located at <5 \ ﬁo and
+5x S‘co and thus spaced 10 wavelengths apart, When the radiation pattern has been
determined, it will be assumed that this is the receiving antenna, Its response to known
plane waves from two given directions will then be calculated,

With the radiated power W divided equally between two three-dimensional complex

t
dipoles, a is redefined as

— —r — -~ - "
i_(b/mio ! -a;l)z xl -x2+1x0. (II.95)
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Since 5\ is negligible compared to r except in phase factors critically depending on

r, -r,, the exact expressions

1 2

+50E (11, 96)

lead to the following approximations and definitions:

rlsrtl-e). 1'2=1'(1+e), € = 5(\/r) cos @ (1%, 97)
le;(lﬂ)n;coe secH , r2=r(1-e)+x°e sec @ (11.98)
T = X, cos @ +(§\‘<1 cos & +§~2Z sing) sin@ . (11.99)

2
For distances r eoxceeding 200 wavelengths, Iel < 0,025 and ¢ is neglected entirely,

so that

171 o 2727 0" (1I. 100)

At a point T, the complex wave radiated by this antenna is approximately plane and

may be represented as

/—. _-b\ . \n_ T i . .
NZ (\er tie ) expli T) = I\_'Sl expliT) + ¢, expli T,) 1 (II.101)
where
T=kict-r)+ m/4 (11, 102)
TLETHAT T,ET=1 -ra=101rc050. (I1. 1¢ 3)

As in (II.£2), thc waves radiated by the two main elements of this antenna are representud in

(II, 101} a8 the product of phasors exp(i—rl) and . exp(i -ra) multiplied by the complex vectors
'J'Z.El and \f‘ZE‘Z , respectively:

— -~ — -~ et ~ — ] N

sl'Z'gl= {rlx <_a'\_>< r1>] nQ/(Zx:-):(eO/Z)[EO'- r1<§._o- r, } (11.10-a)
—tr ~ — ~ sl -} ol -~ \

VTS, - [rzx 3 x 1-2)'1.10/(2”) < (e, /2) [Eo - %, G‘o" rz/»] (11 1040)
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Evaluating 3 _+%,, & +%, €, and @&, with the aid of (IL.95), (. 98). (L5 99) and (il 104):

2 +7.=b (1+;)+i[cose-‘(aece-cose)] (11, 105a)
-0 1 72 L
a . f'z=bz(l-¢)+i[cose+e(sece-cose) (iI. 105b)
-0 S
31 = (e /2) {[?zl =%, -Tb,(142) +X b, caecod ]
+i[§°(1+e)-;cose-!-?e(sece-lcose)]} (1. 106a)
:;2 = (eolz){[s‘cl - 522 - ?bzu-ze) - ;‘;obz ¢ Bec e]
+ 1[?:0(1-:) -Fcos8 ~Fe(seco -2 cos G)J} . {11. 106b)
Since the sum and difference of exp(i 1-1) and exp(i 'rz) are 2cos L exp(ir) and
2isinT exp (ir), respectively, 'e‘r and E’i as defined by (IL.101) are
e = eo{[xl X, - rbZ ]cos Ta "t [xo +r(sec® - 2 cos 9)] gin -ra} (1L, 107a)
T = e [5‘: -?cose]cos-r - b [Z‘E-ﬁ uecelain-r } . (IL. 107hb)
i o o ; a 2 o a
The complex wave N2 ?r + i-;i) is a plane wave only when ?r and ®, are both pere
pendicular to the direction of propagation, ;. or when
T <_e.r + i"é‘;) =g 8in 'ra[(coa 8 - secB) +is8inb(cos¢ - sincp)] = € {1I. 108)
which requires that ¢ = 0, sin T, = 0, or ©8=0, I ¢ is negligible, the total mean
power flux density in terms of the directive gain g(F) is given by
R 2 2 a~ 2
8(r) = (er + e )/"o =gr)e /n (LL. 10Y)
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g{T) = 2(1+sinzesin¢cos¢) ccna2 T, (XX, 110)

That w, s the corresponding total radiated power may be verified by gubstituting (I1.108)

and (II.110) in (II.87), with the aid of (IL 93) and (II. 103),
Now let this antenna be a recelving antenna, and suppose that direct and ground-

reflected waves arrive from directions (8, ¢) equal to
-~ ~ ~ ~
r1(0.32, n/4) = 0.9492 x, + 0.2224(_:!1 + xz) (II. 111a)

