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The occurrence of obstruction fading on line-of-sight microwave
radio paths can require tower heights that are substantially larger
than those needed for transmission in a normal atmosphere. In this
paper, we show that the occurrence probability of obstruction fading
can be estimated from the probability distribution of positive vertical
refractivity gradients. The occurrence of positive refractivity gra-
dients is related to general meteorological variables in a companion
paper. The work summarized is part of a recent effort that has
resulted in a new tower-height design method where tower-height
requirements are quantitatively determined from transmission per-
formance requirements.

I. INTRODUCTION

The design and the transmission performance of terrestrial line-of-
sight microwave radio paths is greatly influenced by two clear-air
propagation phenomena, obstruction and multipath fading. Both types
of fading are caused by anomalous stratification of the atmosphere. In
the case of obstruction fading, atmospheric stratification temporarily
changes the transmission path to such an extent that it becomes
blocked by the terrain. In the case of multipath fading, a different type
of atmospheric stratification temporarily creates multiple transmission
paths that cause destructive interference of a number of waves at the
receiving antenna.

Satisfactory transmission performance is attained when the height
of microwave radio towers is sufficient to reduce the occurrence of
obstruction fading to a tolerable value, and when diversity protection
is used to eliminate transmission impairments caused by multipath
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fading. Methods for the estimation of multipath fading and the asso-
ciated transmission performance have been developed, but a similar
body of knowledge does not exist for obstruction fading."® One reason
is that the variation of the occurrence of obstruction fading is much
larger than that of multipath fading, which implies that the cost for
establishing a data base for obstruction fading by direct measurement
would be prohibitive.

However, obstruction fading can be related to meteorological vari-
ables for which a data base already exists. Recent work on this
approach has resulted in a method that permits estimation of obstruc-
tion fading for any location in the United States. One part of this work,
described in a companion paper, is the determination of probability
distributions of positive vertical gradients of atmospheric microwave
refractivity.” In this paper, we show that the probability of obstruction
fading can be determined from probability distributions of the positive
refractivity gradients. A mathematical model of obstruction fading is
formulated to accomplish this. Obstruction-fading measurements are
used to determine an obstruction loss expression for deep obstruction
fading. A height interval for the definition of a positive refractivity
gradient probability is also determined.

Tower-height requirements follow from transmission performance
requirements when we use the mathematical model of obstruction
fading. A new tower-height design method incorporating this approach
supersedes the historical clearance rules (summarized in Ref. 2) pre-
viously used in the Bell System that did not relate performance to
height in a quantitative manner. Additional advantages of the new
method are geographic resolution and performance-based comparison
of designs. We discuss transmission performance requirements appli-
cable to tower-height determination in Section IX.

Il. DAYTIME PROPAGATION

Microwave radio propagation on a line-of-sight path in a normal
daytime atmosphere can be characterized by the trajectory of a ray
that passes from the transmitting antenna to the receiving antenna.
The trajectory is curved because the microwave index of refraction of
the atmosphere decreases with height. The index of refraction (n) is
usually described in terms of refractivity,®

N = (n— 1)10% (1)

As an example, a refractivity of 320 N-units corresponds to a value of
1.000320 for the index of refraction. The vertical change of the refrac-
tivity can be considered to be a linear decrease with height in the first
few hundred feet above ground.*'® A single parameter of the atmo-
sphere, the refractivity gradient (N’), determines the trajectory of the
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ray under such conditions. An alternate parameter, denoted by K, is
frequently used to describe the refractivity gradient."”"* The origin of
K is a geometric transformation to an equivalent earth without atmo-
sphere and a radius which is K times that of the actual earth. The
conversion between the two parameters is

N’ =-157(1 - K™), (2)

where K is dimensionless, and N’ is expressed in N-units per kilome-
ter.'*'® The daytime “standard” value of K is 4/3, which corresponds
to a refractivity gradient of —39.25 N-units/km. Expressed as a func-
tion of K, the equation for the trajectory of the ray is

Hi= (D\D:/15)(1 = K7Y), 3)

where Hj is the vertical deviation of the trajectory from a straight line
between the antennas, and D, and D; are the distances from a point of
interest to the ends of the path (Fig. 1). The units of H, are feet when
D, and D are in miles.

