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RADIAT.LN FROM £ ' AERIAL

2. Theenergyrac” * .3 .matransmi.'ngaer ‘v« ~ of ».esofelectric
and magn (cf ‘ds{ rom2  ~tict ot dinorunou o c e at the velocity
of light (apprc : ...~ 1.7 3 x 108 metres/sec). The distance between peaks of Electric
(or Magnetic) .. Id strength is the wavelength (A) of the radiated field and is related to

the frequency (f) by:
fxA = 3x108m/s

3. Close to the aerial the electrical and magnetic fields are very complicated, but
at distances of greater than about 54, .. = electric and ma etic fields are much
simpler and are of the form shown below. 7. .3e sir 'orfields .  "inown as the
‘radiation field’ and consist of e - ctric ... magnetic fielc s~ = ch are at right angles to
each otherand .. ..c .l...nofprope .ion. Note that elecir agnetic waves are
radiated in almost iu” "» ~"2. ¢ )mthe - riai, .1 field strengt.s varying according
to the particular aerial’s radiation polar diagram.
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Figure 2A.1 - The Radiation Field
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Figure 2A.2 - The RF Spectrum
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Figure 2A.3 - Propagation Paths
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Figure 2A.4 - Space Wave

10. The ! ... - _... (£ is produced by energy travelling close to the surface of
the earth. The cor » “onof D" ECT, GROUND REFLECTED and SURFACE
waves iscalledthe: ... AVE.

SURFACE WAVE

Figure 2A.5 - Surface Wave

1

ie: |wrRCu 27 = = C RECT + GRC " "D REFLECTED + SURFACE WAVE
L i



11, o 2 LN e Lyt L theree .. 1.
s . .< . hbyanior . sercalledu. o=

- |

o RX
7f/-7r7”7f77r7—777777h75r7

rgure. 6-S '

(1)  All practical aerials radiate some energy in ALL directions so that energy is
propagated along all the paths so far mentioned.

(2)  The actual radio path which carries most of the energy depends to a large
extent on the frequency of the transmitted signal.

(3) Al waves are electromagnetic radiation, it is only their paths which determine
their nomenclature.

JHEG ND WAV

12.  The ground wave consists of the three components shown below:

GROUND REFLECTED WAVE DIRECT WAVE
\ \ /
” l
TX o

SURFACE WAVE

Figure 2A.7 - Ground Wave

(1) At VHF and above: the wavelength is small and the aerials are usually
elevated. The surface wave is severely attenuated at these frequencies
so the SPACE WAVE predominates.

(2)  Atlow frequenc .: the wavelength is so large that the aerials are close

tothe ground. ~ “~~an. ‘¢ is not elevated, the ground reflected
wave suffers a 180° phase cher_ on “ection so that the direct and
ground reflected waves cancel. Thuc .. these frequencies, the
SURFACE WAVE is the main radio path.
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15. The d«, "~ of penet~ ",n of the induc d current into the ground depends on
woi LLuLcore. ntsi . Lo Bl VL Crequ. Ly. It can be shown that the depth of
penetration & is depe__.ent on the ratio;
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f

where ¢ = conductivity of earth
and f = frequency of EM wave

16.  The range of the surface wave depends upon a number of factors:
(1)  The radiated power.
(2)  The radiated frequency; the lower the frequency the greater the range.

(3)  Nature of the ground; the higher the conductivity the greater the range.
All other factors being constant, the range of the surface wave is
therefore greater over the sea than it is over the desert.

(4)  Aerial efficiency and directivity; the greater the directivity the stronger
will be the surface wave and therefore the greater the range in certain
directions.

(5) Polarisation of the wave; must be vertical. Horizontally polarised waves
are greatly attenuated because the .' . tric field is effectively short
circuited by the earth and the me _ ~ . ic field simply sets up eddy
currents in the earth.
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Figure 2A.8 - Typical Ranges for Ground Waves
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18.  Once the EM wave frequencies are low enough, the ionosphere acts as a
reflecting boundary and the distance between the earth and the ionosphere becomes
comparable with wavelength of EM wave. When this happens, the wave is trapped
between the ionosphere and earth boundaries, and the EM waves are guided around
the earth to give world-wide ranges. The ionosphere and earth boundaries form a
“‘waveguide” for the VLF electromagnetic waves.