22(0.23, 0.75) = 0.9611 % 40,1430 ;r.l +0,1332 5‘;2 . (II. 111b)

Note that T and ?2 in (Il.111)are not related to ?1 and ?Z'in (I1.98) but are two

I
particular values of ¥, Corresponding values of T, cos o and sin v are
a

-
H

= 29,82111 , cos Tas © «0,0240 , sinT = < 0.9997 (11. 1128)

ay al

3
1]

192 = V. » i == U .
az 30,19245 , cos Ta.z 0.3404 sin Tas 0.9403 (II.112b)

The incoming waves in the two directions '3?1 and ;’:2 are assumed to be plane, and the

distances r and r, to their source are assumed large enough so that - ¢ 1 sin Tor

and gin T, are negligible compared to cos Ta1 and  cos Ta2? regpectively. The plane

€
2
wave response of the receiving antenna in these directions may be expressed in terms of the

complex vectors associated with ?1 and ?‘2:

— - = - S - ~ Ll - -~ - "~
S+, = - 002 l:(xl %,) +1(0.099 %_- 0.211%, - 0.211 xz)] (IL. 113a)

G, +1T, = 0.340 eo[ (-0.013 % +0.998 % = 1,002 £,) +1(0.076 % - 0,137 %, - 0.128 xz)-l .
(IL 113b)

- 0, ({1.44) with (i1.42) and (1.43) shows that 7, = 0, sothat i and L

g —t

Since e _ - e
)

are principal and cross.polarization components of the complex vector recelving pattern:

)

pr1 +1 em‘_l = en +i e, - (IL. 114a)
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These same equations show that Tee® " 0.005 and that

- L _ ~ s - . & .lzh - .1134\
epr2+1ecn-0.340e°[(-0.013x°+0.999xl 1001 %,) +1(0.076 & - 0,132 % - 0 xz)]

(1. 114b)
differing only slightly from (II, 113b}, since 7, is almost zero.
The axial ratios of the two polarization ellipses, defined by (IL.50), are
a = - 0,222, a = 0,143 (IL, 115)
xr1 xr2

and the unit complex polarization vectors _ﬁﬂ and -ﬁrz defined by (II.51) are therefore
» -~ ~ . ~ -~ ~
B, - 0.674(%) ~ %,) +1(0.067 X » 0.142 X - 0,142 X,) {11 116a)

_i_;n = («0,009 &, + 0,692 5‘;1 - 0,694 i‘cz) +1(0,053 %, » 0.095 ?‘1 - 0,089 X,) , (11.1161b)

The antenna gains gr(;l). and gr(;z ) are given by (IL. 110);
gr(rl) = 0,0021, gr(rz) = 0,241 (11.117)

which shows that the gain c.r(;l) = 10 log gr(;x) associated with the direct ray is 29.2 db
below that of an isctropic antenna, while the gain Gr(fa) aspociated with the ground-reflected
ray is -6.2'db. It might be expected that only the incident wave propagating in the direction
-r would need to be considered in determining the complex voltage at the receiving antenna
terz'm:i.nals. Suppose, however, that the ground-.reflected ray has been attenuated considerably
more than the direct ray, so that the path attenuation factor ap; is 0.01, while apl =1.
Suppose further that the transmitting antenna gain aseociated with the ground-reflected ray is
6 db less than that associated with the direct ray,. Then the mean incident flux density 5,
associated with the ground-reflected ray will be 26 db less than the flux density 8, associated
with' the direct ray.

in order to calculate the complex received voltage v given by (1. 70) then, the

following is assumed:

r,® 52 ohms , 8, = 1 watt/kmz(.-. « 30 dbm/mz)
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s, = 00025 watts/km® , X = 0,0003 km{f = 1000 MHz )

ﬂxt = 0.2 ¥ am = 0,4 » ¢pl = ﬂ',z » lppl 1,5
= = = = ' 11,118
Th = TPt + Ter 0, T2 -rpz + Tea .1r { }

It will be seen that these assumptions imply a more nearly complete polarization coupling loss
between the direct wave and the receiving antenna than between the ground-reflected wave and
the receiving antenna. The efiective absorbing area of the receiving antenna for each wave,

as given by(1L.67) is

a, = 1.504 X 107! knd v oA, = 1,726 x 107 - . (I1. 119}
The polarization factors are

P+p Y= i B +p )= 1I. 120)

(e, _gn) 0.021i, (p + P ,)=0.062+0.236 1 {

and the phase factors are exp (i1) and exp[i(t+ 3.137)], respectively. Substituting these
values in (II.65), the complex voltages are

vy=- 1-175(10'6)1 exp{it), v,=-(1.887+ 7.0711)(10"6) exp(iT). (1. 121)

The real voltage at the antenna terminals, as given Wy (I, 70) is

v, = (vl + vfz)(v1 + vz)"‘ = 8,33 X 10-6 volts = 8, 33 microvolts {I1.122)

and the corresponding power v, available at the terminals of the loss«free receiving
antenna is

w_=0,334x 107'% watts , W_ = « 125 dbw = - 95 dbm (i1. 123)

a8 given by (II. 71).



