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Experimental Studies of Terrestrial 
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Part 1: Attenuation Due to Atmospheric Particles 
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Riyadh, Saudi Arabia 

Recent experimental studies on terrestrial mm-wave links are reviewed in this 
paper. In Part I, attenuation by atmospheric hydrometeors including fog, clouds, 
snow and rain is presented with more emphasis on rain. Effects of sand and dust 
storms are discussed through the few experimental systems reported in the 
literature. Each section starts by an explanation of the physical phenomenon 
followed by a summary of the major, recent experiments with emphasis on 
experimental set up and main results. Clear air phenomena, diversity and data 
processing are dealt with in Part 2. Modelling, theoretical studies and slant paths 
are outside the scope of this review. 

Introduction 

The utilization of frequency bands above 10 GHz for line of sight communications 
has attracted increasing attention during the last two decades due to the ever growing 
demand for new services and the crowding of lower frequency bands. However, 
practical applications in communication have so far been few. There are two main 
reasons for this; 0) until recently, the development of reliable components has been 
slow and (ii) atmospheric attenuation may degrade the operation of any free-space 
link system. Recent progress in component development coupled with the congestion 
present at lower frequencies has revived interest in the millimetric waveband, Many 
experimental and theoretical studies have been reported in the last few years, giving 
a better understanding of various propagation phenomena and suggesting possible 
systems layouts, Unfortunately, no 'cook book' method is available for millimetric 
link design, since results obtained for a climate region of one climate are not directly 
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applicable to other regions of different climates. Further studies are still needed to 
answer many questions regarding the maximum possible hop length, channel band­
width, types of digital modulation and diversity. 

The aim of this paper is to present a survey of experimental terrestrial mm-link 
systems and to outline the areas of needed studies. Although several reviews have 
been reported [1-10], they were either general, or dealt with specific phenomena. 

The present review should be useful to engineers and researchers planning an 
experimental link system at the mm-band. Section 2 surveys the main experimental 
studies of free-space attenuation and power loss due to hydro meteors and other 
particles. Scintillation fading is also described. In Section 3 an outline of Part 2 of 
this paper is given. 

Measured Parameters 

In the millimetric wave band, the signal is affected by several natural mechan­
isms causing signal reductions relative to a free space level. These are summarized 
in Fig. 1. 

Free Space Attenuation 

In the electromagnetic spectrum, millimetric wave frequencies occupy a decade 
frequency range from about 30 GHz to 300 GHz. The troposphere affects the propa-
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Fig. 2: Attenuation Due to Gaseous Constituents 

gation of millimeter-waves as it does at other frequencies, but with some differences. 
This propagation is affected by the tropospheric absorption, caused by the interaction 
between electromagnetic waves and gases, such as molecular oxygen and water 
vapour. 

Figure 2 gives the specific attenuation due to gaseous constituents as a function 
of frequency for standard atmospheric conditions [11-14]. The frequency spans in 
the vicinity of attenuation minima are called 'windows'. Windows are at 25-50 GH'!, 
70-110 GHz, 130-160 GHz, and 200-280 GHz. These are usually taken as the operat­
ing regions, and are extremely wide compared with available microwave bandwidths. 

Theory verified by field measurement shows that attenuation is increased with 
increasing humidity (see Fig. 2), and this increase is highly variable and depends 
on water vapour clusters and the visible liquid water droplets [11]. Daily analysis 
of molecular absorption is not needed as its variations are not so large compared 
with other meteorological effects. 

Attenuation by Atmospheric Hydrometeors 

Hydrometeors are defined as condensation of water vapour which is suspended 
or falls in the atmosphere. They can be in the solid form, like snow or ice crystal; 
in the liquid form, like rain or fog; or in the mixed form, like wet snow or melting 
hail. These hydrometeors extract energy from the passing radio wave and scatter 
this energy into directions away from the receiving antenna. Some of this energy is 
also absorbed by the particulates. 

I-Ii & i.r-' . 

