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PREFACE

This Memorandum is one in a series of eleven RAND
 Memoranda detailing the Distributed Adaptive Message Block
Network, a proposed digital data communications system
based on a distributed network concept, as presented in
Vol. I in the series.* Various other items in the series
deal with specific features of the conzept, results of
experimental modelings, engineering design considerations,

and background and future implications.

The series, entitled On Distributed Communiqations,
is a part of The RAND Corporation's continuing program
of research under U.S. Air Force Project RAND, and is
related to research in the field of command and control
and in govermmental and military planning and policy
making.

The present Memorandum, the sixth in the series, is
a detailed consideration of a possible design for the
network's communications links, based on the use of micro-
wave repeater stations. Of the several possible link
designs presented in Vol. I, the mini~-cost microwave ap-
pears least expensive. The mini-cost system is designed
solely for use in transmitting digital signals within the
Distributed Adaptive Message Block Network. However, many

of its specific facets might be of use in other microwave

| applications.

Costs are factored out in detail, demonstrating more

specifically the advantages of the microwave link. Two

* . .
A list of all items in the series is found on p. 99.
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receiver designs further facilitate evaluation of the

. general propoéal. The two other principal components of
the distributed network--the Switching Node and the
Multiplexing Station--are described in Vols. VII and VIII
in the series.
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SUMMARY

This Memorandum considers the feasibility of building
microwave equipment designed solely for the transmission
of digital signals within the Distributed Adaptive Message
Block Network proposed in this series. Restricting the
system to digital modulation permits a significant reduc-
tion in the signal-to-noise ratio over that required for
analog modulation and thus allows use of microwave trans-
mitters radiating only 32 milliwatts. The low-voltage
power requirements for transmission fail within the present
state-of-the-art of crystal-controlled, solid-state, micro-
wave generators--even at Ku-band frequencies. Two trans-
mitter designs have been considered: the first uses small
receiving tube klystrons, and the second uses a chain of
solid-state varactor multipliers--with the latter being
the preferable choice. 1In both cases, the low-output
power requirements result in very low equipment costs.

The low primary power required by either klystroms or
a varactor chain can be supplied by an inexpensive thermo-
electric generator.

The base of the antenna tower proposed would contain
a tank holding 200 gallons of L-P fuel. As each entire
relay-tower site would consume only 50 watts of electricity,

this local supply of fuel for emergencies would last for
at least three months after failure of the normal primary
power source. By keeping the relay spacing short--on the
order of about 20 miles--relatively short and inexpensive
towers are shown to suffice. The transmitter/receiver units
will be about the size of a shoe-box and can be built using

only semiconductor components. In the alternative klystron
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version, a total of three tubes per relay station would
be required. A pre-tuned transmitter/receiver package
plugs into the center of a molded foam plastic antenna re-
flector.

Error rates are computed for single "hops' and for
200-mile spans. The spans are composed of about ten "hops."
It is shown that the ﬁse of a 25-db fading margin plus a
15-db normal signal-to-noise ratio, or a 40-db total
signal-to-noise ratio, should produce a block error rate
ten times lower than that needed to maintain the estab-
lished Distributed Adaptive Message Block Network system
user-to-user error rate of less than 10-8.

The fading margin chosen is such that each span may
be expected to be above the fade margin 99.3 per cent of
the time. During the short periods of fade, the instan-
taneous alternative routing capability of the network is
utilized to prevent loss of transmitted information.

The equipment design makes extensive use of stripline
or "tri-plate'" construction. All units are mounted in
replaceable pre-tuned packages. In principle, the all-
solid-state version should prove highly reliable. Pre-
liminary price estimates for the system offer hopes of
better than a decimal order of magnitude lower cost than
present equipment designed along more traditional lines.
Costs on the order of $300 per airline mile, at a data
rate of 4.5-million bits per second, appear feasible, pro-
vided the links are both manufactured and sited on a mass
production basis and use is made of existing government

rights-of-way alongside roads for antenna sites.
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I. INTRODUCTION

In this Memorandum we consider something we have
. earlier referred to as '"'poor-boy" microwave. The "poor-
f boy" designation resulted from an imposed constraint on
the design of an ensemble of microwave communications
equipments--namely, that the designer should have to pay
for the system out of his own pocket! Even so, a look at
price tags for anything to do with any large electronic
or communications system would appear to render the term
"poor-boy" inappropriate. '"Mini-cost," a contraction of

" now seems more fitting.

"minimum-cost,
Mini-cost microwave, therefore, is a minimum-cost,
line-of-sight microwave communications system designed to
transmit digital information in as inexpensive a manner
as possible. It is one way of building the links for the
proposed Distributed Adaptive Message Block communications
system with which this series of Memoranda is concerned.
The distributed system itself is designed around
digital modulation, using redundant paths selected on an
instant-by-instant basis. The communications links for
such a system can be built in a different manner than
théir equivalents in today's systems, taking advantage of
the system's less rigid distortion level and tandem re-
liability requirements. The fundamental objective for
the system's links is that they permit formation of new
. routes cheaply (a necessary survivability criterion), yet

- allow transmission on the order of millions of bits per
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second (see ODC-I, -VII*); system reliability and a low raw
error rate are secondary. And, since future networks con-
~veying military traffic must be designed with the expecta-

f tion of heavy damage, powerful digital error detection and
error removal methods have been built into the system.

