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Fig. 4-Increase in service failure time of average working channel when transfer to 
protection occurs early for: (1) all channels; (2) one midband channel in 1 x 7 system, 6 
GHz; (3) one midband channel in 1 x 11 system, 4 GHz. 

than 55 dBmcO. The increase in service failure time due to a 3-dB 
difference of this kind is very rougWy the same as that due to transfers 
to protection that occur 3 dB early. From Fig. 4, this is equivalent to 
a fraction of a decibel decrease in the fade margins of all channels. 
Consequently, such differences associated with the protection channels 
are not included in the mathematical model presented in this paper, 
since their relatively small effects do not justify the added analytical 
and computational complexity. . 

VI. SERVICE FAILURE TIME OF INDIVIDUAL CHANNELS 

In addition to the service failure time of an average channel utilized l 
in engineering applications, the mathematical moder-developed in this 
work can provide other information about the operation of frequency­
diversity protection. In particular,the service failure times of individ-
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VII. ADDITION OF SPACE DIVERSITY TO FREQUENCY DIVERSITY 

Space-diversity protective switching capitalizes on the spatial selec­
tivity of the multipath fading process, where, at an instant in time and 
at a given radio frequency, the strength of the received signal is a 
random function of location along the height of the receiving tower.6,7.9 
For FM radio carrying analog message traffic, space-diversity in most 
cases in the Bell System consists of two vertically separated receiving 
antennas and, for each radio channel, a waveguide switch that connects 
a receiver to either of the two antennas. The switch is activated when 
the receiver input decreases below a threshold. 

The presence of digital traffic in the FM radio network affects the 
choice of timing in the switch. The number of antenna-to-antenna 
transfers should be as small as possible, since these can cause errors in 
digital transmission. For thresholds corresponding to fades deeper 
than about 35 dB, this is accomplished when, in the case of simulta­
neous fading on the two antennas, the interval between repeated 
transfers is 10 seconds. Intervals longer than this cause significant 
increases in the service failure time of analog message circuits. 

When added to frequency-diversity to reduce service failure time, 
space-diversity is activated before frequency-diversity to avoid unde­
sirable interactions of the two protection systems. Currently, fre­
quency-diversity is activated at a noise threshold of 55 dBrncO, and 52 
dBrncO is the desired threshold value for space-diversity activation 
when it is added to frequency-diversity. Such an arrangement has 
assured orderly evolution and uniform maintenance procedures of 
protection switching systems. In the future, because of increased use 
of space-diversity, changed threshold values may be desirable, ideally 
58 dBrncO for frequency-diversity and 55 dBrncO for space-diversity, 
to further reduce service impairments. 

The reduced service failure time resulting from an addition of space 
diversity in the manner described above can be calculated from eq. (7) 

with the values of Tk(u + i) divided by the appropriate improvement 
,..-: value for threshold-switched space-diversity.9 Such calculations, which 

can be readily incorporated in a computer program, will not be pursued 
in this pap~r where the emphasis is on an exploration of frequency­
diversity behavior. 
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APPENDIX A 

Derivation of the Alternating Series 

Generally, we prefer to describe fading in terms of time rather than 
in terms of probability, since the latter description can lead to inad­
vertent confusion because of the nonstationarity of the fading process. 
However, for the purposes of combinatorial manipulation, Th can be 
converted to a fraction designating a probability 

Ph = Th/Tb , (11) 

where T b is an observation period (time base) such as a year. From 
eqs. (3) and (6), 

N 

Ph = N- 1 2: iP'(u + i), (12) 
i-I 

where 

P'(u + i) = T'(u + i)/Tb• (13) 

To derive the alternating series from eq. (12), we apply a theorem 
from probability theory (page 77 in Ref. 14). According to it, the 
probability that exactly u + i out of M channels fail simultaneously is 

M 

P'(u + i) = L (-lr- u
-

iC:+ i S(r), (14) 
r ....u+i 

where 
J(r) 

S(r) = 2: Pk(r) (15) 
k-I 

in which J(r) is the binomial coefficient C~, and where, in the context 
of this work, 

Pk(r) = Tk(r)/Tb .! (16) 

After substitution into eq. (12), and collection of like terms, 

N i 

Ph = N- I 2: 2: (-l)i+PpC~t~S(u + i). (17) 
i-I p~l 

Application of the recursion relationship 

C': = C':~ + 2C':~? + C,:-2 (18) 

reveals that, because of cancellation of terms, 
i 

2: (-I)P+lpC~t~ = C~~(-2. (19) 
p=1 
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Therefore 
N 

Ph = N- 1 L (-1)i-1C~~~-2S(U + i). (20) 
i=l 

After multiplication by NTb , this becomes the alternating series expres­
sion for Zh in eq (7). 

