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A VOID AN CE OF· RADIATION HAZARDS · 
FROM MICROWAVE ANTENNAS 

by D. H. SHINN, M.A., Ph.D. 
. ' 

Powerful microwave radiation can initiate fires and explosions and may also 
be harmful to biological systems. Consequently, near som.e microwave antennas 
there may be regions which are hazardous for people, refuelling and. so on. 
Precautions are always to be taken to prevent access or refuelling, in these 
regions while the hazardous power. level is present. A graphical method is 
presented for determining the boundaries of these hazardous Jegions, given 
the peak pow,er and mean power radiated, and the size and gain of the.:· .... 
antenna. As examples, a tropospheric ~catter communications installation · ...:. 
and a radar height finder are treated in detail; and it is indicated how such 
hazards can be avoided. 

The Biological Hazard 
When electromagnetic radiation is incident on an object made of lossy 

dielectric, part of the radiation is reflected from the object, part is trans
mitted through and around the object and the rest is absorbed by the, 

1 object: If the object is a human body, then the part of the radiation which 
is absorbed has an effect on the body which may be harmfui. 

In assessing the possible harm from the radiation the following points 
should be considered: 

(a) What is the power flux of the radiation 1 
(b) In what parts of the body is it absorbed 1 
( c) What proportion of the power is absorbed 1 
(d) What is the biological effect of this absorption1 
The answers to questions (b), (c) and (d) are greatly affected by the 

wavelength of the radiation. For example, X-rays and gamma rays 
penetrate the whole body. A considerable proportion of this radiation is 

1 absorbed by certain parts of the body and less by other parts. Precautions 
must be taken to ensure that any which is absorbed is not of such a 
character, and at such a level, as to be harmful. 
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Ultraviolet, visible and infra-red radiation does not penetrate any part 
of the body except the eyes. Elsewhere the covering of the body ( clothes 
or skin) partly absorbs and partly reflects the radiation. This radiation can 
have direct effects, and it is often necessary to p;otect the body (especially 
the eyes) from these effects. This radiation can also have the indirect 
effect of causing an increase in the temperature of the body as a whole, 
which may be sufficient to be harmful. The power flux from the noonday 
sun varies from place to place, but is typically of the order of 1000 W/m2; 

when reasonable precautions are taken, this normally causes no harm to 
the body. 

Different effects occur for microwave radiation. The term 'microwave' 
is taken here to refer to frequencies between about 0·5 GHz (wavelength= 
60 cm) and about 30 GHz (wavelength = 1 cm). Radiation at these 
frequencies is readily absorbed inside the human body, at depths up to a 
few wavelengths below the surface. The absorption is selective, depending 
on the dielectric properties of the absorbing material. Hence, if the body 
as a whole is placed in a microwave field, different parts of the inside of the 
body are heated by different amounts. However, because of the circulation 
of the blood, this heating effect is fairly rapidly distributed over the whole 
body. It was concluded by Schwan and Li(1) that the only significant 
heating effect of irradiation of the whole body by microwaves is the rise 
in temperature of the body as a whole. They estimated that if the power 
flux of the microwave radiation were 100 W/m2 (= 10 mW/cm2), and this 
radiation were totally absorbed by the body, then the rise in body tem
perature would, under normal conditions, be less than 1 °C. 

Based on the work of Schwan and Li, a number of countries, including 
U.S.A. and U.K., adopted 100 W/m2 as the "maximum safe power flux". 
A large amount of work has been done on this subject in the last twenty 
years, but the figure accepted as the "maximum safe power flux" remains 
at 100 W/m2 in the U.S.A. and U.K. and many other countries. 

This is the accepted standard for continuous exposure. The U.S.A. 
standard for intermittent exposure states that the average power flux 
over any interval of six minutes shall not exceed 100 W/m2• It appears 
that this standard is likely to be accepted more widely in the near future. 
The period of time mentioned in this standard (i.e. six minutes) is of great 
importance for establishing the limits of potentially hazardous regions 
near antennas which move with respect to their surroundings. This 
includes radar antennas which scan and shipboard antem1as which point 
in a direction which changes slowly, while the ship itself, by pitching, 
rolling and yawing, moves relative to the antenna (for example, an 
antenna for working with a satellite). 

There is by now a vast literature on the biological effects of microwaves. 
A recent critical survey of some of this literature is given by Michaelson(2). 
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This information generally supports the view that 100 W/m2 is a reason
ably safe 1imit for continuous exposure. Some authorities have adopted a 
standard of less than 100 W/m2• The standards in U.S.S:R., Poland and 
Czechoslovakia are discussed by Michaelson(3). He concludes that there is 
no reason to change the American standard of 100 W/m2• 

It must be emphasized that this is the average power flux over any 
interval of six minutes. This averaging covers both any variations in the 
power rad{ated and any movement of the antenna. The "variations in the 
power radiated" are, for a pulsed radar, very large; the "peak power" 
may be as much as 1000 times the "mean po,ver". In assessing the 
biological hazard, the mean power is significant and the peak power does 
not matter. The reverse is the case for ignition hazards· (see below).' 

