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PREFACE

Utihization of the HF portion of the spectrum has long been recognized as a useful

. and economic method of ach eving wide distnibution of energy over luag distances, whether
it be for communications or other purposes Broad arvi surveillance systems are being con-
templated which must contend with problems ranging from short term predictions and real
time freauency management to clutter backgrounds and nose and interference vanations.
Although satellite communicatior systems will replace HF in some areas it will stil} be
retained by many of the world nations for point-tn-point transfer of information and by
most of the nations for ship ard awrcraft communications. These systems will depena
heavily on accurate predictiuns and new technology to improve circuit availability and
reliability. The utidity ot HF has also created the overall problems of interference and
spectrum crowding and 1t 1s anticipated that by the early 1980’s spectrum usage will be a
major world concern. It 1s important. therefore, that as new technology evolves which wiil
contribute to a better understanding of the transmission medium that it be readily made
available to all potential beneficiaries.

The purpose of this symposium was to transfer information on the state-of-the-knrwledge
of HF propagation as it applies to communication, surveillance, and otrer systems contem-
plated or presently in use by NATO nations. The goal was to foster an exchange which wiil
allow examination of requirement~, an assessment of capability and, wherever poss ble, a
defimition of areas where ac Jitional work s required.
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by EDITOR'S COMMENTS

The pnmary purpose of the symposium was to exchange information on the state of

- the knowiedge of HF propagation. That purpese was successfully accompinhed by the efforts
T of the program commuttee ard session chairmen who selected the papers, directed thew

presentation and monitored the discussions.

A secondary purpose of the symposium was to wdentify areas where additional etfort
1s requured. That purpose was only partually satisfied, however, it should be noted that a
workimg group on HI- conimunications has been formed whach wili survey tf @ current iese
of HE in NATO nations and will determne future HI communications requirements for
NATO mn voth a primary and backup 1aode. Dr Jules Aarons, deputy chairman ot EPP.
will charr the study group which will operate for the next 30 months, 1t 1< hoped that the
symposium and proceedings will be useful! to ther effort.

These proceedings represent a compilation of the papers presented at the symposium
as well as a significant amount of the discussions following ca h presentation. The papers
are teproduced from copies furmished by tiie authors  The discussions published at the end
of each paper are not verbatim as spoken but rather more concise written records provided
by the individuals involved. 'n some mstanc s it was nacessary for the editor to extract and
interpret comments from the taped transcript ! hope that | have been accurate and apologize
for changes i meaning that may have resulted

The session summaries presented herein were mostly provided by the session chairmen
histed on 2 following page and | thank them for then efforts

4 1 wish to acknowledge the support provided by the EPP Fxec.nve, Lt Colonel John
3 Catiller and has secretary, Madame Tessier, in the preparation of these proceedings as well
as the support provided by Mrs P.Van Dresar, RADC,

. Grateful achnowledgment 1s extended to Dr A.S.Mendes of The Instituto Nacicnat
. de Meteorologica F Geopuysica, Lisboa for hus etforts toward the successful accomplishment
of the symposium,
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SUMMARY OF SESSION I

OPERATIONAL CONSIDERATIONS

The sesston opened with a review of airborne communications by Dr B. Burgess, (UK). Fotlowing a mstorical
introduction the curient techmques employed were discussed 1in some detail. Attention was given to factors which affect
the system performance including the ionosphernc limitations. Suggestions were then presented for improving the
performance Finally, future trends in the general field of airborne communications were reviewed and the advantages of
techniques such as digital cor.imunications, channel evaluations etc, emphasised.

The second paper. by Dr N. Maslin, was presented by Mr A. May, (UK) and was concerned with the assessment of
HF communications rehability. It was shown that circwt reliability depends on two impisrtant parameters (1) the ratio of
the operating frequency to the MUF and (2) the ratio of the recewved to required signal-to-noise ratio It was demonstrated
that whern these parameters are optimized by correct frequency management appreciable impiovement in system
performance can be achieved.

The next paper, by Mr Brune and Ricciardi (US), was presented by Mr Ricciardi and dealt with the problems of
communications with low flying aircraft, and with helicopters in particvlar  The talk emphasised the difficult operational
conditions which are expenienced 1n this type of communications activity.  The results of field trials \.ere considered,
problem areas identified and solutions postulated.

In Dr Fenwick's paper on ‘Real-Time Adaptive HF Frequency Management® the problem of optimum utihzation of
the HF frequency band was addressed. By use of a Chirp sounder and a spectrum-monitoring system it was
experimentally ~hown that real-time information of propagation and channel occupancy .Jlowed sharing of the HF
spectrum with an acceptable munimum of interference. This would be of particular interest to the tactical communicator
with a hugh-pno ity requirement

Dr Maslin’s paper on "HF Communications With Small Low-Flying Aircraft’ gave an application of his earhier saper
on HF communications rehability to this short-sample communicatiors requirement. He showed that this type of
communications gives very poor rehability if direct communications i3 tequired and anses from both propagation
limitations and aircraft antenna performance. The use of long range propagation to distant HF relay stations 1s
recommended and shows major increases in rehiability of th~ HF link and ease in frequency management preblems.

Dr Damboldt urew attention to the day-to-day variability of the ionosphere wilich has an appreciable influence on
the performance of HF communications systems. By noting the time at which signals trom a distant transmitter are first
received, a measure of the MUF can be obtained. These ‘transition times’ allow a measure of ronosphenc vanability on a
day to day basis.

An interesting paper on ‘The Augumentation of HF Propagation’ was given by Mr Barrett. Here emohasts was
ptaced on the use of chemical releases in the 1onosphere to create an enhanced 10nized reflection region in order to allow
communication at certain critical times, i.e., at times of high-altitude nuclear explosions. Evidence was given to show that
communicat-ons over wide geographical areas could be achieved by the appropniate chemical releases it a small number of
locations in say the NATO area.

The session closed with a paper by, Dr Millman, which drew the conferences attention to the influence that the
troposphere can play in extending somewhat the range of HF propagation due to the refractive nature of the lower
atmosphere. Applications to radar and communications system were mentioned and showed that to a first-order,
tropospheric effects are negligible.
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THE ROLE OF HF IN AIR-GROUND COMMUNICATIONS
AN OVERVIEM

Dr. B. Burgess
Royal Aircraft Establishment
FARNBOROUGH, Hants
UK

SUMMARY

HF radio is a prime means for beyond line-of-sight air-ground communications and will remain as such
into the foreseeable future, complementing Satellite communications where this latter system 1s emplcyed.

This paper will review various aspects that make up an HF communications system and the contribution
that they make to the overall system performance. Consideration will be given to the needs of the rudern
user in the use of HF communications, emphasising the changing requirements on the HF lank that for N
example, the use of digital communications brings. Such acpec*s as error rate performance, avoidance of
interference, HF prediction techniques for Northern latitudes, rolec of channel evaluation techniques etc
will be addressed.

The aim of the paper is to acquaint the research worker with the status and trends in airborne HF
communications and to indicate where further work may profitably be underteken to eventually improve sytem
performance,

1.  INTRCDUCTION

Airborne communications goes back to almost the start of flying. Wireless had been tried out in
airships and aircraft for some time before the First World War; in the UK the Royal Enginecrs and Marconi :
had carried out experiments on what is now par* of the RAE airfield at Farnborough. During that war
wireless wag used more extensively in aircraft than in the forward arcas of the Western Front., These
wireless sets operated on frequencies in tlie MF band and used long wire antennas that were trailed from
the aircraft (Ref 1). Whilst not strictly HF, this form of communications underlined the importance that :
the wireless/radio has played in flying from its inception. Prior to World War II, communications with
idreraft was almost entirely by HF, and commonly enployed Fand operated morse. However a2t is of anterest
to note that as early as 1928 the first trials of voice air-ground communications were being made in the
USA and in that country there was no transition from morse to voice in aarborne communications (Ref 2).

Tt wes World War II that saw the development sad introduction of VHF for aivrborne communications (Ref 19).
This was emplcved for the control of fighter air.raft during the Zattle of Br. in and the end of the war
saw VHF in general use in the allied air fleets with longer term plans to go to the 225-400 MHz band. As
of today the VHF band, 118-136 MHz, is used for Civil Air Traffic Control communications and the
225~400 MHz UHF band for military &ir-ground communications. These frejuency bands are of course const ‘alned
by line-of-sight (ios) propagation and any commurication link to the aircraft at ranges beyond line-of-sight
(blos) required the use of HF frequencies.

It is interesting to note that just after the end of World War II, before VHF Aar Traffic Control
communications were fully implemented, air to ground communications were conducted using frequencies
between 3 and 6 MHz and ground to air communications at about 300 kHz. Using these frequencies comments
such as "Why can we hear the broadcast bands loud and clear but ATC cormunications 1s terrible?" were
comnnn, and where air to ground communications ranges of about 50 km were desired, communications were
often found to be very poor, whereas the ground station could receive distance stations ()1000 km) loud
and clear, These preblems, typical of airborne HF communications, will be returned to later in the naper.

