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1. Introduction’

This report was prepared following a visit to the Instituto de Investigacipnes
Matematicas Aplicadoé vy en Sistemas (IIMAS), Universidad National Antonoma

de Mexico (UNAM) by the author in February 1978. The report discusses some

of the design considerations in establishing a seismograph network in Oaxaca
State in southern Mexico with telemetry of data by radio link to IIMAS in
Mexico City. At IIMAS the telemetered data would be brocessed on-line by

the RESMAC seismological network data processor which is based on an PDP11-40
minicomputer system and has been described by Lomnitz (1976) and in s previous-
internal report by Hayman (77-9). Consequently, the body of the report felates
mainly to problems of data transmission from the remote seismograph sites to
Mexico City. Much of the material presented herein was discussed with the

staff at IIMAS duriﬁg the visit.

"A paper published by'phtake,Matumoto and Latham predicting a magnitude 7%
earthquake in Oaxaca State has focussed attention on the seismic risk of the
area. Burk and colleagues (news release, April 1978) have since suggested that
bgcause of the continued quiescence in the area a magnitude 8 event can now

be expected.

Much of Oaxaca State is wild mountainous country but there is also a farming
area in the region of the state capital of Oaxaca. Acapulco is just.off the
eastern edge of the area. The topography is unusual since a broad valley,
separates two ranges of high mountains} fhe coastal range and the volcanic
zone near Mexico City. This terrain presents unugual opportunities for radio

telemetry of seismic data.



Introduction (continued)

This report does not contain proposals for the exact network layout since first-
hand knowledge of the terrain is essential in preparing a detailed design.
Instead, members of the staff at UNAM have been given references (for example,
Bullington, 1957 'Radio Propagation Fundamentals') which will enable them to esti-
Qate.the reliability of a particular radio link. An example of such an estimate is
iﬁcluded in.the report. A map showing one possible network coﬁfiguration is shown

in fig. 1. The corresponding equipment block diagram is‘shown in fig. 2.



Radio Network

2.1

The distances involved in the proposed Qaxaca network are large, with the longest
link being 270 km. It'is only the fairly unusual topography which exists

in Mexico that permits such long path lengths to be considered. A minimum
requi;ement for the larger paths is that free space propagation conditions
exist (neglecting atmospheric affects). Thus potential paths should include
generous Fresnel Zone clearance at both antenna sites and along the path.

This appears feasible. Atmospheric effgcts including diffraction, multipathing
and channelling will cause fading but the effects of‘these can be reduced by
ensuring generous midpath clearance (3 or 4 times Fresnel Zone) and a generous
fade margin. Calculations show the proposed network to be a reasonable
proposition, but it must be recognized that a particular link cannot be
considered fully proven until it has been in operation through one annual cycle.
This extended evaluation period is considered more desir;ble than adding more
repeaters into the initial design. In the worst case more repeaters may have

to be added (and other stations moved) during the evaluation period.

Frequency Band

. Two options exist, the 132-174 MHZ VHF band and the 450-470-MHZ UHF band.

In all but remote rural areas the VHF band is con;ésted and subject to
interference, particularly if frequency usage is not carefully controlled.

The SISMEX network suffers from this problem on radio linkg within about.SO km
of Mexico City. There is little can be done if this.type of interference is

a problem. Highly selective R¥ cavity filters can be used if the problem

is on an adjacent frequency but these are bulky items in the VHF band.

Currently, the UHF band is nct as heavily used as the VHF band and so there is

less likelihood of interference problems. There are however, other factors.



Since at 450 MHZ the antenna aperture is one third of that at 150 MHZ there
will be an inherent 9.5dB 'loss' if geometrically similar antennas are used.
This can be compensated for by using higher gain antennas or by increasing
the transmitter power. The latter solution is not attractive if the system
is to be powered by primary storage batteries recharged by solar panels. An

advantage of UHF systems is that it is easier to satisfy the generous Fresnz1

clearance zone requirements because of the shortér wavelength.

One option would be to use the UHF band for the links from Oaxaca to Mexico

City and the VHF band in the remote rural areas.

A further consideration is the desirability of using the same equipment
throughout the network in order to maximise the ease of network maintenance

and to keep the spares inventory to a minimum.

On balance, it is considered best to avoid the uncertainties of man-

made interference and to deal instead with more controlable factors in the UHF

band.

Frequency Plan

At repeater locations the transmit frequency must be separated by a minimum

of S5MHZ from the receiver frequency to prevent the transmitter from desensitising
the receiver. A further requirement is that sufficient physical separation
exists between the transmit and receive antennas.

-

There also exists the possibility of interference due to intermodulation distortion



in the receivers. Careful choice of the RF frequencies will prevent
problems from 3rd order intermodulation products. For example, the following
group of five frequencies is free from interfering 3rd order intermodulation

products, where FO is the first channel and AF is the channel separation.

Channel Frequency
1 FO
2 FO + AF
3 FO + 4AF
4 FO + 9AF
5

FO + 12AF

At sites where ﬁore than two RF frequencies are received careful choice of
frequency with the aid of the table above will avoid protlems from intermodu-
lation distortion. The possibility of interference can be reduced further

by avoiding the use of channels separated by the 1legal minimum (25KHZ). 1If
possible a minimum of 100KHZ spacing between channels should be used (AF = 100KHz).

This would include consideration of other licenced users in the vicinity of any

one link.

Careful frequency planning may aliso permit the use of a given frequency more
than once provided appropriate attention is paid to possible interference
problems. Calculatiohs on path loss can be made for possible interfering paths
in much the same manner as desired paths excépt that the fade margin uncertainty

should be given the opposite sign.



2.3 Path Loss Calculatioﬁs

Path loss calculations are not included as part of this report.

References have been left with IIMAS which permit required transmitter
power, antenna gain and expected operational margin to be estimated. Path
profiles should be drawn for all paths and for each path the expected

performance should be estimated.

A quick look at many patls suggests that free space propagation conditions
are an essential part of the scheme for the network to operate. Thus the
key effort in the calculations will be devoted to ensuring that there is
clearance to 3 to 4 times the Fresnel ellipsoid (horizontal as well as

vertical clearance).

The most effective method of increasing the fade margin is to increase the
antenna gain at both ends of the link rather than to increase the trans-
mitter power, which would require larger power supplies. An example of the
type of antenna which might be used is a 15 element yagi which has a gain of
13.5dB. If even more gain is required these units can be stacked and inter-
connected by a matéhing transformer. 1In this manner two units will yield

an additional 3dB and four units 6dB, etc.



Data encoding schemes

3.1

There are two basic schemes to be considered in methods of encoding the

data and modulating the radio link; analogue and digital.

Analog telemetry

In this scheme the amplified filtered seismometer signal is used to drive

a voltage controlled oscillator. This produces.a sinusoidal audio carrier

on which the instantaneous frequency is proportional to the ground velocity.

The audio frequency is then used to modulate a VHF/UHF transmitter. In many
existing applications, the transmitters have been constructed by modification
of circuit boards originally designed fo; use in personal "walkie-talkie"
radios (e.g. USGS scheme as used in California and Nicdragua. Lamont also uses
a similar scheme.) In its simplest form iﬁvolving only a single link with

no repeaters and no multiplexing this approach typically has a dynamic

range approaching 60dB (at Yellowknife array the figure is 56dB).

A particular attraction of this method is the ease of mﬁltiplexing since
this can be done by simply adding the various audio sub-carriers and using
the composite signal to modulate a transmitter. Each sub-carrier is
allocated a separate band of frequencies. At the receiving end frequency
selective bandpass filters are used to separate the various channels. This
scheme has been used to multiplex up to nine channeis of data onto one RF
carrier. There are of course, trade-offs. As the number of channels and/or
number of repeaters increases the éynamic range of each channel decreases

and the amount of cross-talk increases. The degree of degradation is



influenced Sy éhe following factgrs:

a. The spectral purity of the generated sinusoidal sub-carriers. A
distorted sine wave has harmonics which may interfere with the
fundamental of a higher frequency sub-carrier.

b. Any distortion in the adder circuit. This is not likely.

c¢. Distortion in the transmitter modulation process. This can be severe
particularly in transmitters which have automatic level control and
bandwidth limiters. Since tﬁe;e are FCC requirements in walkie-talkie’
radios care is needed when these are used.

d. The RF carrier to ndise ratio at the receiver input terminals. At
low received signal levels random noise will appear in the demodulated
seismic output. .

e. Distortion and non-linearity in the receiver.

f. The sharpness of the bandpass filters used to separate the multiplexed '

channels.

g. The linearity of the sub-carrier demodulator. This is less important.

It should be noted that distortion in the RF modulation—dequulation is a
key specification if optimum performance is to be obtained. Aﬁy system
which includes a summed set of sinusoids and is subject to distortion will
have all the usual distortion products which inc}ude harmonics of the

fundamental and many intermodulation products (e.g. Fl + F2 - F3 = F4,

2F, - F_=F The difference between radios which are good for multiplex

17 Fp = Fy)e

use and those which are not can probably be linked directly to the harmonic

distortion specification.
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Digital—Telémet;y

3.3

In this scheme data are quantised at the remote location into a binary
bit stream and transmitted as a binary signal by land line or radio link.
Most schemes have used a modem to adapt the digital signals to frequency
shift keyed signals which are acceptable to the telephone companies.
Digital schemes offer the promise of re-shaping and re-timing.the signals
when appropriate so that the original signal fidelity can be preserved
through a large number of repeaters. However, digital signals are more
complex to multiplex since the signals require time slice multiplexing
rather than simply adding the signals as in an analog system. Coneeptually
the digital scheme is no more complicated, but in practice it requires a

higher degree of sophistication at repeater and multiplex sites.

The recommended encoding scheme

In the intest of expediency I suggest that the analog scheme is most
appropriate for use at the present time and will lead to usable data in the
shortest time frame. The technology has been proved and all of the equipment

can be bought off-the-shelf.

As a longer term proposition I believe the analogue radip network could be
upgraded to operate in the digital mode as better methods of modulating

apd multiplexing digital signals are developed. In an orderly scheme of
development, experimental digital technology could be tried and proved on a
selected radio link. After a period of evaluation the whole network could
gradually be upgraded to digital operation whilst remaining fully operational
at all times. However, it should be noted that the transmission of digital data

may require more bandwidth from the transmission channel depending on the sampling

rate, data format and encoding scheme employed.



In order to consider the remote station configuration in more detail it is
necesséry to make a few assumptions. It is safe to assume that the total remote
electronics package can be contained in a volume of about 10Ocm x 10cm x 1Ocm.
Secondly, it can be shown that the RF power levels at the transmitter output

will be between 200mW and 2W according to the frequency band and the path

At a low power level, primary storage batteries can be used, although they do
represent a continuing expense since they must be renewed at least annually.

Because of greatly increased interest in the USA due to the 'energy crisis’',

the price of solar panels is on a downward trend,since pricé is closely tied
to production volume. Large volume users.are now paying about $15. per

peak watt of solar power (as measured in midday sun). Solar power also has

the attraction of a one time capital cost and thereafter negligible operating

Another desirable feature of a remote station location is
that the amount of on-site work should be kept to a minimum. In the early
stages of the establishment of a more or less permanent network a distinct

advantage would be ease of movement to a better site as operational experience

4. Remote Station Configuration
loss.
expense.
is accumulated.

4.1 Solar Power System

The scheme proposed below has been based on a 1 watt RF output since this



4.2

will be satisfactory for most locations. In order to obtain 1 watt RF
output from transmitters, approximately 4 watts‘input will be required
from the power system at 12 volts dc. The Solar Panels are used to chgrge
a 12 volt battery and a simple regulat;; prevents the batteries from over-
charging. The exact power levels will depend on the efficiency of the
transmitter. The figures above are based on an efficiency of 33%7 (RF

output/DC input).

Discussions with several manufacturegﬁs suggest that a solar array of about
25 watts peak power at lOOmW/cm2 and 28°C would provide the necessary power.
The panels would be inclined at about 459 to the horizontal. The battery
capacity would be something between 90 and 180 ampere-hours. There is
evidently a trade off between the size of the batter§ and the size of the
solar array. Low self-discharge sealed lead-calcium batteries appear to bé
favoured for this type of application. The typical surface area of a

suitable solar array would be 2000cm2.

Most companies operating in this field have computer programs which will
optimise a design and match it to their products. This is usually available

free of charge to prospective customers.

Remote site physical layout

One possible design for the remote stations follows directly from the following

considerations:

4.2.1 The civil engineering works should be kept to a minimum.
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4.2.2 All equipment should be mounted on a single structure:. except of

course, the seismometer. i
. A b . .

P )

4.2.3 Whilst burying the equipmen£ has beenjused successfully elsewhere,
. it requires a hole to be dug, and-an equipment case to be buried
in it. It has the advaﬁtagé of a stable temperature but subjects
equipment to a higher humidity and to éhe possibility of flooding in

a thunderstorm. Equipment must be dug up before it can be moved.

A

4.2.4 The antenna mast should always be high enough to ensure<Fresne1 zone
clearance in the vicinity of the antenna.

4.2.5 A common design should be used for all locatioms.

4.2.6 1t should be possible to climb the mast to service the antenna.and
solar panels.

4.2.7 All equipment should be .303 calibre bulletbproof (except the solar
panels. Bullet proof panels are available, but it is cheaper to
replace broken panels, unless there is a recurring problem).

4.2.8 Equipment should be protecﬁed from the direct heat of the sun.

4.2.9 All equipment cases should be locked.

4.2.10 Storage batteriés should be in a separate vented container. 3

4.2.11 Space should be provided for additional r?dio equipment in case the
site is also a repeater.

4.2,12 It is desirable (though not essential) to use low cost conduit

between the seismometer and the mast to contain the seismometer cable and

to provide a good ground connection.
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4.3 Remote Site: recommended scheme

A scheme which meets these requirements is sketched in figure 3. Tri-
angular steel tower as used for TV antennas is used for the ngét. The
electronics, equipment case, solar panel and antenna are all #olted
securely to the mast. A lightweight steel panel, insulated with styrofoam
on the underside is used to protect the electronics package from direct
solar radiation and provide additional protection from rain. Conduit is
used to contain solar panel cables, antenna cagle and seismomgter cables.
Steel enclosures of 12 gage construction would be dented but not pierced
by rifle fire. The site would require only a small concrete base for the

tower. Guy wires would be used to steady the tower.



Repeater Station Configuration

In the simplest repeater configuration the received composite audio signal
is simply retransmitted. However, because the incremental cost is low it
will usually be expedient to include a local seismometer. The local VCO
output is added to the received tone(s) and the new composite signal is
retransmitted. Of course, at some sites there will be more than one
receiver which will in turn require a multi-channel adder circuit.

If an attempt is made to standardise on a single design which can be used
economically at all s;tes then a choice must be made as to the number of
additional receivers for which space, power, multiplex facilities etc. are

to be provided for.

A review of the proposed network for Oaxaca State and for other networks suggests

that a reasonable compromise would be to provide facilities for up to two
receivers and a VCO at each site in ; standard design. Stations which do not
fit into this scheme could be considered special stations. This ap-~

pfoach would provide a reasonable degree of flexibility in network design

so that configuration changes could be made without extensive hardware
changes. In addition there would be a limited amount of.redundant equip-

ment at simple stations having only a VCO and transmitter.

As an aid to optimising networKk performance each input channel on a multiplex
adder should be equipped with a calibrated attenuation control which could

be used to balance the amplitude of the tones before retransmission. At the
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time of initial deployment all potentiometers would be sett to the
0dB mark. Subsequently, operational measurements would permit calibrated

adjustments of *6dB to be made as required.

At key repeater sites where a single RF link can carry the entire network
data, it may be desirable, at additional cost, to provide a parallel RF
link so that each link carries only half the network data. This doubling up
can be implemented with varying degrees independence between the two
channels, ranging from the use of a completely different routing with
adaitional intermediate repeater sites, to the attachment of a second

transmitter to an existing site.
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6. Terminal Station Configuration

At the terminal station at UNAM the received composite signal must be de-
multiplexed and demodulated into individual channels and then digitally
multiplexed, converted to digital format and finally serialised for input to

the PDP11-40 computer through one channel of the DH1l multiplexer.

The analog demodulators are commercially available and usually include one
complete channel demodulator in a single module. The module usually includes

the bandpass filter required to separate a channel from the composite signal.

The digital multiplexer, analog to digital converter and serialiser would be

constructed at UNAM according to established RESMAC standards.

Optimum received signal to noise will be obtained if the receiver is mounted
near the antenna so that RF cable losses are minimised. At UHF frequencies
several decibels of unneccessary attenuation can be quickly accumulated if

care is not used in planning the antenna down lead.
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7. System Design

7.1 Network Layout

A map of the proposed station locations is shown in figure 1 and a system block

diagram in figure 2.

Note that the most distant signal must pass through four repeaters and that the

final link from Ajusco to UNAM nust carry seven signals.

7.2 An example of RF pathloss calculation

A UHF radio link of 280km length is to be designed using a one watt transmitter

and a receiver of .34uV SINAD sensitivity.

of 99.997 (8sec/day loss).
Add

Receiver sensitivity, 12dB SINAD

. = .,35uV. Convert to decibels below
one watt. Assume 50 ohm input
impedance = 146dBW

Add
Receiver antenna gain. Try a
5 element Yagi with 9dB gain

Subtract

Receiver c¢able loss. Calculate by
multiplying cable loss in dB/ft by
length. Assume 1dB.

Subtract

Path loss. Free space propagation at
150MHZ over 280 km. 3 to 4 times Fresnel
Zone clearance

Add
Transmitter antenna gain. Try a
5 element Yagi with 9dB gain

Subtract
Transmitter cable loss. As RX.

The link is to

146dBW

+9dB

-1dB

~122dB

+ 9db

- 1db

have a reliability

Gain Margin

(rel to 1 watt)
146

155

154

32

41

40
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brought forward 40
Subtract
Loss due to reduced antenna
aperture at 450MHZ (Path loss was .
taken at 150MHZ). -9.5dB 30.5
Subtract
FADE MARGIN. Use Rayleigh
distribution, 99.99% or 8sec/day -38dB - 7.5

The negative margin indicates that the transmitter power must be 7.5dB above one watt.

g 5.6 wa;ts. In order to use é 1

The actual transmitter power required would be 10°
watt transmitter more gain is required. Try increasing Tx and Rx gain from 9 to
13.5dB by using 13 element yagis to gain 2 x 4 .5dB = 9dB. .
Continuing the calculation:

Add

Additional gain from 2 . )
13.5 yagis . + 9dB 1.5

. . . -.1
The required transmitter power is now 10 S =

0.7 watts and so one watt
transmitter would be satisfactory. Note however, that a figure of 0.35 uV was
taken for the receiver sensitivity frog typical manufactures specifications.
This is the figure for a demodulated signal to noise ratio of 12dB. 1In
practice, this figure is too low te achieve a satisfactory signal quality on the
helicorder. A received signal level of 1uV produces acceptablé results. This
implies a further gain of 2010g10 Ggg), or 9dB is required. This can be achieved
by using pairs of 13 element yagis at each end of the link to gain a further

6dB (nominal, in practice 5dB).

Continuing the calculation:

Subtract

Loss due to higher minimum signal

strength - 9dB -7.5

Add '

Gain by doubling up on the number
of yagis ' + 5dB -2.5dB
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The power required has now increased to 1.7 watts. Bearing in mind all the
factors taken into consideration and the fade margin employed’this design
could be implemented using a standard 1 watt transmitter and the performance
evaluated. Subsequently, if necessary, a further 5dB of gain can be obtained
by adding two more yagis at each end. The alternatives would be to reduce
the repeater spacing or increase the transmitter power and power supply.

Clearly, higher gain antennas are much more cost effective.

7.3 Site Tests

Calculations on path loss should be verified by making signal strength tests

using a transmitter, a wattﬁeter, two yagi antennas, two masts and a calibrated
receiver or a signal strength meter. Actual path loss can then be measured and
compared with the calculated path loss. However, it should be noted that care must
be-used since the measured value will not be representative of the median value
’since it ignores the effect of diurnal and annual variations. Since the diurnal
variation is likely to be greater than annual variations, results accurate to *10dB

might be cbtained by monitoring the signal throughout a 24 hour period.

7.4 Remote Station VCO centre frequencies

In order to optimise the system performance the VCO centre frequencies should
be chosen carefully so that harmonic and intermodulation products are
minimised. One approach is to attempt to choose the freduencies so that most
of the unwanted products fall oﬁtside the transmission bandwidth. As with
the RF system design, the most troublesome products are likely to be terms

of the form f1 + £2 - £3. A more complete list of harmonic and intermodulation

-

products is given in appendix.B.
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8. Operational Considerations

8 1 Test equipment

In order to calibrate, maintain and test the network equipment the following
special test equipment will be required. In each case one vendor is mentioned,

but others certainly exist and should be considered.

Description Vendor Model Cost §

RF Dummy Load 500 Bird - 10
RF Wattmeter Bird 43 200
VHF-UHF Signal Generator Hewlett Packard 8640 .6000
FM Deviation Meter Marconi TF2304 1200
Digital Multimeter Dana 2100 300
Frequency counter to 500MHZ Hewlett Packard 5383A 1000
Distortion Analyser " " 331A 1200
Low frequency signal generator,

0.01HZ-100K HZ " " 3310A 1000
Oscilloscope,'portable Teletronix 221 1300
Calibrated RF attenuator | 100

Telonic Instruments TG950

8.2 Calibration

As remote stations are installed, an in-situ overall system calibration should
be performed with the data received at IIMAS during the calibration sequence being
recorded in the normal manner. A small battery operated calibration box can be

constructed to generate a range of equivalent ground velocities at a few spot
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frequencies and amplitudes. A design for such a box is available on request
from Ottawa. The test box is connected directly to the calibration coil of the
seismometer by the field technician and is removed on completion of the test

sequence.

8.3 Spares

A minimum of one of each of the f;llowing items should be stocked ready for
deployment:
1. Seilsmometer
2. Amplifier-VCO-Muliplexer
3. Transmitter
4. Receiver
5. Demodulator
6. Solar charge.regulator
7. Discriminator
8. Digital Multiplexer
9. Solar panel

10. Remote station battery

Special care is in planning for spare transmitters and the receivers since it
should be possible to change frequency by changing the crystal without returning
these units. If widely separated frequencies are in use it may be advantageous
to stock two transmitters'and two receivers so that each can cover a band of

frequencies without returning. Spare crystals (Tx and Rx) should be stocked

for all frequencies in use.

The spare assemblies should in turn be backed by spare transistors, IC's, etc.
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¥

-97 Conclusions
The report outlines some of the considerations in the design of a telemeterd
seismograph network which would transmit data from locations in Oaxaca State
to Mexico City using analog FM telemetry. The proposed scheme is ambitious
since it attempts to push equipment to the limit of its specifications, and
as a result I think that it is unlikely that any campany would guarantee the
operation of the system as a whole. However, I believe that provided sound
equipment is purchased the scheme as proposed is an excellent starting point.
Equipment would be installed at the planned locations and then performance would
be measured and assessed apd the suitability of the sites, transmitter power,
antenna gains, etc. reevaluated, possibly leading to a relocation of a station

and perhaps the addition of another repeater,

At a later date the digitising equipment, initially at Mexico City could be
grédually moved towards the remote sites perhaps one repeater at a time. This

would ultimately convert the scheme into an all digital system.

Appendix A is the first draft of a set of specifications which could eventually

be used as a basis for procurement after requirements have been finalised.
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A.l

APPENDIX A: DRAFT EQUIPMENT SPECIFICATIONS

Seismometer & Siting

Period 1 second
Calibration coil to be included
Coil resistance to be specified
Working damping .70 critical
Adjustments required none

Transducer constant to be specified

The seismometer will be located in a small culvert which will be embedded
in concrete and bonded to bedrock. The whole assembly will then be
buried. The site should provide good drainage so that the seismometer
cannot stand in water for extended peri&ds. An electrical grade steel
conduit from the culvert to the mast would permit easy servicing of

the cable.The seismometer should be located 10-20m from the.mast assembly.
Enclosure

All equipment, (transmitter, receiver, amplifier regulator and battery)will
be placed in a metal enclosureswhich should be securely attached to the
mast., The enclosure should include an access door with a padlock &

catch. The enclosure should include provision for.cables to exit t6 (a)
seismometer, (b) up to six receiving antennas (c) one solar panel. The
enclosure assembly should include a shield to prevent direct solar
radiation onto the actual case. The enclosures should iﬁclude vents and drain
holes covered with fine wire mesh.

Antenna Mast

The enclosure should be of sufficiently heavy construction to prevent rifle
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fire damaging the electronic equipment inside. The antenna mast should

consist of two or more 3 metre sections of consumer grade steel TV tower

(local purchase)

Antennas

High gain yagi antennas with either six elements q? fifteen elements
will be required. Antennas should be equipped.with clamps for mounting
to the steel tower and should use type N connectors.

a.. 9.5dB gain 5 element

b. 13.5dB gain 15 element
Polarisation -~ vertical.
Vertical Separation between transmit & receivér antennas 3 metres

minimum.

The long RF links will certainly require the high gain antennas, but

some of the shorter links could use low gain antennas.

Transmitter

It is recommended that the transmitter be enclosed in a shielded metal
case in order to minimise RF interference problems.

Frequency range: 450-470 MHZ

Frequency stability: +.0005% (-10°C to +50°C)

RF Power into 50 ohm load: 1W continuous duty

Power supply: 10 - 14 VDC

Power supply current: to bé specified; not to exceed .25A
Audio input: OdBm for +3.3kHZ deviation

Audio input impedance: 600Q
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Audio resp

oD R L I N

e: (with Rx) flat £3dB, 300 - 3KHZ

Audio distortion: (with Rx) <57 total harmonic distortion

FM Hum & noise: >40dB beiow 2/3 rated system deviation

Spurious & harmonics: >46dB below carrier

Connector, Power: to be specified

Connector, RF: BNC chassis mount

Case: the transmitter shall be contained in a metal case to prevent spurious
radiation and shall include FRI filtering on all power and signal lines

Case size: to be specified

Environmental: -10°C to +50°C, 0 - 957 humidity

Preferred modulation method FM (not Phase Modulation)

Receiver

Frequency range: 450-470 MHZ
Sensitivity: <.35uV: 12dB SINAD

<.5 uV: 20dB quieting
Spurious Rejection: 60dB

Image Rejection: 40dB

:Adj. channel rejection: >70dB (13dB SINAD)

Modulation.acceptance +7.5kHZ (min)

Audio output impedance: 6000

Audio output level: O0dBm for #3.3kHZ deviation

RF input impednace; 500

Supply voltage: 11 - 14 VDC

Supply current drain: to be specified; not to exceed 25 mA
Connector, power: to be specified

Connector, RF: BENC chassis mount

Case: The receiver shall be contained in a metal case to contain or



exclude spurious radiation and should inlcude RFI filtering on all power
and signal lines.
Case size: to be specified

Environmental: —lOOC to +50°C, 0 - 957 humidity

A.7 Amplifier - VCO - Multiplexer

This assembly shall provide for one seismometer inpuf and a minimum of

two received radio tones on appropriate IRIG frequencies. The multiplexer

will sum the (up to) three tones and provide for adjustment of each tone

so that the summed output will be 0dBm peak when loaded with 6009. The composite
tone must not drive the transmitter beyond #3.3KHZ deviation.