It has been assumed so far that we are dealing with a normal human 
body. However, if the body contains an electronic cardiac pacemaker, then 
there is further potential hazard. This subject is reviewed by Mitcliell(4). 

Most of the cardiac pace-makers in use today are somewhat susceptible 
to interference by radio waves. For example, if a person fitted with a 
pace-maker stands on the ground at a few hundred metres in front of an 
ordinary surveillance radar, then the pace-maker may miss a beat as the 
radar scans past. If there is an effective repetition rate (i.e. an antenna 
scan rate) of the order of a few Hz, the interference could inhibit the 
pace-maker completely, which would be very serious. Fortunately, most 
microwave communications systems and microwave radars are unlikely 
to produce signals with an effective pulse repetition rate of the order of a 
few Hz. 

This is a difficult subject to investigate experi~entally, since the results 
of any test depend on the design of the pace-maker, the frequency, field 
strength, pulse length, pulse repetition rate etc. In the investigation 
reported by Mitchell(4), the ''susceptibility threshold" of the pace-maker 

,for a frequency of 450 MHz and pulses of duration 1 msec varied from 
8 V/m (= 0·2 W/m2 ) to greater than 300 V/m (= 240 W/m2). For most 
modern instruments the "susceptibility threshold" was greater than 
240 W /1112. Mitchell's investigations also showed that the "susceptibility 
threshold" is approximately inversely proportional to pulse length. It 
follows, for example, that, for a frequency of 450 MHz and a pulse length 
of 5 µsec, the "susceptibility threshold" for most modern pace-makers is 
greater than about 50,000 W/m2. This is about 19 dB greater than the 
"ignition hazard" level (see below). 

Altogether it seems likely that a wearer of a modern pace-maker will not 
be troubled by interference from pulsed radar provided that he keeps out 
of the "ignition hazard" region. 
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The Ignition and Detonation Hazard 
A strong radio frequency field can cause sparking to occur between two 

conductors. If the~e conductors are a fuel tank and a pipe being used to 
fill it, then a serious fire or explosion may result. There is a British Stan
dard (BS.4992)( 5) which deals with this matter. Some recent work is 
reported by Butcher, Excell and Howson( 6); they agree broadly with the 
standards in BS.4992. From BS.4992, Fig. 1, it follows that a safe power 
flux for frequencies between O·l GHz and 100 GHz is about 3000f2 W/m2, 

where f is the frequency in GHz; this can be written as 35 + 20 log f 
dBW/m2• If the power flux is varying (as for a pulsed radar) then the 
significant power flux is the peak rather than the mean. It follows, for 
example, that the maximum safe peak power flux for a radar at 1300 MHz 
is 5000 W/m2. If the duty cycle of the radar is 1/500, that is, pulse length 
(µsec) X pulse repetition rate (pulses per second) = 2000, then the corres
ponding mean power is only 10 W /1112. In this case there will be an 
"ignition hazard" for a considerable region outside the region where there 
is a "biological hazard". Furthermore, when the antenna moves the 
"biological hazard" region is greatly reduced, while the "ignition hazard" 
is unaffected. 

It is also possible for radiation to activate an electrically operated 
detonator and thus initiate an explosion, or fire a rocket motor etc. This 
subject is also considered in BS.4992. The power flux required to fire a 
detonator depends on various factors in the design of the detonator, 
especially to what extent it is electrically screened from possible radio 
frequency interference. In Fig. 4 of BS.4992 information is given con
cerning hazards for a "commercial electric detonator normally used in the 
United· Kingdom (with safe code of practice applied)". The hazardous 
level of power flux is approximately: 

80fL5W/m2 = 19 + 15logfdBW/m2, 

where f = frequency in GHz. The power flux must be averaged ,over 
30 msec, which is the "thermal time-constant". This means that for radar 
the mean power should be used rather than the peak power. 

For frequencies greater than l ·2 GHz the hazardous level given by the 
above formula exceeds the "biological hazard" level. It follows that for 
such frequencies the "detonation hazard" region is inside the "b1ological 
hazard" region. It will therefore be safe to use "standard commercial 

. electric detonators" at all points outside the region of biological hazard, 
provided that the safe code of practice for detonators, as described in 
BS.4992, is observed. 

Other types of detonator are mentioned in BS.4992, including one which 
has a thermal time constant of only 20 µsec. Such a detonator could 
therefore be fired by a single pulse from a radar. It is important that the 
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susceptibility of any electro-explosive device to radio frequency inter
ference should be considered whenever it is proposed to use or to store 
such. a device in a region where there is a strong rad.io frequency field. 
When the level of hazardous power flux is known, the information in this 
article can be used to find the boundaries of the region 'Yithin which the 
mean power flux (or peak power flux, as.appropriate) may exceed this 

' hazardous level. 