The low costs sought by the use of the mini-cost links
are not based on the costs of today's microwave equipments.
The proposed savings will be based, in part, upon several
technical developments that have occurred during the past
few years which promise lower costs and higher data rates

in the future. These include:

1) Development of a better understanding of digital
transmission mechanisms and digital error removal
techniques, such as automatic error detection and
repeat transmission.

2) Development of transistors able to generate watts
of VHF power.

3) Development of varactor diodes which permit harmonic

t (Power levels

multiplication in the SHF range.
of % watt at 10 Ges and 50 milliwatts at 13.3 Ges
are poésible today.)

4) Development of printed circuit "stripline' and
"tri-plate" technology permitting economical mass

production of microwave components.

*ODC is an abbreviation for the series title, On
Distributed Communications. The numeral refers to the
specific volume in the series. A list of all items in
the series is found on p. 99.

*Super high frequency, 3-30 Gc.
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6)

7)

8)

Development of inexpensive, lightweight foamed
plastics able to maintain the structural stiff-
ness necessary for microwave antennas.
Development of a 50-watt, long-life, commercial
thermoelectric generator using inexpensive fuel.
The utilization of pure digital transmission
which can tolerate lower signal-to-noise ratios
than needed in traditional tandem analog signal
modulation.

The conceptual availability of a network configura-
tion tolerant of random link failures without im-

pairment of user-to-user network traffic.



II1. SPECIFICATIONS

The nominal length of the mini-cost microwave link,
or "span,'" which is composed of relay stations, shall be
~on the order of 100-200 statute miles. Each span shall
comprise about ten tandem, simultaneously bi-directional
(full duplex) links, and shall be designed solely to trans-
mit digital data. The data rate of the spans shall be
about 4.5-million bits/sec and the total overall span
timing-jitter shall be less than 140 per cent. In order
to simplify the retiming problem, the binary stream trans-
mitted will never contain more than 15 consecutive binary
"zeros" or '"ones."

The span error rate shall be less than one error in
105 bits--measured on a long-term basis for at least
90 per cent of the time. If possible, an overall error
rate of one bit in 106 bits will be sought, but is not
mandatory.

The target up-time of a span shall be greater than
90+ per cent, assuming minimal routine maintenance and a
mean 24-hour delay in the arrival of maintenance personnel
and servicing. If possible, higher up-times are sought,
but are not mandatory. (A 90 per cent figure corresponds
to a mean time between failures (MTBF) of at least ten
days per span, or 100 days per relay station.)

The prime design criterion shall be for the (minimum)
ten-year system cost, and shall be considered to be even
: more important than the up-time goal. In computing the
ten-year system cost, all assignable costs shall be con-

sidered, including those for rights-of-way, maintehance,



.power, etc. Research and development costs for the system
components have already been factored out and are carried
vseparately (see 0ODC-X).

All relay points shall be capable of operating without
'dependence upon a civilian power source for at least one
week. The power requirement for each relay station shall
be kept small (about 50 watts), to permit the use of a
standby thermoelectric generator during emergencies. Such
generators must be capable of full-time operation when
power lines are not accessible, and be able to go several
months between refueling. Fallback to the emergency supply
shall be transient-free, if possible, and switchback to
primary power shall be automatic.

Wherever possible, and as a measure to conserve thermo-
electric generator fuel, primary electric power shall be
obtained from commercial mains. Such power may be trans-
mitted via a 117+ to 24 volt step-down transformer, allow-
ing the use of an inexpensive, unprotected, buried cable.

Since some 120,000 air line miles of these bi~directional
links shall be required, mass production techniques must be
used both in the construction and in the siting and main-
tenance of the stations in order to achieve the low overall
system price sought. The establishment of component standards
shall be left entirely to the jﬁrisdiction of the supplier.
Inapplicable standards (JAN, MIL, etc.) shall not be specified.
.Lower-cost components are perfectly satisfactory provided
they fall within the desired system up-time requirements
at the lowest overall system price.

The transmitter/receiver shall be a pre-tuned:-assembly

and shall be mounted as a complete, lightweight, weétherproof
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package, easily removed by a single repairman. Replacement
"units may be interchanged without need for field alignment or
adjustment. The transmitter and receiver shall mount in-
tegrally with the antenna reflector to avoid the cost and
losses of long waveguide runs. An efficient Cassegrainian
reflector antenna is suggested.

The antenna feed horn shall be designed so that excess
heat dissipation from the transmitter/receiver unit is used
to aid in the melting of ice from the front of the antenna
feed, where such a problem exists.