I1.3.8 Conclusions

The foregoing exercise demonstrates that:

(1) Even small changes in antenna beam orientation, transmigsion loss, polarization
coupling, and multipath phasing may have a visible effect on the available power at the
terminals of a receiving antenna.

{(2) If the formulation of the generil relationships for a completely polarized wave
is programmed _for a digital computer, it may be feasible to estimate the comélete stat-
istics of a received signal whenever reasonable assumptions can be made about the stat-
istics of the parametefa described in this annex,

(3)‘ The inéaaurement of antenna characteristics in a few critical directions will often
be sufficient to provide valuable i.nférma.tion to Pe used with the relationships given here,
The measurement of Stokes' parameters, fog instance, will provide information about 3
Bt \I.lp, and both the polarized field intensity L and the unpolarized field intensity 8,
These parameters [Stokes, 1922 ] are

8, + 8 = total mean field intensity. (iI. 124)
Q='s_cos(2p) cos(2 4 (IL. 125)
U = 8, cos(2p) sin(2 ¢ ) (II. 126)
V = s_sin(2p) (IL.127)
where
p= tan~ a . (IL.128)

The unpolarized or randomly polarized field intensity 8, is determined from (I1.124) and the

identity
1

2., .2 2 4
_sr=(o +U° VYY) . (11.129)

Using standard sources and antenna model ranges, the gain g, may be determined from
2 2 2
g, =8 le/n)y e = p dnr") (1L, 130)

assuming, if e, is measured, that any power reception efficiency ll.!er less than unity
will affect s, and eoz alike, '
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Finally, a method for measuring relative phase responses T "is aléo needed, In
individual cases, multipath coupling loss may be insufficient to provide adequate unwanted
signal rejection, Variations of -'rr may lead to phase interference fading of wanted signals,
just as variations of a are associated with long.term power fading. Because of the
complexity of these phenomena, they are usually described in terms of cumulative distri-
butions of signal amplitudes or fade durations, Fortunately, even crude measurements or
simple theories may then suffice to provide statistical information about T
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11.4 List of Special Symbols Used in Apnex II

The effective absorbing area for the n‘:h discrete plane wave incident on an an-
tenna from a single source, (II.67), and for each of two waves (I1. 119),

The fraf:tion of energy absorbed along a ray path, or scattered out of it, (II. 59),
and the fraction of energy, ap, for the. mth and nth multipath components from
a single source, wheﬁe m and n take on integral values from 1 to N, (II,72)

Axial ratios of the polarization ellipse of the nm, first, and second plane
wave from a gingle source,. (II. 68) and (I1.118),
3 e Ax_ial ratios of the polarization ellipse associated with the receiving pattern

for the n'", first, and second plane wave from a single source, (1I.68) and (II,115).

Positive or negative amplitudes of real and imaginary components of a complex

.
vector: E—9_1+ ia,, a = a1+ a,, (1L, 78),
The real vector a = ad, where 4 is a unit vector.

Real vectors defining real and imaginary components of a complex vector: 2=
a, +i%,, (I1.78). L

A complex vector: a = a, + iaz, (11, 78).

A complex vector defined in terms of the unit vector system 520. ﬁl, :?Z, (11.95).
Tbe positive or negative amplitude of the cross-polarized vector component ?cr

of a receiving antenna response pattern, (II.50),

The positive or negative amplitude of the real vector _gi associated with a comna
plex plane wave NZ (_e-r + i.;i) exp (it), where ?r and 'é.i are ﬁme—invari#nt and
exp (i) is a time phasor, (II.41b).

The positive or negative amplitude of the principal polarizétion comporient e of

a receiving antenna response pattern, (II..50), P

The positive or negative amplitude of the real vector component -;r asgociated with
a complex plane_ wave \ff(rg;_ + i?i.) exp (it), where ?r and T;i are time invariant
and exp (iT) is a time phasor, (II.41a).