In the early 1960s with the emergence of satellite communications, the pussibility of high qualaty
communications for blos ranges was with us. While air-ground communications via satellites has been
demonstrated (Ref 3), with superior quality to HF, it is still not, in the late 1970s, evident in aircraft :
use except in a few special applications. It is noteworthy that the AEROSAT programme which wds launched
in the early 1970s for Air Traffic Control use over tl.e North Atlantic has now been abandomed. One of the
nain reasons for this state is the cost of satellite communications, including its airborne installation.
Thus, until the day arrives ir the near future when satellite communications for aircraft is viable, HF
will remain the primary means of blos communications, due mainly to its lower cost and free provision by :
nature of a reflecting region in the upper atmosphere, albeit an imperfect one. !

Since HF communications for aircraft will remain with us into the foresecable future, and more demand-
ing requirements will be sought by the users, it is appropriate to review the use of HF in current airborne
systems and its role in future systems; also what the problem areas are and what measures can be taken to
improve the current systems.

2. CURRENT USES AND PERFORMANCE i
In considering the use and performances of HF communication systrms for aeronautical purposes it is
convenient to categorize the usage into en-route and off-route applications. An en-route usage can be

exemplified by civil aircraft flying the North Atlantic route between Europe and North America. The
routes are laid down geographically and most flights are scheduled. The aircraft need to communicate over

Copyright (9 Controller HMSO, London 197
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long ranges by HF and this is undertaken in order to give positional information at certaln times, or
simes of crissing certain lengitudes, and alec such information as estimated time-of-arrival, fuel state,
airfield diversion etc. Theue messages from the alrcraft are relatively short and usually require a
short acknowledgemeat from the ground. If the information does not get through first time but takes say

ten minutes or so, this is usually acceptable.

The Communications frequencies to be used, both primary and secondary, are provided at crew briefing
and because the tracks flown are well charted, past experience helps a great deal in achieving reliable
communications. Overall such communications is relatively satisfactory, but of course problems occur
during ionospheric disturbances. For long transport routes in temperate and lower latitudes, high
availability and reliability is usally achieved.

On the other hand when one considers off-route usage, a different picture can emerge., Take a
military aircraft flying on a route that is not regularly used; it may be a large aircraft with a crew
which may or may not include a specialist radio operator, or a high performance aircraft with only a one
or two man c¢rew wio use the radio as a tool, In these cases it could be that the aircraft does not wish
to transmit unless it ic essential, but that vhen it does, the response of the communication sysien imust
be highly reliable and quick. The choice of the correct frequency is in this case important. As an
example take an ajrcraft operating to the North of the UK in summer 1977 ani wishing to communicate with
a base in Southern England. Fijure 1 indicates the freguency that should be used depending on time of
day and distance from the basc. One could easily require up to 8 frequencies for a typicul sortie. As
Wright (Ref 4) indicates communicetions in this environment has proved to be difficult and improvements

are needed.

The above remarks have implied that speech 1s the normal mode of communications. This is the case
in Civil aircraft where the use of the radio uperator aboard airliners has been eliminated. Military
aircraft however do operate other modes besides zpeech. Horse is still a fall bac¢k position where a
crew member has this skill: also radio teletypes (RATT) operating at low speed data rates are in use
in some Air Forces where security is a reguirement.

Future recuirements where security of speech transmissions and an FECCH capability are deemed desir-
able indicate a trend towards higher speed dipital transmissions (up to 2.4 kb/s) and the use of advanced
modulation and coding techniques in HF communications (Ref 5).

3.  FACTORS GOVERNING PERFORMANCE

In order to gain an insight into the performance of aircraft nommunications systems it 1s necessary
to look in some detail at such an air-ground link and highlight areas where there are deficiencies in the
system and possibly indicate improvements. Consider Fifure 2 which gives in block form the components of
a communications system. At the outset it is impcrtant to appreciate the difference between a mobile
air-ground circuit and a poirt-to-point or broadcast circuit. On a point-to-point circuit advantage can
be designed to give azimuthal and some elevation gain or directivity. This is not possible in the military
aeromobil- case where a low gain antenna is usually employed in order to cover the wide geographic area
where the aircraft is likely to fly. Currently adaptive antenna arrays have not been used tc select the
optimum beam for communications with the mobile. In the case of transmissions from the aircraft, no gain
is possible from the aircraft antenna; in fact the efficiency of the aircraft antenna can be very low
(vide Reference 6). On antenna gain alone some 20 dB or rore is lost to the mobile compared with the
fixed user.

Turning to the transmitter, fixed and broadcasting services use powers often in excess of 10 k¥W and usu-
ally in the hundreds of k@ range. Aircraft power and weight restrictions 1limit the power output of airborne
HF transceivers to a maximum of 1 ¥, thus giving a deficit of the order of 20 dB on transmitter power.

These factors alone give some indication of why the carly users queried why their communications were so
poor compared witii the broadcast bands.

HMaslin (Ref 7) has considered these factors in detail in assessing HF blos airborne communications
reliability and the reader is referred to this paper for a consideration of the relative importance of
the svstem parameters.

Two environmental factors that are sijnificantly different for the ueromobile user and have to be
taken into account under certain conditions are (1) the aircraft cockpit noise ievel and (2) the level
and nature of interference in the aeromobile bands. For high performance aircraft the acoustic noise
that is generated in the cockpit is extrimely high and even with flying helmets the noise occlusion is
not sufficient to enable a rood dynamic range for the audio output tn give high quality speach intelligibility.

Regarding the radio interference in tie aeromobile bands it has been found (Ref 8) that this is very
sften of a nurrow band nature, indicating that, for example, an FSK radic teletrpe signal, which uses
two tones in the 3 kHe bandwidth, can be strongly interfered with, but if these tones were moved to another
spot in tle 3 kHr audio band, no interference would be observed. This fact gives s possibility of improve-
ments to this type of transmission.

If we look to ihe possitle use of 2.4 kb/s transmiscions of dala over HF links. the ionosphere has
proved to be a limiting factor ir the desirn or an ufficient modenm (modulation/demodulator). Due mainly
to multipath effects a serial bit rate of the order of 100 b/t is an upper limit to avoid excesszive error
due to time dispersisn. Thus in a 3 kiz bandwidth multiplr tones have to he used in order to ootain bit
rates of the order of 2400. Frequency dispersion in the ionosphere also puts a bound on the minimum spac-
ing of the tones. Vincent et al (Ref Q) ghow that under these time and freauency dispersion conditions, !
inereasing the sipnal/nd .ce ratio vnile caprovinc the error rate performance up to a certain level, does
not pgive inprovements at hicher levels, the digpersion effcct often liniting tle error rate to relatively

high values.
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Over the past 20 yeass a number of modem designs have been tested to see if they will successfully i
combat iorospheric dispersion and variability. Of att mpts, such as Kathryn, Andeft, Adapticom and :
Kireplex (Ref 10), only Kineplex has entered eervice on point-to-point circuits. Recent approaches using

coding (Refs 11 and 12) as well as complax nioculaticn schemes look promising, but experimontal validation ;
of these techniques coupled with an economic solution to the cost of these complex modems will ve nceded ,
before they are likely to be used. :

If such techniques se those above srs used to try and combat ionospheric effects care has to be B
taken in the airborne environment to also design the modems to take accouni of the doppler effect introduced
by the motion of the aircraft. For snall hiph performance aircraft, doppler shifts of the order of tens
of Hertz cau essily be achieved and the tone filters vsed in multitone modems have to either accomodate ‘
this shift of bave compensating circuits desiymed in order not to suffer loss of performance.

4,  IHPROVIMENTS IN HF SYSTEMS PERFORMANCE

HF Communicetions with aircraft flying on off-route schedules is difficult for a number of reasons
es outlined above. This is the case even thourh it has been assumed that prediction techniques have been
used to select ‘he optimur frequency of tL.ansmission and also that sufficient equipment is available to
utilise cne range of frequeiacics that are predicted for optimum use., A case can be made out for improving
prediction techniques b limiting the jecpraphic extent ~f the mapping; of ionospheric parameters that are
used in tiese prediction progremmes. For example higher acturacy could accrue for operations in NW Europe
by limiting the rappang to that area instead of using world-aside maps. In the context of Northern Europe
prediction tecrnigues have been lacking in covering northern latituvdes where auroral activity is evident.
Recent work by Bradley and Fapiano (Ref 13) have addressed this problem but more work is recded to achieve
better prediction meithods on a world-wide basis (Ref 14). VWhat is recommended here is a family of pro-
cedures that would caier for needs between the hiphest accuracy us.ng lerge computers and those only employ-
ing hand held calculators with a consequent reduction in accuracy.

For shorter ranges of comnctication (50-500 km) in the case of emall high performance a.rcraft, where
the aircraft antenna efficiency piays a major role in the system performance, Maslin (Ref 15) has shown
that good frequency management, coupled with the use of (1) directive antennas on the ground and (2) a
number of geograpliically separated 1emote receiving stations, are vital to the provision of satisfactory
communications.