Application of Surf v

19.  Surface wave propagation gives reliable communications free from
ionospheric effects at frequencies below 2 MHz. Long distance communications use
the LF and VLF bands. Since very large aerials and high transmitter powers are
required, LF and VLF transmitters are usually shore based. Other applications
include communications to submarines (at periscope depth or surfaced), navigational
aids (DECCA, LORAN) and some broadcasting (- ..io 2, 200 kHz etc).
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20. ltwasor nu.' 'ttt _h:. lradiowavesonlytrav =~ "‘nstre’)  w o,
light' -~ 2s, sothatrec: -n beyond the horizon was impossible. However, in 1901,
" arcuni es. v ned communications between England and Newfoundland, a

distancc <. .4t 2000 m™... Heaviside and Kennelly suggested indeper . " that
the earth was surrounde. oy a layer of ionised gas which could bend radio waves of
certain frec, ncies downwards so that they would be received at a distant point.
This la "orof gas was later termed the IONOSPHERE and found to be composed of
frrsey-tel - during the day.
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21.  The ionosphere is a region of the atmo*~1eret ~ 2n 30 and 150 miles

"2 the earth. It consists of electric.. ~ charged i, pc. " ve ions and
electrc *, wh " affecti ¢ prop 'f 1 of radio waves through 1> 3 part of the
L8P v The wnllol wilivd Wid v cuy. wr v NaS UPON e 1auid Waves, depends

upon the nequency o. .ue wave. |ty .. oduce refraction and absorption of all waves
by different amounts.

22.  The energy required to change the atmosphere into a varying concentration of
cha- ed parl S, comes from the sun as X-rays, exwreme ultra violet, and ultra violet
rac: on. ~ > de-2ic :nce v ... -ene 'I..esun, means thatthe ionospheric
density ' ", & «er with changes in the time of day, season of the year, and position of
the earth’s surface (latitude).
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Figure 2A.11 - Electron Density Distribution
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Figure 2A.12 - lonospheric Layers

Properties of the lonised Layers

25. D.Layer. Occurs only durir ~ :he de_ ~_ht hours and behaves as REFLECTOR
only to VLF and LF radio waves, when ranges in excess of several thousand miles
are easily obic ~ed.

it is weakly ionised layer of high GAS DENSITY which attenuates all waves passing
through it.

NB: This excludes the VLF and LF bands since these frequencies are reflected
instead of being refracted.

E Layer. During daylight hours, the height of i £ layer remains practically constant.
It remains weakly ionised during the night, but this is insufficient to affect the
propagation of radio waves with frequencies above LF.

F Layer. This is the most important. _ .r as far as HF propagation is concerned.
During the day it is divided into two 1 - ... =1 and F2 but at night the layers combine

to form a single layer, referred to as the F layer.
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Figure 2A.13 - Refraction of EM Waves

where n1 refractive index of region 1
and n2 = refractive index of region 2

27.  The direction in which the wave bends (either towards or away from the
normatl to the boundary surface) depends upon the relative sizes of the two regions
refractive indices. This bending is defined by Snell's Law and is given by:

sini_ n2

sinr n1

where i = angle of incidence
and r = angle of refraction

Thus if n2 is greater than n1:
sini>sinr
i>r
wave is refracted towards the surface normal.
But if n2 is less than nt:
sini<sinr
i<r

wave is refracted away from the surface normal.
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Figure 2A.14 - Total Internal Reflection

Path of Sky . ave through .3 17, =~ 273
29.  As discussed prev'ously, the ionosphere consists of a region containing free
elec.. 1s, . :densityof. . ~-varies'* . . ... itcanbesho .mthat. ~cause of

tr o - _ctrons, (i region csa . ractive index less than that of air (n for air = 1).
Further the refractive index is inversely proportional .0 the electron density and
therefore varies with height through the ionosg .. :re. To trace out the path of a wave

. through the ionosphere we div'de up u = ‘onospiere into a number of very small
layers where we assume the refractive index (and therefore the electron density) is
constant.
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30. InFig2A.15¢" re i :rwave is being refracted at the first and second
boundaries. At the third boundary the wave is totally internally reflected. On entry
into the ionosphere refraction occurs away from the normal as the wave moves from
a region of high refractive index into a region of lower refractive index. On exit from
the ionosphere, 1..2 : 2" 'se occurs. For total internal reflection to occur and
therefore for the wave to return to earth, a critical value of refractive index must be
found somewhere within the ionosphere. If this critical refractive index is not found,
the wave will not return to earth. This critical refractive index is related directly to the
initial incidence of the wave as is shown below.

Refractive Index of lonosphere
31.  The refractive index of the ionosphere depends upon two main factors:

(1)  Electron density (N). . e as N varies with the height of the
ilonosphere, so also will the refractive index.

(2)  The frequency of the electromagnetic wave (f).
It can be shown that:

(8)  As N increases, n decreases (assuming f = constant), ie enhanced
refraction.