All towers shall be of minimum height and be capable
of being climbed in safety under most weather conditionms.
Such towers may be guyed to minimize cost and to provide
improved antenna stability. The tower should not be high
enough (generally, 170 ft or less) nor located in such a
spot as to constitute an aircraft obstruction; if possible,
aircraft warning lights will not be used. In such situa-
tions where a tower must be painted and lighted, the lights
should be powered from the commercial mains only and not
from the emergency power supply.*

Wherever possible, the towers shall be sited within
government rights-of-way alongside existing roads where
access to power lines is available (unless, of course, it
can be shown that savings will accrue through use of pur-
chased or leased sites). An allowable cost-minimization
method in certain situations would be to use a pulse-
regenerative cable in combination with single-direction
antenna towers. This might be necessary in the case where
there is no site available having good visibility to the
preceding and following repeater stations. (For example,
two sites located on opposite sides of a hill but working

Walker A. P., NAB Engineering Handbook, 5th ed.
McGraw-Hill, *New York, 1960, pp. 1-312 to 1- 372 .
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. as a pair often provide better visibility to their con-

tiguous relay stations than a single site on top of the
hill.)

The carrier frequencies used shall be either in the
high X-band or’ low K -band. (Because the Ku-band is a
relatively unpopulated portion of the spectrum, prices of
X-band equipment are generally more meaningful in estimating
costs.) The increased two-way antenna gain as the frequency
is increased roughly offsets the loss of signal generation
efficiency, plus free-space loss, plus increased crystal
mixer noise at the higher frequencies. Therefore, many
calculations can be more conveniently made at 10 Ges, al-
though we prefer to actually use a higher frequency, such
as 13 kilomegacycles, because of the congestion on the
lower frequencies. All techniques used shall be feasible
at either the high X-band or the low Ku-band.

As a duplex binary stream will pass through each relay
station, a simple supervisory control means can be included
to pinpoint a defective relay link by interrupting the
normal data stream. This emergency circuit may also be
used as an "order wire'" for field maintenance. No other
supervisory channel need be provided.

Nothing in these specifications should be interpreted
as discouraging the designer from considering new and un-
tried methods and devices, especially during the earlier
phases of the design cycle. Sufficient time shall be
allocated to the design phase to permit research into
vwhether or not such potential savings can be incorporated
safely, while maintaining a margin for falling back onto
more expensive traditional practice if unforeseen &if-

ficulties occur.
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III. REQUIRED SIGNAL/NOISE RATIO

The analysis upon which is based the choice of signal-
to-noise (S/N) ratio is somewhat different than that for
conventional analog modulation transmission because of the
particular network properﬁies in which these links are
used. As a consequence, a lower S/N ratio than normally
used can be tolerated. Arsecondary factor contributing to
the reduction of link S/N ratio and fading margin is the
use of short repeater spacing distances, thereby reducing
the severity of fading. Even more important is the system's
capability for using low-reliability links since short-time
outages are of much less concern, unlike conventional
analog microwave transmission systems.

The spans, each covering a distance of up to 200 miles,
are composed of mounted microwave repeater stations, at
average intervals of 20 miles. The worst-case error rate
occurs when each of the links forming the span fades in-
dependently.* Because the error rate is low and low outage
times are anticipated, and will represent only a small per-
centage of the total up-time, the expedient of summing the
individual link error rates and outage times will be
employed to describe the performance of a span. This
simplification will, at worst, merely introduce a trivial
pessimistic bias. A further simplification is to multiply

the down-time of a single link by the number of links in

*If the links fade simultaneously, the total amount of
time the links will be "out" will be less than the®sum of the
individual link outage times. Thus, the independent fading
case is the worst one for tandemly connected links.
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_tandem. Finally, it shall be assumed that there are ten
links in one span.

As opposed to the case of spans which are made up of
tandem links, the worst network error case occurs when all
the spans comnected to a single Switching Node fade in a
dependent manner. Good statistics on the degree of such
dependence are lacking; however, the need for weighty analy-
sis can be avoided by using the assumption that the first
link of every span connected to a Switching Node is shorter
than normal and is of such path clearance that fading will
rarely ever exceed the threshold margin, even under worst-
case propagation conditions. This assumption appears
moderately reasonable inasmuch as high-clearance paths
are not subject to the same intensity of fading as are

almost-grazing péths.

MAGNITUDE OF ERRORS CAUSED BY FADING AND NOISE

In the microwave link, two separate phenomena corrupt
the transmitted signal. The first is the multiplicative
type modification of signal strength caused by fading. The
second is additive Gaussian noise.

Reiger,* for example, has shown that extremely low
eréor rates, on the order of 10-6, are easily achieved with
Gaussian noise S/N ratios on the order of 12-15 db. Even
using simple modulation and detection means, it will thus
be seen that the greatest cause of lost bits will be due

[ito fading.