199 



200 A. Ali, M. Hassan and M. Alhaider 

Absorption and scattering by hydrometeors constitute one of the main limita­
tions in millimetric wave propagation. Theoretical approaches for estimating the 
influence of such hydro meteors are available. However, information-on the actual 
and the expected size distribution and sometimes about the shape along the propaga­
tion path-is lacking. This makes measurements necessary and experimental studies 
very desirable. Some of these measurements are summarized below. 

Attenuation due to Fog. The liquid water content in heavy fog is lower than that 
of heavy rain. Therefore, fog attenuates microwaves much less than does rain [15], 
but in submillimetric band the reverse is true, as shown in Fig. 3. 

Weibel and Dressel [16] set up a 2 km millimetric wave link operating at 
90.5 GHz at Bayside, N.Y.; not only to measure fog attenuation but also to supply 
data on atmospheric millimeter-wave propagation. The transmission path was mainly 
over water. 

During measurements, the average optical visibility was noted as an assumed 
measure of the water content of each fog. They obtained slightly higher loss than 
that calculated by Ryde and Ryde [17] under conditions of light fog. 

Attenuation by fog in dB/km/g/m3 =-1.347+0.0372+(l8.0/A) 0.022T, 
where A is the wavelength in mm and T is the temperature in °e, 3 mm < A < 30 mm; 
-8 °e < T < 25°C. If fog density data M is not available but visibility V is available, 
then the relation M = (0.024/ V) 154 may be used. 

Ho et al. [18] established two links, operating at 110 GHz and 36 GHz, along 
a common 4.1 km path across central London, half over a park and the rest over 
buildings. They found that maximum fog attenuation was more than 0.5 dB for the 
36 GHz signal and more than 3 dB for the 110 GHz signal. The visibility during that 
period was of the order of 300 m. 
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Fig. 3: Attenuation of Water in Various Forms 
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Attenuation due to Clouds. Attenuation by clouds is significant and must be taken 
into consideration in earth-space communication system planning. As we are not 
dealing with earth-space experimental links here, measurements carried out for 
cloud attenuation will not be considered. 

Attenuation due to Snow. Few reports of excessive attenuation due to snow are 
found in the literature [16, 19], though it is known that melting snow is heavily 
attenuating. Dry snow causes little attenuation in the frequency range 10-40 GHz. 
Losses due to snow on antenna reflectors is found to be less than that due to water 
on the reflectors during rainfall. However, accumulated snow on a reflector may 
cause reflection losses of 10-20 dB. 

Attenuation due to Rain. Rain is one of the most important factors affecting the 
propagation of radio waves in the millimetric waveband. A heavy rainstorm may 
cause severe attenuation, as high as 20 dB/km, at a frequency of 55 GHz and increase 
as the frequency increases (Fig. 4). Therefore, it is very desirable for the communica­
tions engineer to be aware of the problems of attenuation before establishing a 
mm-communication link. 

Considerable attention has been given to the problem of rain induced attenu­
ation by many researchers. They made field studies, followed theoretical prediction 
methods and used simulation techniques. They employed direct and indirect methods 
of measurements, and conducted experiments on terrestrial systems as well as on 
earth-space systems. 

In this section we shall emphasize the different experimental terrestrial links 
used in measuring attenuation caused by rain. 
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Fig. 4: Rain Attenuation vs. Rainfall Rate 
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A 4.1 km communication link, installed across central London and operated 
at 36 GHz and 110 GHz, was described previously [18]. The authors computed the 
ratio of the attenuations measured simultaneously at the two frequencies, for about 
20 hours of widespread rainfall. They plotted this ratio as a function of the attenu­
ation at 110 GHz. This ratio curve was found to fit the ratio curve computed using 
the Laws-Parsons drop size distribution. 

Therefore, they concluded that the rainfall attenuation at a given mm­
wavelength can be computed from a knowledge of the attenuation at another 
wavelength, and the use of the Laws-Parsons raindrop size distribution. This 
eliminates the necessity of knowing the rainfall rate to determine attenuation at 
another frequency given a knowledge of the measured attenuation at the reference 
frequency. 