A.7.1 Local seismic channel

Sensitivity: 24 uV/Hz nominal, switch adjustable by *24dB in 6dB steps.
Noise: <.25 uV rms referred to input
Filter: Band pass 0.25Hz to 20Hz (3dB)'with 12dB per octave roll-off
Input: differential with transient protection. Common mode rejection:

" better than 60dB

Input impednace: 20K minimum, with provision for a shunt damping resistor.

A.7.2 VCO
Channels: standard constant bandwidth channels to be chosen from 1020,
1360, 1700, 2040, 2380, 2720, 3060.
Deviation: +125Hz
Linearity: .17

Center frequency stability: better than 50ppm/°C



A.7.3 Multiplexer

A.7.4

Inputs: Local VCO and two external tones

External inputs: O0dB into 600Q.

Output & controls: three potentiometers to permit amplitude adjustment
of all three tones so that éémpdsite signal is OdBm * 6dB when

loaded with 600 Q.

General

Supply voltage: 11 - 14VDC

Supply current: to be specified; not to exceed 25mA.

Case: the assembly shall be contained in a metal case to exclude spurious
RF radiation and should include RFI filtering on all inputs and outputs.

Case size: to be specified.

Environmental: -10°C to +50°C, 0 - 957 humidity.

Solar power system

Specifications for the solar power system can be developed from the request
for proposals and pricing which has been extracted from a recent request

for quotation and is copied overleaf.
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A.10

Discriminator

The discriminators are to be modular plug-in units and should include a
chassis and power supplies to accommodate a minimum of eight units. Centre

frequencies should match remote site VCO frequencies.

Input sensitivity: 100mV to 3V rms
Channels: to be chosen from 1020, 1360, 1700, 2040, 2380, 2720, 3060HZ.

Bandpass filter: Each unit should include a bandpass filter capable

of rejecting signals on an adjacent channel which are 20dB greater
than those on the channel under test. Interference shall not be

- visible when a full deviation 10Hz sine wave test sighal is displayed
on a chart recofder. The interfering signal should include full devi-
ation 5Hz modulation. |

Output level:‘ to be set to 2 volts pk

Dynamic range: >50d4B with 20Hz output filter

Qutput filter: 10Hz lo%pass, third order and .5Hz highpass.

Indicator: 1low carrier level lamp

Squelch: output clamps to zero when carrier is removed.

Environment: 0 - 60°C, 0 — 95% humidity.

Multiplexer - ADC - UART

(to be supplied by UNAM)

Input channels: 8

Input level: +2 voits peak

Input configuration: single ended

ADC sampling rate: 37 s/s or as specified
ADC dynamic range: to be specified
ADC/UART format: to be specified

UART band rate: to be specified
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SOLAR POWER SYSTEM

1. APPLICATION

Proposals are invited for solar power systems to provide power for
continuous operation of a telemetry transmitter. Up to fifteen systems
are planned. Representative coordinates are listed below. Exact power
consumption at each site has not yet been determined, but the final value
will be chosen from three possible options (according to the required RF
power).

Site 1: James Bay - Lat. 52° - Long. 77°
Site 2: Strait of Georgia - Lat. 49%0 - Long. 124°
Site 3: Oaxaca, Mexico

- Lat 17° - Long. 97°

2. SYSTEM DESIGN

Proposals should take into account published weather data for the
regions specified including ambient temperature and the effects of snow-
fall and freezing rain. Recommendations should include:

a) total peak power required from the solar panels,

b) panel orientation (elevation & azimuth),

¢) battery type and capacity,

d) some indication of the margin of safety built in to the recom-
mendations. (Perhaps a computer printout).

3. DESIGN LOAD

Option 1
‘Voltage 12-14 volts
Duty continuous
Current .3A
Power 4 watts

Ampere-hours

7.2 ampere-hours/day

Option 2
Voltage 12-14 volts
Duty continuous
Current +6A
Power 8 watts

Ampere-hours

14.4 ampere-hours/day

Option 3
Voltage 12-14 voltage
Duty continuous
Current .150A
Power 2 watts

Ampere-hours

3.6 ampere-hours/day



4. SUB ASSEMBLIES

Proposals should include data as specified for each component of
the system as follows.

4.1 Panels

Type number

Operating temperature

Number of cells

Cell diameter

Voltage

Current 2 o

Peak power @ 100mW/cm™, 28 C cell temperature
Is a blocking diode included?

Panel dimensions & outline drawing
Description of panel construction & encapsulation
The effect of .303 rifle fire on the panel

4.2 Battery

Recommendations on the battery should include:

Nominal terminal voltage
Battery type & number

L . O, . :
Nominal capacity at 25°C in ampere-hours
Nominal capacity at -30°C in ampere-hours
Battery dimensions, weight

4.3 Regulator

Type number

Operating temperature
Storage temperature
Humidity

Regulation voltage

Maximum current dissipation
Outline drawing

4.4 Panel mounting hardware

Panels will be mounted on triangular steel tower. If hardware
exists for mounting panels to steel tower, outline drawings
should be included.

5. PRICING
Prices for a system should be broken down by sub assembly (4.1 through

4.4) so variations in system design can be considered without further
quotation. :
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Sen:.mxcxty Gap near Oaxaca, Southern Mexico as a Probable Precursor
" to a Large Earthquake

By Masakazu OHTAKE'), TosiMATU MaTumoTO?) and GARy V. LaTHAM?)

Sumumary — An area of significant scismic quiescence is found near Oaxaca, southern Mexico. The
anomalous area may be the site of a future large earthquake as many cases so far reported were. This
conjecture is justified by study of past szismicity changes in the Oaxaca region. An interval of reduced
seismicity, followed by a renewal of activity, preceded both the recent large evenis of 1965 and 1968.
Those past earthquakes have ruptured the eastern and wesiern portions of the present seismicity gap.
respectively, so that the central part remaining is considered to be of the highest risk of the pending earth-
quake. .

The most probable estimatesare: 74 + forthemagnitudeand o = i6.5° 4+ 0.5°N,2 = 96.5° + 0.5W
for the epicenter location. A firm prediction of the occurrence time is not attempted. However, a resumption
of seismic activity in the Qaxaca region may precede a main shock. '

Key words: Seismicity; Earthquake prediction. - -

Introdyction

From studies of the seismicity of the northwestern Circum-Pacific seismic belt,
FepoTov (1965) and MoGi (1968a) found that ‘gaps’ in activity have been successively
filled within several tens of years by a series of great earthquakes without significant
overlap of their rupture zones. More detailed investigations by UTtsu (1968), Moci
(1968b, 1969) and NaGumo (1973) revealed that some of the greatest earthquakes
(M = 8) which occurred in and nsar Japan were preceded by seismically quiescent
periods of several to a few tens of years. Similar phenomena have beea reported also
from other seismic zones including Alaska and the Aleutians (Sykes, 1971), South
America {KELLEHER, 1972), and major portions of the Circum-Pacific belt (KELLEHER
et al., 1973; KeLLEHER, 1972: KELLEHER and Savino, 1975). The search for pre-
seismic reduction in regionai seismicity has been successfully extended to smaller
earthquakes of magnitude 6 to 7 (e.g., BOROVIK ¢t al., 1971 ; OHTAKE, 1976).

As a result of these studies, the recognition of seismicity gaps in active seismic
zones is considered to be a promising method for prediction of major earthquakes.
This notion was suggested for California earthquakes in an earlier study by ALLEN,

') Internationa! Institute of Seismology and Earthquake Engincering. Hyakunin-cho 3-28-8,
Shinjuku-ku, Tokyo. Japan. On leave from the Marine Science Institute, University of Texas, USA.

%) Marine Science lnumute. Gecphysics Laboratory, University of Texas. 700 The Strand. Galveston,
Texas 77550, USA.
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376 Masakazu Ontake, Tosimatu Matumoto and Gary V. Latham (Pageoph,

et al. (1965). Some investigators, on the other hand, have emphasized that strong
earthquakes are frequently preceded by a marked increase in local seismicity (¢.g.,
FepoTtov, 1967; SADOVSKY et al., 1972; SUYEHIRO and SEKIYA, 1972; WESSON and
EvLiswortH, 1973). KELLEHER and Savino (1975), however, revealed that prior
seismic activity, if any, is generally confined to the vicinity of the epicenters of pending
large earthquakes, and extensive portions of the future rupture zones commonly
remain aseismic until the time of the main shocks. E

ScHOLZ et al. (1973) ascribed both the quiescence and resumption of seismic
activity. together with other premonitory phenomena, to pre-seismic dilatancy of
the crust and consequent fluid diffusion. According to this hypothesis, seismic

quiescence is attributed to the increased strength of a medium as pore pressure’

drops in the dilatancy-hardening stage; while the renewal of seismic activity occurs
with the recovery of pore pressure and consequent weakening of the medium under
shear stress. Further investigations of the nature of seismicity gaps can be expected
to break new ground, not only for phenomenological earthquake prediction, but in
the physical understanding of earthquake occurrence.

The present paper reports a significant decrease in shallow seismicity near Oaxaca,

T T T )
® . 9
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PACIFIC PLATE

PANAMA F. 2.7/ d

GALAPAGOS RIFT ZONE
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1mo*w . 100° 500 g0°

. "

Figure |
Seismicity and tectonic setting of the Mexico-Middle American region. Small circles and triangles are
epicenters of major shaliow (H# < 65 km) and deep (/7 > 65 km) focus earthquakes, respectively, The
seismic data are taken from the table compiled by Dupa (1965) for the period 18971564 (M, > 7). and
PDE for 19651975 (Ms = 7 or mb = 6.5). Plate boundarics are delineated after MOLNAR and SykEs
(1969). The region of the present study is shown by a reclangle covering southern Mexico and western
) Guatemala. )
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southern Mexico, in recent years. Based on this finding, we attempt to predict some
of the characteristics of future earthquakes which may take place in this region.

2. Tectonic setting

. Figure 1 shows theepicenters of major earthquakes which have occurred in the

. Mexico-Central America region since 1897. The tectonic elements of MoLNAR and

SykEs (1969) are also given in this figure. An active seismic belt follows the Pacific
margin of Mexico and Central America, paralleling the Middle America Trench.
This activity is associated with the subduction of the Cocos plate under the Americas
and the Caribbean plates. The pattern of activity is typical of island arcs, and the
deep seismic zone is well delineated down to a depth of 250 km (MoOLNAR and SykEs,
1969 ; Sromer and CARR, 1973). The greatest earthquakes of this region have occurred
along the Pacific coast, and were mostly of the low-angle underthrusting type in
accordance with the subduction model (MoLNAR and SykEes, 1969). The region of our
present study includes the most active part of the seismic belt as outlined by a rectangle
in Fig. 1.

3. Seismicity gap -

f‘igure 2 compares the shallow seismicity (H < 60 km) of the southern. Mexico-
Guatemala region for two successive time intervals: (a) June 1971-May 1973, and

"(b) June 1973-May 1975. The data are taken from the Preliminary Determination of

Epicenters (PDE) published by the National Ea;thquake Information Service (NEIS)

- of the United States Geological Survey.

For period (b), an area bounded by 95.5°W and 98°W, as outlined by a rectangle,
is almost completely free of shallow earthquakes of sufficient magnitude to be
reported by PDE (M = 4 or larger). Assuming that epicenters are distributed
randomly throughout the active belt, the probability that this gap could occur by
chance in a given 2-year period is about 1 in 36,000 (See Appendix). An additional
40 to 30 earthquakes have been located by the NEIS in the seismic zone of Fig. 2

_ between 1 June and 31 December, 1975 (latest data available to us). None of these

occurred within the quiescent zone, so that the assertion of nonrandomness is
further strengthened. :

The seismic history of the anomalous area is illustrated in Fig. 3 by a magnitude
versus time diagram for shallow earthquakes (H < 60 km) which occurred in the
present seismicity gap since 1963. This figure demonstrates a clear reduction in

earthquake occurrence, starting in mid-1973, followed by complete quiescence for at

least 2.5 years. Such a prolonged period of quiescence is clearly unusual for this
region.
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(a) JUN.1871 - MAY 1573

20°N

-
: ®, MEXICO
L 3 © .. .
- ° - e. X} kJ
- +415°
*
. .'.
mb: ~5-6-7
s o O .
! 1 100
b) JUN.1973 - MAY 1875
L T T 20°N
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1968 1965

| | ) °
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Figure 2
Epicentral distribution of shallow earthquakes (K < 60 km) which occurred in the southern Mexico-
Guatemala region during the period of (a) June 1971-May 1973, and (b) June 1973-May 1975. The area
cf seismic quiescence during the latter period is outlined by a square. Two ellipses show aftershock zones
of the Oaxaca earthquakes of 1965 and 1968, respectively.

4. Oaxaca earthquakes of 1965 and 1968
Two large earthquakes have occurred in the Oaxaca regidn during the.past
decade:

Aug. 23,1965 ¢ = 16.33°N, 1 = 95.80°W, H = 20 km, Ms = 7+ = 73
Aug.2,1968 ¢ = 16.56°N, 1 = 97.79°W, H = 36 km, Ms = 7.5

(after the Bulletin of the International Seismological Centre). The approximate
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Figure 3
Magnitude versus time dmgram of shallow earthquakes (H < 60 km) which took place within the square
in Fig. 2(b) since 1963. Each event reported by PDE is plotted by a vertical segment of which length cor-
responds to its body wave magnitude.
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: Figure 4
Change in regional seismicity prior to the Oaxaca earthquake of August 23, 1965. Upper: Solid and open
circles indicaie shallow earthquakes (H < 60 km) for the periods of seismic quiescence and resumption
preceding the main shock, respectively. The shaded area is the aftershock zone of the main shock (cross

mark). Lower: Magnitude versus time diagram for the earthquakes wiiich took place inside of the rectangu-

lar area shown in the upper figure.

aftershock zones of these events are plotted in Fig. 2(b) by ellipses. Both of these
earthquakes were preceded by anomalous changes in local seismicity. For the former

“case, local seismicity exhibited a quiescent stage from late 1963 to mid 1964, followed

by a renewal of activity prior to the main shock (Fig. 4). For the latter case, pre-
seismic quiescence was more distinct while resumption of activity was weak (Fig. 5).
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In this paper, we refer to the period of quiescence as the x stage, and to the period of
renewed activity as the 8 stage. The time interval between the onset of the x stage and
occurrence of main shock was 1.5 to 2 years for the Oaxaca earthquakes. It is not
clear whether the activities of the f stage were confined in the vicinity of the epicenters
of the main shocks or not. Such a detailed analysis seems to require more reliable
location of the epicenters, and also more complete coverage of small earthauakes.

T T 20°N

mb
R 2 {150
! _
t e
5
' 8
6
! i
100°W 950
7 ' min, shock
ge
5
A
3
63 ' 64 ' 65 ' 66 ' 67 ' 68 ' 69
Figure 5

Change in regional seismicity prior to the Oaxaca carthquake of August 2, 1968. See Fig. 4 for explanation.

It is interesting to note that aftershocks did not completely fill the seismicity gap
suggesting the smaller dimension of the rupture zone compared with the seismically
anomalous area.

The focal mechanisms of the earthquakes were typical underthrust with shallow
dip angle. The azimuth and plunge of the slip vector for the 1965 earthquake is
reported by MOLNAR and Sykes (1969) as ¢ = N36°E and § = 14°, respectively.
Fig. 6 shows distribution of P initial motions of the 1968 event based on readings
from microfilm records of the World-Wide Standard Station Network. The slip
corresponds to a low angle thrust with ¢ = N49°E and 6 = 6°.

Both- of the main shocks were located near the northern extremes of their after-
shock zones. This suggests that the rupture started at depth beneath the landward
(NE) end of the dislocation, and unilatcrally propagated towards shallower depth
along the subducted plate interface. This pattern of rupture propagation is frequently
found for large, thrust-type earthquakes as discussed by KELLEHER et al. (1973).
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Summarizing the above discussions, the Oaxaca earthquakes of 1965 and 1968
are characterized by marked similarities in magnitude, space-time patterns of
precursory seismicity change, focal mechanisms, and rupture patterns. These
systematics may be useful in predicting the characteristics of future earthquakes in
this region.

AUG. 2,1968 16.56°N, 97.79°W H=36km

.

) Figure 6
Equal area projection (lower hemisphere) of seismic radiation pattern for the Oaxaca earthquake of
August 2, 1968. Solid and open circles indicate compressional and dilatational initial motions of P
wave, respectively. This radiation pattern can be interpreted as representing underthrusting on a fault
plane dipping at a shallow angle to the northeast.

5. The impending earthquake

The arguments presented above suggest to us that the relative seismic quiescence
near Oaxaca may be signaling the eventual occurrence of a large earthquake in this

" region. We try to predict the'most probable characteristics of the anticipated earth-

quake in the following.

Magnitude

The size of the present seismicity gap is roughly 7 x 10* km? in area, and 300 km
in linear dimension, respectively. UTsu and Sex1 {1955) and Uisu (1961) found
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statistical relations between the magnitude of 2 main shock M and area 4 or linear

log 4 = 1.02 M — 40 R ()
logl=05M— 18 L@

Direct application of those formulae results in magnitude 8.6 ~ 8.7 for the future’
_earthquake if we assume that the aftershock zone will completely cover the present

"zone ‘of quiescence. This seems unlikely, however, based upon the data presented

above which suggests that the size of the aftershock zone is normally smaller than the

preceding seismicity gap, at least in the Oaxaca region. Moreover, strain energy has
been released in the eastern and western parts of the seismicity gap by the recent
earthquakes of 1965 and 1968 (see Fig. 2). Thus, we would expect that the central
area between those aftershock zones is the most likely site of the next large earthquake
in this region. The separation between those two previous aftershock zones is roughly
comparable with their dimensions. Therefore, the magnitude of the predicted
earthquake may also be comparable to the previous events, that is, 73 ~ 73.

Acéording to ANDERSON and WHiTcoMB (1975), the linear dimension, L, of an
area showing anomalous behaviour prior to an earthquake is empirically related to /
by a simple formula,

log /L2 = —3. ' 3y

Combining (3) with (2), magnitude 7.3 is predicted for L? =7 x 10*km>. In
conclusion, 7% + 1/4 is the best estimate we can makt for the magnitude.

Location

As stated above, it appears likely that the aftershock zone of a future earthquake
will occupy the central part of the present seismicity gap. The earthquake will probably
be of the thrust type. The rupture is likely to begin in the northern portion of the
zone and propagate southward. judging from the past instances. If this is the case,
the epicenter of the main shock should be in the region, ¢ = 16.5° + 0.5°N and
A =96.5° + 0.5°W.

Occurrence time

More than three years have passed since the onset of seismic quiescence in the
Oaxaca region. This is substantially longer than the precursor times of the previous
Oaxaca earthquakes. As yet, we have no reliable basis for predicting the time of
occurrence. The precursor times observed for the 1965 and 1968 Oaxaca earthquakes
(magnitude 75 ~ 73) were much shorter than the 13 to 31 years expected from the
magnitude-precursor time relations by WHITCOMB et al. (1973), SCHOLZ et al. (1973),
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and RiKITake (1976). This suggests that precursory time relations may vary greatly
between various tectonic provinces. It may also indicate that some completely
different phenomenon from the previcus studies is being observed. In any case,
previous standard magnitude-precursor time relations do not seem to be applicable
in the present examples. However, a resumption of seismic activity corresponding to
the f stage of activity, may be expected prior to the future, large earthquake as in the
cases of 1965 and 1968.

6. Discussions and conclusions

Since June 1973, the frequency of shallow earthquakes in the area of Oaxaca,
southern Mexico, has been unusually low, This area experienced two major earth-
quakes in the past decade: an event of magnitude 7.5 in 1965, and one of magnitude
73-72 in 1968. These were both preceded by intervals of quiescence (« stage) and
following resumption (f stage) of local seismicity in advance of the main shocks.

Previous case studies suggest that the f stage is not a universal phenomenon as is

‘the « stage. Although it may partly be attributed to insufficient detection capability, .

there are some cases which definitely contradict our finding. KELLEHER and SAVINO
(1975), for instance, reported that the prior seismic activity was not detected with
reasonable coverage of small earthquakes for the Sitka earthquake of 1972, Ms = 7.6
and others. However, the contrast is no wonder because the pattern of earthquake
sequences greatly depends con regional characteristics of the lithosphere. Based on
laboratory experiments of rock fracture, MoG1 (1963) revealed that the main rupture of

nonuniform medium tends to accompany distinct activity of foreshocks, which -

does not appear for a uniform medium. Structural irregularity of the medium and
consequent local concentration of stress is considered to be the basic precondition
for increase in seismicity prior to the main shocks. '

Therefore, the f stage is expected to appear only for regions of nonuniform
structure. Really, the region of our present concern exhibits various indications of
nonuniform, block-like structure. It is the conclusion of SToBER and Carr (1973)
that the underthrust lithosphere of the Mexico-Central America region is broken
along tear faults into 100 to 300 km long segments. In such nonuniform regions, the
weakest portions of the lithosphere will sensitively respond to the tectonic force
building up so that seismicity change is expected to be a useful measure for predicting
large earthquakes.

Based upon the significant scale of the current seismicity gap, both in time and
space, together with the previous pattern of earthquake occurrence, the probability
of a future, large carthquake in this area is considered to be high. The focal mechanism
of the impending earthquake is expected to be a low angle underthrust associated with
subduction of the Cocos plate under the Mexico-Midd!le America arc. The magnitude
and epicentral coordinates areestimated tobe Ms = 7% + i,andgp = 16.5° £ 0.5°N,
A = 96-5° £+ 0.5°W. No reliable estimate of occurrence time can be given.
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‘While the evidence presented here is certainly not conclusive, we believe that it is
strong enough to justify the initiation of a program of measurements in the Oaxaca
region. If possible, the program should'include monitoring of microearthquake
activity, seismic wave velocity, and crustal deformation. Among these, systematic
monitoring of microearthquakes may be the most effective and simplest method since

a renewal of activity (f stage) preceding the main event is expected. Detection of a

significant increase in seismic activity in the region would not pinpoint the time-of-
occurence, but it would serve as a warning that the time remaining before the earth-
quake might be quite short. '
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4 lermaiine k¥ Loaxial Load Hesistors

5 50 ochms nominal

specifications
R - =
MODEL ;ggﬁa ?,f; ﬂiﬂﬁiﬁﬁ};“;ﬁ;ss é%';‘g Tr\?cht ggﬁN_ WEIGHT FIN(:)SH
DC 1GHz 2 25 35 4GHz
8010 2w 104 106 11 | N | %DiaxlL| 1%oz | BNP
8011 2W 1.04 106 11 N({M) | Y Diax1% L] 130z BNP
80F 5W 11 ) 12 o N(F) | W, Hexx3%L 4 oz SP
80 M 5W o, 12 ) N(M) | "sHexx3%L| 4 oz| SP
80 CF 5w 1. 1.2 C(F) | W, Hexx3,L| 4 oz SP
80 CM 5W 11 12 ' CM) | MHexx3L| 4 oz| SP
@ FINISH: BNP—Bright Nickel Plated; 80 BNCF 5W 11 : 1.2 ' BNC (F) W, Hexx 3% L 4 oz SP
SP—Sitver Plated; - - )
LBE—-lét:lsat:Irel'ess Black 80 BNCM 5W : 11 1.2 . BNC (M) | Y Hexx3%L 4 oz SP
(Fed. Spec. TT-E-527) 80 TNCF 5w 11 12 TNC(F) | "W Hexx3%L| 4 oz SP
® g‘zc;?si::;' ;To‘l‘ti ;:: \;z:; E‘f%zou::: 80 TNCM . 5W 1l ' 1.2 .TNC (M) | W, Hexx3%,L} 4 oz SP
O supply o 80SCF | 5w 11 12 SC(F) | MiHexx3%L| 4 oz | SP
— 80SCM | W 11 12 SC(M) | ";Hexx3%L| 4 oz | SP
I:";ée i‘;”aéagls‘i’;f;:"ci:nf:";s: 8052 10w 11 1.2 N(F) W Hex x 3%, L 4 oz LBE
erated in ANY position. 8053 10W 11 1.2 N{M) | % Hexx3% L 4 oz LBE
:\::!:::gtd :\;:m'ir::;?;r:’t:“r;' l::tr;!g’; 8080 25W T 11 1.25 QC-N (M) 1¥ax1¥ax5Ys L 9 oz LLBE
is -40° to 445°C. For higher am- 8085 50w 11 1.25 QC-N (M) 136x134x5% L} 15 oz LBE
f e e TP 8160 100W 11 12 QC-N(M) | 4%x5%x6L| 36 oz | LBE
te-Connector equipped Loads are | 3164 100W 11 12 QC-N(F) | 2%x2%x7L| 48 oz | LBE
:::‘gge:‘g;}:fh gfa pe b';g't';‘:e"s{ 8166 150W 11 12 QC-N (F) 4x4x7%2L] 9 oz| LBE
see p. 36. 8161 ® 225W 11 12 J QC-N (M) | S¥ax5¥x73,L| 52 oz LBE
6 - ADDITIONAL PRODUCTS LISTED 1N CATALOG SUPPLEENT

gt ARy W




the indispensable model 43

>
QC-Filter i\}/

w/"'/t:‘% ~.-.,{:_T”.;/
QC-Connectors ] I.,.»-
B - s )
A Model 43

Plug-in Elements

PLU

ELEMENTS for use with Model 43 THRULINE Wattmeter,
Sele.. .1e or more elements to suit your frequency and power
ranges. When ordering, specify catalog number and THRULINE

Cowhide Carrying Case CC-1

Also for use with Models 4311, 4311-200, 4313, 4501, 4521, 4522, and
4526 THRULINE Wattmeters, 500 Line Sections equipped with
QC-Connectors or 78” EIA Flanges, and TERMALINE Wattmeter

model number. Model 6151,
: Table | Table 11
STANDARD ELEMENTS (CATALOG NUMBERS) LOW-POWER ELEMENTS
Frequency Bands (MHz) 1 watt Cat. No. 2.5 watts Cat. N2
Power 2- 25- 50- 100- 200- 400- 60-80 MHz 060-1 60-80 MHz 060-2
Range 30 60 125 250 500 1000 80-95 MHz 080-1 80-95 MH%* “:fftv«»_, .080-2
5 watts — 5A 5B 5C 5D 5E 95-125 MHz 095-1 95-150 MHz . 095-2.
10 watts . 10A 108 10C 10D 10E 110-160 MHz 110-1 150-250 MHz 150-2
25 watts _ 25A 258 25C 25D 25E 150-250 MHz 150-1 200-300 MHz 200-2
50watts | 50H  50A 508 50C 50D 50E 200-300 MHz 200-1 250-450 MHz . 250-2
100watts | 100H  100A  100B  100C 100D  100E 275-450 MHz 2751 400-850 MHz ~ 400-2
250watts | 250H  250A  250B  250C 250D  250F 425-850 MHz 4251 800-950 MHz 800-2
500watts | 500H  500A  500B  500C 500D  S00E 800-950 MHz 800-1
1000 watts | 1000H 1000A 1000B 1000C 1000D 1000E
2500 watts | 2500H
5000 watts | 5000H Model EC-1
Carrying Case for
Table 11 Table IV

HIGH-FREQUENCY ELEMENTS
(CATALOG NUMBERS)

LOW-FREQUENCY ELEMENTS
(CATALOG NUMBERS)

Frequency Bands (MHz2)
Power §50-  1100-  1700-  2200-
Range 1260 1800 2200 2300
1w 1) 1K 1L M
25w 25) 25K 25L 25M
5 watts 5J 5K 5L 5M
10watts | 10J 10K 10L 10M
Swatts | 25 25K 25L  25M
50 watts | 50J
100 watts | 100J
250 watts | 250

Power Frequency Band
Range TA45%0 2.5 MHz
1000 watts | 1000P
2500 watts 2500P -
5000 watts 5000P
10000 wattis 10000P
RF DIRECTIONAL COUPLER PLUG-IN

ELEMENTS for sampling of the main
line signal at a2 fixed attenuation level

are listed on page 37

Plug-in Elements

ADDITIONAL PROCUCTS LISTED IN CATALOG SUPPLEMENT
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« Wide frequency and power range
e Lor " roadband and close-in noise
« Ca ated, metered AM and FM

L]
\ ,A\ !
Precision, high siability, AM-FIM, 0.5 to 1024 MHz \

SIGHAL GENERATORSY:

Modeis 8640A, 86408

* The 86408 also features:
internal phase lock synchronizer
external counter to 550 MHz
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8640B

Description

The 8640 Signal Generator covers the frequency range 500 kHz to
512 MHz (450 kHz to 550 MHz with band overrange) and can be
extended to 1100 MHz with an internal doubler (Opt 002). Using the
11710B Down Converter, the 8640 frequency range can be extended
down to 10 kHz. An optional audio oscillator is also available with a
frequency range of 20 Hz to 600 kHz. This broad coverage, together
with calibrated output and modulation, provides for complete RF
and IF performance tests on virtually any type of HF, VHF, and
UHF receivers.