(4)  Asfincreases, nincr. ..: (assuming N = constant), ie reduced
refraction.
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(1) At frequencies above the HF range, sky wave prop. __ .. |1 may be considered
not to take place at all.

(2) There is a minimum distance or range when the . «v€e ¢ be refracted and
returned to earth. This range is caliea *..e skip (. . ce. This distance is
definc u ™y the v, » \ Mich strikes the ionosphere at icr and which turns over at
the point of m.c. \...1... Clectron density in the ie. ... 1..2. The actual skip
distance is therefore very dependent on the electron density distribution in the
lonosphiere . ' .1 in turn depends upon time of day, season of year,

geographict. i >cation etc.

(3) If the frequency used is increased, then so is the skip distance as a larger icr
must be found at this higher frequency for the wave to turn over at the
maximum electron density point. Hence for a GIVEN transmitter/receiver
range there will be a maximum frequency which can be used when the
receiver is effectively on the border between the reception and silence zones.
This frequency is called the MUF (Maximum Usable Frequency).

(4)  As the border between reception and silence zones (skip distance from
transmitter) can vary due to ionospheric variations (see Note 2), the MUF is
never used over a given link. Instead a more reliable frequency called the
frequency of optimum traffic (FOT) is used. The FOT is taken as 85% of MUF
frequency. Normally we try to operate a given link as close as possible to the
FOT, as the higher the frequency, the iess the ionospheric absorption of the
wave energy and therefore the higher the signal strength at the receiver.

(6)  When planning the frequencies to use on a given link, a third frequency is
used. This frequency is known as the lowest usable frequency (LUF). The
frequency is predicted for a given link from considerations of absorption in the
ionosphere (lower the frequ-. 1, the greater the absorption), transmitter
characteristics (eg power output, aerial gain and directivity) and receiver
characteristics (aerial gain, sensitivity). The ultimate limit being determined by
the S/N ratio at the output of the receiver. ‘
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Figure 2A.19 - Multihop Propagation

Within power limitations, the range is increased by mc. : - 5.

Note that power is lost at every reflection and ionospheric refraction.
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(3) . Solaractivit, * wsitilye . <. _Lo-u
height and density of the layers being gre ...cst at ...e maximum point of
the cycle.

38.  Abnormal Variations

(1) © A ' 'El. This is the occasional appearance in the E layer of drifting
~ _ =~~~ L.’ inwhich the ionisation is much greater than normal -
son...” .. caused by meteors.

Radio "3 can be refracted from this layer, especially during summer
nights, but its occurrence is too unpredictable to allow its reguiar use.

(2)  Dellinger ~ de Quis. Caused by intense uv radiation given out by the
sun during solar flares.

This results in a sudden increase in the density of the D LAYER which
results in complete absorption below 1 MHz, which can last for 1-2
hours.

(8)  Magnetic Storms. Due to the emission from the sun of particles from a
sunspot, or from the solar flare which caused a Dellinger fade out (up to
36 hours previously).

The effect usually lasts for several days and causes low signal strength
and rapid fading.

Range Prediction and Frequency Selection

39. Information on suitable frequencies of probable ranges can be found in the

following publications:

(1)
(2)

NAVMUF.

STIFS (Short Term lonospheric Forecasts) - daily signal.
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41.  Atfrequencie, |1the VHF band and above, the main propagation path is the
SPACE WAVE consis ‘g of a direct wave and one or more ground reflected waves.
The wavelength is smw =nough at* _ 2 frequencies to allow the transmitting and
recei . aeri. .to be elevi vu above the surface of the earth. The range of the
space wave .. €. . on the elevation of both aerials.

2000

Figure 2A.20 - Ranges of Space Wave Propagation
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42.  This type of propagationiscalledl “P "H 4 © 2" "PAGATION since the
E/M waves propagate thrc u h the TROPOSPHERE which is the region of the
atmosphere between the surface of the earth and a height of about 10 miles. Since
the refractive index of the & ..osphere decreases slightly with height, a wave
travelling through the troposphere is slightly refracted.

WAVE TRAVELLING IN STRAIGHT LINE

REFRACTED WAVE

Figure 2A.21 - Tropospheric

This slight amount of refraction increases the space wave range to about 4/3 x line of
sight range.