*Reiger, S., "Error Probabilities of Binary Data Trans-
mission Systems in the Presence of Random Noise," IRE
National Convention Record, Part 8, Information Theory,
1953, pp. 72-79.
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Goldman and Sommer* describe the determination of
error rates in a cascaded chain of binary repeater links
corrupted by both Rayleigh fading and Gaussian noise. Be-
cause of the nature of the data format being transmitted
in the mini-cost microwave system, an alternative approach
to that used by Goldman and Sommer has been chosen. The
rationale is simple: Fading errors are highly clustered
and exhibit the property that if a bit is received in
error due to fading, adjacent bits have a high probability
of also being in error. (Since "Méssage Blocks'" of 1024
bits are being transmitted,f it would be highly deceptive
to regard each erroneous bit as being statistically in-
dependent of its neighbor.) Thus, instead of computing the
average error rate on the channel, we shall take advantage
of that property of the Switching Nodes (see ODC-VII) which
avoids using those links exhibiting high error rates. All
spans and links shall be characterized as being 'up"
(operative) a certain portion of the time and 'down' part
of the time. It is only during the up-time that the link
error rate computation becomes meaningful.

At this point in the investigation, a search for
statistics on the durations of fades was made in order to
- provide something against which to compare Message Block
times. Unfortunately, the data found was meager and gave

only the median duration of the fade. While it is not

precisely the information we were seeking, a brief perusal

*
Goldman, H. D., and R. C. Sommer, "An Analysis of
Cascaded Binary Communication Links,'" IRE Trans. Comm.
Syst., Vol. CS-10, September 1962, pp. 291-299.

TSee ODC-VII.
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of Fig. 1 reveals that fades of shorter duration than the
'2/3-millisecond Message Block time may be expected to

occur only on deep fades greater than 50 db below normal.

MODELS FOR FADING

Since the fading component is the more important
effect, it is well to review the statistical distribution
used to describe fading. Much of the American literature
relies upon the Rayleigh distribution, as given by Bullington.*

Fagot and MagneT review the derivation of the Rayleigh
distribution in a microwave link and show that it is really
a worst-case upper-bound value. Empirical measurements
are also shown which indicate that other distributions are
more appropriate, particularly over the shorter paths over
land. Figure 2 compares alternative estimates of microwave
link fading and plots the depth of fade in decibels versus
the fractional time the fade is in excess of the abscissa.
Three separate curves are shown: a) The Rayleigh curve;

b) the Durkee? curve; and c) the curve used by the French
P.T.T.** The Durkee curve appears most representative of

the conditions which can be anticipated in the proposed

*
Bullington, K., "Radio Propagation Fundamentals,"
. Bell System Tech. J., Vol. 36, May 1957, pp. 593-626.

1'Fagot, J., and P. Magne, Frequency Modulation Theorv,
Application to Microwave Links, Pergamon Press, London, 1961.

*The Durkee curve is also taken from Fagot and Magne,
ibid. :
**Libois, L. J., and M. Thue, Study CNET, No. 304T,
Private publication; and, L. J. Libois, Study CNET, No. 316T,
Private publication; and, W. Klein, and L. J. Libois, Onde

Elect., December 1953.
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system. Using either the Durkee or the French P.T.T. curve,
it would appear that if the system had a 25-db fading margin
‘allowance, each link would be inoperative only about 0.0007
fractional part of the time. In other words, a 25-db fading
margin reserve would be exceeded only at comparatively rare
intervals. If, alternatively, the Rayleigh fading distri-
bution is chosen, the link would be down 0.003 fractional
part of the time.
If Rayleigh fading is assumed, then a span composed

of ten tandem links is operative 97 per cent* of the time;
with the Durkee or the French P.T.T. curves, the figure
is 99.3 per cent.’

, To this point, it has been assumed that when the 15-db
S/N ratio threshold is exceeded, an error is guaranteed.
Actually, the condition is not quite so absolute. Figure

* shows, for non-coherent

3, taken from Goldman and Sommer,
frequency shift-keying, that even when a fade dips below
the 25-db fading margin allocation, the error probability
does not increase markedly from the 15-db Gaussian noise

7 until an additional 5-db or so greater

margin value of 10~
loss is experienced. Thus, it can be stated that the com-
posite error rate for ten tandemly connected repeaters
forming a span is equal to or less than ten times the
individual link error rate (which is less than about 10-7)
giving a 10-6 bit-error rate for the span. Under the worst
possible distribution of errors (where theé errors are spaced

1000 or more bits apart for a Message Block of 1000 bits),

*(1-(0.003)(10)) = 97%.
T(1-(0.0007)(10)) = 99,3%.
*op. cit.
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~only one in every 1000 Message Blocks will be corrupted by
error during the 99.3 per cent up-time period, assuming,
‘under worst-case conditions, a total composite signal-to-
‘noise and fading-margin ratio of 40 db. This low total

S/N is much less than that commonly .associated with micro-
wave systems designed for analog modulation.* Thus, it

can be seen that the restriction to digital modulation can
greatly reduce the required radiated power and antenna size
of the microwave equipment. No standby or duplicate ''pro-
tection channel" capability is assumed in the proposed
system. It will be seen that the diversity needed to cope
with extreme fading conditions is better obtained through
the spatial distribution of the spans forming the network--
provided'the network is designed to utilize this spatial

redundancy.

