parable in effect to a frequency-diversity system with a protection
channel for every working channel (switched on a per-hop basis).
Unfamiliarity with the principles of operation and unavailability of
space-diversity equipment, as well as costs, have inhibited use of
space diversity in the past. Currently, use of space diversity is in-
creasing. One reason for this (apart from spectrum conservation) is
that, in areas of high fading, frequency diversity alone cannot provide
the desired transmission availability.

Space-diversity engineering, as presented here, encompasses estima-
tion of fading, determination from transmission availability objectives
of the need for protection, and calculation of the antenna separation
needed to obtain the required transmission availability. The effects of
signal processing on the improvement available from an antenna pair
are discussed, with particular attention given to threshold switching.
Space diversity through passive repeaters and on over-water paths is
also discussed. Clearance requirements are summarized in the last
section ; current work on antennas placed so low as to lack clearance
under normal propagation conditions is discussed in Appendix A.

The emphasis in this paper is on application in the 4- and 6-GHz
frequency bands, although the expressions for the estimation of the
amount of fading and the diversity improvement apply to other
microwave frequencies. However, transmission in the 11-GHz band is
also affected by rain, and this must be taken into account by additional
reduction of the effects of multipath fading. This design aspect belongs
more properly in & treatment of 11-GHz radio system design and is
not discussed here.

Il. DESCRIPTION OF FADING

The rF power received after transmission over a microwave radio
hop is never absolutely constant; even at noon, when the atmosphere
has “stabilized,” there can be fractional dB excursions (scintillations
recurring a few times per second), as well as slower excursions of a dB
or two. In propagation experiments, the normal value of the received
signal is determined from the peak in a signal-level histogram obtained
over at least one-half hour at or near noon. This so-called free-space
value of the received signal is determined repeatedly at least once a
week to identify periods during which enhanced or depressed signals
have resulted from the relatively steady atmospheric focusing or de-
focusing. These periods, therefore, are not ‘‘normal.”

During fading, the received RF power can be practically zero for
seconds at a time. The terminology to describe this is introduced in
Fig. 1 through an example in which the free-space value is —30 dBm
and a single, idealized fade decreases the received power temporarily
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The sum of the durations of all fades of a particular depth is called
“time below level.” It is proportional to L?, since the number of fades
is proportional to L, and its numerical values are given by’

T =T, L <O0.1, (2)

where T, is the time period over which the summation of fade durations
is made (a month, for example) ; the units of T are those of T, (seconds
are normally used). The fade occurrence factor r for heavy fading
months (see Fig. 3) is®

r = c(f/4)D®1075, (3)
where

¢ = 4 over water and Gulf coast,
= ] average terrain and climate, )
= } mountains and dry climate,

f = frequency in GHz,

and
D = path length in miles.

1.0
08 |-

0.02 1 It | i
15 20 25 30 35 40
PATH LENGTH IN MILES

Fig. 3—Multipath occurrence factor.
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the threshold. This is one reason for placing the threshold close to the
fade margin, since a threshold at —30 dB, for example, would provide
an I, of only about 10. A second reason is to limit the occurrence of the
phase steps due to the cycling of the switch to occasions when the
signals border on the unusable (actually, the chance is small that the
signals remain for prolonged periods in the 2-dB corridor between the
threshold and the fade margin, and many of the phase steps will occur,
therefore, when the signals are unusable). The cycling should occur at
a rate of at least five times per second; at much slower rates, a good
signal is not found fast enough and performance deteriorates. Cor-
ridors smaller than 2 dB should be avoided, since signal drifts caused
by aging of equipment or noise accumulation from hop to hop in a
switching section can frustrate design intentions and require frequency
diversity action before space diversity.

Use of a smaller secondary antenna reduces performance, as illus-
trated in Fig. 11, where the only change from Fig. 10 is that a second-
ary antenna with 6 dB less gain (»* = 0.25) has been used. The im-
provement I, has decreased to about 8 (&2 30/4) from about 30 in the
equal-size-antenna case.

VIl. SPACE-DIVERSITY TRANSMISSION

Space diversity for microwave radio is usually envisioned as diversity
reception ; 1.e., the system consists of a single antenna which transmits
to two vertically separated receiving antennas. Since the path loss
from antenna to antenna does not depend on the direction of trans-
mission, an arrangement of two vertically separated transmitting
antennas and a single receiving antenna can also be used.

Combined use of transmitting and receiving diversity can reduce
tower work; on a long route only alternate towers would be affected.
A single bad hop can be corrected by additional installation at one
end only. On hops where additional installation at one end is impossible
because of economics or zoning, use of both transmitting and receiving
diversity at the other end provides full diversity protection in both
directions.

A drawback to transmitting diversity is the vulnerability of the
control signal. In diversity reception, the signals from both antennas
are always available at the switching site, to be processed in any de-
sired manner. In transmitting diversity, only one antenna can transmit
at a given frequency at a given time (dynamic phase correction for
control of the two transmitters does not appear feasible or desirable).
The required control information must be fed back from the receiving
to the transmitting end, since control must be based—because of the
frequency selectivity of deep fades (see Appendix G)—on fading in
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GLAMIS — BRAWLEY, CALIFORNIA
JULY 7 — AUGUST 14, 1972
42.6 MILES, 4 GHz
To = 38 DAYS
= 3.2 x 106 SECONDS

TIME BELOW LEVEL IN SECONDS
~
T

THRESHOLD: -35 dB
10 LOG v? = -39

»N
1

2 i |
10°% % T30 B 40

LEVEL IN dB
RELATIVE TO MAIN ANTENNA NORMAL,20 LOG L

Fig. 12—Threshold switching, Glamis to Brawley, California. Reception at (a)
Glamis, main antenna (unprotected), (b) Brawley, 15-foot separation, (¢) Glamis,
30-foot separation.