Weibel and Dressel [16] set up an experimental 3.32 mm (90.5 GHz) link at 
Bayside, N.Y. as described in Section 2.2.1. They measured the attenuation against 
rainfall rate and showed that a range of attenuation, during time of measurement, 
is experienced due to the exposed nature of the antennas and the uncertainties in 
the drop size distribution throughout each rainfall, since rain rate is only measured 
at the link ends. 

Buys and Janssen [20] compared the theoretical relationship between rain 
attenuation at 94 GHz and that of infrared with their relation obtained experi­
mentally. They found that if the rain drop size is greater than about 0.6 mm, 
theoretical relations are in good agreement with the experimental data measured. 
This is not the case during drizzle. 

Measurements at 94 GHz were made using a link 935 m long at the Hague, The 
Netherlands, whereas measurement at infra-red 3-5 jJ.m were conducted with a 
transceiver located by the 94 GHz receiver, and a reflector 500 m apart. Three rain 
gauges, two located at both ends of the mm-link and one at the reflector, were used. 
Also employed was a distrometer at the receiver site. 

Employing the same 94 GHz system, Keizer et al. [21,22] obtained rain attenu­
ation statistics. The measured rain attenuation, at vertical polarization and assuming 
uniform rainfall along the path, was compared with the calculated attenuation based 
on the actually measured drop size distributions as a function of rainfall rate. 

Near Tokyo, Japan, Sasaki et al. (23] measured the rain attenuation at 20 GHz 
on 13 tandem links-considered to be approximately on a straight line-for about 
four years. The average path was 4.6 km and the total path was 60 km long. They 
examined quantitatively the spatial simultaneity of rain attenuation on each of these 
links. The overall rain probabilities of exceeding a given fade depth of any link 
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were expressed as the sum of the individual probabilities and were modified by the 
simultaneity of rain attenuation on each link. They developed a statistical analysis 
for the rain attenuation of the 13 tandem links. 

Also in Japan, Hata and Doi [24] set up a 1.08 km mm-wave link, operating 
on 23 GHz and 40 GHz and situated in Nagoya city. They conducted a two year 
experiment and found that the measured path attenuation versus rain rate and the 
theoretical one based on Laws and Parsons distribution are in agreement, with some 
discrepancies at higher rain rate. They also analysed the statistics of heavy rain and 
found that it obeyed Poisson's distribution. They determined the best fit integration 
time to be 0.5 min for the 1.08 km-23 GHz link. 

Norbury and White [25,26] generated at the transmitter a vertically polarized 
signal (35.8 GHz). This signal was reflected from a corner-cube reflector to the 
receiving antenna placed adjacent to the transmitting antenna. The total path length 
was 448 m. They measured the excess path attenuation by compensating for an 
increase in pathloss by reducing the setting of a calibrated attenuator placed in the 
input waveguide of the receiver. 

Sander [27] measured the attenuation coefficients as a function of rainfall rate, 
at the three wavelengths A 5.77,3.3 and 2.0 mm. These coefficients were recorded 
at intervals of 60 sec. The average rainfall rates were measured along the 1 km 
propagation path for 60 sec intervals with three rain gauges. Three rain analysers 
were used to determine the drop size spectra, from which the 60 sec average rain 
rates were also computed. Attenuation coefficients were related to parameters that 
partially describe the drop size distribution of the rain. Also a comparison was made 
between the measured average drop size distribution with the distribution of Laws 
and Parsons. 

All of the above experiments are summarized in Table 1. Many other experi­
mental works have been carried out for investigating rain attenuation, on terrestrial 
or earth-space links, by direct methods or using radiometers. 

A simple but useful empirical relation between rain attenuation A (dB) and 
rain rate R (mm/hr) based on radiometric measurements at 200 m height and at 
frequencies of 11, 18, and 22.2 GHz, and at different rainfall rates is: A (.094R) 
!I I 1.0 for 2.5 km path [28, 29], where f is the frequency in GHz. Values of A outside 
the above-mentioned frequencies can be satisfactorily obtained. The relation can 
be used for effective planning of communication links. 