RAIN ATTENUATION

Atmospheric and rain attenuation at microwave fre-
quencies is described in detail by Harvey,f with attenua-
tion values given. However, from the discussion by Fagot

and Magne, it appears that rain and deep propagation fades

*For example, Miller describes the design of a T-J
Bell microwave system operating at 11 Gecs where 43 db is
set aside for fading margin alone, and another 32 db for
‘the FM audio signal; Miller, Arthur G., "An 11,000-Mc
Radio System Across Chesapeake Bay,'" IRE Trans. Com. Syst.,
Vol. CS-9, No. 4, December 1961, pp. 455-459.

fHarvey, A. F., Microwave Engineering, Academic Press,
New York, 1963, pp. 1074-1078.
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. are negatively correlated; that is, a turbulent atmosphere
caused by rain will produce stable propagation conditions
fand very little fading. Because of the 25-db fading margin,
‘we may expect to retain much of this gain margin as a
‘reserve available to cope with the modest attenuation due
to most rain. For the relatively short links being con-
sidered, it is expected that outages due to rain will be
of relatively short duration and limited in extent. Only
extremely heavy downpours are expected to give cause for
concern. Hathaway and Evans* describe rain attenuation
at 11 Ge.'

Spatial diversity, which already exists in the dis-
tributed network, will be extremely helpful with respecﬁ
to minimizing attenuation. It is to be also noted that in
an all-digital transmission system, the effect of rain over
a widespread area is less damaging than for analog trans-
mission, because of the complete regeneration of the digital
signal at each repeater point. Moderate rainstorms may
cover vast areas, producing high cumulative losses, but
very heavy downpours are usually rather localized.

Unlike the analog case, we should not be troubled by
tandem deterioration. It is only extremely heavy downpours

that can cause trouble. At 11 Ges, an excess path loss of

z *Hathaway, S. D., and H. W. Evans, '"Radio Attenuation
at 11 kmc and Some Implications Affecting Relay System
Engineering," Bell System Tech. J., Vol. 38, No. 1, January
1959, pp. 73-97.

T1t is to be noted that rain affects both the primary
and the '"'protection'" channels used in traditional practice.
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-1 db/mi would not occur except in the case where the rain-
’fall rate exceeds 0.8 inches per hour. As such extrgmely
heavy downpours are localized over small areas, it is un-
likely that difficulty from rain in a network spatially

ofganiZed as that described in ODC-I would be significant.

SUMMARY

An overall 40-db signal-to-noise ratio, split 25 db
reserved for fading margin and 15 db for additive white
noise, appears adequate for the construction of 200-mi
spans, operative 99.3 per cent of the time, and with fewer
than one in every 1000 Message Blocks transmitted incor-
rectly. As this figure is only about one-tenth that assumed
as the error rate in the calculations of ODC-VII, in which
a user-to-user error rate of less than 10"8 was established,
it would appear that a very-low-power microwave system may

be designed for this application.
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IV. DETERMINATION OF KEY DESIGN PARAMETERS

Having determined the required system signal-to-noise
ratio, signal gains and losses can now be assigned to the

‘components that will form the microwave relay.

CHOICE OF CARRIER FREQUENCY

The most heavily occupied microwave frequency bands
for common-carrier use lie in the 2-7 Gc range. This por-
tion of the frequency spectrum is already over-crowded
near large cities and major communication centers, while
the wider-bandwidth higher-frequency bands are relatively
unpopulated. Use of these higher frequencies--around
8-13 Ges--shall be assumed (i.e., the high X-band/low K,-
band). Most of our calculations will be based upon a
median frequency of 10 kilomegacycles.

While it would have been preferable to examine the
specific frequency bands usable for this type relay service,
it was found that there is hardly any experience in the
mass production of microwave equipment at the exact fre-
quencies of our prime interest.* However, at the radar
portion of the X-band, there is sufficient production ex-
perience to provide some idea of the anticipated costs for
some of the elements of the proposed system.

As the frequency is increased it becomes more diffi-

cult to generate power efficiently, there is a slight

*
At some of these frequencies, an order for 50 tubes
is regarded as big production.
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- increase in the crystal mixer noise factor, and there is
slightly more rain attenuation. But, these factors are
‘more than compensated for by the gains to be realized
through the use of the higher-than-normal frequencies and
.a fixed-size, parabolic antenna. No technique shall be
proposed for use in the X-band that cannot also be satis-

factorily performed in the Ku-band.