Work in the UK over the past several years {Rel 3) has shown that a dominant cause for degradation to
HF communications in the aeromotile band has been narrow band interference from other legitmate users of
tne allocated frequencies. This is psrticularly the case for two tone FOK low speed data transmissions
{75 b/s). Interference statistics show that conditions at either end of the link are uncorrelated and hence
if one ic to choose tne best frequenc) from an interfererce poaint of view then information on the inter-
ference characteristics at the receiving end oi the link needs to be provided to the transmitting terminal.
This can be achieved by monitoring the interforence s*atistics at the reception point on the frequencies
allocated for communications and tranemitting this on a broadcasi basiz to all usars. The user can then
choose the propsgating frequencies that indicates the best signal to interference level that would be
received at the reception point. Sloggett (Ref 16) has shown that ihe error rate performance of a 75 b/s
transmission can be very sagnificently improved by {1} choosing the tone pair in the 3 kHz baseband giving
the least interference; (2) using directional antennas and (3) employing error detection and correction
techniques. The percentage of error free messages on a 2000 km link in Northern Europe was improved from
20-40% to 80-9%% using these techniques. A real tire channel estimeiion (RICE) technique such as described
above shows rromise of optimising the performance of HF circuits for mobile applicatiens and ensuring that
their reliability is acceptablr high. RICE system of the type described above have also been proposed by
Dernell (Ref 17) and Canadian agencies (Ref 18).

As mentioned carlier in the paper the aircraft antenna can be a source of major system degradation.
Particular attention must be paid to its design to ensure that an optimum performance is achieved. For
small aircraft this mav well be the limiting factor in -~ system design and could well preclude the use
of HF for certain operational uses, 2¢ in helicopters.

5.  FUTURE TRENDS

In both Civil and Militarr applicataons tlere has been a move to pass information in digital form.
Sensors in aircraft have been cvolvint so that their output ic in digital form and informatiin passed to
ground terminals is, these dayvs, most conveniently handled in digsital formats. Information sent through
HF communications links will be no exception. Concepts of data links for passing information from civil
airlines for Air Traffic Control purposes have been discussei over the past 10 years or sn. In military
circles secuce voice requirements indicates diital radio trans.issions. At HF this implies data rates
of 2.4 kb/s. Higher bit rates would give better speech quality from the speech synthesis aspect, but
channel bandwidth considcrations indicate tha% around 2.l kb/s data rates are the highest that can be .
tolerated in 3 Lliz channel. As discussed carlier the desirn of 2.4 kb/s modems to achieve satisfactory
transmissions of the bit rate over HF channels nas not yet leen solved satisfactorily snd the airborne
environment will put extra constraints on the modems performance.

Ince (Ref 5) in his paper has indicated that the military will pay increasing attention to BCCM
aspects of communications. HF will nced to be protected and complex modulatiorn schemes involving
frequency hopping and spread spectrum techniques will need to be addressed. Consideration of the propaja-
tion medium to determine whether these forms of wide bandwidth modulation techniques are transmitied
with fidelity will have to be studied. For example is there & limit to the bandwidth that can be used
and does the medium suppori one type of modulation beiter than any other? These techniques will tend
to be implemented digitally and hence time and frequency dispersion effects on error rates become of
prime importance.

A question that is raised when considering predictions ia: can one predict the error rate
performance of systems under different ionospheric conditions? 1Is this the right gquestion to ask or
gshould one rely on simulating the medium and the system to measure its performance? l
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Fig.1 HF frequencies for communication with Cove experimental radio station during May,
June, July, August 1977 over paths 57°N to 80°N
AIRCRAFT GROUND
- .
TERMINAL - NOISE T~ TERMINAL
Ny
// PROPAGATION BN .
NA "\1’\*—" EFFECIS — ——— o
INTERFERENCE _—""
ATU |
RECEIVER TRANSMITTER
TRANSCEIVER
DEMODULATOR MODULATOR
I
MODEM
I ACOUSTIC
NOQISE
TRAFFIC ‘ TRAFFIC

Fig.2 Airground communications link




DISCUSSION

E. Lampert, Ge

it is appreciated that there is +n operational necessity of vroviding ECM-resistant iinks in HF However, considering
the spectral occupancy of the band ana restricted RF-bandwidth because of the necessity of turning {rom a

theoretical antiamming margin of about 0 to 6dB nothing will be left. Could you thercfore comment on whether
there is a real chance of getting ECCM equipment for HY in the near future?

Author’s Reply

As mentioned in the paper, frequency-agile systems give some ECCM capability and there will be constraints on the
system imposed by vehicular and medium charactens.ics; for example, in atrcraft the HF antenna can be a high-Q
device with a limited bandwidth, for transmissior purposes The techrology for giving ar. ECCM capability is with
Ls today, the question that necds to he addressed 1s, as in normal HF communications, what is ity “reliability
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HF COMHMUNICATIONS TO SMALL LOW FLYING AIRCRAFT
by
N. M. Maslin

Radio and Navigation Department
Royal Aircraft Establishment
Farnborough, Hampsnire, England

SUMMARY

HF (2-30 MHz) radio communication is a principal means of beyond line of sight communication to
aircraft., There are particularly serious problems for the small aircraft. Many factors degrade the over-
all received signal-to-roise ratio both at the ground and in the aircratt. To achieve satisfactory results,
careful consideration should be given not only to tne terminal radio equipment but also to the long term
geographic planning and to the management of the frequencies to be used over mctile HF links.

The worst HF communication problems occur for a shert range air-ground sky-wave link at night which
requires frequencies st the low end of the HF band. Working over a longer range link increases the ‘optimum
working frequency', chus avoiding the poor aatenna efficiencies and generally reducing external noise
levels.

It is shown that good frequency manzgement, ground antenna directivity and the use of a number of
gecgraphically separated remote receiving stations are vital in providing satisfactory comss.nications
reliability to the small aircraft.

1 INTRODUCTINN

HF {Z-30 MHz) radio comrunication is an important, and in sorie cases the only means of beyond line of
sight communication to aircraft. Diurnal ionospheric variations necessitate the use of a number of fre-
quencies cver a 24 hour period and different propagation modes are utilized according to the range.

There are particularly serious problems for a small aircraft, whose physical size is much iess than
the wavelength in the lower part of the HF band. Constraints are placed upon the aircraft antenna con-
figuration so that its efficiency may be degraded; radiation patterns aie obtained that may not be suited
to the propagation mode. The transmitter power is limited (to about 400 W peak envelope power) and serious
excess noise, both acoustical and eiectrical, may be precent in the aircraft. High levels of external man-
made noise and interference may also be experienced in the receive mode. The aircrait height may give rise
to additisnal multipath propagaticu mechanisms, wnilst its speed may cause Dopple:s freguency shifts. All
these factors degrade the cverall received signal-to-noise ratio both at the ground and in the aircraft.

To achieve satisfactory results, careful consideration should be given not ¢nly to the terminal radio
equipment but also to the long-term geographic planning aud to the managament of the frequencies to be 1sed
over mobile HF links,

This paper attempts to quantify the problem of air-ground and ground-air commuuications reliability
tor the small aircraft, to pinpoint sources of performance cegradation, ard to suggest appropriate solu-
tions to obtain the best available performance for such a communications link. The most difficult HF
commnications problems occur for a short runge air-ground sky-wave link at night wnich requires frequencies
at the low end of the HF band. Working over a longer range link increases the 'optimum working frequency’,
thus avoiding the poor antenna 2fficiencies and generallv reducing external ncise levels. It is shown that
good frequency management, ground antenna directivity and the use of remote receiving stations are vital
in providing satisfactory communications reliability to the smzll aircraft.

Although effects such as multipath features, time and frequency dispersion, change ir apparent aii-
craft antenna performance due to ground reflection, uncertainties in the aircraft antenns polarisation
characteristics 2tc have not been specifically addressed, it is believed that tre fundamental principles
of communication to small aircraft have been established.

2 THE PROBLEM

It is comwn experience that at the shorter ranges (50~500 km) HF communications can be unreliable
to small air:raft. These difficulties arise as a result of one or more of the following:

(a) For sma’l aircraft the antenna efficiencies are poor at the low end of the HF band. This fact
coupled with the limited available transmitter power means that the effective radiated power is
of the order of a few watts or less at these frequencies.

{b) For these shorter ranges, the sky-wave mode with frequencies in the range 2~6 MHz must often be
used. It is at these frequencies that the small aircraft has poor antenna efficiencies. The
problem is particularly acute at night when frequencies at tna low end of the 2-6 MHz range
must be used and where a‘rcraft antenna efficiency ies very poor.

(c) The ground station antenna system often has inadequate high angle (>45°) coverage. Moreover the

range of sky-wave an~' _ of elevation to be covered, together with the wide azimuthzal coverage
required, inhibits .he use of good directive antennas on the ground,
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(d) The rapid variation of ojtimum wo king frequency with range betwezen 100-250 km imposes an
aircrew workload which is, at best, unaccei.able and at worst, unachievable in a high
performance aircraft.

(e) Interference is high at night in the 2~6 MHz band as propagation conditions restrict the. s
of higher frequencies and users crowd into the low end of the HF bend.

(t) Propagation paths in the auroral regions can be subject to extreme attenuation with consequent
communication blackout.

(g) FElectrical and acoustical noise generated by the aircraft can be very troublesome, particularlv
when the aircraft operates at low altitude.