Both solid state generators 8640A and B have aa output level
range of +19 to —145 dBm (2 V to 0.013 pV) which is calibrated,
metered, and leveled to within =0.5 dB across the full frequency
range of the instrument.

The 8640A/B generators provide AM, FM, and pulse modulation
for a wide range of receiver test applications. This modulation is
calibrated and metered for direct readout under all operating condi-
tions.

A reverse power protection option (Opt 003) is available to elimi-
nate instrument damage due to accidental transmitter keying. This
module protects against up to 50 watts of applied power and auto-
matically resets upon removal of the excessive signal.

Qpf*r*tr'ally pure output signals

Noise performance of the 8640 is state-of-the-art for a solid-state
generator. The high-Q cavity oscillator has been optimized with use
O;a low-noise microwave transistor for spectally pure output sig-
nals

A120 kHz offsets from 230 to 450 MHz, SSB phase noise is >130
dB/P low the carrier level and rises to 122 dB/Hz at 550 MHz.
Thls J-to-noise ratio increases by approximately 6 dB for each
divic L, the output frequency down to the broadband noise floor
of better than 140 dB/Hz. This exceptional noise performance is

also preserved during FM modulation and in the phase -locked mode

of the 8640B.

Mechanical dial or built-in counter

There are two versions of the 8640 Signal Generators. One, the
8640A, has an easy-to-read slide rule dial with scales for each of the
10 output frequency ranges. There is an additional scale to provide
direct readout of the output frequency even in the INTERNAL
DOUBLER band, 512-1024 MHz.

The 8640B has the same performance features as the 8640A, but
incorporates a built-in 550 MHz frequency counter and phase lock
synchronizer.

The built-in 6 digit counter displays the output frequency and can
also be used to count external input signals from 20 Hz to 550 MHz.
This eliminates the need for a separate frequency counter in many
measurement systems.

Internal pushbutton synchronizer
At the push of a button, the 8640B built-in phase lock syn-

chronizer locks the RF output frequency to the crystal time base
used in the counter. In this locked mode, the output stability is
better than 5 X 10~%h and the spectral purity and FM capability of
the unlocked mode are preserved. For higher stability, it is possible
to lock to an externally applied 5 MHz standard. Two 8640B’s can
also be locked together for various 2-tone measurements.

In the phase locked mode, increased resolution is available by
using the ¥z digit increment button. For example, 500 Hz resolution
is possible for frequencies between 100 and 1000 MHz.

FI4 while phase Jocked

When phase locked, full FM capability is preserved down to
modulation rates of 50 Hz. The narrow bandwidth of the phase lock
loop (<5 Hz) provides for FM modulation up to 250 kHz rates and
assures no degradation in noise from the unlocked mode. This crys-
tal stability, coupled with the precision modulation and low noise,
makes the 8640B ideal for testing narrowband FM or crystal-
controlled receivers.
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FM/AM Modulation Meter TF 2304 combines high
accuracy with automatic tuning and automatic level
setting. It has been designed primarily for the servicing
and production testing of radio communications systems,
particularly mobile radio transmitters, and it covers carrier
frequencies from 9 to 12-5 MHz and from 18 to 1000 MHz.
~“\M4 deviation is measured in eight ranges from 1-5 kHz to
0 kHz full scale, and a.m. depth is measured in two
anges of 30% and 100% full scale, with a further uncali-
brated range of 10%. Accuracy for both f.m. and a.m.
measurements is £3% of full scale.

’J\

An outstanding feature of this instrument is its ease and
speed of use—leading to considerable time savings in
production testing. To make a measurement it is only
necessary 1o couple the r.{. signal to the input and select
the measurement required, the meter will then tune auto-
matically to the carrier frequency. set the signal level and
display the f.m. deviation or a.m. depth on the panel meter.
The whole measurement process takes only a few seconds.

Applications
This new modulation meter has been designed with

.. ~Shans Hortfordshire B0




DANA MODEL

2000

DANAMETER

1.3 FEATURES.
1.4  Fully Portable. Operates up to

one full year on a single 9-volt (transistor
radio type) dry battery. A switch position
is provided to measure the battery volt-
age. The instrument is extremely light,
weighing only 1 pound and operates at

full accuracy at any angle. A handy
carrying case is available.
1.5 Easy to Operate. One switch

selects offfon, battery test, and all func-
tions and ranges. Input leads are never

1-2

required to be moved for a special range,
function, or polarity.

1.6 Digital Display. Liquid crystal
readout provides large easy to read num-
bers and decimal placement as well as
automatic polarity indication on DC volts
and current measurements.

1.7 High Input Resistance. Ten meg-
ohms on all d.c.v. ranges and two meg-
ohms on all a.c.v. ranges insures higher
measurement accuracy in high impedance
circuits and minimizes affecting circuit

Table 1.1 - Danameter Specifications (continued)

AC
Ranges: 2. 20, 200, 1000V
Resolution: 1mV
Accuracy: 4(.5% Rdg + 2 Digits) for
1 year, +59C({f = 60 Hz to 400Hz
Bandwidth: 50 Hz t0 2 kHz

*(1% Rdg + 2 Digits) for

1 year, £5°C

45 Hz to 4 kHz

+{1.5% Rdg + 2 Digits) for
1 year, $5°C

(20, 200, 1 KV ranges)

input impedance:

2 Megohms in parallel with 50 pF

Responss Time: 3 secs, Max.

DC
Ranges: 2, 20, 200, 1000V
Resolution: 1mVv
Polarity: Automatic
Accurscy: 2v .
41.25% Rdg + 1 Digit) for
1 year,+.50C
20, 200, 1 KV
1(.35% Rdg + 1 Digit) for
1 year,+.5°C
Temperature +0°C to +20°C and 30°C to 50°C
Coefficient: +(.025% Rdg + .05 Digit}PC
Input Resistance: 10 Megohms, all ranges
NMR: 50 dB Min., at or near 60 Hz
Responss Time: 1 second
Maximum Input: 1000 VDC or peak A.C., any
range

250 VDC + 1 KV peak AC (700
VRMS]), any range

Maximum input:

OHMS CURRENT (DC)
Ranges: 2K, 20K, 200 K2, 20 MQ Ranges: 20uA, 2mA, 200 mA, 2A
Resolution 102 - coe e - Resolution: --| 10RA
Accuracy: 20 K2, 200 K2 Accuracy: 2(.5% + 2 Digits) for 1 year,
+{.5% Rdg + 1 Digit) for 1 +50C
year, +50C Voltage Burden: .25V Maximmum to /2 Amp
2KQ Response Time: 1 second
+{.5% Rdg + 2 Digits) for 1 Maximum Input
year, +50C Current 2 Amps RMS (fuse protected)
20 MQ2 Voitage, 250 VDC or RMS AC
1(.75% Rdg + 1 Digit) for 1 {5 sec. Max. 20 pA range)
, year, +50C
Response Time 2 seconds
Current Through | 2 KQ 100 pA 3.5V Max.
Unknown: 20KS?  100uA  Open cir-
[ 200KQ 10p cuit
° 20MS$T 100 nA  Voliage

Maximum Input
Voltaga:

range

250 VDC or RMS AC, any
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Low cost counters for frequency measurements .
Models 5381A, 5382A & 5383A
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5381A

Description
General

The 5381A, 5382A and 5383A are a logical result of H-P’s long
standing leadership in frequency counter development. Leadership
in quality, technology and efficient production procedures allows
H-P to offer a price/performance combination in these three preci-
sion instrument unequalled in their product category. These coun-
ters are designed to deliver reliable, high quality operation in such
diverse areas as: Production Line Testing, Service and Calibration
(2-Way Radio and test equipment), Frequency Monitoring, Educa-
tion and Training.
Resolution

The 5318A, 5382A and 5383A employ the direct counting tech-
nique and with 7, 8 and 9 digits respectively offer resolution of 10 Hz
in 0.1 sec, 1 Hz in 1 sec and 0.1 Hz in 10 seconds.

osecifications
5381A
Frequency range: 10 Hz to 80 MHz.
Sensitivity: 25 mV rms—30 Hz to 20 MHz, 50 mV rms—10 Hz to
80 MHz.
input impedance: 1 M}, <50 pF.
input attenuation: X1, X10, X100.
Accuracy: =1 count + timebase error.
Resolution: direct count; 1 Hz in 1 second.
Gate times: 0.1 second, 1 second, 10 seconds.
Display: 7 LED Digits.
Rear panel input: sensitivity: TTL levels or 2.5 V rms.
Ratio: Rear Panel Input, 10 kHz t0 2 MHz.
External frequency standard: Rear Panel Input, 1 MHz.
Timebase
Frequency: 1 MHz.
Aging: <0.3 ppm/month.
Temperature: =10 ppm 0°C to 40°C.
Line volitage: =1 ppm for 10% line change.
5382A
Frequency range: 10 Hz to 225 MHz.
:iensitivity: 25mV rms-30 Hz to 10 MHz, 50 mV rms-10 Hz to 225
Hz.
Input impedance: 1 MQ, <40 pF.
Input attenuation: X1, X10, X100.
Accuracy: =1 count % timebase error.
Resolution: direct count: 1 Hz in 1 second.
Gate time: 0.1 second, 1 second, 10 seconds.
Display: 8 LED Digits, nonsignificant zero blanking.
Rear panel input: seasitivity: 250 mV rms.
Ratio: Rear Panel Input, 100 kHz to 10 MHz.
‘ernal frequency standard: Rear Panel Input, 10 MHz.
aebase
Frequency: 10 MHz.
Aging: <0.3 ppm/month.
Temperature: =2.5 ppm 0°C to 40°C.
Line voltage: =0.5 ppm for 10% line change.
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5383A

Frequency range: 10 Hz to 520 MHz.
Sensitivity
1MQO: 25 mV rms—20 Hz to 10 MHz.
50 mV rms—10 Hz to 50 MHz.
500: 25 mV rms—20 Hz to 520 MHz.

Input impedance: selectable: 1 M, <40 pF or 50Q.
Input attenuation: 1 MQ x 1, x 10; 500 x 1—fuse protected.
Accuracy: +1 count * timebase error.
Resolution: direct count: 1 Hz in 1 second.
Gate time: 0.1 second, 1 second, 10 seconds.
Display: 9 LED Digits, nonsignificant zero blanking.
Display test: RESET function (activated with GATE TIME
switch) illuminates all segments of all digits.
Rear panel input: sensitivity: 250 mV rms.
Ratio: Rear Panel Input, 100 kHz to 10 MHz.
External frequency standard: Rear Panel Input, 10 MHz.
Timebase output ’

Frequency: 10 MHz timebase.

Voltage: 200 mV p-p into 50(} load.

Control: active with Rear Panel Internal/External switch in inter-

nal position.
Timebase

Frequency: 10 MHz.

Aging: <0.3 ppm/month.

Temperature: £2.5 ppm 0°C to 40°C.

Line voltage: +0.5 ppm for +10% line change.

TCXO Option
Opt 001: (available for all models) Temperature Compensated Crys-
tal Oscillator Timebase
Frequency: 10 MHz.
Aging: <0.1 ppmmonth.
Temperature: <1 ppm 0°C to 40°C.
Line voltage: +0.1 ppm for +10% line change.
Note: Timebase output available for both 5382A and 5383A with
Option 001. Rear Panel Input not available.
5380 Family general data
Overflow: LED lamp indicator when most significant digit over-
flows. .o -
Reset: manual selection of reset occurs when GATE TIME switch
is between three normal positions.
Package: rugged, high strength metal case.
Operating temperature: 0°C to 40°C,
Power requirements: 100, 120, 220, 240, V rms (+5%, —10%)
48-440 Hz; 20 VA maximum.
Weight: net, 2.2 kg (4% Ib). Shipping. 2.8 kg (6 Ib).
Dimensions: 98 H x 160 W x 248 mm D (3%2" X 64" x 9%.").
Ordering inforination
5381A Frequency Counter
5382A Frequency Counter
5383A Frequency Counter
Opt 001: TCXO (all models)
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Automatic Distortion Meter TF 2337A enabies extremely The Measuring System
rapid measurements to be made of both level and distort- The instrument measures distortion factor in the con-
ion factor of audio frequency test signals. Its nove! design ventional way; ie. by filtering out the fundamental
eliminates the need for setting a reference level and for the component and comparing the amplitude of the residue
usual precise tuning of a fundamental rejection filter. The with that of the total signal.
only controls are push-button switches for selection of L )
5 input voltage range, distortion range and fundamental A novel ratio circuit is used for making the measure-

frequency.

Once the appropriate ranges have been selected any
number of similar distortion and level measurements can
be made without further adjustment to the instrument.

F 2337A is thus highly suitable for repetitive measure-

ment. The input signal, after impedance conversion and
amplification, is split into two parallel paths. One path
includes a fundamental rejection filter consisting of an
active twin-T four stage element. Afier rejection of the
fundamental. the harmonic and noise content are
amplified and fed to an a.c. to d.c. converter. in the
parailel path the complete signal. fundamental plus
harmanic. is passed through an a.c. to d.c. converter and
is then recombined with the filtered signal in a ratio
circuit. The output of this circuit is related to the value
of the harmonic content of the total signal and is displayed
on the front-panel DISTORTION meter.

S nents, as may occur in factory testing of a.f. amplifiers,
E oscillators, tape recorders etc.
Internal noise is very low owing to the use of field-effect
transistors in the input stages, so that distortion down
- .20.01% can be measured with an input signal of 100 mV.
e 501 oo €
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hpt SIGRAL ANALYZERS

Distortion analyzers
Models 3314, 3324, 333A, 334A

Description

Hewlett-Packard's models 331A, 332A, 333A and 334A Distor-
tion Analyzers measure total distortion down to 0.1% full scale at
any frequency between 5 Hz to 600 kHz; harmonics are indicated up
to 3 MHz. These instruments measure noise as low as 50 microvolts
and measure voltages over a wide range of level and frequency.
Refer to table below for available models and features.

Auto Hi-Pass Lo-Pass AM
Model No. Nulling Filter Filter Detector

331A
3324 X
332A Opt. HOS X X
3334 X X
3348 X X X
334A Opt. HOS X X X

Option 001, for each model, features VU meter characteristics con-
forming to FCC requirements.

331A Specifications

Distortion measurement range: any fundamental frequency, 5 Hz
to 600 kHz. Distortion levels of 0. l%—lOO% are measured full scale
in 7 ranges.

Distortion measurement accuracy

Harmonic measurement accuracy (full scale)
Fundamental input Less Than 30 ¥

Input ievel for distortion measurements: 0.3 V rms for 100% se;
level or 0.245 V for 0 dB set Jeve] (up to 300 V may be attenuated 1o
set level reference).

DC Isolation: signal ground may be =400 V dc from external chas.
sis.

Voitmeter range: 300 1V to 300 V rms full scale (13 ranges) 10 dB
per range.

Voltmeter accuracy: (using front panel input terminals)
Range =2% +5%
300 uv 30 H2-300 kHz 20 H2-500 KkHz
1 mv-30 V 10 Ha2-1 MHz 5 Kz-3 MHz
100 ¥-300 V 10 Hz-300 kHz 5 H2-500 khz

Range *~3% =6% *=12%
100%-0.3% 10 Hz-1 MHz 10 Hz-3 MHz
0.1% 30 Hz-300 kHz 20 Hz-500 kiz 10 Hz-1.2 MHz
Fundamental Input Greater Than 30 ¥
Range =3% *6% *12%
100°6-0.3% 10 Hz-300 kHz 10 Hz-500 kHz 10 Hz-3 MHz
0.1% 30 Hz-300 kHz " 20 Hz-500 kHz 10 Hz~1.2 MKz

Elimination characteristics: fundamental rejection >80 dB. Sec-
ond harmonic accuracy for a fundamental of 5 to 20 Hz; better than
+1dB; 20 Hz to 20 kHz: better than +0.6 dB; 20 kHz to 100 kHz:
better than —1 dB; 100 kHz to 300 kHz: betier than —2 dB; 300 kHz
to 600 kHz: better than —3 dB.

Distortion introduced by Instrument: >—70dB (0.03%) from 5 Hz
to 200 kHz. >-64 dB (0.06%) from 200 kHz to 600 kHz. Meter
indication is proportional to average value of a sine wave.
Frequency calibration accuracy: better than *5% from 5 Hz to
300 kHz. Better than %109 from 300 to 600 kHz.

Input impedance: distortion mode; 1 M) +5% shunted by <70 pF
(10 MQ shunted by <10 pF with HP 10001A 10:1 divider probe).
Voltmeter mode: iMQ +5% shunted by <35 pF 110 300 V rms; 1
MQ 5% shunted by <70 pF, 300 uV t0 0.3 V rms.

Noise measurements: voltmeter residual noise on the 30¢ pV
range: <25 uV rms, when terminated in 600 (shielded) ohms, <30
uV rms terminated with a shielded” 100 k} resistor.

Output: 0.1 =0.01 V rms open circuit and 0.05 £0.005 V rms into 2
k() for full scale meter deflection.

Output impedance: 2 k().

Power supply: 115 or 230 V %10%, 50 to 66 Hz, approximately 4
VA.

332A Specifications

Same as Model 331A except as indicated below:

AM detector: high impedance DC restoring peak detector with
semi-conductor diode operates from 550 kHz to greater than 65
MHz. Broadband input, no tuning is required.

Maximum input: 40 V p-p AC or 40 V peak transient.

Distortion introduced by detector: carrier frequency: 550 kHz-
1.6 MHz: <50 dB (0.3%) for 3~ 8 V rms carriers modulated 30%. 1.6
MHz-65 MHz: <40 d (1%) for 3-8 V rms carriers modulated
30%.Note: Distortion introduced at carrier levels as low as 1 Volt is normally <40 dB (1%) 550
kHz to 65 MHz for carriers modulated 30%.

333A Specifications

Same as Model 331A except as indicated below:

Automatic nulling mode: set level: at least 0.2 V rms
Frequency ranges: X1, manual null tuned to less than 3% of set
level; total frequency hold-in +0.5% about true manual null. X10
through X 10 k, manual null tuned to less than 10% of set level; total
frequency hold-in %1% about true manual null.

Automatic null accuracy: 5 Hz to 100 Hz: meter reading within 0
to +3 dB of manual null. 100 Hz to 600 kHz: meter reading within 0

. to +1.5 dB of manual null.

High-pass fiiter: 3 dB point at 400 Hz with 18 dB per octave roll off,
60 Hz rejection 40 dB. Normally used with fundamental frequen-
cies greater than 1 kHz.

Power supply: same as Model 331A.

334A Specifications

Same as Model 333A except includes AM Detector described under
Model 332A:

General

Dimensions: 426 mm W x 126 mm H x 337 mm D (16.75" x 5" X
13.25").

Welght: net, 7.98 kg (17.75 Ib). Shipping, 10.35 kg (23 Ib).
Ordering instructions

Option 001, indicating meter has VU characteristics

conforming to FCC requirements for AM/FM and TV
broadcasting

HO05-332A (meets FCC requirements)

HO05-334A (meets FCC requirements)

331A Distortion Analyzer

332A Distortion Analyzer

333A Distortion Analyzer

334A Distortion Analyzer
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OSCILLATCRS & FUNCTION GENERATORS 'i,

0.0005 Hz to 5 MHz function generators
Model 3310A/B
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Description

The 3310A Function Generator is a compact voltage-controlied
generator with 10 decades of range. Ramp and pulse functions are
available in addition to sine, square and triangle. DC offset and
external voltage control provide wide versatility. A fast rise time
sync output is provided. Aspect ratio of nonsymmetrical function is
15%185%. ‘

The 3310B has all the features of the standard 3310A plus single
and multiple cycle output capability.

3310A Specifications

Output waveforms: sinusoidal, square, triangle, positive pulse,
negative pulse, positive ramp and negative ramp. Pulses and ramps
have a fixed 15% or 85% duty cycle.

Frequency range: 0.0005 Hz to 5 MHz in 10 decade ranges.

Sine wave frequency response

6.0005 Hz to 50 kHz: +1%; 50 kHz to 5§ MHz: =4%. Reference, 1
kHz at full amplitude into 501).

Diat accuracy

0.0005 Hz to 500 kHz all functions: (1% of setting + 1% of full
scale).

500 kHz to 5 MHz sine, square and triangle: = (3% of setting +
3% of full scale).

500 kHz to 5 MHz pulse and ramps: £(10% of setting + 1% of full
scale).

Maximum output on high: >30 V p-p open circuit: >15 V p-p into
500 (except for pulses at frequency >2 MHz).

Pulse (frequency >2 MHz): >24 V p-p open circuit: >12 V p-p into
50102,

Minimum output on low: <30 mV p-p open circuit: <15 mV p-p
into 50Q).

Output leve! control: range >30 dB. High and iow outputs overlap
for a total range of >60 dB; low output is 30 dB down from high
output.

Sine wave distortion

0.00G5 Hz to 10 Hz; >40 dB (1%).

10 Hz to 50 kHz (on 1 k range): >46 dB (0.5%).

S0 kHz to 500 kHz: >40 dB (1%).

500 kHz to 5 MHz: >30 dB (3%).

Square wave and putse response: <30 ns rise and fall times at
| output,
iangle and ramp linearity: 0.0005 Hz to 50 kHz, <1%.

-mpedance: 50(1.

Syne

&mplitude: >4 V p-p open circuit, >2 V p-p into 500.
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START/STOP PHASE

DC offset

Amplitude: =10 V open circuit, =5 V into 50 (adjustable).
Note: max V ac p + V dc offset is =15 V open circuit, £7.5 V into
5092,

External frequency control: 50:1 on any range.

Input requirement: with dial set to low end mark, a positive ramp
of 0 to +10 V =1V will linearly increase frequency 50:1. With dial
set at 50, a linear negative ramp of 0 to —10 V =1 V will linearly
decrease frequency 50:1. An ac voltage will FM the frequency about
a dial setting within the limits (1 <f <50) x range setting.
Linearity: ratio of output frequency to input voltage (AF/AV) will be
linear within 0.5%.

Sensitivity: approximately 100 mV/minor division.

Input impedance: 10 k(2.

General

Power: 115 V or 230 V =10%, 48 Hz to 440 Hz, <20 VA max.
Dimensions: 114 mm H (without removable feet), 197 mm W,

203 mm D (4Y2" x 73" x 8").

Weight: net, 2.7 kg (6 1b); shipping, 4.5 kg (10 1b).

Accessories available

HP Part No. 5060-8540 filler strip for use with HP 1051 A Combining
Case or HP 5060-8762 Rack Adapter Frame.

3310B Specifications

Same as 3310A with the following additions:

Modes of operation: free run, single cycle, multiple cycle.
Frequency range: 0.0005 Hz to 50 kHz (usable to 5 MHz).
Single cycle**: ext trigger (ac coupled) requires a positive-going
square wave or pulse from 1 V p-p to 10 V p-p. The triggering signal
can be dc offset, but (V ac peak + V dc) <+10 V ext gate (dc
coupled) will trigger a single cycle on any positive waveform =1V
but <10 V which has a period greater than the period of the 3310B
output, and a duty cycle less than the period of the 3310B output.
The gate signal cannot exceed 10 V.

Multiple cycle**: manual trigger will cause the 3310B to free run
when depressed. When the trigger button is released, the waveform
will stop on the same phase as it started. Ext gate will cause the
3310B to free run when the gate is held at between +1 and +10 V.
When the gate signal goes to zero, the 3310B will stop on the same
phase as it started.

Start-stop phase: the start-stop phase can be adjusted over a
range of approximately +90°.

Ordering information

3310A Function Generator

3310B Function Generator
**This specification applies on the X.0001 to X1 k range only.
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5-MHz, 5 mV/div to 100 V/div
internal Battery Pack

integral 1 MQ probe

The 221 miniscope weighs just 3.5 pounds
and easily fits into a tool box or brief case;
it measures only 3 x 5% x 8% inches. Yet it

~ the capability needed for on-site service

nuch of today’'s complex equipment. This
versatile miniscope has a 5-MHz bandwidth,
5 mV/div sensitivity, and 0.1 us/div sweep
speed (using X10 magnifier) packaged in an
impact-resistant case.

* Internal rechargeable batteries allow at least
three hours’ operation away from exiernal
power sources. And the 221 will operate and
charge from practically all the world’s prin-
cipal line voltages: 90 to 250 V, 48 to 62 Hz
ac, or 80 to 250 V dc (all without making any
change to t'he instrument).