Note: The figures given in the above Table (Fig 2A.20) have been corrected for the
effects of refraction.
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45. Tt . { ctive index of the atmosphere does not .. aysd_ .rease L i )
with height. Conditions can arise, particularly in summer, . | 2re ‘he .. active index
of the lower 50 m decreases with .. ht1.. . chmoreré . ' u.isuv - I Thie. .ns
an A" MOSPHERIC DUCT, in which the VHF/UHF wave is rapped, > - i exter usd
ranges.
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Figure 2A.23 - 5. . =r Refraction
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h _wr® v ‘tucu sn s o wves are t . d as shown below. Thisis ~ ad = -
REFn. .2T. Nandis the cause of irre .z .. :eption of London TV signals in S.. 1
Africa.

VHF signals from French ... ‘. .ng stations can be received very often in
Southern England during su™ ~er.

Note: Thistypeofprc . _ _ :dcz"N T make useoftheic .« .i'zre.
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sciutered . icacw v 4, i horizon if a high trar Linitter power is

used (up to 50 kW usually) and highly directional aerials are employed.

FREQ.RANGE = 30-60MHz

-_ }E LAYER

TROPOSPHERE

TROPOSPHERIC IONOSPHERIC
SCATTER SCATTER

Figure 2A.24 - Tropospheric of lonospheric Scatter

48.  Frequencies in the range 30-60 MHz can be used, giving ranges of between
600 and 1500 miles. lonospheric scatter propagation is particularly useful when
ionospheric conditions prevent the use of HF, since the scattering is frequently
enhanced when the ionosphere becomes highly ionised.

49.  Tropospheric Scatter. Unsettled weather, resulting in a well-mixed
atmosphere, eg Heavy Cloud cover, produces the best conditions for tropospheric
scatter since there are localised variations of the refractive index.

50. Tropospheric scatter can be used with frequencies in the band 100-10,000
MHz giving ranges of 75-400 miles with a transmitter power of about 10 kW. Whiist
scatter propagation installations have a r .. :nitic. “... compared with HF systems,
their main advantage lies in the reliable communications they provide which are
unaffected by disturbances in the ionosphere.
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Figure 2A.25 - Satellite Communication

SU.. MARY OF PROF . AT__

Prop.  ionat VLF (3 kHz to 30 kHz)

52.  The prop. yation mec:. .,nisn 1 is by guided waves using the earth and the
ionosphere as waveguide boundaries. Communication at these frequencies is very
reliable with world-wide range. lts only RN application is a submarine broadcast
using a GPO transmitting station at Rugby.

Pro~ _c onaiLF (30 kHz to 300 kHz: Surface Wave Predominates)

53. Atthese frequencies:

(1)  The D layer no longer forms a good reflecting boundary and the
dimensions of the earth to ionosphere and the wavelengths involved no
longer allow guided wave propagation to occur.

(2)  The direct and ground refic .. u components of the space wave
effectively cancel due to the long wavelengths involved. (in terms of
wavelengths, the ¢ _‘ials are very close to the ground and therefore the
path difference in way ....igths between direct and ground reflected
waves is neg' * €. As 180° phase shift occurs on reflection with the
ground, the two space wave components will arrive virtually 180° out of
phase at the receiver and cancel.)
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55. .iihese. (. r:z
(1) No guided wave propagation can occur for the same reason as LF.

(2)  Again significant cancellation of ground reflected and direct waves
occurs and space wave propagation is negligible.

(3) lonospheric absorption is great enough during the day-time to prevent
any sky wave propagation. The absorption occurs because as the
wave passes through the ionosphere, the alternating electric field sets
the free electrons in motion and energy is continuously exchanged
between the wave and these electrons. This energy is lost, however,
whenever one of these electrons collides with a gas molecule. The
absorption of the wave energy is therefore greatest in the region of
greatest molecular density, and this is in the D region. (It can also be
shown that the absorption is inversely proportional to the square of the
frequency.) Thus at night when the D layer disappears, sky wave
propagation can occur at the higher MF frequencies.

Pro ion (3 kHz to 30 MHz: Sky Wave)
56. Atthese frequencies:
(1)  For ranges of 50 miles or so, the surface wave still predominates.

(2)  For long range communications, the sky wave predominates and
ranges of 5000 miles or so. Multi-hop propagation is required.

Propagation at VHF/UHF (30 MHz: Space Wave)
57.  Atthese frequencies:

(1)  Guided waves are impossible as the ionosphere has negligible effect on
waves at these frequencies (see Note 2 below).
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(3) Attenua* of. -suri ce' - . is now very large (see Paragraphs 14-
17) and {ac. Llore this prop.  .ion mechanism is negligible.
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J2 x Tx aerial height (ft) + +/2 x Rx aerial height (ft)

Usea ~ rline of s'_ "t tactical communicec.ons snip/st ', ship/air, F™
and TV broadcasting.