(M)

PARAMETERS COF THE HF LINK

In order io study some of these problems it is necessary to calculate the received signa'-to-noise
ratio, S/N . This can be expressed as

S/N = P +C ~L-V+Dh=- (k) ~-F -3 (1)
where che terms are defined as follows (logarithmic units)

transmitter power (dBW)

Py

(kT) thermal noise power density (-204 dBW per Hz at 300 K)

i path ioss (dB)

v pelarisation wismatch loss (dB)

Ge transmitting antenna absolute gain with respect to an isotropic antenra (dB)

D receiving antenna directivity factor against far field noise (dB)

B receiver banduicth (dB Hz)

Fa effective antenna noise power factor (dB) whizh results from external noise power uvailaibie

from 3 loss free antenna. The receiver performance is taken to te limited 5y external noise.

T« signal-to-noise density ratio (dB) (Ze the signal-to-noise ratio in 2 ] Hz be.dwidth) is then
S/Ng = S/N+B . (2)

For the air-to-ground link, the available power P, from the aircraft transmitter is assumed to be 400 W
pep. Ilhie HF prediction program {CCIR, 1974a; HAYDON, G.W. et al, 1976) 'Bluedeck' was .sed fo calculate
the path loss L over various sky-wave paths and F, was assumed to be governed solely by atmospheric
noise. The polarisation mismatch loss factor was tzken to be constant at 3 dB; the aircraft antenna
efficiency and heate Gy 1is a function of the carrier wave frequency and was assumed to be that typical
for a small aircraft (PAVEY, N.A.D., 1973). For example the efficiencies at 2, 5 MHz are typically (.01%
and 1% respectively.

The assumption that man-made noise and interference are below the levels of armospheric noise ensures
that the results given here are the optimum obtainable. In some of rhe following exampies difficulty in
communicating is experienced even under ideal conditions. Hence when man-made noise, interference and air-
craft noise problems are present, satisfactory communication will be cven more ¢ifticult to achieve.

The calculations are made for median signal-to-roise (S/N) ratios. The CCIR (CCIR, 1974b) recormends
S/N ratios of 15 dB for marginal and 33 dB for goodcommercial quality of communications with HF SSB voice
in a 3 kHz bandwidth. This corresponds to a signal-to-noise density ratio, S/Ng , of 50 dB for marginai
and 68 dB for geod commercial quality. We shall work throughout in terms of signal-to-roise density
ratios s¢ that the results presentec here may be applied to other modulation modes.

To illustrate the results obtained, a number of widely geographical.y separatad locations of ground
stations have been considered; these are giver in Table 1 and are designated VW, X, ¥, Z. Although the
ranges Lo stations Y and Z are similar they are assumed to be well separated in latitude.

Table 1

Parameters relevant to the ground stations

Ground station | Rang~ (km) | Classification

w 280 Short range
X 1200 ediua range
Y 2500 Long range
2 2200 Long range

4 AIR-GROUND LINK PREDICTIONS
4,1 Form of the predictions

The predicted median signal-to-noise ratios for three sky-wave circuits are given, assuming that
atmospheric noise is the predominant noige source at the receiver site. The density of shading in
Figs 1 to 3 shows increasing values of rereived signai-to-noisc density ($/Ng) for a given frequency at
a specified hour of the day. Because S,;., 1is a median value, the achievement of a given criterion gives
a communications reliability (MASLIN, N.M., 1978) of approximately 30%., Thus cross hatched squares in
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these examples indicate 3/Np viloaes of detween 5% dB and ht gl Ihey show that SO7 aeliabiiey o
greater would de produced for a 0 .8 signal-te-nerse (riterion,  (his 18 equivalent 1o S8B verce (a4
tokHz banawidth with  S/Ng = 55 df,  Where no shading is shown o the dragran S Np 1 less than 4~ JR;
S8R vorce transmissiocns would at bent be barely acceptabie under these condit.ons dad comeuitications tolig-
brlity wou'ld he unacceptabie,

the highest avarlable frequency for adeguar.  ommunication at a gives hour 1s tdken o he the FO1
toptimum frarfil frequency) defined here as th chvowve frequency avatrlable tor vl of thwe 2ime.  The
fowrst usable frequency (LUF) depends upon the required S Ny criterion, awd Thus an improvemeunt in the
tevel of ~ecesved sigual or 4 reduction in the 1aise level wil] lower the L'F,  The FOT, powever, ts
independent of  S/N,) criteria, being oply a function (MASLIN, N.M., 1978) of the previrling ronesphery
rond:fions, witch in turn Jdepend upon hour ot the dav, Season of the Scar and sunspot tumber,

4.0 short range communication

Fig 1 slows the predicted S/Np rat:es tor commuet stion witn ground statton h during 1970, 3 Low
sunspot  {55N; nunber year /19). 1t should be meced that communication is mere Jitficult in swwner
months than 1t vicesr, partly as a result of fnviedse ! atmospberic noise levels at the pround station,
Between 800 hours snd 000 hours (o mainly dusk-night=dawn' the SN, ratio does not reach 5 dB toy
any aucrcafe positicn at any time of vear.

4.3 Medium and long range conmunication

Consider now, range: ¢! ommunication greatet than 1000 hm. higs 5 oond 3 snow the expected  S.8Nu
vatior at recelviag stations X and Y tor aire-aft transmissions an the tow  SSN O vear. The toliowing
should be noted:

(1) Between JCOU hours and O«C0 hours the  S/Ng  ratio dees not seach 35 dB ot station M
for any time of year.

(21) For the long range link (te station ¥), the teceived S/Np ratio at the FOl o tends oo
preater at night.

b

(iii) Over the long range link S$/Nu values for the daveime tend to be poors

More than one remote station

e
.
&

The value of working over 3 longer range lin's 13 shown schematically for a conventional grouna
station in Figs 4 te 6. Fig 4 shows the raxime 5 Na oblasnabie tor anv trequency for o given bous of
the day by a small aircraft transmitting 1. both hign JO0Y and Tow (15) supnspot number vearss  fhe shaded
areas show rveception at station W and the letters X, Y, J designate the remote recotvang siations of
Table i. A 55 dB S,Np ceriterion can he schieved ter a large percentage of the day (see Fig % b us'ng
these longer range links. 1f ground station W only wore fo be used {or reception, a S5 d3 craterion
would be achieved for only a smail percentage of the (av 1n winter and not at all in the summer months.

A parthicularly valuablse feature of using more i one temotue station 1s that a faarly constant (to
within 110 dB)  S$/Np vcan be achieved throughout a 23 Your periad provided that ditferent ground <tations
are utilized ar different times of day. Moreover if fle remcte statiocns ate at various ranges and on
difterent bearings from the aticrati, carefat planuing couli vairtually eliminate the need tor frequency
changin,.

Fig 6 demonstrates the consistency of freguency for a given range and period of the dgave In the
winter months the frequency used is 7.5 MHz and 1n summer 9 or (0.5 Mz dependiug upon solar activity,
The mediux range link (V1200 km) to station N occupies the daylight heurs and the longer ranges to
stations Y and I cover the difficult dawn-dush peried and night-time -onditions between them, as s
vesult of their geographical separation. This example of a constant frequency can be compared with Fig «
which shows the effects of using the optimum frequencies. 1t can be seen that only a few dR are lost W
carefully chovsing the constant frequency and aitiising alt three remote stations.  this sytust:on would
help to relieve aircrew work load of conscantiy changing trequencles.  Advantages ot the longer tange

+

licks are summaris=d in Table 2.
4.5 Further improvements in signal-to-noise

The result of introducing a 10 JB ground directivity is effectively to reduce the 55 dB criteric~ te
45 d2. Once apain the‘advsntage of a emote station is apparent, since the 45 dB cviterion is achieved
for only a small fraction of the time at station W during the summer months (Fig $).