The Establishment of Potentially Hazardous Regions 

In practice it is necessary to establish the limits of the "biological 
hazard region" and the "ignition hazard region", and to take steps to 
ensure that the potential hazard does not lead to actual damage. If the 
antenna is fixed, then people, fuelling etc. must be excluded from the 
hazardous region except under closely controlled conditions. If the antenna 
is movable, for example a radar antenna, then it may be a<iv.isable· to 
arrange operating procedures such that the size of the hl},zardous region is 
reduced; for example, it- could be arranged that when the drive to the 
antenna fails (or is switched off), then either the transmitter is auto
matically switched off, or the antenna takes up a position such that the 
potentially hazardous region is situated where people_ are not likely to be, 
for example at an elevation of 10°, or at an azimuth where the entry of 
people is prevented or closely controlled. 

In any, case it is necessary to find the boundaries of the "biological 
hazard region" (100 W/m2 mean power) and, where applicable, the 
"ignition hazard region" ( 3000 f2 W /m 2 peak power). These boundaries are 
usually found by a combination of theory and measurement. The boun
daries are predicted theoretically, and then, if theory shows ~hat a 

· significant hazardous region exists, the exact boundaries of the region are 
found by measurement. The available measuring instruments all measure 
mean power, with various time-constants; appropriate adjustments must 
then be made to find the peak power, or to allow for a different time 
constant. For a radar antenna, it may be feasible, and advisable, to make 
measurements with the antenna fixed and with the antenna moving in its 
operational mode. 

The main purpose of this article is to provide a method for computing 
the power flux which is ,reasonably accurate and easy to apply. Unfor
tunately, some of the literature contains incorrect formulae, and these can 
lead to substantially incorrect theoretical predictions. Furthermore, the 
literature usually confines itself to the power flux on the axis of the 
antenna, and also to ap_tennas whose aperture is circular. In practice, we 
are nearly always interested in the power flux at points well away from 
the axis of the antenna; also in many cases of practical interest (especially 

\ 
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radar) the antenna aperture is not circular. 
It is possible to compute the positions of "contours of equal power flux" 

in the space in front of the antenna. For the biological hazard, we are 
mainly interested in the position of the 100 W/m2 contour. However, it is 
useful to determine theoretically, for a particular installation, various 
contours, from perhaps 10 W/m2 to 500 W/m2• This will indicate what the 
significant contours would be if the power of the transmitter were 

I 

Fig. 1. Section of a paraboloid , 
antenna, showing the Rayleigh 
distance. 
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increased or decreased. Furthermore, it is recommended in the current 
British Code of Practice(7) that measurements should be performed if 
theory indicates that the p@wer flux is 10 W /m2 or greater at points which 
may be accessible. 

Theory for an Antenna with Circular Aperture. 
A simple and common form of microwave antenn~ consists of a reflector 

of paraboloidal shape and circular boundary, illuminated by a waveguide 
or dipole feed at its focus (see Fig. 1). For such a simple paraboloid the 
contours of equal power flux are surfaces of revolution about the axis of 
the antenna. It is sufficient therefore to compute these contours in one 
plane only. It is usual to present these contours in the vertical plane; the 
contours in the horizontal plane are identical. The "axis of the antenna" 
is the line through the centre of the reflector which is parallel to the direc
tion of the maximum of the beam. If the paraboloid is symmetrical, and 
the feed is at the focus, then the "axis of the antenna" coincides with the 
axis of the paraboloid. 

The parameters required for the computation are as follows: 

(a) P = Mean power or peak power of transmitter (dBW, i.e. decibels 
above 1 watt). 

(b) G = Gain of antenna (decibels above an isotropic antenna). 
(c) T = Attenuation (decibels) betwfen transmitter and antenna. 
(d) D = Diameter of antenna (metres). 
(e) 'A = Wavelength (metres). 
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The power flux on the axis of the antenna, at a great distance r from 
the antenna, is: · 

F = P - T + G - 10 log (4rrr2) dBW/m2. (1) 

This gives the power flux on the axis of the antenna in the so-called "far 
field"; it is therefore often referred to as the "far-field formula". 

Equation (1) can be regarded as a definition of the gain G. If the antenna 
were "isotropic", i.e: radiating the ·same in all directions, then the gain G 
would be zero and the power flux would, according to equation (1) be: 

P - T - 10 log (41tr2) dBW/m2, 

i.e. the power P - T would be distributed uniformly over the surface 
of the sphere of radius r (whose area is 4rrr2). 

It can be shown that, if the power to be radiated were distributed 
uniformly over the whole of the aperture of the antenna, then the gain 
G would be: · 

20 log (1tD/'l} dB= 10 + 20 log (Dj'J..) dB. 