Equivalent free space field strength, (II.38),

The positive or negative real amplitudes of real and imaginary components of the
complex polarization vector E, (11, 43).

‘g
components of a complex plane wave, (II.4) figure II, 1,

The positive amplitudes of real vectors and _t;¢ associated with the 8 and ¢
Real vectors associated with cross and principal polarization components of a uni=
form elliptically polarized plane wave, annex II, section II. 3.2,

Directions of cross and principal polarization, chosen so that their vector product

ép x EC is a unit-vector in the direction of propagation, (II,47).
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Cross and principal polarigzation fleld compénentl of a recelving antenna
regponse pattern, (II, 49),

Directions of cross and principal polarization components of a receiving
antenna response pattern, (II. 51}, (IL.53),

The real vector associated with the imaginary component of the time-invariant
part of a complex plane wave ~Z (_e'x_+ 1?1) exp (ir), (II.41b),

The real vector associated with the real component of the time-invariant part
of a complex plane wave A2 (-;r + 1?1) exp (ir), (If.4la),

Real vector components of a complex polarization vector E which has been
resolved into components which are orthogonal in both space and time, (II.43),
Real vectors associated with the 6 and 4 components of a complex plane wave
Nz [-;B exp (l-re) +_e.¢
depends on time, (II.40) figure II.1,

A unit vector 8¢ x P perpendicular to & " and £, (II.3 6b) figure II.1.

exp (1‘r¢)] exp (17), where only the phasor exp (i+)

A unit vector (Ex io)llin @ perpendicular to ? and ﬁo, (IL. 36a) figure IL.).

A bar is used under the symbol to indicate a complex vector; e = _;p + 13:: ,

T, =‘.fpr+ te . (n.46)._. Y

The complex conjugate of et e ze - 1ec.

The magnitudes of the complex vectors 'E and __e""_, (IL. 55).
1:’| .| eprl The amplitudes of the cross and principal polarization components
-c;c, -;cr' ?p. and ?pr' section II, 3,3,

Field strength in dbu, (II.20).

The equivalent free space field strength in dbu, (II. 26).

The equivalent inverse distance field, (II.28).

Fleld strength in dBu per kilowatt effective radiated power, (II.23) -(II. 25).
Maximum free space directive galn, or directivity, Section II.3. 4.

The cross-polarization component of the directive gain, (II.57).

The cross-polarization component of the directive gain of a receiver, (IL.51).
Principal polarization directive gain, (11.57).

Principal polarization dh;ecti.ve gains for tﬁe receiving and transmitting
antennas, reepectively, (II.59).

The directive gains 8, and 8, for the nth of a series of plane waves, (Il.66)
and (II. 67).

Directive gains associated with the fisld components ;;. ?4" (11.37).
Directive gain in the direction #, (II.89).

Cross polarization and principal polarization directive gaing in the direction
£, (11.94),

Directive gains associated with direct and ground-reflected rays, respectively,

(I11.117).
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Principal polarization directive gain of the tranamitter in the direction § v
which is the initial direction of the most important propagation path to

the recelver, (I1.18) and (II. 23) to (IL. 25).

i=441,

Current in r,m.s, amperes where m = 0,1, 2, (II. 76).

Current in r.m. s, amperes corresgponding to three elementary dipoles in
three mutuslly perpendicular diréctions, (II.76),

Propagation constant, k= 2w/ )\, (IL.34).

Used as a subscript to indicate a load, for example, z,, represents the
impedance of a load at a radio frequency v, (IL.1).

The effective loas factor for a receiving antenna at & frequency v hertz
(11. 6), I_"v = 10 log ‘erv db, (1I.8).

The effective loss factor for a transmitting antenna at a radio frequency v

hertz, (I.7), L_ = 10 log 4 . db, (IL9).

A mmismatch loss factor defined by (II. 4).

The decibel ratio of the resistance component of antenna input impedance to
the free space antenna radiation resistance for the receiving and transmitting
antennas, respectively, (II. 11),

The ratlo of the actual radiation resistance of the receiving or transmitting
antenna to its radiation resistance in free space, (I1.12), (1I1.13),
Propagation loss, (II,14).

Basic propagation loss, (lI.15). DBasic propagation loss in free gpace in the
same a5 basic tranemission loss in free space.

Unit complex polarization vector for the incident wave, (II 54), and (I1.68),
Unit complex polarization vector associated with a receiving pattern, (II.5])
and with the receiving pattern of the nth incident wave, (IL.68).