An improvement in aircraft antenna efficiency at the low end of the band (2-6 MHr) can enhance the
S/No ratic received at station W , although it s211l does not offer the same advantages as working over
the longer range links. Flight trials (SLOGGETT, D.R., 1975) performed by RAE, Farnbarough have shown
that the low effective radiated power from a small Dominie sircraft at the low £ad of the HF band, due to

pyo; anteana efficiency, is a major countributor: factor to the unsatisfactory Rir-ground communications at
night. )

4.6 HF communications reliability

. This is defined ag the fraction of days that successful communics’ ion mav be expected 2t a given hour
vithin the month at & specitic operating frequency. A dotailed discussion of HF reliability is given o a
companion psper (MASLIN, N.M , 1979), The result of ligs 3 and % i~ sumaarised in Fig 7 in terms of the
reliabilicy at a given time of day. The advantages of the sugperzed umprovements arve self-evident.
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Table 2
Factors connected with using remote ground receiving stations
—— —_— - —
Requir<ments for remote N : .
o . Conseqoevnces of using remote stations
stacion working
T
A { Only trequencies ahceve t j Poor aircraft antemna efficiencies are avoided
=7 MHz avre requived
7 i Inter{erence is reduced at night since lower frequen-
j cies ate employed by other users
i
3 { Ground antenna size 1s revuced
B | Antennas require oaly I { Gond darectivity should be obtainable; thus noise and
narrow azimuthal beamwidch 1ate. feilouce can be discriminated against
and low 2:4le coverage
N Antenne :t-ering rechniques are not necessarv
C {Aircratt should be at least ! Frequency changiug with time of dav 15 not necessary
1000 km from remote ar often as for shorter range links
stations
2 §{ Changes 1n aircraft positron will not necessitate
frequency changing
3 | For aircraft in Northern waters reflection of signils
; in auroral regions can he avoided
Dl Two or three remote i Whole 24 bhour period can be covered by using ranges of
stations ideally required, Vi200 km bv day, 2502 km by night
with adeguate geographical i
separation J i Frequency changing can b~ effectively elimineted by
i careful chuice of ground su:tion operation
i 3 Pilot work-load 's reduced by using a single frequeacy
5 GROU™M=~ATR LINK PREDPICTIONS
5.1 \ircraft geuerated nciss

Probably the most iportant feature of the ground-zir link is the noise environmeant of the aircraft.
A1l aircraft svstems which use electrical energy are likelv to generate unwanted FM energy, and this may
couple into the aircraft radio systems and degrade their performance  Conversely, almost every aircrait
radio transmitter gencrates intense EM ficlds which mav affect other avionic systems, including installed
radic svstems operating at tbe same tin-+. Coupling mechanisms between an interference source and the rest
of the avienic instaliation mav he complicated; interference levels are affected by factors such as design,
practice and workmanship of the aviomi- installation, imperfect shiclding of braided coaxial cables and the
RF attenuation affered by the aircraft skin.

At HF 1t is common experience that the noise received by the antenna increases as the aireraft
systems are progressively switched on, but little guantitative info.saticon seems to exist. Accordingly
the following approach has been adopted to vptain an order-of-magnitide estimate of broadband ivterference
fields in the vicinity of an aircraft HF antenna.

Specificaticn BS 3G 100 lays (BSI, 1973) down meximum permissible radiated interference limits for
equipment, expressed in dB relative to | uVm~l. These limits have been recalculated as dB relative to
antenns thermal noise power kToB for nirrouband and broadbend interference. The resulting values have been
taken to represent the EM field levels existing inside the oircraft from all of the installed systems and
the EM fields immediately outside the aircraft skin have bern estimated by putting the huil attenuation
equal to 30 dB.

It is clear that in a study of ground-air commuric:.ions reliability more detailed information is
requiread about levels of alrcraft electrical noise so that more accirate estimates, than those pessible at
picsent, may he wmade of the noise environment in the aircraft,

An sircraft in flight can become electrically charged by the infiuence ot electric fields in the
atmosphere, by rhe impact upon its fuselage of both charged and neutral particles and by iomization in ity
engine. The currents which flow during the charging and suvbsequent discharging processes radiate and cor-
tribute a component, called precipitation static, to the noisc power received by an antenna on the ailvcraft.
In unfavourable circumstances and if no steps are taken to reduce it, the intensitv of precipitation static
noise can exceed the intensity of the noise from zuny other sources in the HF band (CRANVILLE-GEORGE, D.A.,
SMITH, B.C., 1975). 1If dischargers are fi.ted to the aircraft, however, the antenna neise figures can be
veduced bv 40 dB to 60 dB. Under these circumstauces the radiated interference, reduced by the appropriate
value ot ull attenuation, is the dominant noise source. This is shown as curve H 1n Fig 8. and can be
compared with other sources of noise in the HF band.

5.2 Propagation aspects

Since the poor aircraft antenna efficiencies are relatively unimportant in the receive mode (see
Appendix) it is ionospheric absorption that is the most important .requency dependent parameter in the link.




ST

e SR A

WTRYR ¥

TN

€

[

aya g

.

APRAPARTES DAY

This, in turn, iwplies that frequency management is relatively more important than for the 2i -ground situ-
ation., It is assumed that the transmitting antenna efficiencies for the grouni station are ot frequency
dependent.

5.3 Effective radiated power

For the levels of noise in the aircrafr assumed here, a similar calculation to those performad for
the air-ground iink shows that a | kW effective radiated power from the ground transmitter 1s not adequate;
10 kW (40dBW) would be more suitable. Communication would still be difficult during the daytime, however,
particularly during the summer menths. Under these circumstances 50 dBW would be nore appropriate. For
the shorter range iinks the availahle frequency baad is severely limited and there wmay be considerable pre-
blems with interfering stations, particularly at the lower end of the HF band. For the longer range tinks
the available frequency band is wider but the ionospheric absorption tends to be stronger for a given fre-
quency due to the increased propagation path length.

5.4 Communications reliability

Some of the results fur the ground-air link can be summarised in Fig Y which shows the effect of
increasing the radiated power from the transmitter at station X . I¢ is clear that | kW (30 dFW) does not
provide auequale communications reliability since 2t no time does the reliabilyty figure reach even 507.

An appropriate operatxonal 1y acceptable' figure would be closer to 80%Z. Under chese circumstances 30 dBW
of radiated puwer is generally required. This implies some directional gain on the part of the ground
transmitting antenna.

6 OTHER ASPECTS OF REMOTE TERMINAL OPERATION
6.1 Beamwidths of ground station antennus

Tabie 3

Requirements for ground station antenna coverage
(angles in degrees)

Ground station
1

W X ¥
Minimuan elevation angle ! 10 0 0
Maximum elevation 2ngle ! 60 |25 {17
Elevation beamwidth 50 |25 17
Azimucnal beamwidth 30 ] 20 10
Gain (dBi) p13 j18 |23

Table 3 shows the azimuthal and elevational angles and beamwidths required to accommodate the pre-
dominant propagation modes, using different remote ground stations for a typical flight profile. The
achievable gair in Table 3 is taken to be

G, = 30000/wva 3)

where W_ and Wy are the azimuthal and elevatiomnal beamwidths. Table 3 indicates the gain G_ which
could theoretically be achieved by concentrating all the available transmitter power into the appropriate
anten! a beamwidths.

Thus, for example, the required beamwidth coverage from station Y is narrower than from station W
and an extra 16 dB gain should be pcssible over that achievable from sration W . This snould more than
offset the extra icnospheric absorption which the longer range link experiences.

6.2 Operatiocnal frequencies

Ideally the optimum tratfic fi.quency (FOT) needs to be continually changed because of the varying
range of the aircraft. The rate of . .ange is a function of the distance from the aircraft to the ground
station and is depenuent upon the t me of day. This is illustrated ir Fig 10 which shows the percentage
change in FOT requi‘ed for communication to the aircraft flying a typical missions

The advantage of the longer range link is clear. It can avoid changing the FOT over, say, a two
hour flight. For ground station W , however, the frequency would have to be continually changed over a
wide range nf frequencies.

6.3 Auroral effects
Consider an aircraft within the auroral region, which extends down t> about 60 N in Europe. If
station Y 1is used as the ground station then the reflection area of 2 one hop mode might be around 50°N

but for the link to station X would be ncar 62 N. An advantage may therefore be obtained by working over
the long link, thus avoiding the troublesome aurorai region, (LIED, F., 1967).

7 “"ONCLUSIONS

lhe worst HF communication problems for a small aircraft occur over a short range sky-wave link at
night vhich requires trequencies at the low end of the band, where transmitting an.enna efficicncies are
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very poor. Tne only satisfactory solution is to work to ground stations at longer ranges to permit the use
of sufficiently high operating frequencies., Good antennas are required at the ground stations since the
improved signal-to-noise ratios that can result from the use of directional antenna can substantially
increase the overall link reliability. By using ygood frequency management and by working to a remcte
ground station, a S0% reliability figure is achievabie under average propagation conditions. Good ground
antunna directivity can substantially improve upon this figure.

We have seen that the use of longar range (>1000 km) links offers the following advantages:

(a) Higher frequencies in the HF band can be used since the MUF is greater over the longer link.
The resulting increase in aircraft antenna efficiency is considerably wore than the increased
propagation loss due to increased path length.

(b)  The high angle coverage requirements of the grcund antenna system are reduced. Moreover the
range of elevation and azimuth anglec to be covered is reduced, .naking directive antenna
systems feasible. Avoidance of the usage of the lower HF band (<6 MHz) r=duces antenna dimen-
sions and cost.

(e) Interference is reduced ac night since lower frequencies are employed by other users.

(d) The optimum w-rking frequency as a function of variation in position of the aircraft changes
slowly. The a:ircrew workload of fiequency chanring becomes acceptable and achievable.

(e) By using two or more ground stations which are widely separated geographically, frequency
changing can often be eliminated by careful choice of ground station operation. The chance of
communications blackout due to anomalous propagation conditions is considerably reduced by
employing this extreme spatial diversity scheme.

(f) For aircraft in auiroral regions, reflection of signals in regions where auroral absorption
occurs can be avoided by using longer links. The possibility of communications failure is
reduced.

In the ground-air situation irprovements that can be made to the link are generally limited to the
ground terminal because of cost and design consideration~ on the aircraft. Poor aircraft antenna efficien-
cies do not usually degrade the signzl-to-noise ratio on reception, although it is important to receive an
adequate signal level at the receiver. The primary constraint on the ground-air link is the noise at the
aircraft termipal. This csn be divided into two catagories: electrical and acoustical noise.