This is the maximum gain which could theoretically be achieved from an 
aperture cif this size. Gains of practical antennas usually fall short of this 
by a few decibels. In fact, apart from very special antennas, such as those 
used for communication with satellites and space probes, it is safe to 
assume that tp.e gain (ifit is not known) is 8 + 20 log (D/A) dB. This allows 
for a small factor of safety; many antennas have a gain of about 7 + 20 log 
(D/A) dB. I 

The difference between the actual gai~ and the gain of the "ideal 
antenna" (i.e. 10 + 20 log D/A) is termed the "efficiency" of the antenna. 
If the gain of an antenna is 8 + 20 log (D/A) dB, then its efficiency is 
-2 dB or 63%. 

It is important that the gain G used in equation (1) is that which would 
be measured at the input to the whole antenna, not ( as is sometime~ 
quoted) at the input to the radiating element. In many cases there is a 
significant loss in the connection between these two points. The "attenua
tion" T must be measured between the output of the transmitter (where 
the power Pis measured) and the input to the antenna (where the gain G 
is measured). 

Equation (1) gives the power flux on axis at a great distance r from the 
antenna. For points on the axis near the antenna, this equation is no 
longer true. A distance of great importance in considering the field near 
an antenna is the "Rayleigh distance", R. This is defined as the distance 
from the antenna such that a point P, on the axis at this distance, is 
11,/4 further from the edge of the aperture M than from the centre of the 
aperture N (see Fig. 1). It follows that the phase of the radiation reaching 
P from M is delayed by 90° compared with the radiation _reaching P 
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from N. In the "far-field" formula, equation (1), it is assumed that these 
phases are the same. It follows that the actual field at P is slightly less 
than that computed according to equation (1). 

If P is at the Rayleigh distance, then: 

, PM - PN = 1c/4. 
Hence, 

(R2'+ D.2/4)½ - R = 1c/4. 
Therefore, 

R = D2/(21c) (assuming that D/1c ~ 1). (2) 

Sometimes the "Rayleigh distance" is defined as D2/1c or 2D2/1c; these 
correspond to phase delays of 45° and 22½ 0 respectively. Since there is no 
standard definition of Rayleigh distance, it is necessary whenever it is 
used to state which definition one is adopting. The general notion of 
Rayleigh distance derives from an investigation by Rayleigh into the 
optimum size for the aperture of a pin-hole camera of fixed "focal length". 
He came to the conclusion that the optimum size was such that the 
distance from hole to screen was about 0·6R, where R = D2/(21c); this 
size gives the sharpest possible image on the photographic plate. 

According to equation (1) the power flux on the axis at a distance R 
from the antenna is given by L, where 

L =·P - T + G - 10 log (4rrR2). (3) 
This is the power flux on axis at the Rayleigh distance, computed 
according to the far field formula. It is convenient to regard L, computed 
according to equation (3), as a "reference power flux", and to compute 
power fluxes at other points in front of the antenna in dB above or below 
L. This enables us to construct Fig. 2, which is a universal contour plot 
of power flux; it can be used for any values of P, T, G, D and A. 

The power flux on the axis of the antenna in the "far field" region is 
given by equation (1). It follows from equation (1) and equation (3) that· 
the power flux on axis at a distance r from the antenna is equal to 
-20 log (r/R) decibels relative to L. This is true, of course, only in the 
"far field", i.e. for r greater than about 3R. 

The power flux off axis in the far field can be found from the power flux 
on axis, combined with the radiation pattern of the antenna. The beam
width of the antenna between 3 dB points is approximately 64 A/ D 
degrees or 1·12 1c/D radians. The power flux at 0·56 1c/D radians off 
axis is therefore 3 dB less than it is on the axis at the same distance r 
from the antenna. The distance off axis of this 3 dB point is therefore 
0·56 r 1c/D. Now it follows from equation (2) that A= D2/(2R); hence the 
distance off axis of the 3 dB point is 0·28 (r/ R)D. For example, if r = 5R, 
then the 3 dB point is l ·4 D off axis. 

The positions of the 2 dB point, the 4 dB point etc. can be found from 
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the radiation pattern of the antenna. For example, at a distance of 5R 
in front of the antenna the power flux is -20 log 5 = -14 dB. It is 
possible therefore (by using a theoretical radiation pattern) to deduce the 
positions of points on the -16 dB, -18 dB, -20 dB etc. contours at a 
distance of 5R in front of the antenna as shown in Table 1. 

TABLE 1 

dB Distance Angle off axis 
(relative to L) off axis (in beamwidths) 

-14 0 0 
-16 1·14D 0·41 
-18 1·62D 0·58 
--20 1·94D 0·69 
-22 2·19D 0·78 
-24 2·41D 0·86 
-26 2·60D 0·93 
-28 2·76D 0·99 
-30 2·91D 1·04 

Other points on contours can be computed similarly. The exact form 
of the contours depends, of course, on the assumed theoretical radiation 
pattern. The pattern used here is that for an illumination taper of 9·5 dB. 
Most antennas will have a pattern similar to this, at least as far as about 
0·8 beamwidths off axis; beyond this point it is advisable to use a 
measured radiation pattern. 