The nearness of the trajectory of the ray to the terrain is usually
described by a normalized vertical distance, which is the wvertical
distance between a terrain point of interest and the trajectory, divided
by the radius of the first Fresnel zone,'"

F1 = 72.1(D1Dz/fD)1/2. (4)
The units of F) are feet when the frequency fis in GHz and the path
length D is in miles (D = D, + D,). The normalization to F} introduces
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Fig. 1—Example of ray trajectory between antennas when K = 4/3 (solid line). In the
absence of the atmosphere, or in the case of an atmosphere in which the vertical
refractivity gradient is zero, the trajectory would be a straight line (dashed line). Arrows
on the path profile denote tree cover.
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scaling for frequency and distance that is convenient when signal
attenuation due to the proximity of the terrain is considered. The
attenuation is controlled by the terrain point with the smallest nor-
malized vertical distance to the trajectory of the ray. This point on the
terrain is referred to as the controlling obstruction. Tree cover and
buildings must be included in the description of the terrain when the
controlling obstruction is determined. The distance from the control-
ling obstruction to the trajectory of the ray is called clearance (distance
E in Fig. 1).

Microwave radio paths are usually designed to avoid daytime atten-
uation caused by the proximity of the terrain to the trajectory of the
ray. This is accomplished by using antenna heights such that the
normalized clearance E/F), is unity or larger when K is 4/3.2' Nor-
malized clearances on many paths exceed unity at K = 4/3 because of
antenna heights required to avoid excessive obstruction fading.

lll. OBSTRUCTED PROPAGATION

Humid air can become positioned above drier surface-based air as a
result of atmospheric stratification (layering).” Such stratification,
when it occurs, develops gradually during the night and persists until
broken up by air turbulence, caused either by a change in wind pattern
or by a change in atmospheric conditions associated with sunrise. The
resulting increase of refractivity with height causes the trajectory of
the ray between the antennas to deviate downward from its normal
daytime location. When the refractivity increase becomes sufficiently
steep, the trajectory is blocked by the terrain, and the receiving
antenna is placed in a shadow zone. The associated reduction in the
received signal power is referred to as obstruction fading.

During obstruction fading, the lowest layer of the atmosphere con-
trols propagation. The increases of refractivity with height in this layer
are not necessarily linear, but it can be argued that the deviation of
the trajectory is determined by a space-averaged gradient. Character-
ization of obstructed propagation by a single atmospheric parameter,
a positive refractivity gradient, is therefore appropriate. This leads to
the concept of a virtual trajectory (Fig. 2), which is a trajectory
between the antennas that would exist for a particular positive refrac-
tivity gradient in the absence of the obstruction. The resulting geo-
metrical description of blockage is similar to that of clearance, except
that vertical distances from the terrain to the virtual trajectory are
negative to signify blockage. The controlling obstruction in this case is
that for which the normalized vertical distance has the largest negative
value.

Quantitative description of obstruction fading in terms of the above
geometry requires consideration of two topics. First, a relationship
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Fig. 2—Example of virtual trajectory between antennas when K = 1/2.

between obstruction loss and the normalized blockage E/F; at the
controlling obstruction must be obtained. Second, probabilities of
positive refractivity gradients must be translated into probabilities of
blockage. We use the obstruction-fading measurements summarized in
Section IV to accomplish this.