The 1 MQ low-capacitance probe minimizes
circuit loading. And because it’s attached,
it's always there when you need it. Vertical
deflection factors extend from 5 mV/div, al-
lowing on-screen measurement of signals up
to 600 V dc + peak ac. The 1 pus/div to 200
ms/div time base is enhanced by a X10 mag-
nifier that extends the fastest range to 0.1
ups/div. A variable control will siow the sweep
to about 0.5 s/div.

A single rotary control on the 221 is used for
all trigger level and slope functions. Controis
are side mounted and recessed for protec-
tion, yet are highly accessible.

in applications where it is necessary to
“*~at” the oscilloscope to make your mea-
ments, these can be elevated to 700 V
+ peak ac) above ground when operated
srom batteries. Although insulated, caution
should be observed when connecting the
probe to test points.

m
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The 221 is used in a wide assoriment of
service applications. For example, in data
transmission systems, the 221 is preferred
for maintenance and testing of modems, be-
cause of its ability to see higher frequency
noise. It can even help in building roads...
by spot checking motors in a road grader’s
closed loop servo system that controis blade
angle, depth of cut, and machine direction.

VERT!CAL DEFLECTION

Bandwidth — Dc to 5§ MHz (—~3 dB point} at all cali-
brated deflection factors. Lower —3 dB point ac
coupled is approx 2 Hz.
Deflection Factor — 5§ mV/div to 100 V/div, accurate
3% from 0°C to +40°C and +5% from —15°C to 0°C
and +40°C to 55°C. Uncalibrated, continuously vari-
able between steps to at least 300 V/div.

Input R and C ~ Approx 1 MQ paralleled by approx
29 pF via attached signal acquisition probe.

Max lInput Voltage — 600 V (dc + peak ac), 600 V
p-p ac, 5 MHz or less.

HORIZONTAL DEFLECTION
Time Base — 1 us/div to 200 ms/div, accurale +3%.

Magnifier -—— Increases all sweep speeds X10 with a
max sweep speed of 0.1 us/div.

Variable Time Control — Extends minimum sweep
rate to approx 0.5 s/div. Continuously variable be-
tween calibrated settings. .

TRIGGER
Modes — Automatic or manual. Level and slope se-
lected with a single control. Automatic operation
minimizes trigger adjustment and provides a bright
baseline with no input.

Trigger Sensitivity

200-Series Miniscopes 291
S-NiHz Oscilloscope

Input Impedance — Approx 0.5 MQ paralleled by ap-
prox 30 pF.

DISPLAY

Crt— 6 x 10 div (0.5 cm/div} display. P31 phosphor
normatly supplied; P7 optional without exira charge.
1 kV accelerating potential.

Graticule — Internal, black iine, non-llluminated.

ENVIRONMENTAL CAPABILITIES

Amblien! Temperature — Operating: (battery only),
—18°C to 485°C. Charging or operating from ac
fine: 0°C to 4 40°C. Nonoperating: —40°C to +60°C,

Altitude — Operating: 25,000 ft, decrease max tlem-
perature by 1°C/1000 ft above 15,000 ft. Nonoperat-
ing: 50,000 ft.

Vibration — Operating and nonoperating: 15 minutes
along each of the 3 major axes, .06 em (0.025 in) p-p
displacement (4 g's at 55 Hz) 10 10 55 to 10 Hz in one
minute cycles. Held for 3 min at 55 Hz.

Humidity — 5 days at +50°C, 95% humidity.

Shock — Operating and nonoperating: 100 g's, ¥ sine,
2 ms duration each direction along each major axis.
Total of 12 shocks.

OTHER CHARACTERISTICS

Power Sources — internal NiCd batteries provide at
least 3 hours operation at max trace intensity for a
charging and operating temperature between -+20°C
and +30°C. Internal charger charges the batteries
when connected to an ac line with instrument turned
on or off. Dc operation is automatically interrupted
when battery voitage drops to approx 10 V to protect
batteries against deep discharge. Full recharge re-
quires approx 18 hours. Extended time charges will
not damage the batteries. An expanded scale battery
meter indicates full, fow, and recharge. External power
source, 90 to 250 V ac (48 to 62 Hz) or 80 1o 250 V dc,
5 W or less.

Insulation Voitage — 500 V rms or 700 V (d¢ + peak
ac) when operated from internal batteries, with the
line cord stored and the plug protected. When oper-
ated from an external line, line vollage plus ficating
veltage not to exceed 250 V rms; or 1.4 x line 4+ (d¢
+ peak ac) not to exceed 350 V.

Mode To 1 MHz At § MHz
internal . 0.5 div 1div
External 05V 1V

X-Y OPERATION

Input — X-axis input is via the external trigger or the
external horizontal input.

X-axis Defiection Factor — 1 V/div =10%, dc to 500
kHz. Sensitivity is increased by a factor of 10 (0.1
V/div) using horizontal magnifier.

Max Exlernal Horizontal Input Voltage — 200 (dc -+
peak ac), 200 V (p-p ac) to 500 kHz, decreasing to 20 V
p-p ac at 5 MHz.

e e e b -

Dimensions in cm
Height 3.0 7.6
Width 5.2 13.3
Depth 9.0 228
Weights (approx) ib kg
Net 3.5 1.6
(without accessories)

Shipping ~8.0 ~3.6

INCLUDED ACCESSORIES
Viewling hood {016-0199-01), carrying case (016-0512-
00), neck strap (346-0104-00), Two spare fuses (159-
0080-00).

ORDERING INFORMATION

221 Oscilloscope,
including batteries and probe

INSTRUMENT OPTION
Ogption 76, P7 Phosphor :

OPTIONAL ACCESSORIES

Alligator Clip Kit — A pair of alligator clips that allow
connecting the probe and ground lead to large (up
to % in} conductors. Includes: red clip (015-0229-00);
yellow clip (015-0230-00}; 6-32 to probe adapter (103-
0051-01).

Order 015-0231-00

Probe-tip to BNC Panel Connector Adapter
Order 013-0084-01 .

Probe-tip to BNC Cable Adapter
Order 103-0036-00

Power Cabie Adapter Assembly — A short length of
two-wire power cord. One end has a female NEC
socket fitting the 200-Series power cords; the other
end is left open so that the wires can be attached to
a non-NEC male power plug. Plugs not supplied.
Order 161-0077-01
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5-MHz, 5 mV/div to 100 V/div

Internal Battery Pack

integrai 1 M probe

The 221 miniscope weighs just 3.5 pounds
and easily fits into a tool box or brief case;
it measures only 3 x 5% x 9%z inches. Yet it

‘he capability needed for on-site service
. .uch of today’s complex equipment. This
versatile miniscope has a 5-MHz bandwidth,
5 mV/div sensitivity, and 0.1 us/div sweep
speed (using X10 magnifier) packaged in an
impact-resistant case.

internal rechargeable batteries allow at least
three hours’ operation away from external
power sources. And the 221 will operate and
charge from practically all the world’s prin-
cipal line voltages: 90 to 250 V, 48 to 62 Hz
ac, or 80 to 250 V dc (all without making any
change to the instrument).

The 1 MQ low-capacitance probe minimizes
circuit loading. And because it's attached,
it's always there when you need it. Vertical
deflection factors extend from 5 mV/div, al-
lowing on-screen measurement of signals up
to 600 V dc -+ peak ac. The 1 us/div to 200
ms/div time base is enhanced by a X10 mag-
nifier that extends the fastest range to 0.1
us/div. A variable control will slow the sweep
to about 0.5 s/div.

A single rotary control on the 221 is used for
all trigger level and slope functions. Controls
are side mounted and recessed for protec-
tion, yet are highly accessible.

In applications where it is necessary to
*at” the oscilloscope to make your mea-
ments, these can be elevated to 700 V
<+ peak ac) above ground when operated
from batteries. Although insulated, caution
should be observed when connecting the
probe to test points.
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The 221 is used in a wide assoriment of
service applications. For example, in data
transmission systems, the 221 is preferred
for maintenance and testing of modems, be-
cause of its ability to see higher frequency
noise. It can even help in building roads...
by spot checking motors in a road grader’s
closed loop servo system that controls blade
angle, depth of cut, and machine dircction.

VERTICAL DEFLECTION

Bandwidth — Dc to 5 MHz (—3 dB point) at all cali-
brated deflection factcrs. Lower —3 dB point ac
coupied is approx 2 Hz. .
Deflection Factor — 5 mV/div to 100 V/div, accurate
3% from 0°C to +40°C and *5% from —15°C to 0°C
and +40°C to 55°C. Uncalibrated, continuously vari-
able between steps to at least 300 V/div.

Input R and C — Approx 1 MQ paralieled by approx
29 pF via attached signal acquisition probe.

Max Input Voltage — 600 V (dc 4 peak ac), 600 V
p-p ac, 5 MHz or less.

HORIZONTAL DEFLECTION
Time Base — 1 us/div to 200 ms/div, accurate #3%.

Magnifier — Increases all sweep speeds X10 with a
max sweep speed of 0.1 us/div.

Variable Time Control — Extends minimum sweep

rate to approx 0.5 s/div. Continuously variable be-
tween calibrated settings.

TRIGGER
Modes — Automatic or manual. Level and slope se-
lected with a single control. Automatic operation
minimizes trigger adjustment and provides a bright
baseline with no input.

Trigger Sensitivity

200-Series Miniscopes 221

b MHz Qrcilloscope

input Impedance — Approx 0.5 MQ paraiieled by ap-
prox 30 pF.

DISPLAY
Crt — 6 x 10 div (0.5 cm/div) display. P31 phosphor
normally supplied; P7 optional without extra charge.
1 kV accelerating potential.

Graticule — Internat, black line, non-illuminated.

ENVIRONMENTAL CAPABILITIES

Amblent Temperature — Operating: (battery only),
—159C to +55°C. Charging or operating from ac
fine: 0°C to +40°C. Nonoperating: —40°C to +60°C.

Altitude — Operating: 25,000 ft, decrease max tem-
perature by 1°C/71000 ft above 15,000 ft. Nonoperat-
ing: 50,000 ft.

Vibration — Operating and nonoperating: 15 minutes
along each of the 3 major axes, .06 cm {0.025 in} p-p
displacement (4 g's at 55 Hz) 10 to 55 to 10 Hz in one
minute cycles. Held for 3 min at 55 Hz.

Humlidity — 5 days at +50°C, 95% humidity.

Shock — Operating and nonoperating: 100 g’s, %2 sine,
2 ms duration each direction along each major axis.
Total of 12 shocks.

OTHER CHARACTERISTICS

Power Sources — Internal NiCd batteries provide at
feast 3 hours operation at max trace intensity for a
charging and operating temperature between +20°C
and +430°C. Internal charger charges the batteries
when connected to an ac line with instrument turned
on or off, D¢ operation is automatically interrupted
when battery voltage drops to approx 10 V to grotect
batteries against deep discharge. Full recharge re-
quires approx 16 hours. Extended time charges will
not damage the batteries. An expanded scale battery
meter indicates full, low, and recharge. External power
source, 90 to 250 V ac (48 to 62 Hz) or 80 to 250 V dc,
5 W or less.

Insulation Voltage ~— 500 V rms or 700 V (d¢ + peak
ac) when operated from internal batleries, with the
tine cord stored and the plug protected. When oper-
ated from an external line, line voltage plus floating
voltage not to exceed 250 V rms; or 1.4 x line + (dc
<+ peak ac) not to exceed 350 V.

Mode Yo 1 MHz At § MHz
internal 0.5 div 1 div
External 05V 1V

X-Y OPERATION

Input ~— X-axis input is via the external trigger or the
external horizontal input.

X-axis Defiection Factor — 1 V/div *=10%, dc to 500
kHz. Sensitivity is increased by a factor of 10 (0.1
V/div) using horizontal magnifier.

Max External Horizontal Input Voltage — 200 (dc +
peak ac), 200 V (p-p ac) to 500 kHz, decreasing to 20 V
p-p ac at 5 MHz.

Dimensions in cm
Height 3.0 7.6
Width 5.2 133
Depth 9.0 22.8
Weights (approx) Ib kg
Net 3.5 1.6
(without accessories)

Shipping ~8.0 ~3.6

INCLUDED ACCESSORIES
Viewing heood {016-0199-01), carrying case (016-0512-
00), neck strap (346-0104-00), Two spare fuses (159-
0080-0C).

ORDERING INFORMATION

221 Oscilloscope,
including batteries and probe

INSTRUMENT OPTION
Option 76, P7 Phosphor .

OPTIONAL ACCESSORIES

Alligator Clip Kit -—— A pair of alligator clips that allow
connecting the probe and ground lead to large (up
to 3: in) conductors. Includes: red clip (015-0229-00);
yellow clip (015-0230-00); 6-32 to probe adapter (103-
0051-01).

Order 015-0231-00

Probe-tip to BNC Panel Connector Adapter
Order 013-0084-01 .

Probe-tip to BNC Cable Adapter
Order 103-0096-00

Power Cable Adapter Assembly — A short length of
two-wire power cord, One end has a female NEC
socket fitling the 200-Series power cords; the cther
end is left open so that the wires can be attached to
a non-NEC male power plug. Plugs not supplied.
Order 161-0077-01
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DR1-M Two-word Cutput UN%BU:: interface

) e

i

s asgmoornars DESCRIPTION :
) E The DR11-Mis a complete, self-contained output inter-
s face used to transfer two independent 16-bit, parailel
S data words from thie PDP-11 computer svstemto a user's
e periphera! device. It is directiy compatible with the
LY PDP-11 UN!BUS and is designed for installaiion into one
SooE of the available Small Peripheral Contioller slots (SPCs)
- of a BB11-i4, DD11-A, DD11-B System Interfacing Unit
. - <o or into the FDP-11 processor unit.
oo The DR11-M consists of address s=lection logic, inter-
Socre, rupt controi and priority level select iogin, twe Data
o S : Buffer Registers {DDBRs), one for each word, and two
: o independent Control/Status Registers {CSRs).
M o Zach rggister ivword or byte addressabig, and the regic-

5o S -7 ter contents can be read back into the processor under

= Lam e e k programcontrof, aliowingthefuilrange of PDP-11 insiruc-

v R ? £ fz} = tionsto be usad. Two control and two status lines between

b . ,j ELIEIE S the user s‘devu‘.e andthe interface permit the establish-
i i’; : = ff?;?ﬁ 3 - ment of a handshake routine to efficiently control the

5 (nr) 1 ?g_;"; - 4 transfer of data.

L AN tiesT Data, status, and control sngnalo fromthe interface to the
;'... gg ‘ ;S e T us.er s device are su.ppl.xed from open coliector output
s »; ; ¥ ; f < ‘;_—:5 dnvers-capabie of sinking 32 mA ol load current. f;’ach

- S s L = out_put isconnected to-+5 Vthrough a p.uli«up resistor.
3‘3& . L e S This featuro allows a variety of user devicesto be
l:‘ i 3’3 j”‘ ¥ e X = directly connected te the interface without the need
A A §t 57 L33 ERLl = of external line dirivers and discrele components.
5 g N ;,f’:;;_‘ IR = Ali address selection, interrupt pricrity selection, and
LR ST iy RPN vector add ess selection is performed using Dual in-
fu TR R BT EITES il caeh R line Packagc (DiPj switches mounted on the moduie.
. { -l ;"’ 5 oft ¢ = These awitches lacilitate the instailation of the modute
j\: "3 ghs ﬁ:&’ ,3 b I ! Lf{i"-ﬁ‘, . ;’:—;ﬂ 3 by gnmm.agm.‘g Ihe need jor priovity plugs anq sq!cier:ng
R 33 21 du < 'j_:_j{. AR Y = orremoving jumper feads for address and priority
; AU s L T S B L selection.
T ey £ R picgieny B WD A i Tha DR11-M is dasigned for user anplications and
e A s Umeagea S0 T BT e IS O0SIg 2 neeranplic N3 fe
. i} B '4.} i e = ; g A= : requires & minirsum of external hardware to irnplement
TR oy S DN ;EIZ— PR into the PNP-11 system. Two 40-pin connectors are con-
}< 3} ; i SRR U }—;-—.;. o ;:; vaniently raounted near tha edae of the board. These
% £ % ::i RN _‘-.? SR = . connectors permit either one or two external devices to
*) Se IX oty B S ii 81 L Fome = be easiiy cornected using BCOSR or BCO4Z fial cables
1 .ag :),‘g :4 :; - :::. b = . availabla from DIGITAL, These cahlas have Hoe maiing
\,g R ] W T conncctors premounted and are suppliedin any spaci-
f;, s B ’ fied l2ngth.
! The interface moduic cacupies one SPCslotandis a
. i quad-haigh!, extended-length, singie-width module.
"' R a'«ﬂ\n-
e s s s ——- ........,._._..(':1 :, R :-*1» E-—-n----—-—-—- - :
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DR11-M JTwo-word Output UNIBUS Interface Mcdule

FEATURES

¢ Self-contained interface for mounting in SPC slot of
PDP-11 System Interfacing Unit,

¢ Dual 16-bit data word outputs.

* Dual interrupt logic contained on module.

+ Ouiput word or byte addressable storage register for
cach word.

* Switch-programrable device and vector address and

priority level assignments.

e qu independent COR registers with identical bit
assigniments.

* CSR contains vector address and interrupt priority in
addition to normal status and control bits.

¢ Additional one-bit input and buifered one-hit output
in each CSR that can be defined by user.

e Signal ouipuls to devices supplied from open
coilector line drivers,

s Handshake sianals controlled by interrupts or under
program control.

e Program-controlled Data Ready handshake signal.

¢ Presents only one unit load on UNIBUS.



SWITCH PROGRAMMABLE FUNCTIONS

The DR11-M module contains two DIP switch banks
used to conveniently select the device address, the
vector address, and the priority level of the interrupt
reguests. .

fecior Address The vector dddress of the interrupt

Switches— routine pointer focated in memory is
selected by six of the DIP switches,
allowing vectors of up to 774g to be
specified.

Priority Leve!  Two swilches are provided to select
Switches— one of the four Bus Request priority

levels (BR4 through BR7) of the
UNIBUS.
Dovice Address The address of the device is assignad
Swilches— with ten switches, allowing the
: module address to be located within

the upper 4K address block dedicated

to peripherals and user’s devices.

DR11-MELEMENTS AND SIGNAL FLOW

The main elements of the DR11-M interface module
and the data, control, and status signal flow are shown
on the diagram. The module provides the complete
interface logic necessary to allow the efficient
trenster of data from the UNIBUS to a user's device.

CONTROL/STATUS REGISTERS

Ezch CSRis a 16-bit register used to supply control

end status information to the user's device and to pro-

vide control and status indicators of the user’s device

and interizce to the proucessor. Each CER is byte- or
20rd- addressable.

DATA BUFFER REGISTERS

Ezch DRR is used (o store 16 bits of data for transfer to
the device. The D3R is a read/write register allowing
the full range of PDP-11 instructions to be used.

DATA/CSR MULTIPLEXER

The multiplexer is controlled by the decoded device
address and selects either 16 bils of data from a DBR
or 16 bits of status and control information from a CSR
for transfer to the UNIBUS. The selected output of the
multiplexer is transferred to the processor under pro-
€ram control through the UNIBUS transceivers.

ADDRESS SELECTION LOGIC

The address selection logic decodes the addresses
2ssocieted with each CSR and D8R and specifies the
direction of data transfer. ’

INTERRUPT CONTROL LOGIC

The interrupt control logic requests bus mastership on
one of the four bus request lines of the UNIBUS, pro-
dL‘!CGS the interrupt request, and specifies the vector
addresses of the interrupt routine pointers located in
memory.

INTERFACE SIGNALS

’z‘»"IRUS Signals-The input and output data, control.
ang stztus signals conform to the UNIBUS signal speci-
{ iCiions outlined in the PDP-11 Peripherals Handbook
published by Digital Equipment Corporation, The

DR11-M module presents no more than one unit load on
any UNIBUS signal line.

Device Signals-Fou lines provide TTL-compatible sig-
nals between each CSR and the external device and can
be used {o establish a handshake routine for positive-
control data transfers. Two lines can be used for status
information to and from the processor, and two lines
provide controlling information for data transfers. The
8-bit byte or 16-bit data word from the interface to the
device is supplied by the 16 Data Out lines. The general
function of the device interface signals is described as
follows; however, the actual function can be determined
by the user.

DATA ACCEPTED Input from the user's device indicat-

IN Signals ing that data has been accepted.
One line for each word.

DATAREADY . Inputtothe user's device to specify

OUT Signais that data is ready for transfer. One
line for each word.

STATUS IN Additional input from the user's

Signals device to the CSR. One line for
each word. Function can be defined
by the user.

STATUS CUT Additional input to the user’s device

Signals fromthe CSR. One line for each
word. Function can be defined by

- theuser.

DATA OUT Sixteen paraliel linesto auser’s

Signals device providing up to 30V open
collector breakdown and capable of
sinking up to 32 mA of current from
the load. Each output hasa 750 ohm
resistor to +5 V. Resislors can be
removed to drive a higher current
upto 40 mA.

GENERAL SPECIFICATIONS

Output Data Two parallel 16-bit data lincs

to a device providing TTL-
compatible levels.

Presents a maximum of one
unit load ona UNIBUS line.

Operating Temperature 5°C (41°F) 1o 50°C(122°F)

Configuration

UNIBUS Signals

Relative Humidity 10% to 90%, without
’ condensation
Size : Quad height—10.5in. (26.67
cm); single width—0.5in.(1.27
* cm); extended length—8.5 in.
(21.59¢cm)
Power +5V 5% at 1.5 A nominai
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DESCRIPTION

The DR11-Lis a complete, self-contained input interface
used to transfer two independent 16-bit, parallel data
words from a user’s peripheral device to the PDP-11
computersystem. ltisdirectlycompatible withthe PDP-11
UNIBUS and is designed for installation into any one of
the available Small Peripheral Controller slots (SPC) of
aBB11-M, DD11-A, or DD11-B System Interfacing Unit
and the PDP-11 processor unit.

The DR11-L consists of address selection logic, interrupt
controi and priority level select logic, two Data Buffer
Registers (DBRs), one for each word, and two indepan-
dent Control/Status Registers (CSRs). One CSR i3 as-
signed to each input data word and provides slatus and
contro! information during e word transfer,

[RCET RN Seae

- B -
R R TR N

s, Uy T .

P s ‘E § é i é} 3 . Two.controi anq two status lines betwef:n the user's
Tl ;»-”._. LAY . device and the interface module permit the establish-
. i ol 3_-;3_ SR ' ment of a handshake routine to efficiently control the
R g_!‘}ﬂ SRS . data transfers.

LA i . e

L . : ‘75”3? A The input scgngl lines are TTL-compatible with high
S {104 ‘;g_‘ - =L, threshold receiver inputs and built-in hysteresis for both
Tenblrd L, s _” ,;:-é}:q = high and low threshold, providing substantia! noise
e SRS = immunity. Input data lines are diode-clamped to +5 V
2 3 = & % = and ground. Control lines from the user’s device are
- L & t ITRL ¥ " z diode-clamped to ground and pulled up to +5 V by

E i £ Wy B S aresistor.
- : ”‘ 3 ’E 3 = All address selection, interrupt priority selection, and
o =_.,.:_'§33 . 5 N Sia= vector address selection is performed using Dual In-
Vo o o L ":_' line Package (DIP) switches mcunted on the module.
- \:, 21 oy L = These switches facilitate the installation of the module
§~ ;‘g :, A . ’&; by eliminating the need for soldering or removing jumper
3 ‘:‘” o #3 {*iﬁ: ﬂ = leads for address and priority selection.
' 5 :—}S 2 -3- 3 = The DR11-Lis designed for user applications and
; , t_:;r E’ﬁf ;"_%-.E- = !'equiresaminimum of external hardware to implement
3 E:t_ :c’ g 2T ELEGE S into the POP-11 system. Two 40-pin connectors are con-
A L | } § ; i i j HERS = - veniently mounted near the edge of the board. These
RN ;‘ L j \ iy o ity [ “* i é’i connectors parmit either one or two external devices
RS : v 1 5 oy 3 ‘ o to be easily connecled using BCO8R or BC04Z flat
$ E B j : . 'i H .“{,,g’ : cables available from DICITAL. These cables have the

L; E SIS ;);;wg,_-;f«"*::-‘ - = mating connectors prernounted and are supplied in any

é“‘_‘ ceE T . _ specified length.

: . . o : ‘ . The interface module occupies one SPCslot and is a
quad-height, extended-length, single-wicth module,
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DR11-L Two-word input UNIBUS Interface Mcdule
FEATURES e Two independent CSR registers with identical bit
« Self-contained interface for mounting in SPG siot of assignments.
PDP-11 Systcm Interfacing Unit. e CSR contains vector address and interrupt priority in
¢ Dual 16-bit data werd inputs, addition to normal status and control bits.
Dual interrupt logic contained on module. o Additional one-bit input and buffered one-bit output
User-defined {unalions, such as module addrass in each CSR that can be defined by user.
vector address, and interrupt priority, are configured - ¢ Handshake signals controlied by interrupts or under
by switches to eliminate soldered jumpers and priority program controf.
plugs. ' e Program-controlied Data Ready handshake signal.

e Input data butter for cach word. e Presents only onc unit load on UNIBUS.
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SWITCH PROGRAMMABLE FUNCTIONS

The DR11-L module contains two DIP switch banks used
to conveniently select the device address, the vector
address, and the priority level of the interrupt requests.

ector Address— The vector address of the inferrupt
Swilches routine pointer located in memory is
selected by six of the switches, allow-
ing vectors up to 774 to be specified.
Two switches are provided to select
one of the four Bus Request priority
levels (BR4 through BR7) of the
UNIBUS.

Device Address—The address of the device is assigned
Switches with ten switches, allowing the module
O address to be located within the upper
o - ... . 4Kaddress block dedicated to
’ peripherals and user’s devices.

Priority Level—
Switches

DR11-LELEMENTS AND SIGNALFLOW

The main elements of the DR11-L interface module and
the data, conirol, and status signal flow are shown on the
diagram. The module provides the complete interface
logic necessary to allow the efficient trensfer of data
trom the UNIBUS to a user's device.

CONTROL/STATUS REGISTERS

Ezch CSRis a 16-bit register used to supply control and
status information to the user’s device and to provide
control and status indicators of the user’s device and
interface tothe processor. Each CSR is byte- or word-
addressabie.

DATA BUFFER REGISTER

Ezch DBR is used to store 16 bits of data from a device.
The contenis of the DBR are transferred to the processor
under program control as a 16-bit data word or 8-bit byte.
When addressed by the processor or when an interrupt
request is asserted, the device datais latched into the
D8R. Input dzta is not required to be held by the device
for the entire transfer operation, thereby permitting
faster data transtfers.

DATA/CSR MULTIPLEXER

The multiplexer is conirolled by the decoded device
address and selects either 16 bits of data froma DBR or
16 bits of status and control information {rom a CSR for
transfertothe UNI!BUS. The selecied cutput of the
multiplexer is transferred 1o the processor under pro-
gram control through the UNIBUS transceivers.