The level of electrical noise degrades the rereived signa! -to-moise ratio at the airc aft antenna
receiving terminals whilst the level of acoustical noise at the crewman's ear determines whether the
signal from his headphones (with an adequate signal-to-noise ratio) is intelligible. It is importaut,
therefore in a study of the ground—-air link to be able to adequately assess the aircraft noise levels.,

With a knowledge of rhese no.se levels the required output power from the ground station in the air-
craft direction can be estimated. The transmitted power is more readily controllable than in the air-
ground situation. The directivity and absoluts gain of the transmitted signal can be comtrolled reasonabiy

<

effectiveiy ana it is vital to make use of these features if adequate signal-to-noise ratios are to be
received at the aircraft.

Remote ground station working is not as essential for providing adequate communication as in the air-
ground link. Ionospheric absorption is the most important frequency dependent factor in the ground-air
direction whereas the dependence of the aircraft antenna efficiency on frequency is more important in the
air-ground direction. A remote ground station lirk does, however, increzse the available frequency range
of operation and decrease the required range of elevation angles at the transmitter. The remote link may
be useful if there is strong interyerence on some frequencies. It is usual for the aircraft to transmit
and receive on the same frequency. Thus, since the air-ground situation requires the longer link for
satisfactory operation the same link and h~nce the same operating frequency will have to be used for the
ground-air link.
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Appendix
RECEPTION PROBLEMS WI1TH SMALL AIRCRAFT

The reception of !'F signals by small aitcraft iz subject te a number of sources of degradation and
it is necessary to know how these can affect the overall circuit relisbility on a ground-air link. There
are two important festures to consider.

(a) The degradation of the signal-to-ncise ratio as the signal passes through the receiver.

(b} The absolute level of the signal at the receiver input.
A1  Degradation of signal-to-noise ratio

Consider an i1ncoming signal of mean povcr S5 at the sircraft antenna and an incident noise power
Ng in a | H: bandwidth. lLet the (omni-directional) antenna have efficiency n at the frequency con-
sidered. Then after reception by the antenrs the signal power is =8 , the noise power is Ny and the
signai-to-noise ratio remains S/Nj . At the recciver input other losses such as those due to imperfect

matching reduce the signal strength to n'S and the noise power to n'Ny

As the signal passes through the receiver, the receiver noise power Np per Hz contributes to the
total noise power and the final signal-tu-noise ratio becomes

n'S/(n'Ng + N.) tA-1)
if .

Nr « n'Ny (A-2)
then the signal-to-neise ratic at tveé receiver output is the same as at the antenna, Now (A-2) can he
expressed in logarithmic units as

n' ¢ Fg> F, (A-1)

where n' dB is the loss in the receiving system, F, i3 the effective ontenna noise power factor (JdB) and
Fr is the raceiver noise figure. Inequality {A-3) is the condition that the receiving system performance
in the aircraft is limitnd by external noise. Provided that (A-3) is valid the receiving anteuna effici-
ency is unimportant.

Suppose that n = n', ¢v only the receiving antenna efficiency contributes to the power losses. For
an antenna on a small aircraft, n may be very small. The receiver noise figure can be taken as 10 dE,
which is typical of good current practice; typical antemna efficiencies are given elsewhere (PAVEY, N.a.b.,
1973). Then the minimum required external noise to ensure that receiver noise is unimportant can be
calculated.

With the bes. estimates of F, available cquation (A-3) is ncaily always satisfied. Although the
aircrafl noise figures are estimates it is felt that they are vnlikely to be in error by more than a few
dB. Thus even if there are mismatch losses in the receiving system of 10 dB {corresponding to a VSWR of
approximately 40:1), the signal-to-noise ratio should not he degraded on reception.

A.2  Absolute signal leve!

Because of the aaturc of the airborne reveiver it is necessary for the input signz] to the receiver
to be of the order of 2,V (6 dB V). It haz been shown that to achieve satisfactory commnication for
SSB voice claunels a signal-to-noise ratio (S/Nq) of 55 db is required. Now if the noise power at 2 MHr
ig =132 dBW per 1| Hz bandwidth, the signal § ai the untenna must be -/? JdBW. Suppose at 2 MHz n i3
~38 dB and assume a 40:1 VSWR; then the value of n' is 48 dB, and 'S is ~125 dEW in the worst case.
This is 12 db 4V (in 50 &) at the receiver input, which is quite acceptables To protect sgainst fading a
margin of some 6 dB is required. Therefore even under the wost unfavourable conditions the signal level
should be adequate at the receiver. Note, however, to achieve =77 dPW at the aircraf¢ would require
40 JUBW or mere of radiated power from the ground station,
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MODERN HF COMMUNICATIONS FOk LOW FLYING AIRCRAFT

JOHN F. BRUNE and BERNARD V. RICCIARDI
Communication and Sensor Division
US Army Avionics Research and Development Activity
Fort Monmouth, New Jersey
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SUMMARY

The objective of this paper is to describe an applicatiun of the HF propagation phenomenon that can
provide relatively short range, reliable, terrain independent commun-.cations. It has been shown that com-
munications out to ranges of 50 km, under varying terrain conditions, to and from low flying aircraft, is
an extremely difficult problem especially for air mobile tactical forces. The US Army under the Nap~-of-
the-Earth Communicaticns (NOE Comm) System program has conducted extensive tests and analysis using the HF
media for tactical communications with low-flying aircraft. This paper, based on the tests performed,
describes how the near-vertical-incidence skywave (NVIS) portion of the HF channel can be used for air-
craft communications. After consadering the results of the tests and analysis, the US Army 1s planning to
procure and field a modern HF~-SSB radio which will take advantage of this channel to improve NOE aircraft
communications.

HF-SSB radio systems have the capability of operating in either a ground wave cor NVIS mode. For the
NVIS mode, the energy 1is directed vertically to the ionosphere and returned to the surface of the earth.
The NVIS mode provides umbrella type coverage. Because of NVIS propagation, HF~SSB systems with appro-
priate antennas have the capability of providing communications coverage out to ranges greater than
50 km in any type of terrain. The NVIS mode is terrain independent.

This paper addresses pramarily the characteristics of the HF NVIS mode and also notes the features
required of a modern HF radio system to make efficient and practical utilization of the already over-
crowded Wi band.

1. INTRODUCTION:

1.1 BACKGROUND: Aircraft radios utilizing the frequency range of 30 to 400 MHz have been standard
eguipment on Army aircraft for more than a decade. These sets have provided an effective communication
system with normal high flight alt:tudes; however, current battlefield tactics reguire very low levels
(often in defilade) to reduce vuinerability to sophisticated antiaircraft weapons systems. The effec-
tiveness of the communication links ut:ilizing the VHF and UHF bands 1s severely impaired cue to loss of
line-of-sight (LOS) conditions. The present VHF and UHF systems are limited to short ranges which are
often insufficient to support combat operations involving aircraft on the modern battlefield. Thus an
alternate method is necescarv for communications to, from and between low-fiving aircraft.

A system that uses an HI skywave propagation path provides such an alternate method that fun~tions
independzntly of terrain features. Th:s system 1s based upon a natural phenomeron whereby a radio fre-
quency signal directed at the zenith within a lirited band of frequencies 1s reflected back to the earth
from one of several of the :ionized layers with ¢ manimal path loss. Thi, propagation mode is 1dentified
as the Near-Vertical-Incidence-Skywave (NVIS) mode. The basic scientific principle of this approach has
beer observed and reported early in the days of electro-magnetic experimentation. The NVIS mode was usea
for Amy ground-to-grovnd communications since World War II; however, the short range characteristic
afforded by the NVIS mode had lattle practical application to Ammy aviation until recently. The classic
application of the HF spectrum is for communication over long ranges (e.g., 200-8000 km). The current
Axmy need 1s for a system that functions at a close range of O to 50 km, the range where VHF or UWF fre-
yencies are normally employed. The choice of frequencies to achieve short range skywave paths rre
different than those normally used for a long range application. The best frequency of operation lies
within a small pass band (cometimes only 1 L0 2 MH: wide) within the 2 to 10 MHz frequency band. The
besition of the pass band o. "window" is a function of the time of day, season of the year, degree of sun
spot activity, geographical location, etc. Modern computer propagation prediction techniques or &n area
1onospheric sovnder can readily provide the guidance necessary to develop an acceptable frequency manage-
ment plan.