The rain intensity R(x) is separated from parameters K and f5 which depend 
on frequency f, raindrop size distribution and raindrop temperature in the following 
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Table 1. Rain Attenuation Measurements 

Freq. 
Authors Link Length GHz. Duration Main Results 

............. _--
Ho el al. [18] 4.1 km 36-110 2 years Rain attenuation at a given 

MMW frequency can be 
computed for a knowledge of the 
attenuation at another MMW 
frequency, and the use of LP 
distribution. 

Weibel etal. [16] 2km 90.5 I year A range of attenuation is 
measured against rainfall rate. 

Buys el al. [21] 935 m 94 4 months Theoretical relationship agrees 
well with experimental results for 
dropsize greater than 0.6 mm. 

Keizer el al. [22] 935 m 94 8 months Calculation of attenuation based 
on actually measured dropsize 
distribution as a function of 
rainfall rate. 

Sasaki el al. [24] 13 links, 20 4 years A statistical analysis for rain 
4.6 km each, attenuation over 13 tandem 

approx. links. 

Hata el ai. [25] 1.08 km 23-40 2 years Heavy rain statistics obeys 
Poisson's distribution-Best fit 
integration time is 0.5 for l.08 km 
and 23 GHz 

Norburyel al. [26] 448m 35.8 I year Measurement of excess path 
attenuation. 

Sander [27] Ikm 52,90.8, about Measured attenuation coefficients 
150 2 years are related to measured average 

dropsize distribution. 

useful total attenuation A along the path of length L [30]: 

A K LL[R(X)]I+ E dX,e<0.3fOr f =10GHztolOOGHZ 

For profile having same integral of rain intensity, namely 100 (mm/hr) km, 

a(x) = K[R(x)]l+E 1.01 X 10-2 [R(x)]L27 at 10 GHz 

a(x) = 3.67 x 10-2 [R(X)]1.15 at 15 GHz 

In a spatially homogeneous rainfall over a short terrestrial propagation path 
of length L (km), the raindrop size distribution N(D) = No e-QD can be deduced 
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from measurements of rain attenuation A and rain rate R, using the following 
relation: 

where 

a 

A = yL= aRL, [31-33] 

R- J~max4.343XI03Q(D)e-aDdD 
y/ -J~max(6XIO 4 7Tv(D)D3 e "DdD 

D, v(D) and Q(D) are the diameter, the fall velocity and the total extinction 
cross-section of a raindrop, respectively. 

Attenuation due to Sand and Dust 

Sand and dust storms usually contain particles with sizes ranging from a fraction 
of a micron to few hundred microns in radius. Due to the heavy particles of sand 
storms, which are never less than 0.04 mm in radius [34], the air two meters above 
the earth's surface could be clear of sand. Hence, we may expect that radio links 
will not be affected by sand storms, especially when antennas are mounted high 
enough. 

Dust storms comprising much smaller particles (less than 0.1 mm in radius) 
may be found as high as hundred metres or more, and hence may affect the 
propagation in the millimeter waveband [35]. 

Sand and dust storms and the moisture content change the dielectric constant 
of the medium of propagation and, hence, its refractive index at millimeter wave 
frequencies. Therefore, considerable attenuation may be associated with such storms. 
A number of investigators have measured the refractive index of sand and dust 
[36-40]. However, few experimental systems, to the author's knowledge, were set 
up for measuring the effect of sand and dust. The experimental results of Al Hafid 
et al. [41] show much greater attenuation existed than predicted by theory. 
Theoretical calculations were very often used to predict the transmission parameters 
(attenuation) due to sand and dust [10, 42], based on measured data for particles 
such as refractive index, particle shape and size. 

The losses in the mm-wave propagation due to particulates, given in 
Sections 2.2, and 2.3, are summarized in Table 2. 