ADDRESS SELECTION LOGIC

The address selection logic decodes the addresses assa-

cizted with each CSR and DBR and specifies the direc-
tion of data transfer,

INTERRUPTCONTROL LOGIC

The interrupt control logic requests bus mastership on
one of the four bus request lines of the UNIRUS, sro-
duces the interrupt request, and specifies the vector -
eddresses of the interrupt routine pointers located in
memary.

Power

INTERFACE SIGNALS

UNIBUS Signals-The input and output data, control, and
status signals conforni to the UNIBUS signal specifica-
tions outlined in the PDP-11 Peripherals Handbook pub-
lished by Digilal Equipment Corporation. The DR11-L
module presents no more than one unit load on any
UNIBUS signal line.

Device Signals-Four lines provide TTL-compatible
signals between each CSR and the external device and
can be used to establish a handshake routine for positive-
contro! data transfers. Two lines can be used for status
information to and from the processor, and two lines pro-
vide controlling information for data transfers. The 8-bit
byte or 16-bit data word from the device to the interface
is supplied by the 16 Data In lines. The general function
of the device interface signais is described as follows:

DATAREADY IN
Signals

From each user’s device indicating
that a data word or byte is ready for
transfer. One line {or each input
word. Causes a computer interrupt
if interrupt-enable CSR bit is set.

DATA ACCEPTED From each CSRindicating thata

OUT Signals data byte or word has been received
by the DR11-L. One line for each
input word.

STATUSIN Additional input from user’'s devica

Signals to CSR. One line for each input
word. Function can be defined by
user.

STATUS OUT Additionai output from the CSR.

Signals One line for each input word. Func-
tion can be defined by user.

DATA IN Sixteen data input lines from each

Signals user's device or 32 data lines from

one device. Each line is diode-
clamped to +5V and ground at ihe
DR11-L

GENERAL SPECIFICATIONS

input Data Two paralle! 16-bit data lines

Configuration from adevice.

UNIBUS Signals " Presents a maximum of one
unit load on a UNIBUS line.

Operating Temperature 5°C(41°F)to 50°C(122°F)

Relative Humidity 10% to 0%, without
condensation

Size . Quad height—10.5in. (26.67

- cm); single widith—0.5in. (1.27

cm); extended length—8.5 in.

{21.58¢cm)

+5V 5% at 1.5 Anominal
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FEATURES

o 48 optically isolatad inputs plus uns interrupt
(DSS11) .

s 48 butfered outputs, TTL or open coliector, plus
ono interrupt (DRS11)

¢ RC input filters {optional)
» Optically isolated output drivoers (optional}

¢ Screw terminal panel (optional)

THE DRS11AND DSS11

The DRS11 and DSS11 provide 48 digitai inputs and
outputs for the PDP-11 computer systems. The DRS11
and DSS11 options consist of two basic madules which
are Small Peripheral Slot (SPC)-compatible. The output
module {DRS11) provides the user with 48 buifered
outputs plus ong RC filtered interrupt input. The input
module {DSS11) provides the user with 43 optically
isolated inputs plus cris optically isclated interrupt input.

in addition to the basic modules, optional signal
conditioning /0 modules and screw terminal panels can
be added to the basic modules to mect the requirements
of small industrial data acquisition and control systems.

- DRS11 DIGITALOUTPUT MODULE

The DRS11 is an SPC-compatible module which
providés 48 buffered outputs. The two basic module
types include the DES1 1-A with TTL-compatible
outputs, and the DRS11-B with open collectar drivers.
Both ths DRS11-A and DRS11-B include ono RC filtered
interrupt input. The outputs are organized in three 16-bit
words, loaded by the computer system under control of
the program, The DRS1 1 includes two 10-foot flat ribbon
cables (50 conductors) terminated inte 50 pin Berg
connctors for connection to field output signals.

DSST1 DIGITALINPUT MODULE

The DSS11 is an SPC-compatible module which provides
49 optically isolated inputs consisting of 48 non-buffered
sense data inputs plus one interrupt input. The sense
inputs are organized in three 16-bit words, and are read
by the computer system under control of the program.
The DES11 includes two 10-foot flat ribbon cables (50
condustors) terminated into 50 pin Berg connectors for
cenneciion to field input signals.

SIGNAL CCNDITIONING .

When specific input filtering or output drivers are
required, signal conditioning modules may be optionaily
added to the basic DRS11 and DSS11 modules. The
standard options which are available are described
below.

DRS11-MP OPTICALLY ISOLATED DC DRIVER

The DRS11-MP is an SPC-compatible module which
mounts next to the DRS 11-B basic module. It provides
48 opically isolated DC drivers and one optically isolated
interrupt input.

DSS11-MP CONTACT SENSE INPUTS

The DSS11-MP is'an SFC-compatible module which
mounts next to the associated DSS11 basic module. The
DSS11-MP provides RC-filtered 24 volt (user supplied)
contact sense inputs for the basic DSS11. It provides
over-voltage protection, and is prewired for use with
externally supplied DC power.

DSS11-MR AND DSS11-MS VOLTAGE SENSE
INPUTS ]

The DSS11-MR and DSS11-MS are SPC-compatible
modules which mount next {o the associated D5S11
basic module. The DSS1 1-MR provides 48 RC-filtered
24 voit iniputs for voltage sensing applications. The
DSS11-MS provides 42 RC-filtered 48 voit inputs for
voltage sensing applications.

DSP11 SCREW TERMINAL PANEL

The DSP11 is an optional terminal panel providing 1C0
pair of screw connections for the DRS11 and D3S11 or
the associated signal conditioning module. It provides for
connection of 96 input or cutput signals plus two
interrupt inputs and two field power inputs. DSP11isa
standard 5-1/4-inch by 18-inch rackmounted assembly.

CONFIGURATION GUIDELINES

Any mixture of DRS11 and/or DSS11 modules may be
mounted in a PDP-11 system provided that the total
does not exceed 16, and subject to the normal
constraints of mounting space. bus loads, and 5-volt
power.

SOFTWARE SUPPORT
The DRS11 and DSS11 are fully supported by Digital's
Real-Time Opetating Systems, RSX-11M, RSX-118. and

"RT11. The support includes conventional Instrument

Society of America (iSA) FORTRAN and calls for digital
input and output operations. Also included is the
capability to'schedule Tasks (programs) for execution
upon the occurrence of an interrupt from the DRS1 1
and/or the DSS11. This software support is compatible
with the RSX11-M and RSX11-S support of the
industrial Control Subsystems (ICS and ICR). allowing
the user to transport programs between systems with a
minimal conversion effort.
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DESCRIPTION

DIGITAL INPUTS - DSS11

DSS11-A
48 Inputs (TTL)
Plus One Interrupt

DSS11-8B
48 Inputs (24 V)
Plus One Interrupt

input Voltage Range
{on state)

fnput Curcent
Contact Current
Prerequisite

Mounting

Unibus Loads UNIBUS
Amps at +5

Contact Sense

24 Volts £15%
L]
User supplied
15 mA nominal
DSS11-A

18PC
Next to BSS11-A

-

input Voltage Range - 4-7 Volts 24 Volts £15%
{on state)
fnput Current 7-2t mA 16 mA Nominal
Isolation Voltage 500 Volts 500 Volts
Prerequisite PDP-11 PDP-11
Nounting 1SPC 1SPC
Unibus Loads UNIBUS 1 LOAD 1 Load
Amps at+5 1.6 Amps 1.6 Amps
{INPUTSIGNAL CONDITIONING - D8S11-M
DSS11-MP DSS11-MR DSS11-MS
DESCRIPTION RC-Filtered RC-Filtered RC-Filtered

Voltage Sense
24 Volts £15%

13mA @24V
DSS11-A
Plus Powar Supply
18PC
© Nextto DSS11-A

"Voltage Sense
48 Volts £ 10%

13mA@ 48V

DSS11-8

1SPC
MNext to DSS11-8

T I T O ST M T T IS

DESCRIPTION

Type Output
Output Voltage
Off State
On State
Output Current
Prerequisite
- Mounting
Unibus Loads UNIBUS
Ampsat-hS

\ DIGITAL QUTPUYS « DRSTY

DRS11-A
48 Outputs Plus
Ona Interrupt

TTL Driver,

TTL
Compatible
16 mA @ 0.4 Voits
PDP-11
1SPC
1 load
2.5 Amps

DRS11-8
48 Qutputs Plus
Ore Interrupt

Open Collector

30 Volts Maximum
.7 Volts @ 40 mA
40 mA @ 0.7 Volts
PDP-11
1 8PC
1 Load
2.5 Amps

Nsamc R S

DESCRIPTION

Type Output
Output Voltage

Qff State

On State
Qutput Current
Isolzticn VVoltage
Preiequisite
Mounting .
Unibus Loads JNIBUS
§ Ampsat+5H

e e s o

QUTPUTSIGNAL CONDITIONING - DRS11-MP

48 Optically lsolated DC Diivers
Interrupt input RC Filter

Open Collector

50 Volts Maximum .
1 Volt Maximum at 75 mA

75mA at 1 Volt

500 Volis Maximum

DRS11-8

1 SPC Nextw DRST1

1.5 Amps

NPV A 0 1 s A B B W
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FEATURES
® DIRECT MEMORY ‘

SINGLE HE)"( CARD ACCESS INTERFACE
MOUNTS IN HEX S.P.C.SLOT
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FIELD SERV!QE SUPPORTED |
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(b) Specifying the

GLNE“ AL D“'-anEPTSOE\J

Operation :

The DRS11-C is a general purpose, direct
memory access interface to the PDP-11 Unibus.
'he DRS11-C operates directly to or from
memory, moving data between the Unibus and
the user device, rather than using program con-
trolled data transfers.

The interface consists of four registers : command
and status, word count, bus address and data.
Operation is initislised under program comrol

by: .

(a) - Loading word count with 'the 2's compli-
ment of the number of transfers.”

initial memory or bus
address where the block transfer is to begin.

{c) Lloading the command/status register with
the appropriate function bits.

SPECIFICATION

HALTRIUMMY st S ULSUIRIACYE 3P T Wi B

Mechanical

The DRS11-C is configured on one HEX
Printed Circuit Board designed to fit in a Unibus
S.P.C. slot. .

User input/output signals are connected via two
40 way Berg sockets mounted on the top
edge of the board.

Cable length is constrained by standard T.T.L.
input/outputs, and the cable attenuastion must
be sufficiently low to enable transmission of a
100nSec positive pulse. A cable length of 3
feet and within the same box is recommended.

ﬂl

Y4
AVATLAL

w

LITY

The DRS11-C is a product of Digital's Computer Special Systems Group.

The user device recognises these function bits
and responds by setting up the control inputs.
If the user device requests data from memory
or a UNIBUS device, the DRS11-C performs a
UNIBUS data transfer (DATI) and loads its
data register with the information held in the
referenced bus address. The outputs of this
register are available to the user device. This
output data is buifered in a 16 bit flip flop
register.

If the user device requests data to be written inte
memory, the DRS11-C interface performs a
UNIBUS Data Transfer (DATO), moving data
from the user device to the reaerenced bus
address.

the duration of the UNIBUS transfer. Transfers
normally continue at a user defined rate until the
specified number of woids is transferred.

The user is given a number of control lines

which provide flexible operation. Read-modify-
restore in addition to normal word operations are
possible. '

Electrical
Power
Consumption

2-5 Amps at 45V from back-
plane supply.

Logic Veltage T.T.L L0V, H, +3V..

Levels

Unibus Loading 1 unit load.

Priority Interrupt Selectable by pnonty plug.
Levels .

User Input/ T.T.L. levels.

Qutput Signals

~or further information please contact your {ocal Digital Representative,

'All specifications arc subject to change without
notice,.

*Copyright (£) 1972 By Digital Equipment
Coipuiation.

This input_ data from the user is _not _
the user is not
register buffered and must t be_held as levels for

-+ . . -
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OPERATIONAL DIFFERENCES
BETWEEN BRS11-C AND DRTI-B

DRS11-C
1. Theinterfeccis conﬁgured on one HEX board

with edge connectors for a HEX S.P.C. slot,
(Edge connector signals are all in.columns C, D,
E and F).

2. Interface priority is set by a priority plug
which inserts into a |.C. type socket.

3. User cables are fitted with 40 way Berg
type plugs for connection to the interface.

4, Outputs from the interface to user are T.T.L.
totem pole with a maximum fan out of 10 (ten)
units (=10mA). Some signal fanouts are less
than 10. '

5. The interfface has one CYCLE REQUEST
mput from the user.

8. -DMA transfers are initiated by the user signal
CYCLE REQUEST after the program has set up
the interface registers. There is no CYCLE bit
as in the DR11-B for program initiaiion of DMA
transfers,

7. The DRS11-C can perform DMA transfers

" across 32K core boundaries because extended

bus address bits XBA17 and XBA16 increment as
a modulo {our counter when DRBA overflows as a
186 bit register, :

As a consequence, there is no error condition
when DRBA overflows.

8. The DRS11-C cannot perform a DATOB

(user to Unibus device byte) transfer. However,
CO is still under user control to enable read-
modify-restore transfers. DRS11-C is intended
for DMA word transfer operations.

8. When the DRS11-C becomes Unibus Master,
the zssertion and dissertion times are precisely
controlled by a delay line. This allows an
accurate definition of speed.

10. In the DRST, when maintenance bit is set,
FNCT 1 toggles as a mecdulo 2 counter on
alternate NPR cycles.

11, After the last NPR cycle and subsequent
interrupt, DRBA shows the address of the last
DMA trensfer plus four.

S T TR AT

DR11-B
1. The interface is configured on a 4 slot wide
systems Unit.

-

2. The priority is back-plane wired to level 5.
Changing priority levels involves rewiring the
back-plane.

3. User casbles are connected '(solde}_ con-
nection) to M857 cable connections.

4, Outputs from the mterface 10 user are 30mA
open collector dnvers

5. The interface has two CYCLE REQUEST

inputs, which are logic ORed on the interface.

6. In addition to norma! initiation of DMA
transfers by CYCLE REQUEST, the DR11-B
has the extra facility to initiate transfers using the
CYCLE bit in DRST.

7. The DR11-B cannot perform transfers across

32K core boundaries.
When DRBA overflows, an error interrupt
occurs and further DMA transfers are inhibited.

8. The DR11-B can be used for DATOB byte
transiers.

9. The DR11-B bus master togic has logic
times determined by R, C networks allowing for a
25 per cent error margin.  No speed specifications
are quoted,

10, When maintenance is set, Function bits 1, 2
and 3 act as a modulo 8 counter, clocking after
each NPR cycle,

11. After the last NPR cycle and subsequent

interrupt, DRBA shows the address o_f the last
DMA transfer plus two.
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Register Addresses and Interrupt Vector
The DRS11-C interface consists of four registers:

ommand and status word, bus address, word
count and data.

These registers are assigned the following bus
addresses.

WORD COUNT REGISTER (DRWC) =~ 77XXX0
BUS ADDRESS REGISTER (DRBA) 77XXX2
STATUS REGISTER (DRST) TTXKX4L
DATA BUFFER REGISTER (DRDB)  77XXX6

Note address bits 12 to 3 are selectable by wire
links on the DRS11-C module allowing the
device addresses to be selected within the normal
peripheral address space. .

The status register has an interrupt vector address
YYY also selected by wire links on the module
for bits 8to 2. i

Word Count Register (DRWC)
DRWC is a 16 bit read/write register. It is

- initially Josded with the 2's complement of the

number of transfers to be made and increments
up towards all 1's after each bus cycle. Incre-
mentation can be inhibited by the user device;
(refer to WC INC ENB user signal). When
overflow occurs (all 1°s to all G's), the READY
bit of DRST is set and the bus cycle stops.
DRWC’is cleared by the initialise pulse INIT.

Note:

DRWC is a word register; do not use byte
instructions when loading; if this is done, the
byic not referenced is loaded with the same
data pattern as the refersnced byte.

Data Buffer Register (DRDB)
The DRDB serves two distinct functions:

(a) A 16 bit write only register. The outputs of
this register are available to the user device.
The register, which can be loaded under
program control, is also used to buffer
information when data is being transferred
from the UNIBUS to the user device
(when the DRS11-C Interface does a
DATI cycle). :

(b) A 16 bit read only register, Information to
be read is provided by the user device on
the DATA IN signal lines. These lines are
not buffered and must be held until either
read under program or transferred directly
to memory (DATO Bus Cycle).

DRDB output buffer is cleared by the initialise
pulse. _ :

Bus Address Register (DRBA)

The DRBA is a 16 bit read/write register. How-
ever, bit zero is permanently held to a zero,
thus restricting the operation of the DRS511-C
interface into word operation only. Along with
XBA 16 and 17 in DRST, DRBA is used to
specify BUS A 17; 01. The register is
normally incremented (+2) after each bus cycle,
advancing the address to the next sequential
word location on the bus. If DRBA (corres-
ponding to A 15; 01) overflows, XBA 16 and 17,
acting as a modulo four counter will be incre-
mented. This allows DMA transfers across 32K
boundaries. ‘

Incrementation of DRBA can be inhibited by
the user device; referto BA INC ENB user signal.
DRBA is cleared by INIT.
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Status Register (DRST)

DRST is used to give commands 1o the user device
and to provide status indicators of the DMA
interface Control and the user device (refer to

Table 1).

BIT NAME . FUNCTION

15 Error Set to indicate an error
condition: either NEX
(BIT 14), ATTN (BIT 13).
Sets READY (BIT 7) and
causes interrupt if 1E (BIT
6) is set. ERROR is
cleared by removing sll
possible error conditions:
NEX is cizared by loading
bit 14 with a zero; ATTN
is cleared by user device.

Read only.
14 Non-existent  Set 1o indicate that as
Memory . Unibus master, the DRS
(NEX) 11-C did not receive a

SSYN response 20 usec
after asserting MSYN.
Cleared by INIT or loading
with a 0; cannct be
loaded with a 1. Sets
ERROR. "Read Qnly.

13 ttention Attention bit that reads
{(ATTHN) the state of the ATTIN
user signal. Sets ERROR.
{Used for device initiated
interrupt). Setand cleared
by user control only. Read
- Only.

12 Maintenance  Set for maintenance pro-
grams only when the
. interface is disconnected
from the user device.
When set, FNCT1 is
{orced to toggle on alter-
nate bus cycles. Set
and cleared by program.
Read/Write.

B8IT NAME

11-9 Device Status
(DSTST .
A.B.C)

8 NOT USED

Read only.

FUNCTION

Device Status bits that

read the state of the
DSTST A, B and C user
signals. (Not tied to in-
terrupt). Set and cleared
by user control only.

_Set on word count over-

flow to indicate that the

. DRS11-C is able to ac-

‘cept a2 new command.

Causes interrupt if bit 6 .

is set. Forcesthe deviceto
release control of the
Unibus and prevents fur-

" ther DMA cycles. Read

7 Ready

6 Interrupt
Enable
(IE)

5-4  Extended

Bus Address

3-1 Function3,2,1

Only.

Set to allow ERROR or
READY =1 10 cause an
interrupt. Cleared by
INIT. Read/Write.

Extended bus address bits
17 and 16 that in con-

" junction with DRBA epe-

cify A (17:00) in direct
memory transfers. Cleared
by INIT. XBA17 and 16
are incrementad when
DRBA overflows.

Three bits made available
to the user device. User
defined. Cleared by INIT.
Read/Wiite.

Set to cause a pulse to be
sent to the user device
indicating a cominand

" has been issued. Clears

READY. Always reads as
a zero. Write only.,
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INPUT/OUTPUT SIGNALS

Tables 1a and 1b list signals available to the

user device. For input signals loading refers to
the number of T.T.L. unit loads the input signal
must drive; for output signals loading refers to
fnumber of T.T.L. loads in the user device that

the signal can drive.

User input and output signals are connected to
b.c. board via two BERG sockets designated J1
and J2. Table 2 shows signals and associated pin
connections. |

NOTE: Unassigned connections must be left
open circuit. Some signals have more
than one pin connection for either test
purposes or peralleling of signals to
both sockets. E

Description

Emwrwomin oo

Data output to user device. These signals repre-
sent the contents of the DRDB register, which is
loaded either under program control {e.g. MOV
RO, DRDB) or when the CR11-B performs a
DATI cycle. Levels are: +3V = logical 1;
ground = logical 0. All lines cleared 10 0 by
INIT. .

This ling is true {4+3V) whenever the Unibus is
initialised, which occurs on power up, power
dovsn, console start, or RESET instruction.

These 3 lines are derived from the function bits in
DRST (bits 3, 2, 1) and are used to specify
device operation. Levels are: +3V = logical 1;
ground == logical 0. Clear by INIT.

This signal is derived from the READY bit in
DRST (bit 7). This signal is true (43V) after
INIT; it becomes false (ground) when the GO
bit is loaded, indicating that a ccmmand has been
given; and it becomes true again when word
count overflows or an crror condition developes.

BUSY indicates that a bus sequence is in progress,
It becomes true (+3V) on the trailing edge of
CYCLE REQUEST and becomes false (ground)
when the bus cycle is compleate.

This pulse is & 100-ns positive pulse that
indicates that the bus cycle is complete.

This pulse is a 200-ns positive pulse that
results fram the setting of the GO bit in DRST.
indicates that a new operation is to be performed.

. " TABLE 1a
USER QUTPUT SIGNALS
Name No. of Signals Loading
DATOUT 15 - O 16 10
INITIALISE 1. 10
X
FNCT 3,2, 1 3 9
READY o1 8
BUSY 1 : g
END CYCLE 1 5
GO 1 10

5
[
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INPUT/OUTPUT SIGNALS

{Contined)

TAGLE
USER INPUT

b
SIGNALS

fName

No. of Signals

TTL Loads

Description

DATIN 15 - 0

C1 CONTROL
CO CONTROL

CYCLE
REQUEST

DSTAT
A B, C

ATTN

WC INC ENB

BA INC ENB

16

o oo o P S i e

1 each

-t

1 each

Data input from user device. The levels presented
on these lines can be examined by reading the
DRDB register (e.g. MOV DRDB, RO) and are
transferrcd directly to memory when the DRS11-C
performs a DATO bus cycle. Levels are +3V =
Logical 1; Ground = Logical 0.

These two control signals specify the type of
Unibus cycle the DRS11-C is to perform. They

correspond logically with the Unibus signals C1

and CO. Levels are +3V = 109.ca| 1; Ground =

logical 0.

Note: polarities on Unibus are inverted. DATIP '

is used for read-modify-restore operation.
C1 Co Cycle Performed
Control Control

o 0 DAT!  To transfer data

0 1 DATIP
' ' user device
To transfer data
from user device
to Unibus.
CYCLE initiates the sequence of requesting bus
use and triggering the Unibus Cycle after the
DRS11-C device obtains control of the bus.
This input should be pulsed positive for 100ns

minimum duration to initiate a bus ftransfer

1 0 DATO

sequence. CYCLE REQUEST sets BUSY on the’

+3V-to-ground transition of the input.

Device Status Bits A, B, C. The signal levels
applied to these lines appear as bits 11, 10 and
09 of DRST. Levels are: 43V = logical 1;
ground = logical 0. ' '
Attention. The signal level applied to this line
appears as bit 13 of DRST. A logical 1(43V)
forces an error condition in the option and stops
further bus cycles. An interrupt occurs if IE is
set. Must be groundad if not used.

Word Count Increment Enable. In most opera-
tions this signal is wired to a logical 1(-+3V)
source, allowing the DRWC register ta count
each bus cycle performed by the DRS11-C.
However, in -read-modify-write sequences, for
example, incrementation would be disabled for
the DATIP cycle and enabled for the subsequent
DATO.

Bus Address Increment Enable. In most opera-
tions, this signal is tied to a logical 1 (+43V)
source, allowing the DRBA register 1o step afier
each bus cycle. However, in read-modify-restore
operations, for example, inciementaiion must be

‘inhibited for the DATIP cycle and enabled for the

subsequent DATO.

from Unibus to the .
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NPUT/OUT

PUT CONNECTIOP JS

Signal List. Table 2

r Signal Name Pin Signal Nanie Pin Signal Name | Pin
DATOUT 00 J1-A DATIN 00 J2-UU | FNCT 1 SJd1-U,J1-V, J2-L
DATOUT 01 Ji-B DATIN 01 J2-VW | FNCT 2 J1-W, J2-H
DATQOUT 02 Ji-C - DATIN 02 J2.SS | FNCT 3 J1-X,J2-J
DATOUT 03 J1-D DATIN 03 J2-TT | END CYCLE J1-Y, J2-E
DATOUT 04 J1-E DATIN 04 J2-pP | GO J1-Z,J2-F
DATOUT 05 Ji-F DATIN 05 J2-RR | READY -J1-BB, J2-v
DATOUT 06 J1-H DATIN 06 J2-MM | BUSY J1-CC, J2-S
DATOUT 07 J1-J DATIN 07 J2-NN [INITIALISE J1-DD, J2-T
DATOUT C8 Ji-K " DATIN 03 J2-KK | GROUND J1-AA, J2-C
DATOUT 09 J1-L DATIN 09 J2-LL | 4+3V Ji-EE, J1-FF
DATOUT 10 J1-M DATIN 10 J2-HH | CO CONTROL | J1-SS,J2-K
DATOUT 11 J1-N DATIN 11 J2-JJ | C1 CONTROL| J1-HH, J2-AA
DATOUT 12 Ji-p DATIN 12 J2-EE | REQUEST Ji-44,J2-X
DATOUT 13 Ji-R DATIMN 13 J2-FF | ATTN J1-KK, J2-U
DATOUT 14 J1-8 DATIN 14 J2-CC | DSTATA J1-UU, J2-A, J1-NN
DATQUT 15 J1-T DATIN 15 J2-DD | DSTATB J1-1T7, 42-Y
DSTATC J1-VV, J2-8B
WC INCENB | J2-P ’
BA INC ENB J2-R .
Jiming Considerations
The negation of READY, as well as the GO sanal I .
indicates to the user device that GO bit has been L——'J‘l (Out
set and the FNCT bits now indicate a valid _ utput)
command. The user device responds by pro- 32 {Input)

viding the following set of signals: DATA
i5: 00 IN, C1 CONTROGL, CO CONTROL, WC
INC ENB, BA iNC ENB. This set of signals
must be established 100ns prior to the negative
transition of REQUEST and held for the duration
of the bus cycle. The trailing edge of REQUEST
causes BUSY to become true, indicating that
DRS11-C is requesting bus use or in the process
of executing a bus cycle. At the completion of
the bus cycle, the END CYCLE pulse is generated,
and BUSY goss false.  For the duration of BUSY
(‘rom REQUEST to END CYCLE), the above set
of signals must be held with the exception of
BA INC ENS which must be held until the end of
the END CYCLE pulse. No new request should
be made while BUSY is set.
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Philips Electronies Ltd @ 4 j 5 LE p 5 B Eovce iR .
“hilips Ele L ENERGY SYSTEMS A

) : PEEETIITRTR 4 e -
1 l_.‘\\.-:" !
S - PHILIPS -
E | : \ ”
€01 Milner Avenue .
Scarborough, Ontario
April 4, 197, MIB Mg
Mr: R. Hayman,
Seismological Instrumentation
Laboratory,
Earth Physics Branch, '
Energy, Mines and Resourceg,
1 Observatory Crescent,
Ottawa, Ontarjo, ‘
Dear Mr. Hayman: :
Furth t ‘ |
urther to our telephone conversation of tod 1 ! E
enclosed the literature I promi 3 ou'on che® Tind . ‘

- Philine sors. oo promised to send you on the . - oo - N ) g

I have worked out your requirem g | -

ents for a 12 volt 4 watt - :
c€ontinuous system for the three areas vo ' ‘ . 3
4394 ard 1790) and find that 3 meduroe o ,nentioned (s3on, ' ) )

;wo ghvolt: DD-3~5 ESB 200 Ahr ‘batter
or € northern locations To prevent snow bui

0 . . uild u
might wish to have the panels vertical (90°) ang in I:hz:u

case you will require 4 anels. i
e oolSY, batteriqes P s For the Mexican location

These are estimates,

iias

ies will be necessary

> .