TRANSMITTER POWER

The use of very-low-power transmitters generating only
32 milliwatts of radio frequency energy are assumed. This
is equivalent to 15 dbm (or 15 decibels referred to a 1-
milliwatt level; this "dbm'" notation shall be used because
of its convenience in describing signal gains and losses
in microwave systems).

Several different methods of building SHF transmitters
were considered, including: 1) reflex-connected, traveling-
wave, tube amplifiers; 2) small klystron oscillator tubes;
and 3) crystal-controlled varactor* multiplier chains.

The receiver-type klystrons showed the lowest initial
cost, followed by traveling-wave tubes and the varactor
multiplier chain. However, the maintenance and replacement
costs of these thermionic devices appear to override the
initial savings. On an overall cost basis, the varactor
.approach appears most attractive--at this time.

The power drain of the klystron version and the

varactor version are about the same, and both fit into

* T
A varactor is a diode whose capacitance is varied by
application of voltage. Combined with tuned circuits, it
makes a very efficient, high-frequency multiplier.
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- about the same size package. The further development of
' ~the klystron désign is primarily a matter of insurance.
‘There is only one company making complete Ku-band chains
and their maximum power at present in the X-band is about
1250 milliwatts, falling off to 50 milliwatts in the K, -
band (13.5 Ges).
Figure 4 shows the power generating ability of varactor

chain multipliers and transistor drivers available in
December 1962.* A somewhat similar chart is to be found

' RcA is now manufacturing an all-solid-

E

in Balakrishnan.

state microwave repeater.

TRANSMITTER/RECEIVER LOSSES AND GAINS

A stripline filter is to be used with the transmitter
to prevent the radiation of spurious sidebands and har-
monics because of the square-shaped, pulse-modulated signal
used. A loss of .4 db due to this filter is assumed.

A 54-inch parabolic dish using a Cassegrainian feed
at 10 Gc, operating at 65 per cent overall efficiency, is
postulated. As the transmitting and receiving antenna
feeds use the same dish, we can assume a similar 41.4-db
receiver antenna gain.

A second input radio frequency stripline filter is
used to reject extraneous signals within the pass-band of

.the receiver.

*
Microwave Associates, Inc., Catalog SF-4000/February

1963, Fig. l1--Varactor Harmonic Generation.

*Allen, W. B., Chap. 10, "Solid State Devices," in
A. V. Balakrishnan (ed.), Space Communications, McGraw-Hill,
New York, 1963, p. 188. '

*"Microwave Window," Microwaves, September 1963, p. 2.
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Also assumed is a -145-db free-space loss at 10 kilo-
megacycles for a nominal 25-mile path length.
' As a feederless transmission systeﬁ will be used be-
tween the transmitter/receiver and the antenna, all addi-
tional losses can be kept to within 1 db, as is shown be-

low.

RECETIVED SIGNAL

On the basis of the above considerations, the maximum
received signal from a remote adjacent transmitter will
arrive at a -48-dbm level. Figure 5 indicates the change
of signal level in dbm; this chart provides a visual in-
dication of the magnitude of the signal losses and gains

and the resulting noise threshold.

KTB NOISE

An effective radio frequency bandwidth of about 36 mega-
cycles is assumed; Figure 6 shows the frequency shift-keying
output of a 4.5-megabit/sec digital square wave. The side-
band structure generated is shown to occupy a total two-
sided bandwidth of about 36 megacycles. Since the bulk
of the energy of the modulated signal is concentrated at
two frequencies, a square-sided pass-band is slightly
pessimistic. But, for ease of calculation, we shall merely
‘assume a rectangular pass-band, giving a thermal, or KTB,
noise of about -99 dbm at 290° K.

A receiver noise figure (NF) of 10 db will be assumed.
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- SIGNAL-TO-NOISE RATIO

Thus, the total available S/N ratio is 40 db, approxi-
mately the desired value. This 40 db is divided into[a 15-
db margin reserved for error rate, with the remaining 25-
db margin reserved for Rayleigh fading. Therefore, the
minimum, first-cut, overall S/N ratio may be considered to

be 15 db.

SAFETY MARGIN ALLOWANCE

There is adequate margin in the design of the system
for improving the S/N ratio, if such should prove neces-
sary. For example, an increase in the diameter of the
antenna from 54 to 60 inches will increase the one-way
gain by 1 db, or a total of +2 db for the two-way gain.
Increasing the operating frequency to 13 Kmc will increase
the one-way gain by 1.3 db or a total of 2.6 db on the
two-way path. Or, the power output could be increased from
32 milliwats to 0.5 watts, resulting in a 12-db gain as
an extreme limit. In combination, these three factors
would result in an overall 14.6+ db gain which is desig-
nated the Redesign Safety Margin. Even further, the re-
ceiver noise factor could be improved by several decibels
through the use of a tunnel diode pre-amplifier* and a

, more sophisticated receiving technique.