The method just described can be used to plot accurately the contours 
for all distances greater than about 3R. At smaller distances the far-field 
radiation pattern has not been properly formed, and the method loses 
accuracy. For these distances it is necessary to use formulae which give 
the "near field" of the antenna (e.g. Ref. (8) ). The complete contours 
are presented in Fig. 2 for distances from 0·5R to I0R. At distances less 
than 0·5R the contours are rather complicated, but there is certainly very 
little power flux in this region at distances greater than about 0·6D off 
axis. 

The computed values of near field which were used in constructing 
Fig. 2 were those in Fig. 4a of Ref. (8) (for distances 0·524R, 0·785R and 
l ·571R), together with some computed values of power flux on axis, 
given by the formula: 

F = - 6·9 + 10 log [2 + (3 + 4/rx2) (1 -- cosrx) - (4 sinoc)/oc] dB. 
where rx = nR/(2r) 

F = power flux in dB relative to L 
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and r = distance along axis. 
This formula can be deduced from the equation 

1 

Field strength on axis oc a f (l-2x2/3) exp (jax2 ) dx. 
0 

71 

In order to assess the hazard in a practical .situation it is necessary to 
compute the Rayleigh distance R from equation (2) and the reference 
power flux L from equation (3). A section through the site, including 
information about the height of the antenna, the elevation of the-beam 
and the ground contours in front of the antenna, can then be inserted on 
Fig. 2. Th~ power flux to be expected at any point can then be read from 
the contours. · 

For example, let us suppose that: 

Power= 10 kW= 40 dBW 

Attenuation between transmitter and 
antenna 
Diameter of antenna 
Wavelength 
Gain of antenna 

= 0·7 dB 
=8m 
= 0· 15 m (frequency = 2 GHz) 
= 42 dB. 

It follows from equation (2) that the Rayleigh distance = R = D2/(2"A) 
= 213 m. Hence from equation (3) the reference power flux Lis given by: 

L = P - T + G - 11 - 20 log R 
= 40 - o-7 + 42 -·11 - t6·6 
= 24 dBW /rr12 ( = 250 W /m2). 

In Fig. 2 we can now put R = 213 m, and mark the -14 dB contour, 
for example, with the power flux 10 dBW/m2• In order to conform with 
the British Code of Practice(7) measurements should be made covering all 
points within the -14 dB contour to which people have access. Let us 
suppose that the beam points horizontally, the ground in front of the 
antenna is horizontal and the bottom of the antenna is 3 m above the 
ground. 

It then follows from Fig. 2 that, at a height of 2 m above the ground, 
the power flux exceeds -14 dB relative to L (i.e. + 10 dBW/m2 or 
10 W/m2) at all qi.stances between 0·9R (= 200 m) and 4·5R (= 960 m) 
from the antenna. The maximum power flux at a height of 2 m above the 
ground occurs at a distance of about 2R ( = 400 m) from the antenna, and 
is about -10 dB relative to L (i.e. + 14 dBW/m2 or 25 W/m2). 

In these estimates of power flux, the effect of reflection by the ground 
has been ignored. In fact because of this reflection the power flux in 
places will be greater by amounts up to perhaps 4 dB or so. The maximum 
power flux expected within 2 m of the ground is therefore about 
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18 dBW /m2 ; this occurs at 400 m from the antenna and at a height such 
that the direct radiation and the reflected radiation add in phase, in fact 
at a height of about 2 m. This is 2 dB less than the hazardous power flux, 
so that theory predicts that all the region in front of the antenna up to a 
height of 2 m above the ground is biologically safe. According to the 
British Code of Practice(7) this prediction should be checked by measure
ment, at distances between 20_0 m and 960 m from the antenna, and 
heights up to 2 m. 

There is in theory a hazardous region within about 2 m of the axis of 
the antenna out to a distance of about 300 m from the antenna; since this 
region is inaccessible, it has no practical significance. 

There ma-y, however, be a hazardous region within a few metres of the 
feed. The gain of the feed might be about 8 dB. The power radiated by 
the feed is 39·3 dBW (= 8·5 kW). We may now, in equation (1), put 
P - T = 39·3 and G = 8, thus giving: 

F = 36·3 - 20 log r dBW/m2• 

The hazardous level, F = 20 dBW/m2, therefore occurs where r = 6·5 m. 
This is the "danger distance" in the direction in which the feed is pointing, 
that is, towards the centre of the reflector. 