SERIES SG i e O i m et el

Tl

i our computer programm
and gyive you e .
Eumge Onybu the exact figures in a few weeks (as I am ip % 49 $ 24 w A range of Ph Solar G for controlled energy  DESCRIPTION )
Siness for the coming three Weeks) . 21 supply by direct of solar i Each generator Each solar generator consists of three pans:
bﬂm“s ¢tontains a specific number of solar cell modules (BPX 47A)mounted @ A set of sofar cell modules (BPX 47A) 10 convert so!3r energy

in an aluminium frame and is designed to charge lead acid
b . The arn provided with charge for
battery protaction, End of discharge situation is Indicated Ly a

into eloctrical energy.
® Suppcrting frame of four major pants for easy assembiy in
remote and dithicult to gel 10 sites: iheso are a fa: camier

7 d in the enclo tignalling voltaga a! the output torminals. frame for the solar modules ang cibles which inciudss a oird
sheet. (Please add approximately 25% for 197g rice sed The SG Series is a family of three solar generators: the SG 447, screen for the 10p of the generator; a two-part mast which a:so
the exchange rate,) .'-‘ranu'.ng for the arra prices and SG 847 and SG 1247 providing respectively 40, 80 and 120 watls carnes the output cabie; a knee to provids cplymun.l nchnanon
made. I enclosed a copy of frame w YS can be custom at 1 kW/m? radiation. Where higher power is required aadiional for site. The frame is o 1 , proted

e have supplied to MCT.

solar generators can be connected in paraliel,

to provent corrosion.

b shall it % in addi to the card range, d “tailor-made”systems ® One/two (depending on requirements) charge regulators to
wIite to you when I have the de can be produced when required, : protect the battery from harge and ive gassng.
calculations. tailed computer i
FEATURES APPLICATIONS

W\?@é J
Frah Snapg? Ph.D.,

Manager.

<.

® Outstanding reliability by use of highly rellable solar modutes
i to wi i i

For use in locations where utility-grid electricity Is nat avaiabie for:
C

& Solar modul severg ¢l
* “"Worst case” circuit design based on “end of life” data on
components

Railway signalling 'aysteml
Foresiry equipment

* Sturdy 1] to with strong winds Weather monitors
Cathodic proteclion
Navigationa! aids
' Remote daiamelric equipment
i Water supply systems
! PROVISIONAL
:'mzme)mmu : PHILIPS) . P10
'g::;g?fo‘? : PHOTOVOLTAIC SOLAR GENERATORS
” ' P E
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CHARACTERISTICS TEMPERATURE RANQE
Operating termperature range  —40°C to 43°C (In the shadew) .
Storage temperature ~40°C to 85°C

Tamperature nse by 1 kW/m? solar radiation typical 15°C

QUTPUT CURRENT

At E, == 1 kW/m? (irradiance {rom the sun at sea level) and T, 25°C the autput current in Amps can
ba read from tha tabig

. MNominal Voltage 12 24 38 48 *
SG 447 275 135 n.a. 0,65
SG 847 58 7% na, 1,35 N
56 1247 8,4 42 275 205

CHARGE REGULATOR

The charge reg i off the p ic current if the output voitaga exceeds V.. The
current is switched on as soon as the output voltage is lower than Viue, = Vi The voltages can be
read trom the table:

. Nominal Vollage 12 24 36 48
: Voo 136 272 403 544
Mysteresis Vi 08 18 24 52 .
| SIGNALLING CIRCUIT .
The signaliing circurt swilches s voliags at the oulput torminats trom high to low as soon &s the
' sqe  whi s .
: output voltage is lower than V., which can be read fiom tho table: . Solar celt module BPX 47A Rear view o Solar Generalor
Nominal Voltage 12 24 38 48
. Voin 14 228 342 458 . .
H Signal vollage {low battery voltage) Vi, = Ry by (i8 max. 5 V)
i Signat current {fow battery voltage) I, between 10 and 15 mA
i Signal voltsge [high baltery voltage} V,m = Rey. hynt DIMENSIONS OF SOLAR GENERATOR 1300 |
Signal current (high battery voltage) I,,; max. 0.1 mA . [ 33—t 377 ——sje—377 e} 373'—“
Signat output will withs'and a short circuit.
f {R,, = terminating resistancs)
’ ’ 2
i . h
' STANDARD SERIES Type No of panels Weight Nominal voltage /
i AVAILABLE ce kg ~
. 12 s
! SG 447 I s 24 .
' 48 AR
T =
! 12 T
i 5G 847 8 50 24
43 X
. .
: 12 1
s .
. sG 1207 12 I o L
48 ¢ . 3
: £ach typa end nominal voitage is avalinbis with knes for one of the four racommendad angies of l
Inchnation, i -
N L[]
.-
RECOMMENDED Climate Inclination C
INCUNATION ANGLES degrees f
1
Wat tropical 30 '
Asid Gropical 45
' Moderate (2] . .
Expoctatior of snow

1 e e N T RO TR AR I WY M MR RS T T
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PRINCIPLE OF Rayx Solar powerad pump aystem.
OPERATION
(Example SG 1247)
’onT 415_"
12 x BPXATA —_

12 Voit system

24 Voit system

48 Yolt systeen

1 T e Y T S O N R Ry B Py TN

CHARGE
REGULATOR

Rex

CHARGE

REGULATOR

The charge reg

CHARGE
REGULATOR

CHARGE
REGULATOR —e

fo enable the chargs regulator to m

ltches off the ph

curront if tha output voltage exceeds V,,,,. In order
0asure the battery vollage at the outpul lerminals the maximum

sliowed voltage drop In the connecting cable is 0.2 Volts, When higher currents are desired than

specitied, mora solar ganerators can

he connected in parailel. This offers the additional advantags

that, with & high batlery voliage, the charging current will be switched of step by step.

In this application, soler energy
is used directly to pump water
from a depth of sbout 20 metres.
The eiectrical energy produced
by thiee or four SG 1247 unils
is converted to 3-phase AC to
power the submersible pump.
About 10 m? of water is produced
daity. The converter also pro-
vides an optimum energy match
between solar generators and
the pump in order to make the
best use of the energy produced.
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Solsr gonerator with 8 BPX 47A Wﬁ"’ =Y
Photovoltaic psnels for school - N
fo.t o

for the caal, Kenya. < K

T ———r
} ¢
~
4

‘ = = ) Control Unit,
A el

An e of a "tail de” solar g for o special project
Is shown. * This system uses 8 phatovoitaic panels PRX 47A mount-
od in a saddla-shaped frante. This is the best sofution for tocations
close to the equalor. The d charge provi an
almost constant output voltage independent of the oulput current.
Excess energy Is dissipated in the unit. Transporiable batteries
can therelore be used. During sunshine, the unit cen be run without
batteries. This principle is Impracticable for larger systams
because of the dissipation,

¢ ink lon for special can be p on request,

bas ___'\\;\ e
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‘ Mr. R. Hayman.
L]
]

601 Milner Avenue

Scarborough, Ontario
May 1, 1973. M181M89 -
ou mig
i to discuss these furthgr, Yy .

Sho;lga{gua:;sgs I am in Ottawa approximately once

me
sy i month we could arrange to meet.
Seismological Instrumentation

Laboratory, .
Earth Physics Branch, N
Erergy, Mines and Resources,

. You 9{ ly,
1 Observatory Crescent, I y 2R
Ottawa, Ontario, /2?//é%7 v
. 7] »
Dear Mr, Hayman; é; nk Sn#pe. Ph.D.,

Manager.
AS promised ip my letter of April 4th, Please fing enclosed .
the detailegd computer Calculationg for your pPhotovoltajc /1w
application. .

' Encl.
You will gee we have picked cities cloge to the areas that
YOu specified ip order that we could use actual weather
data, . .

The format of the Printouts ig identical for the three .
locations:-

Other printouts are variations of tilt angle and/or
antonomy days.

TO summarize -

i
17°% 3 Photecvoltaic modules at 3¢ degrees with
6 two volt batterjes
49%y 5 photovoltaic modules at 99 degrees with
18 two volt batteriesg
53% 5 photovaltaic modules at g degrees with

6 two volt batterieg . .

The batteries that may be used at the Esp Type DD-5-1,

ceee/2

telephone. (416) 202.5181 |4
telox: 085.75160 ,

06525100

065-25104




COLUMN
COLUMN
COLUMN
CoL UMt
COLAUMN
COLuUIMN
COLUMN
COLUMN
COLUMN

VDT~ W

wonon oo i

MEASURED GLOBAL ENERGY PER MONTHs IN KJ

CALCULATED GLOBAL ENERGY CLEAR SKYs PER MONTHs IN KJ

MEASUREDN/CALCULATED ENERGIES

CALCULATED ENERGY OnN TILTED SURFACEs CLEAR SKYs PER MONTH IN KJ

CHARGE OF TILTED PANEL, CLEAR SKYs PER MONTHs IN AH

CHARGE OF TILTED PanElLe CLOUDY SKYs PER MONTHs IN AH

QUANTITY OF SUN HOURSsCLEAR SKYsPER MONTH

CALCULATED DIRECT RADIATION ON HORIZONTAL SURFACEsCLEAR SKYsPER MONTH IN KJ
CALCULATED DIFFUSE RADIATION ON HORIZONTAL SURFACE y CLEAR SKYsPER MONTH IN KJ

COLUMN 10= CALCULATED DIFFUSE 7/ GLOBAL RADIATION
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U4 1 2 3 . s ® ? y M 10
Ad% 54,9 65,7 UeRIN 83,4 ibn.2 133.0 3ed .9 53,8 11.9 O.101
FEaa, 53,9 “Ta1 VRO 78,2 lo%a? 1¢uad 321.3 55 11.2 0.187
T 64,9 nz.e 0476k 85,7 163.5 128.5 Ihe .8 oYk 12.8 8o199
stail 6a.] Ruo} vall Tho lenel 111.1 312.2 Tied 12.% Gale9
vav 6548 Hl.s Ve 787 71.3 135.1 lub.a 397.0 165 12.9 [ LY ]
»E LIS Al.7 Ve 705 64,8 12244 93.7 3900 1.3 1244 o.x:a
Jut ¥ #7.5 5.9 0.785 8.5 129.8 10200 399,% 73.2 12.7 0148
P 7.5 #S.n ve?ve 7541 42,6 113.2 34842 TZos 12.¢ Osl48
“uT, . 59.0 9.1 VeTaT? Te.e 151.2 112.9 361.7 8740 12.0 0.152
act. L Ta.8 00781 84,9 162.4 126.8 359.0 6.6 12.2 o.i::
L3 LY 84,3 0.420 80.6 cl1%4.7 126.9 33%.5 529 llee Qe .
e, 51 62.2 GeB35 210 156.% 130.7 3sle0 50.6 i1l.8 0.}
Tatep y271.3 $21.8 0789 . 929.9 1774,2 1405.6 4380.0 T15.8 186,2 0.15%
D .
LeTITUIF s 17, DEGHEES PANEL CUMNENT . 0,68 4 AT ] KusMee
ALTITUDF . METENS PA'.$L°:U:TISE - 15 voLTs
ELFLECTLO% CULFFICIENT EalThs G20 cos an = .
1';1';“ ron € fere = 30 DEGPEES BATTERY ChLL zul‘;ré(ﬁv = sg :gus
“FaN DAILY CHAMGE = 3.85 aM HATTERY CELL CaPa a
(.l’-a? éhﬂvtcuuu FaCTom = 100 SELF DISCHARGE HATTERY = 2 & PER ™MONTH
SYSTEN PUafM = 4,00 waTts EFFICIENCY IN AM o 90 3
Sy TEw vOLTAGE . 12 voLTS COST OF BATTERY CELL =
R ZUIEFD A ITUNOMY = 10 DAYS QUANTITY OF PamELS a 3 .
. QUANTITY OF WATIERY CELLS = 12 .
SF GLIHED CHARGE PRODUCED CHARGE EXCESS CHARGE BATTFRY CHAWGE AUTONUMY
an an res AW £ ) DAYS
Jan, 269 399 134 100 100 11.7
Feao, 238 61 123 100 100 11.7
“ALCw 264 385 121 100 lo0 11.7 .
f abayy 255 333 78 . 100 100 11.7 . .
i vy 264 319 55 100 tov 117 .
: JunE 25% 281 26 . 100 100 ila7
i JULY 266 ace 2 100 100 11.7
" auc, 264 340 76 150 100 117
{ SEPT, 295 | 339 R [X] 100 100 11.7
y o ecr. 204 38) 17 100 100 1.7
i . WOv, 255 38} 125 100 les 117
§ ‘ OEC. 264 392 128 lo0¢ 100 il.7 .
H : .. .-
’
§ - AUTUNURY AT Trk &MU UF MUNTR ~
i <) 0 ! 2 3 o s 0
¢ JAN, 20.90 21,63 1R.4R 16.19 16,47 13.23 12.29
FEAN, 4,00 21.63 18,48 16419 14,87 13.23 12.29
© vauCH 26406 21,63 18,48 16.19 16,47 13,23 12.29
§ apeiL 28299 21437 15.48 16.19 18,47 13.23 1229
f »ay 2140 18.95 1884 15.33 18,21 13.23 12.29
[+] JUnE 16043 14,27 12.88 12.01 11,61 10.98 10,41
t JuLy 1015 10,72 10.10 8.96 9,93 18.00 9.91
‘ 3G, 10.65 10.04 10.27 20,96 11.54 12.22 12.29
i - seet, 10.492 10,23 1131 12.78 18,01 13.23 12.29
H ocT, tlebd 11,01 15.04 15.19 16,47 13.23 12.29
Nav, 14470 16475 1R.e8 16419 16,47 13.23 12.29
h DEC. 17452 20.52 18044 16419 14,47 . 13.23 12.29
! . SEFT. SEPT, auG, AUG. autG, AUG. UG,
f . BEST CaSE CALCULATION
l REQUIKED TILT = 30
. e REQUIHED CHARGE PROQUCED CHANGE -EXCESS CRARGE BATTERY CranGe AUTONNNY
N AH AN AH &H * OAYS
. Jan. 265 339 13e 100 100 i1.7
H ’ Frua, 239 361 122 100 loo 11.7
MASCh 265 aas 120 100 100 1t.7
' R L 256 333 77 100 100 11.7
H vay 258 39 Se 100 100 11.7
g 255 28} 25 100 100 11.7
! JuLy 205 304 1 ioo 100 11.7
{ . AUG. 269 340 75 100 100 11.7
SEPT, 2906 339 82 ico 100 1le7
orv, 265 81 1le 190 1690 1147
| . MOV, 256 381 124 1co 109 1147
H DFCe 265 382 12?7 100 100 117 R
[
! LATETUNE - 17,80 OEGHEES PANEL CUNNENT = 0.68 A AT } Rus/Mee
[ Lo BLTLTUNF, = to METEQS PANEL VOLTAGE @ 15 vOoLTS
N : BEFLFCTIUN CURFFICTENT FaRin= 0,20 COST OF Pasel = .
: TILr . 3o DEGREES RATTENY CELL VOLTAGE = H voLTS
- PEaN DAILY CRANGE - 3.Hs  aH HATTERY CELL CaPaClTy ] 5Q an
X ErsREY CO=2 CTIUN FaCTOm . l.og © T SFLF DISCrasGE pATTENY » 3 T PER MONTM
CISTFd PhaFR = 4,00 wWATTS EFFICIENCY [N aM =z 90 L ]
il SYSTEM vuLTalE - 12 vOLTS CUST GF MATTRWY CELL s -
B EFQUIRED auTUNUMY “ 10 784 GUANTITY OF pPavELS n 3
QUANTITY UF baITEwY Chls o 12 e
AUTUNUMY AT THE &nb OF mUNTH
M . 2 3 4 Y L] 7 1 9 1
JaN, 10,u81 11.02 Be38 6.04 4.32 3.08 2419 1.55 1s10 0,78 0.55
Fean, 13009 1l.62 A.3e A.Ce 4,32 3.08 2.19 155 1e10 0.78 8,55
»aGCH 14,113 102 BedR 6.04 4.32 3.08 2.14 1.55 1.10 0.78 €+55
avaiy 15.0e 11.35 .34 606 .32 3.08 2.1% 1.55 110 0.78 0,55
Hay tlems ®.92 6,76 5.25 4.13 3.uH 2.19 1.55 le10 0.78 0.55
JUNF Dok “als 2418 1.99 1.41 .86 Geal 0. 05 0.00 0.00 ~0.00
JuLy 2.16 0.69 .00 8,00 6.00 “0.00 ~0.00 0400 0.36 Ge7l 0.55
UG, Va5 0,00 0,37 .08 169 2:30 2419 1.59% 1.10 Ce78 0455
SEPT, [ Y] LISY] 1.2} 298 “e25 3.08 2.19 1.55 1.10 0e78 0.5%
acr, levs 2.95 4,54 6.08 .32 .08 2419 155 ° 1.10 0.78 0,55
Ny, bobD LY 4438 604 . 4e32 - 3e08. ‘2e19 - - -1458 110 Te?8 0455
pEC, Tosd 10,40 .38 6.04 4.32 3.08 2.19 }a55 l1.30 g.78 0+55
SEPT, auG, JuLy AuG. 4UG, JuLy AUG, JuLy JUNE JuLy SUNE
BEST CASE CALCULATION
HEQUINED TILT = 390
HEQUIRED CwaRGE PRODUCEDL CrHARGE EXCESS CHARGE BATTERY CHARGE AUTONONY
am aH an N an < 0AYS
JAN, 263 399 136 50 100 5.9
Feoa, 239 361 122 sS¢ ioa 5.9
=30CH 265 385 120 S8 100 5.9 °
oS 256 333 k2 (1] 100 5.9
| vay 265 e 54 50 lee 5.9
JUNE 296 <81 5 S0 -« 100 5.9
Jutr 265 30e 41 S0 100 S.9 :
a6, 245 340 75 53 100 549 ¢
sePT, 256 339 az 50 100 Se9
ocr, 265 an 11s 59 100 5.§
NOV o 256 sy 126 50 100 Se9
oEC. 269 302 127 se 100 5.9
LATITUNE - 17.00 DEGREES PANEL ECURRENT = .68 & AT | Xw/Hee
BLTITUDF = 10 METERS PANEL VOLTAGE = 15 voLTS
BLFLECTION CVUEFFICTEN? E2RTME 0.29 COST OF PanEL = .
TILY = 30 DEGHEES BaTTEMY CELL VOLTAGE = 2 voLrs
PEAN DATLY, CHANGE = .85 aM BATTERY CELL CaPaCITY = 50 an
FrepGY COURECTION FACTOR ® 1.00 SELF DISCHINGE gafTERY - 3 % PER MONTH
SYSTEM POWEW » 4.00 walls EFFICIENCY (n an . 93 *
SYSTEM VOLTaGE = 12 12:18 1 COST OF BATTEwY CELL =
PERULRED auTuruMy « [ pavs QUANTITY UF baNgys = 3
GUANTITY OF HATTESY CLLLS - ®

hne 4
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ittle by little, solar-cell technol-

oyy is beinyg directed by the fed-

eral government toward in-
creasing the nation’s energy supplies.
While solar-electric, or photovoltaic
power systems have a long way to go
before they actnally compete with
fossil-fueled power plants, there are
signs indicating that progress is being
made:

r Commercial use of photovoltaic
power in the field has increased to 500
kW, {rom 102 kW in 1970.

r The 1878 price of a unit of solar
power, a peak watt (W), is expected
fogst Covnnoar $18- Arom €901 1970,

o Silicon-fakrication techriques are
breaking away from the 20-year-olo
Czochralski growth process and edging
into high-velume and potentially low-
cost silicon ribbons and sheets.

u A dozen materials are being stud-
ied for their photovoltaic effect; singic-
crystal silicon still dominates, but
polyerystal silicon, gallinm arscnide
and cadinium sulphide are wetting in-
creasgd atteniion for special uses.

= Opties! concentraiors are increas-
ing the effeciive ares of sclar arrays
by converting more incident energy
than would viherwise fall on the cells.

& Computers are helping to con-
figure and optimize complete coin-
mereial photovoltaiz power systens,
acpording 1o load, goography, weather
and cven the cost of money.

The impetus is froe erergy- —a cloud-
Jess summer day with the sun shining
brightly vields a peak energy disteibu-
tion of about 1 kW/m?, the maximuin
solar jrradiation defined by a prak
watt., Just lving in the sunlight, a 2-
in. diameter solar cell provides 1/4
W,, A 8-in, wafer 1/2 W, and a -in.
wafer, 1 W,

Each unit cell outputs a fixed volt-

Dick Hackunesister
Waostern Cditor

24

¥

r-Cel]

L

Czoachralski-prown silicon crysials with up {o a 5-in. diameter are sliced wafer-

1
{ T
Ll

d

!

r-----.m*m-.-r:s . w{:" e Ay PO MU ST s AN TS T WA R A T e et
7, e T e
i s ‘
- @
. - ]
! P . A
} s ‘ i
. v
. Vo . :
. . ¥
i . l
H
S
I3 = §
. - v .
3 . -
<
' E
! - ;
! .
! . .
H L T e g g T
; :
[} - N
: ke
3 ® e !
i L4 i
d
H ]
- 3
» o
: . ) ‘
R 1
: - . «
e & ki
. o . ., . K
] ., . - - b B
¥ ” .
+ & - 4 ]
- !
& o . - L
¢ ' - -t i :
. " L b - .
» S
o . v
=" - ~
; 5 i 1
. ( " * - +
LA
€ ‘. v . .
1os
I’ ‘s ~ !
v . - 4
§ - . <
N Ve ™ &
' P4
+ . £ - - - v <
s 7/ . N
» vz
. . . 1
1 ~ t
v 3 -
B o “
’ K4
: B ’ X
3
H Iy
. {
H .
L v’ B T T T U L S T 0 s 1

thin to produce sofar cells. After difiusion, the discs are metalized with an
electron-collecting grid. It becoimes one of the output terminals, (Motorola).

.

age, aboul a hali-voli (see box). The
celis are normally cunfiyured in series-
varallel acreys to provide a speeific
voltuge and current capability. Except
for the «ost involved, there is »o it
to the number of culis that can be
interconnecicd.

The price volume guandary

But solar-cell technology faces 2
dilemma. Without bigh-voluine erders,

mesningful price reductions can’t be
realized; without low prices, high vol-
ume orders -can't be placed. And the
1977 price for & peak watt, $15, is three
times what it should be if photovoltaic
power is to enjoy widespread uvse.
For three vears the Energy Re-
soutees Development Administration
(KRDA), now part of the newly created
Dept. of Energy, has been funding
OEM manufacturers and universities
in an over all solar-electric cost-reduc-
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tion program, which relies on the feder-
al government’s three existing re-
search facilities. The Jet Propulsion
Laboratory in Pasadena, CA, re-
searches and develops raw solar-cell
material, fabricating large-area
sheets, encapsulating the finished
cells, integrating them into modules
and testing the completed array. Sand-
ia Laboratories in Albuquergue, NM,
designs and evaluates optical concen-
trators and “total energy” systems, and
power-conditioning and storage sub-
systems, and identifies over-all system
tradeoffs. Lewis Research Center in
Miami, OH, tests and demonstrates
real-life systems in the field. Through
T.ewis, the largest solar-clectric array
was installed and set inte operation—
a 25-kW (W.) irrigation-water pump-
ing station in Nebraska.

Introducing SER!

Soon, however, federal solar-energy
R&D will be consclidated under the
roof of the Solar Energy Rescarch
Institute (SERI) in Golden, CO.
Created by Congress, SERI is just now
getting staffed and organized under
the directorship of Dr. Paul Rappaport,
recognized as one of the country’s lead-
ing experts in photovoltaic conversion.

Since peireleum is the most portable
enecrgy source around, Rappaport sees
its use only for the transportation in-
dustry. Stationary facilities will ul-
timately be powered by the sun, Rap-
papori predicts. But more efficient
solar-cell manufacturing processes are
needed before that can happen. Be-
cause low-production volume requires
a greal deal of manual intervention,
Rappaport advoeates shifting away
from the bateh-oriented schemes to a
continuous flew process that can he
automated. “Just sawing a boule of
silicon inte wafers adds 35 cents to the
price of each watt,” he noles.

Most of today’s commereinlly avail-
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according to theory. Today's devices range from 8 to 18%.
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Generating 2200 W, this lwo-axis trecking airay uses tresnel fenses to
concentrate solar energy 60 times. Lenses are 80% efficient; grooves arc turned
inward to prevent dirt from accunuuiating,
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This map shows the tota! daily energy in Langleys falling on the U.S., in the

course of a year (1L=1.162 mWh/cm?).

able solar cells are made by the same
process that produces their cousins,
discrete transistors and integrated
circuits, Round wafers are made by
growing a cylindrical ingot, or boule,
of high-purity, single-crystal silicon.
The Czochralski process, which grows
the silicon boule from a small silicon
crystal, makes wafers up to 5 in. in
diameter (see photo). Slicing the boule
like a salami leaves many discs stand-
ing on edge. They are then cut away
from the common spine. Separated
from the spine, each dise of silicon is
made into a single, large diode (see box)

kv the same diffusion process that

creates ICs and transistors, except that
the wafer surface isn’t masked and
only a single diffusion step is neces-
sary. (Interestingly, it makes no dif-
ference whether the p side or the n side
of the junction faces the sun.)

. Finally, an ohmic, current-coliecting
grid is deposited over the face of the
wafer. It becomes one of the solar cell’s
output terminals—the other terminal
is formed by metal deposited on the
backside of the cell. Ouiput voltage
polarity is determined by the direction

-
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Solar cells are arranged in com-
mercially available medules to fit the
application. These units, which are
available from Solar Power Corp.,
North Billerica, MA, generate 25 Wp,
2.2 Wy and 1.4 W, respectively.

of the p-n junction; current flows in the
forward direction.