The complex receiving antenna polarization vecters 21_ for each of two ray
paths between transmitter and receiver, (II.116),

Resistance of an antenna, (II.1).

Magnitude of the vector T =rf in the d{rect'l.on £ (8, ¢}, and a coordinate of
the polar coordinate system r, 9, ¢, section IL. 3.1,

Antenna radiation resistance in free space for the receiving and transmitting

antennas, respectively, (II.11), (II.12) and (II.13).

Resistance of a load, (II ).

Antenna radiation resistance of the recelving and transmitting antennas,
regpectively, (II.10).

Resistance component of antenna input impedanceé for the receiving and

transmitting antennans, respectively, (II.10),

Resistance of an equivalent loss-free antenna, (II.1lc),
Resistance of an actual antenna in its actual environment, (I 1b),

The vector distance between two points, T=rf, (1I. 80).
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A unit vector, (II.35)

A cartesian unit vector coordinate uylterh. (II.35) and (II. 36).

Total mean power flux density, (II.58).

Mean power flux densities associated with cross-polarization, and
principal polarization components, (II, 56).

The fraction of the total flux density that contributes to the available power,
(II. 75).

Mesan power flux densities asmociated with left-handed, and right-handed
polarization, respectively, (1I.61]).

Free space field intensity in watts per square kilometer, (II.16).

The statistical "expected \.ralue of 'e' (1I. 76).

Mean power flux densities associated with the cross and principal polariza-
tion components of}.: in the direction ;., (I1.17).

Complex open-circult r.m.s. signal voltage for coherently phased multi-

path components, (II.65).

The open-circuit r.m.s. voltage for an equivalent loss-free antenna at a
frequency v, (I1.5).

The actual open-circuit r.m,s. voltage at the antenna terminals at a
frequency v, (II.2).

The available power corresponding to propagation between hypothetical
isotropic antennas, (II,72),

Available power at the terminals of an equivalent loss-free receiving
antenna at a radio frequency v, (II.5).

Available power at the terminals of the actual receiving antenna at a radio

frequency v, (II. 3).

Power delivered to the receiving antenna load, at a radio frequency v (II.2)

Total power radiated at a frequency v (IL. 7).,

Total power delivesed to the tranamitting antenna at a frequency v, (II. 7).
Reactance of a load, an actual losgsy antenna, and an equivalent loss-free
antenna, respectively, (II.1).

One of three mutually perpendicular directions, m=0,1, 2, section 11 3, 7.
Axes of a cartesian unit vector coordinate system, (II.35) figure I1.1,
Impedance of a load, (II.1]).

Impedance of an equivalent loss-free antenna (II,1),

Impedance of an actual lossy antenna, (II.)).

The conjugate of =' , following (II.2).
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A amall increment used in (II. 97) and (II. 98).
Characteristic impedance of free space, n,° 4wc.10—7. (II. 38).

A polar coordinate, (II.35),
Radio frequency in hertz (cycles per second), section II 1.

Limits of integration (II.8), (II.9).

"The time-varying phase 71 = k (ct - r), where ¢ is the free space velocity of

radio-waves, t is the time at the radio source, and r is the length of the radio
ray, (II.34).

Time element defined by (II1.103).

The time element Ta corresponding to direct and ground-reflected waves

at the receiving antenna, (II.112),

A time-independent phase which 18 a function of ¥, (I11.42), (1L, 64).

The time«independent phase for the nth component of an incident wave,
section I11. 3.6,

The time-independent phase for two components of an incident wave,

(1I.118),

Initia]l phase of the current supported by one of m elementary dipoles, where
m=0,1,2, (II.79).

A function of the ray path, including allowances for path length differences
(11, 64),

The phase function Tp for the nth, first, and second plane wave incident

(11, 65) and (If, 118).

(11.49).

The antenna phase response, T o for the nth. first, and second plane

(IL, 65) and section II.3.7.

Antenna phase response for a transmitting antenna, (I, 64).

and diffraction or reflection phase shifts,

on an antenna from a single source,

Antenna phase response for the receiving antenna,
wave incident on the receiving antenna,

The antenna phase response T, for the .nth, first, and second plane wave,
{11, 65) and {II. 118),
Phases associated with the electrical field components

:e' ?¢. (11. 40).
r, @, & (I1.89) and figure II,

The acute angle, q;p, for each of.two waves, (II,118),

One of the polar coordinates,
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