*Such amplifiers are currently available; e.g., that
advertised by International Microwave Corporation in
Electronic Industries, Vol. 22, September 1963, p. 120.
Its specifications are: minimum gain, 25 db; 1-Gc ‘band
centered at 9 Ge; -30° to +60°C; noise factor, 5.5 db
maximum. '
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Figure 7 is an imaginary slide rule composed of six
~parallel strips, providing a visualization of the scope of
“the parameter trade-offs necessary to produce the given
per-bit-per-link error rate required by the sfggéﬁj__for
'example, increasing transmitted power to 0.1 watts is
equivalent to a reduction of bandwidth of 11 megacycles.
The figure shows, as an example, that if one wished to
space repeaters 42 miles apart instead of the currently
postulated 25 miles, the antenna dish would have to be

increased to 72 inches in diameter.
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V. RELAY STATION SPACING

TOWER SPACING CONSIDERATIONS

Present-day microwave towers, together with attendant
real-estate alone, cost more, on the average, than the
mini-cost microwave repeater being considered.

As a consequence of using less expensive towers and
sites, the spacing between relay stations must be reduced.
Relatively little information is available on such a trade-
off. Let us start by considering a smooth earth: this is
a ball the size of the earth, but without mountains, woods,
or similar "bumps." Next, we compute the tower heights to
span any desired distance between two points on the smooth
earth. Transmission through the variable-density atmos-
phere of the real earth will lend the illusion of the
smooth earth being larger than it is. This value is com-
monly taken as four-thirds of the earth's diameter. Next,
a clearance factor must be taken into account in order to
insure that no problems are encountered when the reflected
wave bouncing off the earth arrives out of phase with the
directly transmitted wave.

Egli describes the spacing of microwave towers and
Fresnel clearances required.* He recommends the use of
a one-sixth Fresnel zone clearance where a unity Fresnel
clearance corresponds exactly to the point where the direct
and reflected signal components are 180 degrees apart.

Figure 8 shows the allowable tower spacing as a function

* B
Egli, J. J., "UHF Radio-Relay System Engineering,"
Proceedings of the IRE, Vol. 41, January 1953, pp. 115-124,
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- of tower height using these assumptions. Curves are drawn
for a smooth earth only, for three separate frequencies,
;1, 8, and 13 Ges. Most points on the earth, of course,
will not be so ideal. But, in many areas it will be pos-
sible to take advantage of fortuitous high-elevation sites
which allow the distance between two antenna towers to be
extended.

Although it would appear possible to generate some
statistics here, the strongest statement which can be de-

rived from Fig. 8 is that tower height increases approxi-

mately as the square of the spacing distance between two

towers.

COST OF TALL TOWERS

The cost of towers also increases very approximately

as a square of tower height. Thus, the cost of the towers

will increase rapidly with spacing distance.

Figure 9* shows the approximate installed cost of
insulated AM broadcast station towers, including the cost
of the tower foundations, aircraft obstruction lights, and
erection costs. Separate curves are shown for self-sup-
porting and guyed towers. From Fig. 9 it is obvious that
guyed towers are the cheaper, and that the cost rises
sharply as the height is increased. Figure 10* shows the
-approximate installed cost of television broadcast towers,

including the cost of the tower, the foundation, FAA lights,.

*
Due to Walker, op. cit.
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Fig. 9--Approximate Installed Cost of 30-1bl
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" and the erection of coaxial and antenna. These curves
indicate that costs on the order of $250,000 can be ex-
pected for extremely tall towers--on the order of 1500
feet. These curves also suggest that as the tower height
is decreased to less than a few hundred feet, costs drop
rapidly. We shall return to this subject shortly.

The FCC enforces rigid FAA specifications on lighting
and painting of all towers which are deemed by them to
J_ interfere with aircraft. Walker éonsiders at length the
rigid specifications for marking and lighting antenna
towers.* These two factors alone--lighting and red-and-
white striping--could constitute a heavy annual expense
as compared to almost maintenance-free, galvanized,
short towers which do not fall under FAA jurisdiction.
Therefore, tall towers which require lighting and painting
will be avoided. From an examination of Fig. 11,+ it can
be seen that tower lighting and painting will not be re-
quired if the antenna is under 170 feet and if sites in
the vicinity of airport runways are avoided.

Thus, it is assumed that, in general, all towers will
be less than 170 feet high and that red/white painting

and lighting will not be required.

COST OF SHORT TOWERS

Guyed towers, less than 150 feet tall, are used for TV
reception in rural areas, for supporting rotating amateur

antenna arrays, for governmental and business radio-telephone,

*
Walker, loc. cit.

*From Walker, op. cit.
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. and even in some microwave relay applications. Many com-
panies are listed in the electronics buyers' guides as
manufacturing such antenna towers. 1In Fig. 12 is plotted
price versus height for a few representative samples.
These costs are the retail prices one pays for a single
prefabricated tower and do not include erection cost.