IV. MEASURED OBSTRUCTION FADING

We obtained quantitative information on obstruction fading from
fading measurements carried out for one year (February 1974-January
1975) at 4.13 GHz on a 24.3-mi path in northeastern Florida where
obstruction fading is prevalent. The measurement path was flat with
substantial tree cover. At the transmitting site, referred to as station
T, the ground elevation was 40 ft relative to the mean sea level. The
centerline of the transmitting antenna (10-ft horn reflector) was 270 ft
above ground. The controlling obstruction, located at 11.9 mi from the
receiving site, consisted of 50-ft tree cover on ground that was 15 ft
above the mean sea level. At the receiving site, referred to as station
R, the ground elevation was 15 ft above the mean sea level. The
centerline of the receiving antenna (10-ft horn reflector) was 220 ft
above ground. Reception was also monitored on an antenna (10-ft
dish) with a centerline at 185 ft above ground. We adjusted instrumen-
tation gains to simulate operation with equal antenna gains and equal
waveguide losses. A third receiving antenna (6-ft dish), added on
November 1, 1974, had a centerline height of 73 ft above ground.
During substantial fading experienced in November, the presence of
the third receiving antenna permitted further verification of earlier
conclusions that the amount of fading at station R was inversely
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related to antenna height in a manner that indicated the presence of
obstruction fading.

We used Portable Propagation Recorders (pPRs) to record the ex-
perimental results. These devices sampled the received signals ten
times per second and accumulated the time during which the strength
of the signals was below a set of levels. The levels for the top antenna
were, in dB relative to daytime normal, —10 and then —20 to —40 in 5-
dB steps. Limitations of recording capacity forced us to assign a
smaller set of levels to the two lower antennas. We transmitted the
accumulated data to Bell Laboratories at Holmdel, New Jersey, once
every working day. The accumulated data were also automatically
punched out on paper tape at station R at noon every day. This
permitted the signal statistics to be separated into noon-to-noon pe-
riods. The interpretation of the statistics was aided by strip charts (3
in/h) that accompanied each 24-h block.

Obstruction fading was present on four nights during 24-h periods
that ended at noon on March 8, June 20, November 3, and November
17 in the 1-yr measurement period. We determined the presence of
obstruction fading on the basis of three criteria: depressed levels of
received signals on a time scale of tens of minutes, increase of fading
with decrease of antenna height, and high degree of simultaneous
fading on the two upper antennas. The last criterion separates nights
with obstruction fading from those with heavy multipath fading.
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Fig. 3—Measured obstruction fading.
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Fig. 4—Variation of obstruction fading with reception height at station R.

The measured time below —35 dB on the top antenna during nights
with obstruction fading was 1425 s (solid curve in Fig. 3). The corre-
sponding simultaneous time below —35 dB on the two upper antennas
was 562 s. The space-diversity improvement is only 2.5 (1425/562),
which demonstrates the incapacitation of diversity protection in the
presence of obstruction fading.

The measured time below —35 dB on the top antenna caused by all
fading was 3217 s (dashed curve in Fig. 3). Subtracting the obstruction-
fading dominated time from this yields the amount of multipath fading
(1792 s below —35 dB). The corresponding simultaneous time below
—35 dB caused by multipath fading on the two upper antennas was 16
s. The space-diversity improvement of 112 (1792/16) is typical of
multipath fading.

V. EMPIRICAL OBSTRUCTION LOSS EXPRESSION

We obtain a relationship between obstruction loss and blockage
when measurements made at station R are related to diffraction
theory. The measurements imply a linear relation between large ob-
struction loss in dB and normalized blockage, with a slope of 20 dB per
unit of normalized blockage. This follows from the observation that
(Fig. 4), for a given amount of loss larger than about 25 dB on the top
antenna at station R, the loss on the antenna 35 feet below it is 4 dB
larger. From the geometry of the path (specified in Section IV), the
vertical offset corresponding to 35 ft at station R is 17.9 ft (356 X 12.4/
24.3) at the controlling obstruction 11.9 mi from station R (12.4 mi
from station T'). The radius of the first Fresnel zone at this point on
the path is 87.4 ft. Therefore, the vertical offset is 0.20 (17.9/87.4) in
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terms of a change of normalized blockage. This corresponds to a
change of 20 dB per unit of normalized blockage (4/0.20).