South to Andytown North are summarized in Fig. 13.18 At —47 dB
(bottom level of the ppr for this case), the predicted time below level
in the 148-day test period was insignificant (only a few seconds), and
none was measured. Diversity performance thus conformed to expecta-
tions and the needed improvement in transmission availability was
obtained.

IX. PATHS WITH PASSIVE REPEATERS

Use of passive repeaters (large reflectors of, say, 40 by 48 feet) on
ridges or hilltops is sometimes dictated by terrain or by the unde-
sirability of active repeaters in remote locations (power and mainte-
nance-access problems). Tests on a Mountain Bell hop (Lusk-Wen-
dover, Wyoming) in 1973 established that space diversity is operative
through passive repeaters.”® A design procedure for practical cases,
based on the Wyoming results, is:

(7) Determine reflector size to obtain reasonable fade margin.

(¢7) Estimate unprotected time below level (T) as the sum of the
values of T for the individual legs (distances from reflector to
ends of hop).
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Table |l — Parameters of Lusk Radio test—Lusk to
Wendover, Wyoming

Reflectors Two 40- by 48-ft reflectors
separated by 138.5 ft
Path lengths from reflectors:
To Wendover 31.5 miles
To Lusk 9.5 miles
Antenna separations at Wendover and Lusk 24 ft (nominal) vertical center to
center
Frequencies:
endover 6049 MHz received
Lusk 6301 MHz received
Calculations:
Values of v? arising from gain differences in
instrumentation chains:
Wendover vt =16
Lusk vt = 0.63
Calculated improvement at —35 dB based on
31.5-mile path length
Wendover (v* = 1.6) I, = 40
Lusk (»* = 0.63) Iy =16
Allocation to multipath fading from 1600 X 41/250 = 262 seconds
performance objectives for 41 miles per year
(31.5 + 9.5)

The multipath objective for the Wendover-Lusk link is 262 seconds
per year one way (see Table III). Even allowing the annual time below
level to increase by a factor of two due to late summer and fall fading,
the objective can be met comfortably with receiver fade margins in
the 35- to 40-dB range.

X. OVER-WATER PATHS

Over-water paths, undesirable because of reflections, are sometimes
unavoidable. When the over-water area is too large to permit shifting
the reflection point off it via a high-low antenna combination, space
diversity can be used to reduce reflection fading. A procedure for
determining antenna spacing is discussed in terms of the geometry
shown in Fig. 16, in which the reference plane coincides with the sur-
face of the water during “flat-earth’” propagation conditions (i.e.,
those obtaining when K, the ratio of equivalent to actual earth radius,
is infinity). The “bulge” height k of the surface reflection point A is

h = dids/1.5 K, (14)

where A is in feet when d; and d; are in miles. If the height k; of the
receiving point were changed, then the relative phase of the rays
arriving via the paths TR and TAR would also change. For a fixed
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APPENDIX F
Threshold Switching Calculations

Below threshold the switch cycles, and R is R, or R, in equal amounts
of time; the below-level probability for below-threshold operation is,
with A denoting the threshold value,

Pr(R<L)=4Pr(Ri<L R, <A
+34Pr(Bi< AR, <L),L<A. (32

Because of symmetry in the joint probability density function, this
simplifies to

L A
Pr(R<L)= / dR: A dRp(Ry, Ry), L < A (33)
0

for antennas of equal size. The below-level probability in above-
threshold operation is (invoking symmetry as above) the sum of two
terms. The first term describes the situation when R is R,, the second
when R has become R; upon R, dropping below threshold :

Pr(R<L)y=Pr(A <R, <L)
+Pr(Ri<A,R:<L), L>A. (34)

These equations are based on results obtained for correlated Rayleigh
distributed variables.? Use of the probability density function from
eq. (30) in (33) gives a deep fade approximation:

Pr(R<L)y=q?'A'* L <A, (35)

which shows the L? behavior below threshold.

The curves in Figs. 10 and 11 were calculated (as outlined above)
for correlated Rayleigh-distributed variables with ¢ determined from
the empirical expression for I, (machine computation was necessary
because the integrals cannot be evaluated in closed form). The Rayleigh
distribution was used in the theoretical calculations because its previous
uses have provided insights valuable to the statistical description of
space-diversity operation. The theoretically predicted functional forms
have been verified by using actual fading records as inputs to com-
puter-simulated threshold switches.??

APPENDIX G
Common Control Switching

Space-diversity switching is normally implemented on a per-channel
basis: each radio channel has its own switch, and switching decisions
for a channel are based, in FM systems, on carrier levels received on
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Fig. 31—Variation of correlation parameter ¢: (a) Georgia 1968, and (b) eq. (9).
Increasing values of ¢ denote increasing decorrelation.

T from antenna to antenna, there are two values of ¢ for each antenna
separation, depending on whether T for the upper or the lower antenna
was used to form the ratio T/T..

As a function of antenna separation, the correlation parameter ¢
first increases as the square of the antenna separation, but then levels
off and decreases (dotted line in Fig. 31); the presence of a small
dominant component in the multipath spectrum is the most likely
cause of this. Compared to eq. (9) (see also solid line in Fig. 31), ¢
is enhanced for smaller separations, but is reduced for separations over
about 50 feet. Dominant components being random on paths designed
for negligible ground reflections, the enhancement cannot be counted
upon when choosing an antenna separation; however, the possibility
that ¢ may decrease for large separations must be provided for. This is
the reason why the applicability (for design purposes) of (7) has been
limited to antenna separations of 50 feet or less.
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