In the direction towards the edge of the reflector the gain of the feed is 
considerably less. It might be 0 dB relative to an isotropic radiator (or 
- 8 dB relative to the maximum gain). From equation (1), the power flux 
in the direction towards the edge of the reflector would then be given by: 

F = 28·3 - 20 log r dBW/m2• 

The hazardous level in this direction therefore occurs where r = 2·6 m. 
In this way, given the power radiated, P - T, the gain of the feed G, 

and the radiation pattern of the feed, it is possible to establish the limits 
of the hazardous region near the feed. This will often include the whole 
region between the feed and the reflector,,and may include an additional 
region just beyond the edge of the reflector. Effective arrangements must 
be made to prevent access to this hazardous region when the transmitter 
is switched on, or to· restrict access to a period not exceeding, say, 
1 minute. The exact boundaries of the region should be found by measure
ment. 

It is interesting to note that, if we assume that the efficiency of the 
antenna is 63%, G = 8 + 20 log (D/11,), then the reference power flux L 
becomes P - T + 3- 20 log D. This is 2 X Power/ D2, or l ·57 Power/Area. 
For an efficiency of 50% it would be l ·25 X Power/Area. The maximum 
power flux anywhere occurs on axis at about 0·45R and is approximately 
equal to+ 2·5 dB or l ·8 times the reference power flux. The actual power 
flux on axis at the Rayleigh distance R is - 0·8 dB, or 0·83 times the 
reference power flux. 
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Figure 2 shows'how the power streams out from the antenna in a s9rt of 

"searchlight beam" as far as the Rayleigh distance, after which it spreads 
out. It is important to note that in many practical cases, as in the example 
'above, the power flux at 2 n~etres above the ground' is low near the 
antenna, and reaches its maximum value at several hundred metres from 
the antenna. It may be necessary sometimes to tilt the beam up slightly 
or to mount the antenna a bit highe~, in order to reduce the power flux 
near the ground. in this region and so avoid a potentially hazardous 
situation. 

It is also worth pointing out that a hazard may arise and precaution~ 
have to be taken for a medium level of power and a medium sized antenna. 
For example, Power= 500 W, D = 2 m, gives L = 1000/4 = 250 W/m2 ; 

the Rayleigh distance is, however, quite small, being only 20 m for a 
frequency of 3 GHz. In all cases it is useful to evaluate 2P/D2, which is 
arough estimate of L; if this is less than 50 W/m2 , then there is no hazard 
anywhere. 

The results obtained here are a development of previous work of the 
author( 9). In this previous publication the power flux was slightly over
estimated (the effective assumed efficiency was about 73%); also the 
contour plot (Fig. 1 of Ref.(9) ) was,somewhat inaccurate. 

Theory for an Antenna with Elliptical or Rectangular Aperture 

As shown in the foregoing discussion, the region in front of an antenna 
whose aperture is circular (with diameter D) can be divided into a "near
field region" and a "far-field region", which have the following properties: 

(a)· The near-field region is within a distance R from the antenna, where 
R = D2/(211,); in this region the power is nearly all contained within 
a cylinder of:i;adius D /2, a sort of "searchlight beam". 

(b) In the far-field region (distance > R from the antenna) the power 
spreads out; the power flux on axis is given by the "far-field 
formula", equation (1), and the power flux elsewhere can be found 
from the radiation pattern of the antenna. In fact, for distances just 
a little greater than R equation (1) gives an overestimate of the 
power flux on axis, but never by more than about 0·8 dB. 

' These two regions are illustrated in Fig. 2. In constructing this figure a 
theoretical radiation pattern was used; a more accurate contour plot 
could of course be made if the true radiation pattern were used. 

For many antennas used in radar either the width is considerably greater 
than the vertical extent (for "surveillance radars") or the vertical extent 
is considerably greater than the width (for "height-finding radars"). We 
will assume here that the aperture is elliptical with major axis A and 
minor axis B. Nearly all the results will also apply to a rectangular 
aperture. There are now three regions of space in front of the antenna: 
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(a) The "near-fi_eld region", within a distance R 2 = B2/(n) from the 
antenna; in this region the power is nearly all contained within an 
elliptical cylinder whose axis is the axis of the antenna and whose 
base is the antenn~, a sort of "searchlight beam" (as for the 
circular. aperture). 

(b) The "far-field" region, at a distance greater than R 1 = A2/(2'A) 
from the antenna. In this region the power spreads out in all 
directions; the power flux on axis is given by the "far-field formula", 
equation (1), and the power flux elsewhere can be found from the 
radiation pattern of the antenna (as for the circular aperture). 

(c) An "intermediate region", between R2 and R1 from the antenna, 
where the power is spreading out in the B-direction, but not in the 
A-direction. 