Large values of the theoretical obstruction loss for extended obstruc-
tions, such as large spheres, vary approximately linearly with normal-
ized blockage.'* The theoretical results suggest that straight-line ap-
proximations for large losses intersect zero loss at 0.5 units of normal-
ized clearance. Given this, and the experimentally inferred slope of 20
dB, the loss expression applicable to deep obstruction fading becomes

M= -10 + 20(E/F"), M < =20, (5)

where M is the fade level in dB relative to free space, and the value of
the vertical distance FE is negative to signify blockage. The term “free
space” refers to a signal level that would be attained in the absence of
atmospheric effects and without the proximity of the terrain.

The above empirical obstruction loss expression describes diffraction
by “large” obstructions in the presence of atmospheric stratification.
Paths with obstructions of “smaller” horizontal extent, such as a
mountain ridge, may have obstruction losses smaller than those de-
scribed by the empirical expression. This is suggested by a comparison
with the theoretical limiting case of knife-edge diffraction (Fig. 5)."*"
Such “smaller” obstructions usually occur in mountainous terrain
where obstruction fading is not a problem. Based on general scaling
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Fig. 5—Obstruction loss for deep obstruction fading on line-of-sight microwave radio
paths.
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experience in path engineering, the empirical loss expression can be
applied at frequencies from 2 to 11 GHz on most practical paths
between 20 and 30 mi in length.

VI. PROBABILITY OF OBSTRUCTION FADING

The practical problem in microwave radio path engineering is esti-
mating the amount of time during which obstruction fading causes the
received signal to be below a particular fade level. This time can be
obtained from the probability of obstruction fading, which can be
estimated from the probability distribution of refractivity gradients.

The steps in the procedure for making such an estimation are
outlined in a simplified flow chart in Fig. 6. A fade level of interest
corresponds to a normalized blockage E/F, as specified by the obstruc-
tion loss expression in eq. (5). The value of F can be calculated when
the radio frequency is specified and the location of the controlling
obstruction is determined. This can be an iterative procedure, since
the location of the controlling obstruction can change with antenna
height and refractivity gradient. When F, has been calculated, the
vertical distance E can be determined from a rearranged obstruction
loss expression

E = (F\/20)(M + 10). (6)

Next, given the tentative heights of the transmitting and receiving
antennas and the profile of the path, eq. (3) for the trajectory of the
ray can be applied to determine a positive refractivity gradient (S)
required to produce the value of E determined above.

The annual amount of time during which obstruction fading causes
a received signal to be below a particular fade level can then be
expressed, in seconds per year, as

T =ToP(N' > 8S), )

where T, is the number of seconds in a year and P(N’ > S) is the
annual probability that the refractivity gradient N’ exceeds S.

The annual probability that the refractivity gradient exceeds a
particular positive value S is composed of seasonal parts,’

P(N'>8) = (1/4) ¥ PN’ > 8), (8)
where the summation extends over the four seasons of the year. Each
seasonal probability consists of two components

Pi(N' > S) = 0.8P,.; + 0.2P,;, (9)
where the subscript m refers to the mixed (daytime) atmosphere, and

the subscript s refers to a stratified (nighttime) atmosphere. Both
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Fig. 6—Obstruction fading calculation.

components are Gaussian probability functions specified by appropri-
ate values of their means and standard deviations.” The means vary
with geographic locations, but in a given season they are the same for
the mixed and stratified regimes in the above mathematical formula-
tion. The standard deviation for the mixed regime is 15 N-units/km
for all locations and all seasons of the year in the United States.” The
amount of obstruction fading is governed largely by the standard
deviations for the stratified regime, which exhibit considerable geo-
graphic and seasonal variation.’

Vil. GRADIENT SCALE

Probability distributions of refractivity gradients usually describe
the occurrence of increments of refractivity associated with an incre-
ment in height.””® A frequently used height increment is 100 m.
Analyzing data for other height increments shows that the standard
deviation of positive refractivity increments in the stratified regime is
inversely proportional to the fourth root of the height increment.” This
arises because the absolute increase in refractivity that the atmosphere
can support is limited. This behavior of the gradient statistics neces-
sitates use of obstruction-fading measurements to determine the height
increment (gradient scale) appropriate for microwave obstruction fad-
ing.