Use was made cf the NVIS principle for ground-to-ground communications by the Armed Forces during
World War II, when transmis.ion difficulties were encountered with VHF equipment opesating in gungles and
mountainous terrains® The principle was further pursued and used during the Vietram conflict. Some hel-
icopters in Vietnam were equipped with HF~SSB equipment (including an open wire zig-zaj antenna). This
approach did not receive widespread favor as a solution to the NOE Communications prcblem for reasons
such as:

a. Difficulty in predicting and using the best frequency of operation to permit fregquency assigmments
to follow the "window".

b. The available aircraft radio did not contain state-of-the-art tuchnology which resulted in a poor
communicacions channel (e.g. no squelch or preset channelization).

t. The aircraft antenne for the 2 to 10 MHz range was inefficient for NVIS propagation and mechani-
cally undesirable.

d. Aviators l:icked understanding of the HF media.

e. The pilot burden in fly.nc aircraft at low levels is too great fcr hix to devote tne time raquired
to communicate properly using the HF media.
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1.2 TESTING:1+8:10 qogty on tha NOE Comm low flying aircraft communications proyras wese 5oth of en
enginesring and operational nature. The engineeriny tasts wero conducted at Fort Momnsouth, are 3~ the
Central, Western and Northern, New Jersey arcas whic, are characterized as both moderataly rollin, and
hilly terrain; in the ruggoed White Mountain area of New Hampahiire; and in both the hilly and mountsinous
t\:;;l of Oahu, Hawaii, The operational toste were conducted in the moderataly rolling terrain of Fort
H ¢ Texas,

1.2.1 Fort Mommouth, New Jeraey Area Tests: Tho tests in tho Fort Mommoutl, New Jersey sres pri-
marily centered around small and medi e size helicopter antenna design and an investigation of WVIS prope-
gation characteristics. The aircraft antanna was a shorted loop type antenna, made out of 2.%w sluminmm
tubing, 4.5n long, spaced 30cm from Lhe fuselage and groundod at the rcar of the helicopter near the vertf-
cal stablizer (swve figure 1). This antenna axhibited good mechanical chavacteristics and provided the
desired NVIS radiation characteristics, with as high an aircraft radiation efficiency as practical. Be-
cause it was of the current fad variety, it was not noticeably susceptible to detuning effects (c.9.,
rotor modulation). The antenna pattern which was predicted using computer modeling prediction techniques
was validated during the test program. It provided the desired high angle radiation pattern neoded for
NVIS prepagation.

7

Communications range and field strength measurements ware made. It is intcresting to note that ¢t a
range of 35 km and with the proper choice of frequency for the particular time-of-day operation, the WIS
skywave signal was consistently 25 to 35 dB grecater in field strongth than that expectod of a ground wave
signal. Furthemore, the field strength at an extended range of 167 km was within 2 dR of that taken at
35 km. This uniform coverage is one of the most significant advantages in using this mode of transmission;
however, it may be a disadvantage regarding undesired aignal interception and uusceptance to interference.
The tervain independence characteristics of the NVIS mode wore domonstrated in flight tosts to the western
and northern parts ot New Jersey.

1.2.2 White Mountain Area of New Hampshire Tests: The New llampshire National Guard (NHNG) provides
a search and rescue service tor vacationers in the rugged mountainous terrain in New Hampshire. Conven-~
tional LOS - limited radios do not work in this area and multiple relay stations were not practical. In
response to a request to the Army for communications assisiance, a NVIS system was provided to the NHNG.
Based on frequency predictions and tests in this area, a reliable NVIS helicopter communication channel
was established. A solid channel was established throughout all aircraft test maneuvers in many location;
within the State, even with a very low power output ground based portable tranzmitter (20WPEP). Tho tests
were conducted in daylight hours on & low noise, clear channel chosun from the best available allocation.
The conclusions reached from these tests were that the NVIS channel is terrain independent and that rela-
tively low radiated power output can be used to communicate during the day if the operating frequency is
properly chosen.

1.2.3 Oaku, Hawaii Tests: Similar NVIS tests were performed in a different type rugged mountainous
terrain as found in Oahu, Hawaii. MNere more engineuaring test planning was used to assess the effective-
ness of the HF NVIS channel as compared to that of the current LOS - limited cactical VHF-FM aircraft
system and of a prototype Axrmy aircraft satellite communications system.

The NVIS and satellite channels performed well over the tost course. In the few areas where the air-
craft-to-satellite channel was obstructed by the terrain the NVIS channel atill provided satisfactory
communications. The VHF-FM channel, on the other hand, provided very limi*ed coomunications coverage,
and {t typically showed outages at 1anges of 5 to 8 km.

The overall conclusion was that the HF-SSB system, oparating in a NVIS mode, and URF-FM (satellite)
system both provided a solution to the NOE communications problem for operation over any part of the
Hawaii NOE flight course terrain, or terrain similar taoreto, during daylight hours, whercas VHF-FM is
generally unsatisfactory for conducting a low flight mission over that type of torrain.

1.2.4 Fort kood, Twias Tests:8,9.10

1.2.4.1 Test Program Purpose: A large scale combined operational and engineering tost was conducted
at Yort Hood, Texas, to quantitatively assess the performance and effectivencss of nine candidate radio
systems (both the tactical VHF-FM currently fielded system and HF-SSB systems) and conmunication mcles.
The experiment dasign considered variables including rangc, altitude, terrain, timo-of-day, frequency, and
power that affect the radic channel signal to noise ratio (SNR). The tests were dosigned to detersine how
the performance of the non-LOS and LOS radio systems depended on these major variabley, The test, con-
ducted over a three month period in 1976, involved over 100 persconnel, 1000 hours of flight tesrimy, and
utilixed over 10,000 random alphanumoric (A-N) test mesazgos to determine and evaluate quantatjvely the
sffectiveness of the voice channels of the radio syatems.

1.2.4.2 Measure of Effectiveness: Tv evaluate the communications cffectlviness of the HF channel,
randomly selected alpha-numeric (A-N) characters were sent through the radio channel, Communication
effoctiveness was defined as the percent of the A-N characters sent one way without repeats through the
communication channel which wers correctly received. This measuro provided a quantitative comparison of
the channels tested as a function of the range and other test variables. (i.e., power output, time-of-day,
link, range, altitude, terrain.) Communications effectiveness was the primary measure of effectiveness,

1.2.4.3 Test Messagc: A 3O-character test measage of randomly seler:ted (and equally probable) letters
and numbers were used. This wag called an A-N tes® message. The A-N test mossages were formatted and
transmitted in a tactical spot report format by the tester., These messajes operationally resemble targoet
griéd coordinates of a type that helicopter pilots routinely tranmmit ove:r radio systems, Spot reports in
chis format sent one way through the channel without repoats were a demanding test of the communication
channel. Finally, these A-N measages were recorded in the halicopter by « test observer and graded at the
end of the mission., A word consiats of six randomly selected A-N characters. In this mosszage the charac-
ters and numbers were nent uaing the phonetic alphabet, Thirty randaom A-N charactors were sent in grows
of six A-N words per report; that iu, "Spot report numbers 1l = AC90X4™ w:uld be tcanmmitted aa “Spot
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report number One, Alpha, Charlie, Nlm:.‘.uro. X-ray, Four“. These messages were copied down on answer
sheets, gradud and uued aa the primary measure of effectiveness for the tests. This method of neasurine
cch—unlcnk:n- effectiveness war used axclusively for the field teats performed at Fort Hood, Texas and
Oahu, Nawail,.

1.2.4.4 Test Mesults Summary: The mean A-N intelligibility scores are summarised in Table 1 for the
25 and 30 km ranges. The communications sffectiveness is shown by link (i.e., aircraft to aivcraft (A=A) ,
alrcraft to ground station (A-G), and ground station to aircraft (G-A)) and time of day for the varioua Nr
equijment rated power outputs (400, 200, 100 and 40 WPEP). The times of day are defined: day (0900-1100
hr LT), dawn (053)0~0730 hr LT) and night (0200-0400 hr LYT). The frequencies used ranged from 2.240 to
4.)70 Mix; and, once selected per the test plan, they were not changed for the duration of a test run.
That is, Lf interference appeared on the test channel, or if HF conditions charged during the test run, the
operational testor was not allowed to change to a better channel. The mean A-N acores shown; however, do
not take into consideration A-N=0, or no communications link, scores. The mean includes only those scores
where a communications link was established (A-N>0) to show channel performance. Tho zerc scores (A-N=0)
will be treated as part of the probability of successful communication discussion in section 2.).2 of thias
paper. Table 1 shows the suitability of the NVIS mode for tactical communications and supporta the cone
clusion reached in earlier tests in New Jersey, New Hampshire, and Hawaii.

2. WVIS CHANNEL:

NVIS propegation is dependent on the frequency of operation and the antenna characteristics (e.9.,
polarization and antenna directivity), The main difference botween NVIS and long-rarge HF usage lies in
the arngle of the incident signal on the ionosphere and the resultant frequency band of operation., rYor
NVIS the best angle of incidence is greater than BO deqrees and the frequency band is below 10 NHz. The
fonospheric layers return the NVIS signhal and create an umbrella type range coverage with no “skip zone"
or "quiet mone™ effects. Any ground wave present with the skywave signal results in wave interference
effects. In the low altitude tests conducted at Fort Hood, the ground wave interference was conatructive
and enhanced signal performance at close in ringes. The tests conducted in the Fort Hood, Texas area
showed qround wave senhancement out to about 20 Xm. In more rugged terrain (e.g., Cahu, Hawail) the
ground wave was noted as being important to randes less than 10 km.