APPENDIX B 

Simultaneous Failure of Radio Channels 

In the case of a single radio channel, the annual amount of time 
during which the received signal is below a level, as a result of 
multipath fading, iss. 9 

T = rToL 2, L <0.1, (21) 

where L describes a normalized voltage such that the level in decibels 
relative to a nonfaded received signal is 20 log L. For a fade margin of 
F dB, where F is a positive number, the corresponding voltage level is 

L = 1O-cF/20).o (22) 

When Lo is used as value of Lin eq. (21), T becomes the time during 
which the channel has failed, where failure is defined as noise in excess 
of 55 dBmcO. The quantity To is a time interval related to the length 
ofthe fading season [eq. (20) in Ref. 9]. The fade occurrence factor iss.9 

r = cU/4)D31O-S, (23) 

where D is the path length in miles, {is the carrier frequency in 
gigahertz, and c describes the climate and terrain (eqs. (4) and (5) in 
Ref. 9). The value of c is unity when the climate and terrain are 
average. 

Empirical expressions for simultaneous fading of radio channels 
have been obtained by W. T. Barnett from experimental data. From 
these, expressed in a form similar to that for a single channel, the time 
during which U + .i radio channels have failed simultaneously is 

,'~; Tk(u + i) = rk(u + i)ToL~, (24) 

where the SUbscript k is used to identify various sets of u + i channels. 
This expression is valid when Tk(u + i) is smaller than the values of T 
for the channels in question. The simultaneous failure time varies with 
fade margin more than the single channel failure time (L~ versus L5 
variation). The quantity Lo describes the actual fade margin when it 
is the same for all channels. In the case of channels with differing fade 
margins, Lo describes a nominal fade margin, and the description of 
differences from it is contained in rk(u + i). The occurrence factor is 

rk(u + i) = (cD41O-s/400) (k(U + i), (25) 
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where 

l(u+i) 

(k(U + i) = (U + i)/2: (Lo/Llp)2(Lo/Lzp)2(Op/(j,). (26)
p-I 

The quantities in this expression are associated with pairs of channels 
formed from the u + i channels. The number of such pairs is 

I(u + i) = C~+I. (27) 

The subscript p identifies the pairs. The fade margins of the channels 
in a pair are described by LIp and L zp . The corresponding carrier 
frequencies ftp and hp are expressed in gigahertz ({Ip < (2p). The average 
frequency for a pair is 

{p = (!Jp + (2p) /2 (28) 

and the fractional frequency difference is 

Op = (f2p - !Jp)/{p. (29) 

A value of 0.05 is used for op when one of the channels is in the 4-GHz 
band and the other in the 6-GHz band. 

APPENDIX C 

Computation of Combinations of Channels 

The evaluation of ZA in eq. (7) requires identification of the combi­
nations of r frequencies that can be formed from the M carrier 
frequencies of the radio channels. If the frequencies are tagged using 
the integers 1 through M, then the combinations required are subsets 
of the set {I, 2, "', M}. The integers appearing in the subsets serve 
as pointers (used pairwise) to precalculated values of op/{~ for fre­
quency pairs in a subset [eqs. (28) and (29)]. 

Given M and r, the computation is initialized by defining (for i = 1, 
2, "', r) 

ai = L, i"" r (30) 

ai = (r - 1), L = r (31) 

f3i = M - r + i. (32) 

The subsets are then generated as follows: 
(i) Starting withj = r, find the firstj such that a} < f3}. 
(ii) Replace a} with a} + 1. 
(iii) For k = (j + 1), (j + 2), "', r replace ak with ak-l + 1. 

In this procedure, elements of subsets are incremented to form new 
subsets, and the elements of each subset are ordered within the vector 
a such that a} < aj+l. Repeated generation of the same combination of 

TRANSMISSION UNAVAILABILITY 1793 



frequencies is thereby avoided. The first iteration after initialization 
produces the subset {I, 2, ... , r}. The iteration is continued until 
execution of step (i) fails, when all the required C~ combinations have 
been produced. The potentially large number of combinations neces­
sitates double precision computation in summations over the subsets. 