Longer ranges are achieved by ionospheric and . , . pheric ~ 'zr,

..€ .2 .. is particularly usef.. Jor ....1g in” in the zone of silence in an
HF transmission.

Frequencies of the order of 200-300 MHz are used for satellite
telemetry (control signals).

Pr ion HF > MHz

58.  Point to point microwave links, sateilite communications and tropospheric
scatter.

Comparative Ranges

59.
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Figure 2A.26 - Comparative Ranges



(1) T taver

a. V¥ much .~ ..dent on transmitter power and terrain.

b. Less power required at HF than at LF for the same range.
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60. Fading necessitates the transmission of much more péwer than would be
required in stable conditions. Some forms of fading cau.. distc..ion as we.: as
causing the amplitude of the signal to fluctuate.

Slow Flat Fading

61. The average received intensity of a SKY WAVE depends mainly on the radio
path and the number of ground reflections.

There are hc :ver, u ‘ly variations (and other variations related to the season and
degree of solar activity etc) due to the absorption of radio waves by the D layer.

AMP LITUDE AMP LITUDE
A A

| 1” o i ,HLFM_

RADIATED SIGNAL SIGNAL SUBJECT TO
FLAT FADING

Figure 2A.27 - Slow Rate Fading

All frequency components of the signal are equally affected by this type of fading.
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64. Considering waves which reac.. .ie receiverbyon = . .s,... nbe seen
thatatacer...m.ezL...c, t.c pathdifferenc_ v -2 e oo ..o..o2rcr oL
wavele  hs so that the resultant signal wili | the vector dif’ .20 "etwo
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whilst others, perhaps only 100 Hz . .crent, are unaffected. ~.isisca'. '
SELECTIVE F. = _ ~.. canresultinthe distortionofai. -._.2d s~ .alsince

some of the sideband frequencies will fade much more than others.
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Figure 2A.28 - Frequency Selective Fading
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speech = ‘al, . ziective fa. .y rarely causes enough distortion to make the signai
unintelligible.

Methods used to Combat Fading
AG

68. Slow flat fading can be reduced to a certain extent by the ue of automatic gain
control. Unfortunately, if the signal becomes very weak there is an increase in the
noise at the output of the receiver.

Space Diversity

RX2 —0O OUTPUT

RX3

J—

Figure 2A.29 - Space Diversity Reception



~n e [ . . . - , - FA . -~ R
09- ' [ o o \uatal_.a ~oa A A Vsii e e B -ah .

prob:. . 5 L ol za her. € races‘ ‘ne:” rainstant. Th

aeri- . ;| g RS AT ‘Lo cavartint.o HF ' ... andarecor. ..
tothrec.2ce’v o .o oo T is wen from the receiver | iich is receiving the
stro..,~> L "~ gawrac s, 0. . €0 'shaveacomT oot W COML, L
AGC s .em, the AGC voltage ' ..n, derived .rom . 32 ...« ..2signal stre. ..5in
the three receive.c. T. "causes: .recs. 7 . the:.2.. ...~ . odomi~ ctne
situation - the other receivers contributin, « w **n v 7 L L0

Frequency Diversity
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Polarisation Diversity

71 A verticaily polarised radio wave can become horizontally polarised durin
propagation through the ionosphere. The signal receivec . 'r the normal, verticall
polarised aerial woL.. be very weak. Polarisation changes can be reduced b
transmitting the signal from two separate aerials, one vertically polarised and the
other horizontally polarised. Two similar aerials are used at the receiver so that the
stronger signal can be selected.

HOICE OF FDM SEPARATION F ENCIE
72.  Assume that, due to multipath, a transmitted frequency f follows two paths to

the receiver and arrives with a time spread of x ms. The signals will be in phase if x
= an exact number of periods.
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Figure 2A.30 - Choice of Separation Frequencies



FC ™ - .7 = x=11 periods.
‘. increased, the two sign .o .
{frequen , /")

l

"~ ".nbe in phase when x = 12 period

¢ .00 _ 1000 _ 1000 x 11
.04 x/11 X
T.,=_‘_._..-f><._'='. ‘x*.1+1000
x/12 X X X
= f+ =
X

Therefore, for a given time delay x ms, the signals ' . . 2 in phase at

fand f + 10)?0 .

The signals will be in antiphase at f + % . 1000 .

In the FDM signal, all information is carried on one tone. Ideally when one
tone fades the other should be a maximum. Hence, the frequency separation of Z
and A tones should be:

1 1000

2 x

Time delay is typically 1.5 ms, so:

333 Hz approx

SEPARATION = S — = —
2 1