In order to find the power flux in the "far-field region" we can use 
Fig. 2 with R = A 2/(2A), 

L = P - T + G - 10 log (4rcR2) (3) 
and D = A (for a height-finding radar) or A 2/B (for a surveillance radar). 
If the gain G is not known, it is possible to use the formula: 

G = 8 + 10 log (AB/'A2). · (4) 
This corresponds to an efficiency of 63% for an elliptical aperture, or 
50% for a rectangular aperture. However, if the vertical aperture of a 
surveillance radar antenna has been used for "beam-shaping", then it is 
best to use some other means of estimating gain, since the above formula 
may give an overestimate by several decibels. 

As stated above, the contours in the far field of a surveillance antenna 
may be found from Fig. 2 by putting D = A 2/B. This ensures the correct 
angular width of the radiation pattern in the vertical plane (assuming that 
the beam in this plane is not "shaped"). This value of D may also be used 
to give the contours in the horizontal plane of the power flux in the far 
field of a height-finding antenna. 

In fact, the parameters of even the most powerful microwave radars 
are usually such that there is no biological hazard or ignition hazard in 
the "far-field region". Therefore it will usually be sufficient to evaluate 
L from equation (3); if the mean reference power flux is less than' 
20 dBW/m2, and the peak reference power flux is less than (35 + 20 log/) 
dBW/m2, then there is no hazard in the "far-field" region, and so this 
region requires no further investigation. 

It is more difficult to estimate the power flux in the "intermediate 
region", between R2 and R1. In this region the power flux on axis is 
varying approximately as 1/r, since the power is spreading out in one 
direction but not in the other direction. The exact shapes of the contours 
in this region are complicated. However, some idea of the power flux may 
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be obtained by using Fig. 3 (vertical section for a "surveillance" antenna) 
and Fig. 4 (vertical section for a "height-finding" antenna). More detailed 
investigation of the field in this region indicates that it is unlikely to vary 
from that given in Fig. 3 or Fig. 4 by more than about 2 dB. 

These figures have been constructed assuming that: (i) the power flux 
on axis varies as 1/r, for example, it decreases by 6 dB between R 2 and 
4R2, and (ii) the radiation pattern in the vertical plane is fully formed 
for Fig. 3 aI?,d not formed at all for Fig. 4. The values of L and R to be 
used for Fig. 3 and Fig. 4 are: 

L2 = P - T + G - IO log (4rcR1R2) (5) 

R 2 = B 2/(2A). (6) 

It is possible to join the "intermediate field" (Fig. 3 or Fig. 4) and the 
"far-field" (Fig. 2) to give the estimated contours of power flux all the 
way out to a distance of 5A2/A. It is interesting to note that if we assume 
that the efficiency is 63% and so use equation (4), then we obtain 
L 2 = P - T + 3 - 10 log (AB); this is 2 x Power/AB. 

For investigating the biological hazard, P in equations (3) and (5) 
should be taken to be the mean power. For investigating the ignition 
hazard, P should be taken to be the peak power. If a surveillance antenna 
uses a "shaped" beam in the vertical plane, an "equivalent" value should 
be used for B, rather than the true vertical extent. 

In fact, a powerful radar is quite likely to produce a significant ignition 
hazard in the "intermediate region". Since height finding radars may 
point downwards this hazard may occur near the ground. Around each 
height-finding antenna there is therefore a region in which refuelling must 
not be allowed. 

Usually there is no biological hazard from a radar that is moving but 
if it is stationary and radiating, then there may well be a biological 
hazard; for a surveillance radar the hazardous region is usually well clear 
of the ground, but for a height-finding radar it may well extend down to 
ground level. Adequate safety measures must be provided for such a 
radar. 

Measurements of power flux from a radar are complicated by the fact 
that the measuring instrument measures the mean power with its own 
time-constant. For checking for biological safety we must know the 
mean power with a time-constant of six minutes; this must be obtained 
by calculation. For establishing the ignition hazard we require to know 
the peak power; this also must be obtained by calculation, using the 
known duty cycle of the radar. 

As an example, let us consider a height-finding radar with the following 
parameters: 
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Antenna, elliptical 8 m X 3 m (A X B) 
Frequency = 3 GHz (wavelength 0·l m) 
Peak power = 60 dBW ( = 1 MW) 
Mean power= 33 dBW(= 2 kW) 
Attenuation between transmitter and antenna= 0·5 dB 
Gain of antenna= 41 dB. 

We now compute R2, R 1 etc. as follows: 
R 1 = Greater Rayleigh distance = A2/(2A,) = 320 m. 
Lp = Reference peak power flux for far field. 

= 60 - 0·5 + 41 - 10 log (41t X 3202) 
= 39·4 dBW/m2 (peak) 

Ignition hazard level= 3000f2 W/m2 
= 44·3 dBW /m2. 

This is 4·9 dB above Lp. 
If the point on the axis at 320 m in front of the antenna is near the 

ground, then ground reflection may just be sufficient to cause an ignition 
hazard in this region. 

We will now investigate the mean power. 
Lm = reference mean power flux for far field 

= 33 - 0·5 + 41 - 10 log (41t X 3202) 
= 12·4 dBW/m2• 

Since the biological hazard level is 20 dBW/m2, there is no biological 
hazard in the far field. 