It is interesting to note the following attenuation-constant a and phase-constant 
{3 relations [43], as effects of dust storms on microwave propagation, under actual 
conditions, namely, sand particles of different shapes (with correction factor C,), 
and of probability density size distribution t:b(r) and having vertical distribution 
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Fog 

Two orders of 
magnitude less 
than rain 

Increases as the 
frequency 
increases or 
visibility 
decreases 

A. Ali, M. Hassan and M. Alhaider 

Table 2. Losses in MM Band 

Clouds 

Two orders of 
magnitude less 
than rain 

Increases as 
frequency 
increases 

Clouds effect 
appears mainly in 
earth-space 
communication 

Snow 

Less than rain of 
the same water 
content 

For wet snow 
and melting 
hailstones or 
sleet losses can 
reach 4 dB 
under strong 
snowfall 
condition 

Losses are present Ice and dry 
for much of the snow exhibit 
time in many very low loss 
climates 

Rain 

Dominant and 
can reach 
30 dB/km 

Increases with 
rain rate or with 
frequency 

Sand aod Dust 

Scattering and 
absorption reach 
2-3 dB/km 

Significant at 
higher frequency 
band (above 
IOGHz) 

Increases as 
visibility 
decreases. 
Visibility can 
reach several 
metres. 

where e f
, e" are the real and imaginary parts of the dielectric constant of dust 

material, A is the operation wavelength (metres), r is the particle radius. 

Scintillation 

Signal scintillations are small random fluctuations in the phase and amplitude 
of the received signal caused by the turbulent fluctuations of refractive index of the 
troposphere. This turbulence has an outer scale as well as an inner scale. Millimetric 
wave fluctuations are mainly dependent on atmospheric refractive index fluctuations, 
the wavelength of the radio signal, the propagation path length and the size of the 
outer scale of turbulence. 

Weibel et al. [16] found that strong scintillations (above 1.5 dB) occurred during 
days of wind gusts, while weak scintillations (below 1.5 dB) occurred during clear 
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days (humidity below 50% and wind velocity below 10 mph). Clifford and Strohbehn 
[44] showed that in deriving the spectra for the phase and amplitude fluctuations, 
for a microwave signal propagated over a line of sight path through a turbulent 
medium, the results derived under the assumption A « 10 are equally valid for A > 10 , 

where 10 is the inner scale of turbulence. These results were derived directly from 
the wave equation. Lane [45] concluded that amplitude scintillations of up to 10 dB 
may be expected on terrestrial links in the frequency range 35-100 GHz. For 
earth-space links the maximum values does not exceed 4 dB. 

Measurements of signal fluctuations (in both amplitude and phase) were made 
by several authors and under different weather conditions. Table 3 summarizes some 
of these experiments. 

Author 

Ho el al. [46-48] 

Vilar and 
Matthews [49] 

Millman [50] 

Etcheverry 
et al. [51] 

Table 3. Amplitude and Phase Scintillations Measurements 

Freq. 
GHz 

36-110 

36.1 

15.3 

94 

Atmospheric Condition 

Town environment-no 
precipitation on a 
summer day 

Town environment-
output of an air 
conditioning plant near 
the link path 

Town environment-
normal 

Clear 

Passage of a cold front 

Main Results 

Maximum value of A.S. occurs around 
noon, and minimum around midnight. 

Log normal distributions of A.S. at 36 and 
110 GHz 

Log amplitude of fluctuations is the sum of 
the log amplitude fluctuations due to 
variations of refractive index caused by 
atmospheric turbulence and those caused by 
the output of the air conditioning plant. 

A.S. can be up to ten times greater during 
the day than at night. 
Both phase and refractive index spectra 
have similar slope in the log-log scale 

A.S. less than 1.5 dB with periods of less 
than 1 minute. r.m.S. phase fluctuations 
decrease linearly with frequency. 

A.S. could reach 5 dB. 

Strong ground moisture Long term fades up to 6 dB. 

Non-turbulent­
clear-calm 

Clear. 2-5 knot wind 

During diesel, fuel, oil 
and rubber burn 

A.S. not exceeding 1 dB peak to peak. 
Small phase differences for 1 m antenna 
separation. 

A.S. larger and more rapid, 3 dB peak to 
peak. 
900 phase difference for 7 m antenna 
separation. 

A.S. about 3 dB peak to peak 

AS stands for Amplitude Scintillation. 
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Outline of Part 2 

In the second part of this paper; multi path fading and depolarization are treated. 
Experimental work on diversity improvement, together with a brief on data process­
ing is also given. Some areas of needed measurements are outlined and the conclusion 
of the two parts is presented as well. 
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