The ultimate in efticiency

Growing silicon in boules is great for
producing quarter-inch IC chips (the
wafers are scribed, then cracked into
squares). But the process is woefully
inappropriate for making carpet-sized

t
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The largest photovottaic installaiion yet is this 25-i\V, array at an irrigation-

water puniping stadion in Mebrasia.
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sheets of the material to collect and
convert sunlight., Several firms are
currently under contract to the Jet
Propulsion Laboratory to produce
large-area silicon, either in ribbons or
in sheets. These companies include
Mobil-Tyco (Waltham, MA), Motorolu
(Phoenix, AZ), RCA (Princeton, NJ),
Rockwell International (Anakeim,
CA), Honeywell (Bloomington, MN),
Westinghouse and General Electtic
(Schenectady, NY).

Other JPL contractors are working
to alter the existing batch-manufac-
turing process with such alternatives
as ingot casting and improved sawing
or cutting of the boules. These contrac-
tors include Texas Instruments (Dal-
las, TX), Varian (Lexington, MA),
Coors (Golden, CO), Crystal Systems
(Salem, MA) and Eagle Picher (Miami,
OK).

Meanwhile, commercizlly available
solar arrays are beset with problems.
For one thing, they are only about 12%
efficient—that is, they convert inci-
dent sunlight into usable electric power
at the rate of 120 W/m? Small-area
laboratory devices have reached effi-
ciencies as high as 18%, but thco-

- retically no cell can exceed 21%.

For silicon, unmatched spectral re-
sponse reduces the available phntons te
44% efficicney. The band-gap limit
further reduces them to 29%, and {ill
factor brings the number down to 27%.
After surface reflections and defects,
the figure is 21%, which still doesn’t
allow for dirt, metal-mask shadows
and I’R losses.

Geographical location has a pro-
found effect on a solar array’s output.
Peak watts are generated ouly during
the ideal conditions of summer sun and
clear skies. Even then, peak watts ce-
cur only at noon. Averaging peak pow-
er with cloud cover, night darkness,
and the sun’s acute angle of incidence
in winter cuts the annual amount of
usable power down to 25% of the peak
in Phoenix, and down to 16% of the

‘peak in Boston (see map).,

Temperature takes  toll, too, and a
solar array with a supposed 15-V out-
put will droep to 13 V- if noontime
temperatures hit 110 I' (43 C). Eval-
uation arrays purchased by JPL are
spec’d for operation at 150 F (65 C), bui
that’s probably overkill for most OEAM
applications. )

Problems on earih

Properly interconneeted and potted,
solar cclls can be expected to operate
indefinitely. 1n fact, solar cells have
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peon used in space far years ayd the
Jot Propulsion Labe ¥ not been able
to find 2 measuri e degradation or
failure yet, But back on earth, 2 few
reliability problems do erop up. The
chief culprit, not surprisingly, is the
encapsulating, or potting material of 2

solar-cell module.
Although a module needn’t be

hermectically sealed, it must be weath-
erproof and impervious to moisture so
that it can withstand day/night tem-
perature cycling. Moisture on the cell’s
surface degrades the unit’s per-
formance rapidly. 1t causes extra losses
by absorption and refraction, and it
promotes the growth of organic sub-
stances that block valnable sunlight.
Another performance degrader, odd-
ly enough, is the sun, whose uliraviolet
rays darken the encapsulant material.
There is cven a problem with the
most used encapsulant, silicone rub-
ber. Its sticky surface collects dirt.
Manufacturers cover the module’s face
with clear plastic or tempered glass to
make the module better able to clean
itself: The surface should wash clean
in the rain, and snow should slide off.
Cell interconnections within the
module can also become failure mecha-
nisms, so multiple, redundant connec-
tiens riust be made to the disc.
Sinee solar arvays make power while
the sun shines but never at night,
power conditioning and storage facil-

“ities are prime requisites for any com-

mereial solar-electric gystem.

Automobile-type, lead-acid storage
batteries remain the only realistic
powe. bufiers. Vendors combine them
with solar-cell modules, a shunt regu-
lator, a blocking diode (to prevent
shorting out the batteries at night),

nounting hardware and cabling to con-
figure a complete OEM solar power
generator.

System configuration is called “siz-
ing,” which normally includes a com-
puter analysis of the site’s latitude,
longitude, altitude, mean temp and
vearly “in-soi-ation”—which refers to
the amount of time the site is in the
sun, or “in sol.” The unit of measure
of inzolation is the Langley, which is

equal to 1.162 mWh/em? (sce map).

Armed with a deseription of the
power required and the site’s solar
vircmmstances, a coinputer determines
the most efficient system for that ap-
plication: the number of solar modules
and theh series-paralle] connections,
the arruy’s compass hieading and tilt
angrle, the number of batteries required
and their il ancetions, as well as
projected system performance on a

28
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This two-axis, three-secuon tracking
concentrater generates 300 W, and
uses a solar-powered uP and slepping
motors to follow the sun. RCA expects
this "fly's eye” concentrator to cost
$1/W,, in volume quantities.

o

‘-,

A nontracking, sclar concentrater
uses high-density strips of cells and
parabolic reflectors to generate 100
W, (Argonne National Laboratory).

monthly basis.

Computers can drive the price of
flat-plate solar arrays as low as process
and materials will allow, but concen-
trators can accomplish optically what
process and materials can't—an effec-
tively large solar cell. Concentrators
are considered the “hot” price-reduc-
tion strategy, and are being intensively
developed; some may become com-
merciolly available as ‘early as
mid-1978, after testing at Sandia.

Concentrating on the sun

Concentrators can gather and focus
more of the sun's energy on available
solar cells using parabolas, fresnel and
optical lenses, Tests at Sandia show
that concentrators can boost the equi-
valent cfficiency of silicon solar ceils
above 15%, and gallium arsenide cells
to almost 204, they are most ¢ffeetive
in the southwestern United States
where sunlight is moat intense and
least diffu:e. Both teacking and non-
tracking concentrators show promise.

Nontrachking  econcentrators  effee-
tively multiply the surface ares of a

et o v g i et o et o] -4-_-1

.

L g e

b

l‘]

5.'

-J/ ? [y

The ‘Un-led, and
how it wcrks

Operating, the solar cell is a lijgght-
eniitting diode working backwards.

A conventional LED, like the type
that might be used as a display in
your walch, has a depletion layer
formed in the semiconductor mate-
rial by oppositely doped impurities.
An external energy source—voltage
—excites the electrons to conduct
through the depletion layer. Excess
energy is given off as photons,
which you can see.

A solar cell, too, has a depletion
layer formed in the semiconductor
material by oppositely doped im-
purities (the cell is a p-n junetion).
But it works in reverse. Photons
excite the electrons, and the junc-
tion develops a voltage.

Working on different sides of the
street, 2 LED doesn’t emit a broad
range of wavelengths, and a solar
cell doesn’t absorb a broad range—
which acenunts for the cell’s losses
due to imperfect spectral response.

The solar cell and LED do share
limitations. The energy band gap (A
>~ 1.5 eV) limits the amount of
energy ecither one can converc. And
beeause they're less-than-ideal di-
sdes, both the LED and the solar cell
suffer reficction losses as well as
toeses due to eleciron-hole pairs re-
combined in impure areas.

solar cell as much as 20 times (20 suns).
They use parabolic shapes to collect
extra photons and form them into a
beam, like that of a flashlight. An
array of concentrators and a like
number of solar cells are mounted on
a rack that looks like 2 backyard swing.
The rack tilts the array ai the best
angle for the site’s latitude, and is
adjusted seascnally.

Beyond a concentration ratio of 20
suns or so, the optical alignment of son,
lens and cells becomes too eritical for
a fixed-frame array—because of the
carth’s rotation. The sun must be
tracked.

The tracking spceds involved are
siow enough for stepping motors to
move the frame of a tracking concen-
trator—it’s all under pP control. To-
gether, the stepping motors and the g
consume only a small fraction of ihe
energy they help collect.

The highest concentration ratin to
date is in KCA's “ily’s eye” (see vhotu.
With a concentration ratio of 300 saxs,
the tracking must be very aceurate: the
unit updates its position 30 timeg a
minute.uw
1977

FriciroNic iesioN 26, December 20,



L

~ e taem
k]

e !

.TI;I.E BELL S—YSTVEM
TECHNICAL JOURNAL

anommm

VOLUME XXXVI MAY 1957 NUMBER 3

Copyright 1957, American Telephone and Telegraph Company

Radio Propagation Fundamentals®

By KENNETH BULLINGTON

(Manuscript received June 21, 1950)

The engineering of radio systems requires an_estimate of the power loss

Ietween the transmitier and the receiver. Such estimatcs are affected by many

luclors, including reflections, fading, refraction in the atmosphere, and
diffraction over the carth’s surface.

In this paper, radio transmission theory and experiment tn all frequency
hands of current interest are summarized. Ground wave and sky wave trans-
mission are included, and both line of sight and beyond horizon transmission
wre considered. The principal emphasis vs placed on quantitalive charis
that are useful for engineering purposes.

. INTRODUCTION

The power radiated from a transmitting antenna is ordinarily spread
over a relatively large area. As a result the power available at most re-
reiving antennas is only a small fraction of the radiated power. This
tatio of radiated power to received power is called the radio transmission
loss and its magnitude in some cases may be as large as 10 to 10%° (150
to 200 decibels).

The transmission loss between the transmitting and receiving anten- -

tas determines whether the received signal will be useful. Each radio

* This paper has been prepared for use in a-proposed “Antenna Handbook”

to be published by MceGraw-11ill.
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ssystem has a maximum allowable transmission loss which, if execeded,
yresults in either poor quality or-poor reliability. Reasonably: acewrute
npredictions of transmission loss can be made on paths that approximate
wthe ideals of either free space or plane earth. On many paths of interest,
phowever; the path geometry or atmospheric conditions. differ so.much
yfrom the basic assumptions that absolute accuracy cannot be expeeted;
- pevertheless; worthwhile resulis can be.obtained by using two or.more
different methods of analysis to “box in” the answer.

~The basic concept in estimating radio transmission loss is the loss
cexpected in free space; that is, in a region free of all objects that might
cabsorb. or: reflect, radio energy. This concept is essentially the inverse
.square law: in optics applied to radio transmission. For a one wave.
.Jength_separation between nondirective (isotropic) antennas; the free
<space loss is 22 db and it increases by 6 db each time the distance is
.doubled. The free space transmission ratio at a distance d-is given by:

P, A 1
e . %’E‘."ﬁ"‘,(?ﬁ)_g'gf SRS ¢ TV &

~where:
iP,=;received power ) )
. -p.measured in same units
1P==-radiated power]

1A=ywavelength in same-units as d
£ (Or.g,) -=- power_gain of transmitting (or receiving) antenna

-The.power gain of an ideal isotropic antenna that radiates power uni-
sformly in_all directions is unity by definition. A- small doublet who=e
.over-all- physical length is short compared with one-half wavelength has
-a.gain of g-= 1:5 (1:76 decibels) and a one-half wave dipole has a gain
.of 2.15 decibels in the direction of maximum-radiation. A nomogram for
-the free space transmission loss between -isotropic antennas is given

. Fig.-1.

" \When .antenna dimensions are large compared with the wavelength.
a.more convenient form of-the Iree space ratio is! ' '

P A,

B e (b

where A, = effective arca of travsmitting or recsiving antennax,
Another form of expressing free space transmission is the concept of
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where d is in meters and P, in watts.
The use of the field intensity concept is frequently more convenient
than the transmission loss concept at frequencies below about 30 me,
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vwhere external noise is generally controlling and where antenna diny,.
sistons and heights are comparable to or less than a wavelength, The [y
sspace field intensity is independent of frequency and its magnitude {o;
cone kilowatt radiated from a half-wave dipole is shown on the left hang
s&cale on Fig. 1.

TThe concept of free space transmission assumes that the atmosphere i,
rperfectly uniform and nonabsorbing and that the earth is either infinitely
ifar away or its reflection coeflicient is negligible. In practice, the modif \.
--ing effects of the earth, the atmosphere and the ionosphere need to v

. are_described in the following sections.

s II-TRANSMISSION WITHIN LINE OF SIGHT

~The presence of the ground modifies the generation and the propaga-
: tion of radio waves so that the received power.or field intensity is or-

A At ettt /o, gt A 2 2 MBIt b i 41 o S BTSN

gdmanly less than would be expected iu free space.? The effect of plane

zearth on the propagation of radio waves is given by

Induction Field
-and Secondary
Direct Reflected  “Surface Effects of the

Wave- Wave Wave” Ground
e S e’ R e
.E}2=1+ Re™ + (1 — R)A™ + --- S @
0

~where
iR== reflection coefficient of the ground
_A==*surface wave” attenuation factor

A ’Llhz
A

i ha,e-= antenna heights measured in same units as the wavelength
~and distance

_A. B

+The parameters 2 and A vary with both polarization and the electrienl
~eonstants of the ground. In addition, the term “‘surface wave’ has oud
-to.eonsiderable confusion since it has been used in the literature v
sstand for entirely different concepts. These factors are discussed mor
.completely in Section IV, However, the xmpoxtﬂmt point to note in this

«seetion is that considerable simplification is possible in most practic who,

cases,-and that the variations with polarization and ground counstant*
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and the confusion about the surface wave can often be neglected. For

aear grazing paths, R is approximately equal to —1 and the factor 4

«an be neglected as long as both antennas.are elevated more than a
anvelength above the ground (or more than 3-10 wavelengths above
«i water). Under these conditions the effect of the earth is independent
Jf polarization and ground constants and (3) reduces to .

A

E P, . 2whahe
= = St = 9gin= =2
B~ 1/;, R ¥
where Py is the received power expected in free space.
The above expression is the sum of the direct and ground réfiected

_rays and shows the lobe structure of the signal as it oscillates around the

free space value. In most radio applications (except air to ground) the
nrincipal interest is in the lower part of the first lobe; that is, where
2 &< /4. In this case, sin A/2 A/2 and the transmission loss over

pi ine earth is given by:
- (aa) (57)
Ind) \nd /9

-(5%)
d2 G.9r

[t will Be noted that this relation is independent of frequency and it is
‘wwn in decibels in Fig., 2 for isotropic antennas. Fig. 2 is not valid
shen the indicated transmission loss is less than the free space loss shown
« Fig. 1, because this means that A is too large for this approximation.

Although the transmission loss shown in (5) and in Fig. 2 has been

‘rived from optical concepts that are not strictly valid for antenna

Leights less than a few wavelengths, approximate results can be obtained

“i lower heights by using 23 (or hs) as the larger of either the actual
atenng height or the minimum effective antenna height shown in Fig.
! The concept of minimum effective antenna height is discussed further
+Neetion IV, The error that can result from the use of this artifice does
texceed =3 db and oceurs where the actual antenna height is ap-
f "\nmtely equal to the minimum effective antenna height.

The sine function in (1) shows that the received field intensity oseil-
"¢ around the free space value as the antenna heights are increased.
-'» first tnaximum oceurs when the difference between the direct and

"l reflected waves is a half wav clength. The signal maxima have a

nitude 1 + | R | and the signal minima have » magnitude of 1 — | R |.

requently the amount of elearance (or obstruction) is deseribed in

"t of Fresnel zones. All points from which a wave could be reflected

Pr

P,
(5)

(4)
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~with a path-difference of one-half.wavelength: form- the' boundary.of* the
+first; Fresnel - zone;.similarly, the- boundary of:the. nt*:Fresnel:zzone con.
ssists of : all; points: fromwhich : the; path. difference. is n/2 wavelengths,
7The:nt*Fresnel zone clearance M, at any distance d is.given by:

Hn== r\/@‘%:‘j_) | )

_Although -the :refleetion «cocfficient . is-very :nearly -equal :to —1 ifor
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half \.vayelgt}gth' form the houndary of the
;,he bou_n.dury of the nt*, Fresnel zone con-
L the path difference js n/2. wavelengths,
e A_H,.. at any distance dy is given by:
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grazing angles over smooth surfaces, its magnitude may be less than
unity when the terrain is rough. The classical Rayleigh criterion of
roughness.indicates that specular reflection oceurs when the phase devia-
tions are less than about ==(x/2) and that the reflection coefficient will
be substantially less than unity when the phase deviations are greater
than ==(r/2). In most cases this theoretical boundary between specular
and diffuse reflection oceurs when the variations in terrain exceed 3 to':
of the first Fresnel zone clearance. Experimental results with microwave
transmission have shown that most practical paths.are “rough” and
ordinarily have a reflection coefficient in the range of 0.2-0.4. In addi-
tion, experience has shown that the reflection coefficient is a statistical
problem and cannot be predicted accurately from the path profile.?
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Hieding Phenomena

Wariations.in-signal-ievel with time are caused by changing atmos.
vpheric. conditions. The-severity of the fadmg usually increases as either
the; frequency or:path length increases. Fading cannot be predicted ac.
ceutately but.it.is.important to distinguish between two general types:

({1);inverse bending.and (2) multipath effects. The latter includes the

ifading caused by.interference between direct and ground reflected waves
sas.well as interference between two or more separate paths in the atmos.
phere. (Ordinarily,-fading is a temporary diversion of energy to some
Atber:than-the. desired location; fading caused by absorption of energy
jiscdiscussed in: a:later paragraph.

7Ehe;path.of.a:radio wave is not a straight line except for the ideul
«<ase of a.uniform atmosphere. The transmission path may be bent up or
down depending on.atmospheric conditions. This bending may either
sincreasé .or decrease the effective path clearance and inverse bending

. may-have the effect of transforming a line of sight path into an obstructed

one. This type of fading may last for several hours. The frequency of its
cceurrence-and its depth can be reduced by i mcreasmg the path clear-
#nce,;particularly. in the: middle of the path.
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Severe fading may occur over water or on other smooth paths because
the phasc difference between the direct and reflected rays varies with
atmospheric conditions. The result is that the two rays sometimes add
and sometimes tend to cancel. This type of fading can be minimized, if
the terrain permits, by locating one end of the circuit high while the
other end is very low. In this way the point of reflection is placed near
the low anterna and the phase difference between direct and reflected
rays is kept relatively steady. )

Most of the fading that occurs on “rough’ paths with adequate clear-
ance is the result of interference between two or more rays traveling
slightly different routes in the atmosphere. This multipath type of fad-
ing is relatively independent of path clearance and its extreme condition
approaches the Rayleigh distribution. In the Rayleigh distribution, the
probability that the instantaneous value of the field is greater than the
value R is exp [— (2/R0)), where R, is the rms value.

. Representative values of fading on a path with adequate clearance are-

>hown on Fig. 4. After the multipath fading has reached the Rayleigh
distribution, a further increase in either distance or frequency increases
the number of fades of a given depth but decreases the duration so that
the product is the constant indicated by the Rayleigh distribution.

Miscellaneous Effects

The remainder of this Section describes some miscellaneous effects of
line of sight transmission that may be important at frequencies above
about 1,000 me. These effects include variation in angles of arrival,
maximum useful anienna gain, useful bandwidth, the use of frequency
or space diversity, and atmospheric absorption.

On line of sight paths with adequate clearance some components of
the signal may arrive with variations in angle of arrival of as much as
}° to £° in the vertical plane, but the variations in the horizontal plane
are less than 0.1°.%: * Consequently, if antennas with beamwidths less
than about 0.5° are used, there may occasionally be some loss in received
signal beeause most of the incoming energy arrives outside the antenna
beamwidth. Signal variations due to this effect are usually small com-
pared with the multipath fading.

AMultipath fading is selective fading and it limits both the maximum
wseful bandwidth and the frequeney separation needed for adequate
frequency diversity. For 40-db antennas on a 30-mile path the fading
on frequencies separated by 100-200 me is essentially uncorrelated re-
tardless of the absolute frequency. With less directive antennas, uncor-
related fading can occur at frequencies separated by less than 100 me.$: 7
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ilsargerantennas (more narrow beamwidths) will decrease the fast multi. Lefraction

ipath:fading.and .widen:the:frequency separation between uncorrelated
ifading but.at the risk of inereasing the long term fading associated witl
whe variations in the angle of arrival.

(Optimum -space diversity, when ground, reflections are controlling,
wequires-that the-separation between antennas be sufficient to place one
antenna-on.a:field:intensity maximum while the other is in a field in-
tensity. minimum. In: practice, the best spacing is usually not known he.
wause the principal:fading is caused by multipath variations in the
atmosphere. tHowever,.adequate diversity can usually be achieved witl,
saverticalseparation of:100=200 wavelengths.

At frequencies above 3,000-10,000 mc, the presence of rain, snow, or
Hog introduces an absorption in the atmosphere which depends on the
mamount of:moisture. and onthe frequency. During a rain of cloud burst
proportions-the attenuation at 10,000 me may reach 5 db per mile and
#4:25,000:1mc.it.may be:in excess of 25 db per mile.? In addition to the
effect cof :xainfall-some-selective absorption may result from the oxygen
@and water-vapor. in the-atmosphere. The first absorption peak due to
weater-vapor occurs at:about. 24,000 mc and the first absorption peak for
oxygen occurs at. about 60,000 me.

I, ZTROPOSPHERIC "TTRANSMISSION BEYOND LINE OF SIGHT

A thasic «characteristiccof-electromagnetic waves is that the energy is
propagated:in:a-direction-perpendicular to the surface of uniform phase.
Radio waves-travel:in a:-straight line only as long as the phase front is
mlane.andiis infinite in-extent,

Winergy -can ‘be “transmitted beyond the horizon by three principal
mnethods: :veflection, :refraction and diffraction. Reflection and refrac-
tion .are mssociated - with-either sudden or gradual changes in the direc-
fion of «the -phase:front,wwhile diffraction is an edge effect that oceur-
thecause the-phasessurface is:not infinite. When the resulting phase front
st the receiving_antenna: is:irregular in either amplitude or position, the
glistinctions between reflection, refraction, and diffraction tend to break
clown. In-this-case:the-energy is said to be scattered. Scattering is fr

- quuently ;pictured :as:a-result of irregular reflections although irregular
wefeaction plus-diffraction may be equally important.

“The following paragraphs describe first the theories of refraction and
of diffraction over a-smooth-sphere and a knife edge. This is followed I
empirical data derived from experimental results on the transmission ©
poiuts far beyond the horizon, on the effects of hills and trees, and o
fading phenomena, .
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Refraction

The dielectric constant of the atmosphere nomnally deereases grad-
ually with increasing altitude. The result is that the velocity of trans-
mission increases with the height above the ground and, on the average,
the radio energy is bent or refracted toward the earth. As long as the
change in dielectric constant is linear with height, the net effect of re-
fraction is the same as if the radio waves continued to travel in a straight
linc but over an earth whose modified radius is:

e
T )
2dh : :

.ka ==

where

a = true radius of earth

Z(ll;{ = rate of change of dielectric constant with height

Under certain atmospheric conditions the dielectric constant may in-
rrease (0 < k < 1) over a reasonable height, thereby causing the radio
waves in this region to bend away from the earth. This is the cause of
the inverse bending type of fading mentioned in the preceding section.
It is sometimes called substandard refraction. Since the earth’s radius
is about 2.1 X 107 feet, a decrease in dielectric constant of only 2.4 X
10-% per foot of height resulis in a value of & = 4, which is commonly
assumed to be a good average value.® When the dielectric constant de-
ereases about four times as rapidly (or by about 107 per foot of height),
the value of & = =. Under such a condition, as far as radio propagation
is concerned, the earth can then be considered flat, since any ray that
starts parallel to the earth will remain parallel.

When the dielectric constant decreases more rapidly than 107 per
foot of height, radio waves that are radiated paraliel to, or at an angle
above the earth’s surface, may be bent downward sufficiently to be re-
flected from the earth. After reflection the ray is again bent toward the
earth, and the path of a typical ray is similar to the path of a bouncing
tennis ball. The radio energy appears to be trapped in a duct or wave-
¢uide between the earth and the maximum height of the radio path. This
phenomenon is variously known as trapping, duct transmission, anoma-
luus propagation, or guided propagation.!®:™ It will be noted that in
this case the path of a typieal guided wave is similar in form to the path
of sky waves, which are lower-frequency waves trapped between the
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earth and the jonesphere. However, there is little or no similarity be.
tween the virtual heights, the eritieal frequencies, or the canses of re.
fraction in the two cases. .

Duct transmission is important because it can eausc long distanee

interference with another station operating on the same frequency, §

however, it does not occur often enough nor car its occurrence be pre-
dieted with enough aeeuracy to make it useful for radio serviees requir-
ing high reliability.

Diffraction Over a Smooth Spherical Earth and Ridges

" Radio waves are also transmitted around the earth by the phenomenon
of diffraction. Diffraction is a fundamental property of wave motion,
and in optics it is the correction to apply to geowetrical optics (ray
theory) to obtain the more accurate wave optics. In other words, all
shadows are somewhat “fuzzy” on the edges and the transition from
“light” to “dark” areas is gradual, rather than infinitely sharp. Our
eommen experience is that light travels in straight lines and that shad-
ows are sharp, but this is only because the diffraction effects for these
~very short wavelengths are too small to be noticed without the aid of
special laboratory equipment. The order of magnitude of the diffraction
at radio frequencies may be obtained by recalling that a 1,000-me radio
wave has about the same wavelength as a 1,000-cycle sound wave in
air, so that these two types of waves may be expected to bend around
absorbing obstacles with approximately equal facility.

The effect of diffraction around the earth’s curvature is to make possi-
ble fransmission beyond the line-of-sight. The magnitude of the los
caused by the obstruction increases as either the distance or the fre-
quency is increased and it depends to some extent on the antenus
beight? The loss resulting from the curvature of the earth is indicated
by Fig. 5 as long as neither antenna is higher than the limiting value
shown at the top of the chart. This loss is in addition to the transmission
Joss over plane earth obtained from Fig. 2.

When either antenna is as much as twice as high as the Hmiting value
shown on Fig. 5, this method of correcting for the curvature of the earth
indicates a loss that is too great by about 2 db, with the error ncreasing’
as the antenna height increases. An alternate method of determining the
effect of the earth’s curvature is given by Fig. 6. The latter metbod is
approximately correct for any antenna height, but it is theoretically
limited in distance to points at or beyond the line-of-sight, assuwmind
that the curved earth is the only obstruction. Fig. 6 gives the loss rela-
tive to free-space transmission (and hence is used with Fig. 1) as a fun
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tion of three distances: d, is the distance to the horizon from the lower
antenna, ds is the distance to the horizon from the higher antenna, and
J; is the distance beyond the line-of-sight. In other words, the total dis-
wnee between antennas, d = d; 4 d» 4+ d;. The distance to the horizon
over smooth earth is given by:

di,s = \/2kaks, . o (8)

where &y 2 1s the appropriate antenna height and ka is the effective earth’s
radius. _ )

The preceding discussion assumes that the earth is a perfectly smooth
sphere and the results are critically dependent on a smooth surface and a
uniform atmosphere. The modification in these results caused by the
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presepee-of hills; treeszamd buildings is difficult or impossible to compute,
but:the order of magnitude-of: these effects may be obtained from a con-
ssideration. of-the other: extreme-ease,which is propagation over a per-
ifectly:absorbing knife edge.