APPENDIX D 

Frequency-Diversity Parameters 

The service failure time of an average channel can be expressed as 

Th = Tuh/lh, (33) 

where TUh is the unprotected service failure time for the hop in question 
obtained from eq. (21) after substitution of Lo from eq. (22). The 
improvement resulting from the use of frequency-diversity protection 
is 

h = qLo2
, (34) 

where 

q = 100 fo/DC, (35) 

in which D is the path length in miles and fo is the frequency in 
gigahertz at which TUh is calculated. An average of the carrier frequen­
cies of the radio channels is a suitable value for the reference frequency 
fo. Alternatively, fo can be the center frequency of a band, which 
facilitates band identification when the calculations are performed for 
frequency plans formulated by the International Radio Consultative 
Committee (ccm). The parameter G is determined by the carrier 
frequencies of the radio channels and by the channel-to-channel vari­
ations of fade margins 

N J(u+i) 

G = N- 1 L: L: (-1)i-1C~~i-2fk(U + i), (36) 
i-I k=1 

where fk(U + i) and the summation are defined in Appendix B. In the 
simple case of 1 x 1 frequency diversity with the same fade margin for 
both channels,". 

G = 2f~/D.f, (37) 

where fp is the average and Af is the difference of the two carrier 
frequencies, expressed in GHz. The corresponding value of q in this 1 
x 1 case, 

q = (fo/fp)(50/fpD)(Af/fp) (38) 

has been used previously with the factor fo/fp approximated by unity.9 
When the fade margins of all radio channels are identical, the 
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Table III-Values of G for fully 
developed routes. Fade margins are 
identical for all radio channels in a 

given protection scheme. 
Frequency 

Band, Protection Value 
GHz Scheme ofC 

4 2 x 10 1597 
4 1 X 11 4682 
6 2x6 7380 
6 1 x 7 17059 

Frequencies in the 4-GHz band: 
3.670 + 0.040 i, i = 1, 3, 5, . . . 11 
3.650 + 0.040 i, i = 2, 4, 6, . . . 12 

Frequencies in the 6-GHz band: 
5.9452, 5.9748, 6.0045, 6.0342, 
6.0638,6.0935,6.1231,6.1528 

parameter G depends only on the frequency arrangement of the 
channels. Tabulated values of G, such as shown in Table III for fully 
developed routes, can therefore be used in eq. (33) to calculate the 
service failure time for common frequency arrangements. 

In the 2 X 18 case in Fig. 1, the choice of reference fade margin (-20 
log Lo) becomes arbitrary because there are two fade margins (37 and 
40 dB, in the 4- and 6-GHz bands, respectively). The choice has no 
effect on Th, but it does affect the various factors in Th such as G. 
When Tuh and to are the averages for the 20 radio channels, the 
reference fade margin is 38.27 dB [obtained from eq. (21)]. The value 
of G is 3129 for this choice of reference values. 

APPENDIX E 

Frequency Assignments in Figure 2 

To simplify presentation, the radio channels in this work are num­
bered 1 to 20 in order of increasing frequency. The frequencies range 
from 3.71 to 6.1528 GHz as listed in Table III. 

In the 4-GHz worst case, channels 12 and 11 are utilized in the 1 X 

1 protection scheme, and the sequence in which additional working 
channels are assigned is 10, 9, 8, .. " 1. In the best case, channels 2 and 
12 (same polarization) are used for the 1 X 1 scheme, and then channel 
6 is added to form a 1 X 2 scheme. Channels 2, 4, 8, and 12 are utilized 
in the 1 X 3 scheme, and the sequence in which additional working 
channels are assigned is 6, 10, 1,3, 5, 7, 9, and 11. 

In the 6-GHz worst case, channels 20 and 19 are utilized in the 1 X 

1 scheme, and the sequence in which additional working channels are 
assigned is 18, 17, "', 13. In the best case, the channel utilization is 
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1 x 1 - 13,20 
1 x 2 - 13, 16, 20 
1 X 3 - 13, 15, 17,20 
1 X 4 - 13, 14, 16, 18, 20 
1 X 5 - 13, 14, 15, 17, 19,20 
1 X 6 - 13, 14, 15, 16, 18, 19, 20 
1 X 7 - 13, 14, 15, 16, 17, 18, 19,20 

In the combined protection system for the 4-GHz and 6-GHz bands, 
all4-GHz channels and channels 20 and 19 are used in the worst-case 
2 X 12 scheme. The sequence in which additional working channels 
are assigned is 18, 17, 16, .. " 13. In the best-case 2 X 12 scheme, all 4­
GHz channels are also used, but the 6-GHz channels are 13 and 20. 
The pattern for the utilization of additional channels is the same as 
that in the 6-GHz best case. 
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