Now let us turn our attention to the "intermediate field". 
R2 = Lesser Rayleigh distance= B2/(2A,) = 45 m 
L2p = reference peak power flux for intermediate field 

= 60 - 0·5 + 41 - 10 log (41t X 45 X 320) 
= 47·9 dBW/m2. 

This is about 4 dB greater than the "ignition hazard" level. The ignition 
hazard contour on Fig. 4 is therefore the contour marked " - 4". This 
contour is well up in the air. However, if the antenna is tilted downwards 
by l ·5 ° then the ground between about 6R2 ( = 270 m) and R1 ( = 330 m) 
is illuminated at a level of about - 9 dB relative to L2, or - 5 dB relative 
to the "ignition hazard" level. Since ground reflections can cause an 
enhancement of several decibels, it is clear that there may be a hazardous 
region at around 300 metres from the antenna. It is assumed here that 
the bottom of the antenna is 4m above the ground. 

It is possible to insert on Fig. 4 the exact position of the ground around 
the antenna, when the antenna is at its minimum elevation (for example, 
-1·5°}, and so obtain fairly good predictions concerning the region near 
the ground where the ignition hazard level may be exceeded. If the 
minimum elevation were - 1 °, and the ground were level, then there 
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might well be no hazard anywhere near the ground; if the mm1mum 
elevation were - 2°, then there would probably be a hazardous region of 
considerable size. The limits of the region would, of course, have to be 
established by measurement. . 

The reference mean power flux for the intermediate field is 20·9 dBW /m2• 
It follows from Fig. 4 that, if the elevation of the antenna is - 2°, then 
there may be a "biological hazard" near and inside the - 6 dB contour, 
which is at ground level at about 80 to 150 m from the antenna (depending 
on the height of the antenna and the contours of the surrounding ground). 

If there is any chance that the antenna may be radiating, pointed at 
- 2° elevation (or below this), and stationary, then t_here will probably be 
a biologically hazardous region the limits of which must be established by 
measurement. 

This example illustrates the · hazards which may arise from height 
finders when they are pointed downwards, especially if the ground 
surrounding the height finder slopes up by more than 0·5° or so, that is, 
1 in 100. 

Concluding Remarks 
Powerful microwave radiations may involve "biological_ hazards", 

"ignition hazards" and "detonation hazards". The level of radiation 
which is officially considered to be hazardous is 100 W/m2 mean power 
flux for biological hazard, and 3000 f 2 W/m2 peak power flux for ignition 
hazard, where f = frequency in GHz. The hazardous level for detonation 
depends on the design of the detonator. Sufficient information is given here 
to enable the position of the boundaries of potentially hazardous regions . 
to be calculated. If this calculation indicates that a hazard may exist, then 
the boundaries of the hazardous region should be established by measure
ment. If it is established that there is a hazardous region which is 
accessible then the hazard must be eliminated. The size of the region 
could be reduced by changing the position and directio11 of point of the 
antenna, for example by raising the antenna and/or tilting the beam 
upwards. If a hazardous region still exists, then access to this region 
should be restricted. 

The standards.of 100 W/m2 mean power flux and 3000 f2 W/m2 peak 
power flux may be superseded in the future by other standards. If this 
occurs, the methods described in this article could equally well be used in 
connection with any revised standards. 

At points near the ground (or other reflecting object) the field strength is 
usually changed because of reflec.tion. In fact, it may in extreme cases be 
increased by as much as 6 dB, although a maximum enhancement of 
3 dB or 4 dB is more usual. It is possible in any particular installation to 
estimate what the effect of the ground will be, but the ~ccuracy of such 
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estimates is limited both by the incompleteness of information about the 
ground and the theoretical difficulties of the computation. Measurements 
near the ground should be done at several heights, in order to cover 
varying phase relationships of the direct and the reflected radiation. 

A tropospheric scatter installation must be arranged so that the bio
logical hazard region, which may in principle extend to 1 km or more, is 
well above ground level. This can usually be done without much trouble, 
expense or loss of performance. There is also a hazardous region within 
a few metres of the feed to which access must be prevented while the 
power is on. 

A radar is unlikely to cause any "biological hazard", provided that the 
antenna is co11tinuously moving. However, if the antenna is stationary, 
then there may well be a significant region of "biological hazard". Suitable 
safety measures must then be taken to prevent this hazard. In general, 
near a powerful radar, there may well be a significant region of "ignition 
hazard"; fuelling operations should be excluded from such a region. ' 

This article has been concerned only with microwave radiation from 
antennas. The effects of possible leakage from incorrectly connected 
waveguide runs etc. have not been discussed, but must be taken into 
account in the· codes of practice for design and operation of high power 
microwave systems. Then again the article does not apply to lower 
frequencies whue other considerations are relevant. 
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