“The. diffraction of plane:waves.over.a. knife edge or screen causes a

' sshadow loss whose: magnitude is-shown on Fig. 7. The height of the ob-
«struetion :H-is measured: from-the. line joining the two antennas to the
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s [l .approaches 0 (grazing ineidence), and that it increases with in-
ereasing positive values of //. When the divect ray clears the-ebstruction,
{l is negative, and the shadow loss approaches 0 db in an oscillatory

_manter as the clearance is increased. In.other words, a substantial clear-
ance is required over line-of-sight paths in order to obtain “free-space”
transmission. “The knife .edge diffraction calculation is substantially
ndependent of polarization as long as the distance from-the-edge is.more
than_a_few wavelengths.
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Fi1a. § — Transmission loss versus clearance.

At grazing incidence, the expected loss over a ridge is 6 db (Fig: ™)
while over a4 smooth spherical earth Fig. 6 indicates a loss of about 20
db. More accurate results in the vicinity of the horizon can be obtained
by expressing radio transmission in ierms of path clearance measured
in Fresnel zones as shown in Fig. 8. In this representation the plane
earth theory and the ridge diffraction can be represented by single lines:
but the smooth sphere theory requires a family of curves with a param-
eter ] that depends primarily on antenna heights and frequency. The
big difference in the losses predicted by diffraction around a perfert
sphere and by diffraction over a knife edge indicates that diffraction
losses depend eritically on the assumed type of profile. A suitable soht-
tion for the intermediate problem of diffraction over a rough ecarth ha-
not yet been obtained.

Ezxperimental Data Far Beyond the Horizon

Most of the experimental data at points far beyond the horizon fall
in between the theoretical curves for diffraction over a smooth sphere
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and for diffraction over a knife edge obstruction. Various theories have
beent advanced to explain these effects but none has been reduced to a
simple form for every day use.'® The explanation most commonly ac-

cepted is that encrgy is reflected or scattered from turbulent air masses
in the volume of air that is enclosed by the intersection of the beamwldths
of the transmitting and receiving antennas.™

The variation in the long term median signals with distance has
been derived from experimental results and is shown in Fig. 9 for two
frequencies.'® The ordinate is in db below the signal that would have
heen expected at the same distance in free space with the same power
and the same antennas. The strongest signals are obtained by pointing
the antennas at the horizon along the great circle route. The values
shown on Fig. 9 are essentially annual averages taken from a large num-
her of paths, and substantial variations are to be expected with terrain,
climate, and season as well as from day to day fading.
_ Antenna sites with sufficient clearance so that the horizon is several
miles away will, on the average, provide a higher median signal (less
loss) than shown on Fig. 9. Conversely, sites for which the antenna must
be pointed upward to clear the horizon will ordinarily’ resuit in ap-
preciably more loss than shown on Fig. 9. In many cases the effects of
path length and angles to the horizon can be combined by plotting the
experimental results as a function of the angle between the lines drawn
tangent to the horizon from the transmitting and receiving sites.!®
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Aol Shd e Lt dNins b

N et oo ¢ B

"



610 THE BELL SYSTEM TECHNICAL JOURNALy MAY! ‘5T -
tie THI LEL, SvST

Wheu the pwth profile consists of a single sharp abstruction: that tzy,,
be seen from’ Hoth tmmnmls the signal luLl may.approach the aahy,
prcdu,tcd by the knife ul% diffraction theor y.% While several interea

. mg and unusual cases have béen recorded, the. knife. odge or “obstd.
gam thcory is not &pphcablc to t.h(, typxm.l but, ouly t: the exceptiongg
paths o '

JAsin the case of hne of-sight transmission the fading of radlo stetinds
beyond the horizon can be divided into fast, fadmty and slow fading; ‘Il
fast fadmg is caused by miultipath transmission in the » atmosphere, and
for a glven sizé antenna, the rate of fading increases as. either the fre.
quency or the dxstance is increased. This type of fadmv is much. [aster
thzm the maximum fast fading observed on line of sxghb paths, buthe

‘.-...\. -

. two are similar i it principle. The mavmtude of the fades is deseribed by
the Rayleigh distribution. T
< Slow fading means variations in average signal level over a period of
hours or days and it is greater on beyond horizon paths than ou line-uf.
s,lght paths. This type of fading is almost ‘independent of frequency and
ws‘éems to be assocmted wuh chanves in the .average 1efra,ctlon of the

Lo

medxa'l value’ axound the annual medla.n seem to fol]ow a nonml pmb.z-
, bility law in db with a standard deviation of about 8 db. ‘T “ypical fading
dl.Stl‘lbuhOllS are shown on Fig. 10.

"-The median signal levels ave higher in warm humid climates than in
_cold dry climates and seasonal variations of as much as =10 db or more
,from the ariiual median have been observed.®

~Smce the seaftered sx'rnals amve with cousxdera.ble phase ir retruhutw
nas do not yleld po“er outputs proportxonal fo their theoretical arca
gams.-Thls effect has sometimes been called loss in antenna gain, but it
*is_ a. propag ation effect and not an antemm effect On 150 to 200 miles
thxs loss in xecelved poiver nny amount to one or two db for & 40 db

cgam antenna, and per haps six to eight db for a 50 db antenua. These
(extra losses vaty with time but the varmtxons secm to be uncerrelated
-1\1th the actual sxvnal level.

-The bandwidth that can be used on a single radio carrier is frequently
_hmlted b), the bclectne mdnw caused by multxpath 01 echo eﬁech
shoxt compfucd with one cyclc of thc lu"host bascb.n.d flequeucy The
_probability of long delayed echoes can be reduced (and the rate of fast
"f‘adiiw can be decreased) by the use of narrow heam antennas both
thhm :md be) ond the horizon.'*: ** Useful bandwidths of several mega-
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cycles appear to be feasible with the antennas that are needed to pro-
vide adequate signal-to-noise margins. Successful tests of television and
of multichanne!l telephone transmission have been reported on a 188-
mile path at 5,000 mc.*!

The effects of fast fading can be reduced substantially by the use of
cither frequency or space diversity. The frequency or space separation
required for diversity varies with time and with the degree of correlation
that can be tolerated. A horizontal (or vertical) separation of about 100
wavelengths is ordinarily adequate for space diversity on 100- to 200-
mile paths. The corresponding figure for the required frequency separa-
tion for adequate diversity seems likely to be more than 20 me.
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. Effects of Nearby Hills — Particularly on Short Paths shadow 1o,
“The experimental results on the effects of hills indicate that the shadow '"ml-' et
. losses increase with the frequency and with the roughness of the terrain.® fmi; y ’;' s
An empirical summary of the available data is shown on Fig. 11. The |.|.|; ,”' ol
! roughness of the terrain is represented by the height H shown on the MYty
- profile at the top of the chart. This height is the difference in elevation Filvets of
between the bottom of the valley and the elevation necessary to obtain | flechv ol ©
. line of sight from the transmitting antenna. The right hand scale in Fig, ! The «hal
' 11 indicates the additional loss above that expected over plane earth, ditferent 1y
" Both the median loss and the difference between the median and the 10 parent 1o

per cent values are shown. For example, with variations in terrain of 500 | tmore hadl,
feet, the estimated median shadow loss at 450 me is about 20 db and the
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shadow loss exceeded in-only 10:per cent of the:possible.Jocations between
points Al and B is.about 20—+ 15 =.35 db. It'will be recognized that this
analysis is based on large-scale variations in field intensity,.and does not
include the standing wave effects which -sometimes cause the field inten-
sity to vary considerably within a few feet.

Effects of Buildings and T'rees

The shadow losses resulting from buildings and-trees.follow somewhat
different laws from those caused by hills. Buildings may be.more trans-
parent to radio waves than the solid earth,.and there is ordinarily much
more hack scatter in-the city than in the open country. Both of these
factors tend to reduce the shadow losses caused by the buildings but,
on the other hand, the angles of diffraction over or around the buildings
are usually greater than for natural terrain. In other words, the artificial
canyons caused by buildings are considerably narrower than natural
valleys, and this factor tends to increase the loss resulting from the pres-
ence of buildings. The available quantitative data on the effects of build-
ings are confined primarily to New York City. These data indicate that
in the range of -10 to 450 mec there is no significant change with fre-
quency, or at least the variation with frequency is-somewhat less than
that noted in the case of hills.® The median field intensity at street level
for random locations in Manhattan (New York City) is about 25 db
below the corresponding plane earth value. The corresponding values
for the 10 per .eent and 90 per cent points-are about 15 and 35 db, re-

~ spectively. :

Typical values of attenuation through a brick wall, are from 2 to 5
db at 30 me and 10 to 40 db at 3,000 mc, depending on whether the wall
is dry or wet. Consequently most buildings are rather opaque at fre-
yuencies of the order of thousands of megacycles. .

When an antenna is surrounded by moderately thick trees and below
tree-top level, the average loss 2t 30 me resulting from the trees is usually
2 or 3 db for vertical polarization and is negligible with horizontal polar-
ization. However, large and rapid variations in the reccived ficld inten-
sity may exist within a small area, resulting from the standing-wave
pattern set up by reflections from trees located at a distance of several
wavelengths from the antenna. Consequently, several near-by locations
should be investigated for best results. At 100 me the average loss from
swrrounding trees may be 5 to 10 db for vertical polarization and 2 or 3
db for horizontal polarization. The tree losses continue to increase as the
frequency inercases, and above 300 to 500 me they tend to be inde-
bendent of the type of polarization. Above 1,000 me, trees that are thick
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eenangh-to:blockvision:arerroughly- equivalent: {o.assalid  obstrectioncef
ithe-same over-all-size.

V. SMEDIUM AND CLOW I FREQUENCY . GROUND WAYEITRANSMISSION

“Wherever the antenna heights.are-small compared with:the wave-
slength,-the received.field intensily is ordinarily-stronger with verticul
;polarization than with horizontal and is stronger over-sea:water than
over;poor soil. In-these cases the “surface wave” term in (3) cannot he
:neglected. This usc of the term “surface wave': follows. Norto’s msage
:and_is.not equivalent to the:Sommerfeld or Zenneck “surface waves.”

Tlhe parameter A is-the plane earth attenuation factor: for: antennas
sat:.ground level. It depends upon the frequency, ground constants, and
-type of polarization. It is never_greater than unity and decreaseswith
-increasing distance and frequency, as indicated by the following.approxi-
‘mate equation:*:

. -
A= 2nd

- 1+ — (sin 6+:2)*

(9)

-where

e, — cos? 6
B e
-€

for vertical polarization

2 = /.o — cos?-0 for:horizontal-polarization
Eo== €-— j600'>\
8 = angle-between reflected: ray and the ground

=10-for.antennas-at.ground level
.e= dielectric constant of-the ground relative to unity: in freesspace
o = conductivity of the ground in:mhos per meter
A = wavelength in meters

in -terms of these same parameters-the -reflection cocfficient. of tthe
ground is given by?®S , B

. sin §— 'z
' sin 0 2

‘When ¢ < | z| the reflection coeflicient approaches-—1;wheng > =
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(which can happen only with vertical polarization) the reflection coeffi-
cient approaches +1. The angle for which the reflection coefficient is a
minimum is called the pseudo-Brewster angle and it occurs for sin 8
=|z|

For antennas approaching ground level the first two terms in (3)
-ancel each other (A and h; approach zero and R approaches —1) and
the magnitude of the third term becomes -

2 41!‘"&0
1 —
[0 - B4~ 2xd 2d BYA (11)
~ .
where hy = minimum effective antenna height shown in Fig. 3
= | A
2mz

. The surface wave term arises because the earth is not a perfect re-
flector. Some energy is transmitted into the ground and sets up ground
currents, which are distorted relative to what would have been the case
in an ideal perfectly reflecting surface. The surface wave is defined as
the vert-xcal electric field for vertical polarization, or the horizontal
lectric field for horizontal polarization, that is associated with the extra
components of the ground currents caused by lack of perfect reflection.
Another component of the electric field associated with the ground
«urrents is in the direction of propagation. It accounts for the success of
the wave antenna at lower frequencies, but it is always smaller in magni-
tude than the surface wave as defined above. The components of the
electric vector in three mutually perpendicular co-ordinates are given
by Norton.”

Inaddition to the effect of the earth on the propagation of radio waves,
the presence of the ground may also affect the impedance of low antennas
sl thereby may have an effect on the generation and reception of radio
»aves® Ag the antenna height varies, the impedance oscillates around
the free space value, but the variations in 1.npedance are uquallv unim-
turtant as long as the center of the antenna is more than a quarter-
“svelength above the ground. For vertical grounded antennas (such as
e used in standard AM broadeasting) the impedance is doubled and the
“wtefeet js that the maximum field intensity is 3 db above the frec space

e nstead of 6 db as indicated in (4) for elevated antennas,

Fypical values of the field intensity to be expeeted from a grounded
_ “lerawave vertieal antenna are shown in Fig. 12 for transmission over

7 soil and in Fig. 13 for transmission over sea-water. These charts in-
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clade the effect of diffraction and average refraction around a smooth
spherical earth as discussed in Section III, but do not include the iono-
spheric effects described in the next Section. The increase in signal ob-
tained by raising either antenna height is shown in Fig. 14 for poor soil
and Fig. 15 for sea water.
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WV, IONOSPHERIC TRANSMISSION

-In addition to the tropospheric or ground wave transmission discussed
-in the preceding sections, uscful radio energy at frequencies below about
-25 to 100 mc may be returned to the earth by reflection from the ione.
=sphere, which consists of several ionized layers located 50 to 200 miles
.above the earth. The relatively high density of ions and free electronsin
- this region provides an effective index of refraction of less than one, and
“the resulting transmission path is similar to that in the well known optical
phenomenon of total internal reflection. The mechanism. is gencrally
-spoken of as reflection from certain virtual heights.?? Polarization is not
-maintained in ionospheric transmission and the choice depends on the
-antenna design that is most efficient at the desired elevation angles.

- Regular Ionospheric Transmission

The ionosphere consists of three or more distinct layers. This does not
:mean that the space between layers is free of ionization but rather that
-the curve of ion density versus height has several distinet peaks. The
-E, F1, and F2 layers arc present during the daytime but the F; and F;

combine to form a single layer at night. A lower layer called the D layer
-is also present during the day, but its principal effect is to absorb rather
“than reflect.
-Information about the nature of the inosphere has been obtained
:by transmitting pulsed radio signals directly overhead and by record-
ing the signal intensity and the time delay of the echoes returned from
-these layers. At night all frequencies below the critieal frequency f. are
‘returned to earth with an average signal intensity that is about 3 to 6
«db below the free space signal that would be expected for the round
-trip distance. At frequencies higher than the critical frequency the sign:!
:intensity is very weak or undetectable. Typical values of the critival
“frequency for Washington, D. C., are shown in Fig. 16.
During the daytime, the critical frequency is increased 2 to 3 time
over the corresponding nighttime value. This apparent increase in the
useful frequency range for ionospheric transmission is largely offset I
‘the heavy daytime absorption which reaches a maximum in the 1 to?
rme range. This absorption is caused by interaction between the free elee
“trons and the earth’s magnetic field. The absence of appreciable absorp

tion at night indicates that most of the free clectrons disappear whe
“the sun goes down. Charged particles traveling in a magnetic field
. a resonant or gyromagnetic frequency, and for electrons in the earth™
smagnetic ficld, of about 0.5 gauss, this resonance oceurs at about I
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me. The magnitude of -the .absorption varies with-the angle of -the sun
above the horizon .and is'a maximum about noon. The approximate
midday .absorption is-shown on Fig. 17 .in terms of db per 100 miles of
path length. (On short paths-this length is‘the actual path-traveled, not
the distance.along-the earth’s-surface.)

Long distance transmission requires that the signal be reflected from
the jonosphere at a -small angle instead of the perpendicular incidence
wed in obtaining the critical :frequency. For angles other than directly
overhead .an.assumption which seems to be borne -out.in practice is-that
the highest :frequency for which -essentially free space transmission is
vbtained is f,/sin o, where « is the angle between the radio ray and iono-
sbheric layer. This limiting frequency is greater than the critical fre-
‘ieney and is called the maximum usable frequency which is usually
sbbreviated muf. The eurved geometry limits the distance that can he
obtsined with one-hop transmission to-ahout.2,;500 miles and the muf at
’|lt' longer distances does not exceed 3 to 3.5 times the critical frequency.

Fhe difierence between day and night cffects means that most sky-

i il e S P et

a—

o

ot

e,



_ R
{20 THE BELL SXSTEM TECHNICAL JOURNAL, B&Y 11957
S

o / \

BECIBELS PER 108 MILES OF PAfH

1/ N

\.

0.1 s
0201002 0.05 0.4 0.2 0.5 .0 2 5 0 20 =50 Q0

FREQUENTY IN -MEGACYCLES “BER ISECOND

Fig. 17— Typical -values of :midday ianospheric.ahsorption.

weave ‘paths require at least two frequencies. A relatively low:frequency
is needed to get under the nighttime muf and :a ‘higher :frequency ix
wmeeded that s below the daytime 1nuf but .above the :region of ‘hirh
absorption. This lower limit depends .on the :avdilable signal-to:noise
margin and is commonly called the lowest useful :high-frequency.

Frequencies most suitable for transmission of 1000 niiles-or:more will
ardingrily not be refleeted at the high .angles meeded for mmuch shorter
dlistances. As:a result the range of skywave transmission ordinarily does
mot overlap the range of ;groundwave transmission,:and-the intermediate
megion is.called the skip zone because the signal’is-tooweaktobeuselul.
At frequencies of a few megacyeles the groundwave:and skywaveranges
may overlap with the result that severe fading occurs wien tthe two
signalsare eamparable in amplitude.

Jo addition to the diurnal variations in -frequency mnd ;in mbsorption
there are systematic changes with season, Iatitude, und wvith -the -nom-
inally -eleven-year sunspot cycle. Random changes in £he -crifical -fre-
quency of about =15 per cent from the monthly median walue.are abo
tobe expected from day today. ’

The F kayer is ihe prineipal coutributor totransmisdionibeyond 1000 to
1,500 xailes and typical values of the maximum nsible frequency :can b
summarized as follows: The median nighttime eritical frequency Hor ¥
layer trapsmission at the latitude at Washington, D.'C., is:mboul 22 me

. in the month of June during a period of low sunspot :activity. All fre-

guenceies below about 2 me are strongly reflected to earfhrwdiile the higher
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; frequencies are either greatly attenuated or are lost in outer space. The

approximate maximum usable frequency for other conditions is greater
than 2 me by the ratios shown in Table I.

TaBLE I
Variation With Multiplying factor
(1) Time of Day
Midnight 1 (Reference)
Early Afternoon—June 2
December 3
(2) Path Length
Less than 200 Miles 1 (Reference)
Approx. 1000 Miles 2
M%re than 2300 Miles 3.5
(3) Sunspot Cycle
Mipimum 1 (Reference)
For one year in five—June 1.5
December 2
For one year in fifty—June 2
December 3

When all of the above variations add “in phase,” transmission for
distances of 2,500 miles or more is possible at frequencies up to 40 to 60
nie. For example, using the table, 2,500-mile transmission on an early
December afternoon in one year out of five can be expected on a fre-
quency of about 42 me, which is 3 X 3.5 X 2 = 21 times the reference
eritical frequency of 2 me. Peaks of the sunspot cyele occurred in 1937
and in 1947-1948 so another peak is expected in 1958-1939.

The maximum usable frequency also varies with the geomagnetic
lutitude but, as a first approximation, the above values are typical of
vontinental U. 8. Forecasts of the muf to be expected throughout the
world are issued monthly by the National Bureau of Standards.so. 3!
These estimates include the diurnal, seasonal, and sunspot effects.

Another type of absorption, over and above the usual daytime absorp-
tion, oceurs both day and night on transmission paths that travel through
the auroral zone. The auroral zones are centered on the north and south
magnetic poles at about the same distance as the Arctic Circle is from
the geographical north pole. During periods of magnetic storms these
uroral zones expand over an area much larger than normal and thereby
disrupt communication by introducing unexpected absorption. These
‘nditions of poor transmission can last for hours and sometimes even
tor days. These periods of increased absorption are more common in
e polar regions than in the temperate zones or the tropies because of
the proximity of the auroral zone and are frequently called HF “black-
vi1s.” During a “blackout,” the signal level is decreased considerably
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thut:the signal does not drop out completely. It appears possible that the
contage time: normally: associated with HF transmission could be greatly
rreduced by the. use of transmitter power and antenna size comparall,
o that needed in the ionospheric seatter method described below,

:In.addition to" the. auroral.zone absorption, there are shorter periods
sof -severe. absorption over-the:entire hemisphere facing the sun. These
cerratic and unpredictable effects which seem to be associated with erup-
itions.on the-sun: are called-sudden ionospheric disturbances (SID’s) or
ithe.Dellinger effect.

"‘The preceding information is based primarily on I layer transmission.
TThe E layer is located closer to the earth than the F layer and the maxi-
:mum-transmission distance for.a single reflection is about 1,200 miles,

‘Reflections: from the X.layer sometimes occur at frequencies above
cabout-20 mc' but. are erratic in both time and space. This phenomenon
-has been-cxplained by assuming that the I layer contains clouds of
:ionization that are variable in size, density, and location. The maximum
{frequency: returned to earth may at times be as high as 70 or 80 me.™
“The high values are more likely to occur during the summer, and during
1the: minimum of the-sunspot cycle.

iRapid -multipath fading exists-on ionospheric circuits and is super-
1imposed on"the longer term variations discussed above. The amplitude
-of the fast fading follows the. Rayleigh distribution and echo delays up
tteeseveral: mitliseconds are observed. These delays are 104 to 10° times us
1long:as.for  tropospheric” transmission. As a result of these relatively
slong delays uncorrelated selective fading can oceur within a few hundred
ceyeles. This produces thedistortion on voice eircuits that is characteris-
wiccof ““short vwave’ ttransmission.

iFemosphericSScatter

TThe maximum usable frequency used in conventional skywave trans-
ymiission: is.defined. as: the highest frequency returned to earth for which
ithe:average transmission is' within a few db of free space. As the fre-
cquency: increases: above the muf the signal level decreases rapidly but
cdoes: not drop out completely. :Although the signal level is low, reliable
ttransmission can be obtained at frequencies up to 30 me or higher wud
1to distances up ta at least. 1,200 to 1,500 miles.® In this case the signal
1i5:80: 101100 db below the free-space value and its satisfactory usc re-
cqﬂiresmuch higher power:and larger antennas than are ordinarily used
1in fonospherié transmission2The approximate variation in median signal
ievebwith frequency dis~shown in Fig. 18,

iTonespheric-scatier. is apparently the resuli of reflections from many
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F1e. 18 — Median signal levels for ionospheric scatter transmission.

patches of ionization in the E layer. It is suspected that meteors are -

important in establishing and in maintaining this ionization but this
has not been clearly determined.

In common with other types of transmission, the fast fading follows
t Rayleigh distribution. The distribution of hourly median values rela-
tive to the long term median (after the high signals resulting from
‘poradic E transmission have been removed) is approximately a normal
probability law with a standard deviation of about 6 to 8 db.

Ionospheric scatter transmission is suitable for several telegraph
\'h:umels but the useful bandwidth is limited by the severe selective
fading that is characteristic of all ionospheric transmission.

\i. NOISE LEVELS

_The usefulness of a radio signal is limited by the “noise” in the re-
wiver. This noise may be either unwanted external interference or the
‘st eircuit noise in the receiver itself. .

Atmospheric static is ordinarily controlling at frequencies below a
W megacycles while set noise is the primary limitation at frequencies
hove 200 to 500 me. In the 10- to 200-me baund the controlling factor
1"{’(:!1(15 on the location, time of day, ete. and may be either atmospheric
':'\t‘w, man made noise, cosmie noise, or set noise. »

. Ihe theoretical minimum eireuit noise caused by the thermal agitation
Uthe electrons at usual atmospheric temperatures is 204 db below one
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watt per cycle of bandwidth; that is,  the  thermal noise; power, in il
is —204 —+ 10 log (bandwidth). The first circuit or-set. noise. is.usuull,
shigher than the theoretical minimum- by a: factor:known. as: the. noje
figure. I'or example, the set noise in a receiver with: & 6-ke: noise ban
width and an 8-db noise figure is_1538 db below.1.watt,which is equivy.
Jent to 0.12 microvolts across 100 ohms. Variations in thermal noise an
set noise follow the Rayleigh distribution, but the quantitative refercu.
s ‘usually the rms value (63.2 per cent point), which:is 1.6 db. higher
than the median value shown on.Figs.-4 and.10..Mamentary-thermy!
noise peaks more than 10 to.12 db above the median valie occur for
small percentage of the time.

Atmospheric static is caused by lightning and other natural eleetrica’
disturbances, and .is propagated over the.earth by.ionespheric' trans
anission. Static levels:are generally stronger. at: night- than. in-the day
time. Atmospheric static is.more noticeable in- the warm- tropical. arex-
where the storms.are :most frequent than it is.in-the-colder. northem
Tegions which are.far-removed from the lightning-storms.

Typical average values of noise in a G6-ke band. are-shown on:Fig. 14
The atmospheric static data are rough yearly averages: for a_latituh
of 40°. Typical summer.averages are a few db. higher than the value ou
Fig. 19 and the corresponding winter-values. are.a;few db. lower. T
average noise levels in the tropics may be as much.as. I5.db higher than
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+ 15, the thermal noise power, in dbw
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for latitudes of 40° while in the Arctic region the noise may be 15 to
23 db lower. The corresponding values for-other bandwidths can be
_htained by adding 10 db for each 10-fold increase in bandwidth. More
.omplete estimates of atmospheric noise on a world wide basis are given
. the National Bureau of Standards Bulletin 462.2? These noise data
are based on measurements with a time constant of 100 to 200 millisec-
ands. Noise peaks, as measured on a cathode ray tube, may be consid-
crably higher.

The man made noise shown on Fig. 19 is caused primarily by opera-

tion of electric switches, ignition noise, ete., and may be a controlling
factor at frequencies below 200 to 400 me. Since radio transinission in this
‘requency range is primarily tropospheric (ground wave), man made
noise can be relatively unimportant beyond 10 to 20 miles from the
amree. In rural areas, the controlling factor can be either set noise or
-osmic noise. )
" Cosmic and solar noise is a thermal type interference of extra-terres-
tial origin.* Its practical importance as a limitation on communication
ircitits seems to be in the 20- to 80-me range. Cosmic noise has been
und at much higher frequencies but its magnitude is not significantly
:hove set noise. On the other hand, noise from the sun increases as the
itequency increases and may become the controlling noise source when
tich guin antennas arc used. The rapidly expanding science of radio
atronomy is investigating the variations in both time and frequency
of these extra-terrestial sources of radio energy.
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