They are almost all designed to be erected by amateur
radio operators or TV service technicians in a few hours.
The life expectancy of these towers is quite adequate; even
some of the cheaper towers are post-fabricated dip-galvan-
ized and should not require painting for at least five
years.

Figure 12 also includes prices for utility poles. It
was originally thought that low-cost utility poles could
be used. However, the unknown torsional dimensional sta-
bility of the fundamentally hydroscopic, anisotropic
medium of wood prevented ready analysis (we didn't know
how much the pole would warp when it got wet).

Figure 12, plotted on a logarithmic scale, illustrates
that unguyed towers are cheaper than guyed ones; all towers
are inexpensive in heights below about 60 feet; cost rises
rapidly with height, but a guyed tower of satisfactory
quality can be purchased--at retail--for less than $500.

As a cost safety margin, this figure will be increased
and it will be supposed that all prefabricated sections
fand parts necessary to erect a sturdy 150-ft tower can be

purchased for about $700.

LOCATION OF TOWERS

While seemingly most desirable, mountain-top antenna '

sites can be extremely expensive, particularly if access
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roads are not available and must be built. The use of
‘mountain tops will usually entail the purchase of land at
the site or purchase of éasements. The use of existing
government-owned or government-held rights-of-ways along
roadways is proposed. Usually public ownership of road-
ways extends well beyond the paved portion of the road it-
self. Easements in these areas are granted for power and
telephone lines, but generally are non-exclusive to the
franchise holders. Such easement space, particularly along
undeveloped and rural roads, should prove adequate for
locating the antenna sites. Proximity to existing roads
will minimize the costs and facilitate the servicing of
mini-cost microwave repeater stations. The use of guyed,
minimal-height towers along roadways is depicted in Fig. 13.
Some tentative studies at RAND on the availability of
roads in the Western desert and mountain regions of the
U.S. found that there exist sufficient roadways to make
the assumption of use of this type of site tenable. of
course, the mere fact that the government already owns
sufficient rights-of-wéy does not necessarily resolve the

site selectien problem, so further study is indicated.

ANTENNA SPACING DETERMINATION

We can now combine the curve of our billiard-ball earth
(Fig. 8) and the antenna cost curve (Fig. 12) modified by a
little "fat" in the cost of the antenna, to obtain a new set
- of curves. Figure l4-a assumes three values of electronics'
| costs, $3000 (curve A), $2000 (curve B), and $1000 (curve o
C), and displays the total cost of antenna plus electronics'
cost. For each of these three curves, A, B, and C, a
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second curve, A', B', and C' is drawn in Fig. 14-b, show-
ing total cost (antenna plus station investment) on a

per mile basis. These values are merely the curves A, B,
and C divided by the number of miles between repeaters.

It can be seen that even with the steeply rising function
of antenna cost versus assumed height, the minimum-cost
mileages varied from 14.7 to 25 miles, using the billiard-

ball earth assumption. The cheaper the relay station

electronics, the closer together the towers will be. Hence,
optimum spacing between relay stations in this system will
probably be on the order of 20 to 25 miles. A spacing of
20 airline miles will be tentatively assumed as the nominal

design value.
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VI. TIMPLEMENTATION OF A MINI-COST STATION

In this section, two tentative designs for building
the electronics portion of the mini-cost microwave relay
station are examined. First to be considered is the
version that uses the more complicated, better known
klystrons; secondly, the use of all-sblid-state varactor
multipliers is considered. The latter discussion will
examine only the differences inherent in the varactor
approach as opposed to the klystrons.

The varactor version should prove to be less ex-
pensive (on a long-term basis), simpier, and more re-
liable than ‘the klystron. The klystron version is
superior only in the following respects: the design
can be based around a component which has been manu-
factured for almost 20 years; higher output powers are
possible than with varactors; and the initial and main-
tenance cost estimates are less uncertain.

Figure 15 is a simplified block diagram of the
relay or repeater station which will be examined in
detail. Separate antennas are required for transmission
and for reception, so that two antennas are needed for
each two-way relay station. The two antennas are used
to receive and transmit simultaneously. Electrical
isolation is provided by frequency separation of the
. transmitter and the receiver and by cross-polarization
. of their antenna feeds. Band-pass and elimination

filters on both receivers and transmitters reject -
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Fig. 15--Simplified Block Diagram of a Repeater Station
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unwanted frequencieé. Superhetrodyne receivers which
have an intermediate frequency chosen so that both receivers
at each site operate with a common local oscillator supply
are used. The entire station is designed for a minimum
‘primary power drain.

Primary power is obtained from a local power line
wherever possible, falling back to an L-P gas local thermo-

electric generator in emergencies or at remote sites.

DESCRIPTION OF THE KLYSTRON-BASED SYSTEM

Figure 16 is a detailed block diagram of the entire
relay station. Each block is numbered corresponding to

the order in which it will be discussed.

1. Primary 117-Volt AC Power Source

In rural areas most primary power is delivered by
overhead or "aerial" wires. If such power 