Simultaneous fading on the upper two receiving antennas at station
R is the experimental measurement best suited for the determination
of the gradient scale (centerlines of 220 and 185 ft above ground).
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Simultaneous fading below the —35 dB fade level was measured on
these antennas continuously throughout the experiment. The total
simultaneous time below —35 dB was 562 s in the four 24-h periods
when obstruction fading was present. This time represents “pure”
obstruction fading below —35 dB at the 220-ft height, since the con-
straint of simultaneity removes multipath effects.

The calculated time below the —35 dB fade level can be expressed
as a function of the height increment, or more specifically from eq. (9)
in Ref. 7, as a function of the coefficient in the expression that relates
the standard deviation of positive refractivity increments to meteoro-
logical parameters. This coefficient is inversely proportional to the
fourth root of the height increment. The value of the coefficient is 440
when the height increment is 100 m.” The corresponding standard
deviations for the area where the path is located are, in N-units/km,
71 for winter, 56 for spring, 58 for summer, and 96 for fall.'® The
coefficient that corresponds to the measured 562 s is 540 (Fig. 7).
Therefore, the height interval (gradient scale) appropriate for calcu-
lation of obstruction fading becomes, as determined from Fig. 4 in Ref.
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Fig. 7—Calculated obstruction fading as a function of the coefficient in the expression
for the standard deviation of refractivity gradient.” Measured obstruction fading of 562
s and meteorological parameters for the proEagation path between stations T and R
determine 540 as the value of the coefficient.'
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7, (1400/540)* or 45 m. The corresponding standard deviations of the
positive refractivity increments are, in N-units/km, 87 for winter, 69
for spring, 71 for summer, and 118 for fall.

The mean values of the refractivity gradients do not require scaling,
since they describe the daytime reference condition of the atmosphere.
The values of the means used in the above calculations are, in N-
units/km, —46 for winter, —53 for spring, —58 for summer, and —53 for
fall.'®

VIll. CALCULATED OBSTRUCTION FADING

A comparison of calculated and measured obstruction fading at
station R demonstrates the validity of the mathematical model. The
slope of the calculated obstruction fading curve matches the measured
results (Fig. 8). The slope is determined by the mathematical model,
which has not been forced to conform in any way to slopes of measured
fading curves. The calculated curve passes through the simultaneous
fading point at —35 dB, which was used to determine the gradient scale
and which describes “pure” obstruction fading. The dashed curve
(from Fig. 3) describes measured obstruction fading accompanied by
some multipath fading. Extension of the calculated curve to fade levels
significantly shallower than —20 dB is not appropriate, since the
obstruction loss curve incorporated in the mathematical model applies
only to deep obstruction fades.

Additional calculated results for station R (Figs. 9 and 10) illustrate
the variation of obstruction fading with antenna height and radio
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frequency. The time below —35 dB varies by more than two orders of
magnitude as the receiving height at station R changes 200 ft. When
the radio frequency is varied from 2 to 11 GHz, the fade level at 10 s/
yr (Fig. 10) varies over a range of almost 20 dB. This variation is a
consequence of the frequency dependence of the obstruction loss in
eq. (5). The obstruction loss increases with frequency because, as
illustrated in Fig. 11, the blockage of Fresnel zones increases with
frequency.

IX. DESIGN SPECIFICATIONS

Tower-height design specifications can be derived from Bell Sys-
tem’s annual all-cause two-way transmission unavailability design limit
of 0.02 percent, which applies to a 4000-mi long-haul circuit or a 250-
mi short-haul circuit."*® For route engineering purposes, half of this is
allocated to multipath fading in the 2-GHz, 4-GHz, and 6-GHz bands
where clear-air propagation phenomena are the dominant causes of
propagation impairments."* A new allocation to obstruction fading is
0.005 percent, which is both two-way and one-way, assuming that both
directions of transmission use radio channels on the same terrestrial
radio route. The other 0.005 percent is allocated to equipment impair-

10*

STATION R —STATION 7, FLORIDA

FREQUENCY =6 GHz
FADE LEVEL = —35dB
STATION TCL =270 FT

102

TIME BELOW —35 DECIBELS, SECONDS PER YEAR

10 ] 1 I
200 250 300 350 400

FEET ABOVE GROUND AT STATION R

Fig. 9—Variation of obstruction fading with antenna height.
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Fig. 10—Calculated obstruction fading for station R — station T

ments and other causes. These design allocations emphasize that, in
modern solid state radio systems, transmission performance is gov-
erned by propagation impairments. In the case of short-haul radio,
tradeoffs between allocations are frequently invoked, particularly so in
the 11-GHz band where transmission unavailability caused by rain can
be dominant.
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The allocations are prorated to distance. For long-haul service, this
implies that antenna centerline heights (tower heights) on a 25-mi
path have to be such that the annual time below a specified fade level,
caused by obstruction fading, is 10 s or less. A fade level of —35 dB is
recommended as the obstruction fading outage threshold in tower-
height design procedures. The choice of —35 dB as a design value is
related to general characteristics of radio systems, interference consid-
erations, and possible joint occurrence of obstruction fading and mul-
tipath fading. An advantage of an equipment-independent fade-level
specification is design stability, since radio towers are “permanent”
parts of the plant that can be expected to be used for a number of
future varieties of radio equipment and service. Combined use of the
allocation and the —35 dB value is necessary to achieve a balanced
design where terrain clearance is adequate and where impairment of
diversity protection is minimal when obstruction fading and multipath
fading occur jointly.

When used as design criteria, the allocations are prorated to the
length of a frequency-diversity switching section or to a route segment
between terminals or drop and add points. For example, the allocation
to a switching section containing three 25-mi paths (hops) is 30 s. The
hops are permitted to contribute unequally to the 30-s total. A design
where two hops contribute 5 s each and the third hop contributes 20
s is satisfactory. Design allocations such as these are related to mea-
sured performance in an average sense, since fading can vary from year
to year, and because interactions of fading, actual fade margins, and
protection system operation can be complicated.

Tower heights on radio hops in short-haul service frequently have
been determined by clearance rules that are the same as those for hops
in long-haul service. This permits flexibility in the routing of commu-
nications traffic with differing reliability requirements. Therefore,
tower-height requirements for short-haul routes can be determined
from the obstruction-fading allocation of 10 s/yr prorated to a 25-mi
hop. An option for the determination of short-haul tower heights is an
obstruction fading allocation of 160 s/yr prorated to a 25-mi hop. This
retains the standard one-to-sixteen ratio of per-mile performance
between long-haul and short-haul service. The 160-s option can be
used only when reliability requirements are expected to remain con-
stant over the life of the towers. When used as design criteria, these
allocations are prorated to the length of a switching section or route
segment.

In the case of paths equipped for space-diversity reception, the
obstruction fading allocation for the lower antenna prorated to a 25-
mi hop is 50 s/yr for long-haul service and for those hops in short-haul
service where the height of the upper antenna is determined by the
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10-s allocation. We apply the 50-s allocation on a per-hop basis to
avoid impairment of space-diversity protection. A separate allocation
for lower antennas is not made when we use the 160-s option to design
short-haul paths, since this option represents a design limit.

The design criteria outlined above indicate that tower heights larger
than previously required can be beneficial in regions where obstruction
fading is severe. For example, a previous clearance rule has been
grazing (zero) clearance at K = 1/2 in difficult propagation areas,?
which requires approximately 180-ft towers on a 20-mi flat path
covered by 50-ft trees. The new criteria indicate that towers on such
a path may need to be as high as 250 ft for long-haul service in an area
with a high occurrence probability of obstruction fading.

X. CONCLUSION

A new tower-height design method outlined in this paper permits
more efficient use of construction funds, since tower heights are
quantitatively related to transmission performance. High towers can
be constructed where needed, whereas towers of minimal height,
determined by daytime clearance requirements, can be used in the
cooler regions of the United States.
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