2.1 ANTEMMA CONSIDERATIONS:

2.1.1 CGround Antenna: A horizontally-polarized antenna is preferrable for NVIS propagation. On
short range circuita (0 to greater than 30 Xm) higher gain at radiation angles neay the zenith ix de-
sired. 1:3,4,10,11 » ground based, unbalanced half-wave horizontal dipole, placed 10 to 12 motera abave
ground provides good resulta for NVIS. It i{s noted that an unbalanced antenna, as currently used by the
tactical military forces, provides both horisontal and vertical components which enhances cloae=-in
signal performance. Table 2 shows the calculated gain of a dipole antenna at 10m olevation above good
qround for a radiation angle of 85 degrees. For NVIS a ground based dipolo can be axpected to provide 4
to 5 4B of gain toward the zenith when it is elevated one-eighth wavelength to one-quarter wavelength
above ground,

2.1.2 Alrcraft Antenna: An HF shorted-loop antenna (as tested on the OH-58 and UN-1 aircraft) ia
near-optimum for all Ammy aircraft that will use the NVIS mode. This antenna radiates both a horiszontally
polarizcd skywave component toward the zenith, ami also a vertically polarized groundwave component off
the alrcraft nuse ant tail. The pattern toward the zenith (s essentially wmnidirectional for ranges out
to greater than 50 km. The groundwave pattern has maxima off the nose and tail of the aircraft, and nulle
off the zides of the aircraft (but not a perfect fiqure-elght pattern). The shorted-loop antenna as shown
Iin figure 1 has a predominately inductive characteristic when the operaticnal frequency is less thanh a
quarter wave, It can be matched to a 30-ohm impedance level by capacitive elements to achieve hinh
efliciency in the coupling tranaition. Results Of tests of the shorted lcop installed on the electrically
mall ON-58 show an officlency as shown in Table 3. These gain estimatos are considered to be the best
practicel attainabdle efficiency on small aircraft. The antenna couples energy into the whole airframe to
provide radiation at the lower frequoncies. The amount of radiation is physically limited by the area of
the loop and by the wavelemgth-airframe nize ratio. The efficlency of about 3% (-~15dR at 2,1 MHz) does
not appear to be good: however, when compared to the estimated efficiency of present antennas on small
aircraft of only 0.)% we note an order of magnitude improvement. The shorted-loop efficioncy ls adequate
for communications when the “window” is open and noise and interference levels are normal, as will be
shown later in this paper under the "System Margin® section.

2.2 TFREQUENCY CONSIDERATION: The best operating frequency to use at a particular time is qonerally
an interference-free frequency with the lowest propagation loss. The presence or absence of interference
is difficult to predict, but, relatively reliable predictions of lonospheric propagation and atmospheric
noise are availadle. An example of the output from a computer propagation prediction service program
used during a field test to develop a frequency plan is shown in Table 4. This Table shows the statisti-
cal monthly reliability of certain designated test frequoncies at two-hour intervals over a 24-hour
period for operation over a specific 50-km path at Fort Hood, The Maximum Usable Frequency (MUF) and
Frequency of Optimus Transmission (FOT) are also shown. In general, the trend for the best oporating
{req Y, as sh during the motith of November 1976, and during the daytime was 4 to 6.5 NN, 2.7 to
3.5 Mz during the night, and 2.6 to 1.0 MHz just prior to sunrise. Experience has shown that the best
quality circuit is attained when the operating frequency is close to the predicted FOT. However, for the
Fort Mood test program, primary and alternate frequencies wore selected for the threo teating intervals
of night, dawn and day. These frequencies were selected on the basin of a predicted reliability (of
propagating} greater than 90 percent e.9., for 90 percent of the days in the month, the given frequency
would propagate with a reliability of 90 percent or greater. The frequencles selected from Table 4 for
the tnree test time periods were:
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PERIOD HOURS (LT) PRIMARY (MHz) SECONDARY (MHz)
Night 02001409 2.240 2.489
Dawn 6620-0730 2.240 2.489
Day 0900-1100 4.370 4.089

The experiment was not designed to nemmit selection of best operating frequency. If the bost operating
frequency is selected by a caombination of propagation predictions as shown in Table 4, updated channel and
traffic analysis information, a more effective communications channel would he available.

Figure 2 was derived from experimental station to station fiecld strength data. It shows an average
example plot of dB extra loss in the strength of a radiated sigral versus choices of frequencies from the
best choicw operating freyuency (fo). It 1s recognized that the extra system loss may not always be
symetrical as shown and that the slopes do vary depending on the envirommental conditions; however, this
figure 1s included to illustrate the fact that an extra system loss can be expected when not operating on
f-. A variance of only #1 MHz ia the early morning period could mean an increase in syscems loss of 10 dB.
1J real time 1onospheric soundiryj is used the best choice frequency would be determined from empirical anal -
ysis. However, under tactical conditions it 1s not always possible to choose the best frequency, and the
penal:ity payed to overcame the additional losses 1s by the celection of higher power output and alternate
modulation methods.,

2.3 CHANNEL CONSIDERATIONS:

2.3.1 Relaticonship Between A-N Scoras and Operational Charnel Suitability: Table 5 is inciuded vo show
the relationship between alphanumeric (A-N) score and operation:l suit hility of the channel for aircraft
voice coammunications. Based on laboratory tests, an A-K score of 308 can be achieved by pilots for a cir-
cuit mevit 3 (CM3) channel. A CM4 channel in the laboratory ¢egrades to a CM3 channel for a pilo* flying
at low altitudes primarily because of the aircraft man-machine envirommental interface. Thc (M3 channel
is equivalent tc an FM channel with a 10dB 5NR and an HF channel with a 6dB SNR. Operation below these
SNRs usualily requires disabling the radio squelch control. It 1s noted, that squelch disabling is often
used to detect a m2s age in the noise from a distant station; however, this results in a poor-quality
circurt requiring maay r2peats to achieve a 100 percent score for a random A-N message.

2.3.2 Probabilaty of Successful Communication Analysis: For the analysis of the test results at

Fort Hood, 2 point estimete of the probability of successful cammunications (Pg) was computed from the
multiple cbservations at each range by determining the fract on of the attempts when the A-N score was

equal to or greater than 70 percenr. 2ero A-N scores (A-N-() were taken into consideraticn in determining
Ps. 2erc scorxes occurred and were recorded during the HF test primarily because of 2ither severe channel
interference or equipment malfuncion and operator problems (e.y., improper squelcn adjustment}. Table 6

1s a summary of the data. These results are considered realist ¢ and typical for HF NVIS tactical opera-
tion with current frequency management technigues. From this teble the following conclusicns can be drawn:

a. The 400 W transmitter produced the highast Pg.
b. ‘the Pg for both ranges considered are essentially tie some,

c. The meaa value of.§; shows that communications cun Le expected to be better . iring :he day than at
either the dawn or night *ame periods.

d. The speech processing added to the 100 W transmitter produces a higher Pg than the 200 W trans-
mitter without speech processing.

e; CJommunications will be difficult during the dawn and nisht time pericds with a 40 W transmitter.
A sagnificantly higher channel reliability would have been achieved fcr the HF-SSB systems £ other
test frequencies had baen ° ;ed and 1f such freguency changes had been permitted during a given tewt period.
If we assume that performance on single HF-SSB frequency is interference-limited, that tne interference
15 narrowband, that two frequencies are available, and that interference on channel A and B arg uncorre-
lated then:
P{A,B} = probability of successful communication on either channel A or B
F{x,B} =1 - p (failure)
=1 - p (both channels fail)
= 1 = p {(channel A fails) X p (channsl B .ails).
For Example:
let P{A} = 0.67 (assimed)
P{R} = 0.80 (assumed)

P{A,B} =1 - {1 ~ 0.67} {1 - 0.80}

[
—

=1 - {.33) {.20}

"

0.93
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In summary, twe~frequency ovperation increases reliabality of HF-SSB in the presence of uarrowband inter-
farence (frod .67 to .93) for the example and the assumptions given, This example points out the noeed
for primary and an alternata channel assigmments in lieuw of a real time on-line froquency assigiment
management tool,

2.4 SYSTEM MARGIN.

2.4.1 vefinition: The probauility of successfully communicating at & distance for a qiven system,
environment and operational deployment condition can be defined 1n terms of a system maruan, M{d) RERLY
The systes margin camparas the weasvred or computed predetectios signal-to-noige ratio (SNR) at a Jdis-
taace d, SNR(d), with the requited vecelver pradetectioa SNK, Ry . The systan margan M) s,

1) M{d) = SNR(d) ~hy

For values ot M{(d), > 0 an acceptable camrunications circuit is achieved, The actual values of M(d) show
the relative circuit margin available,

The system margin M(d), in it« expanded form 1s:1¢

(2} M(d) = Pp = Lyp v Gp = Ly, ~ Fu- 8 Ret 170 (dB)
These tems are defined 1n the following sub-zection and 1in the Appendix. This equat.on assumes that the
recoiving antenna citcuit losses, L= (an dB), are approximated by 2dB m.nus the receivimg anteniia gain

(in dB1).

2.4.2 Assumptions for Analysis: To analyge the expected systom margin for a NVIS signal enanating
from cither a wall helicoptar ur a tixed grouna station the following qenetal assum taions are made:

a. PFreuency of Operation (f)s  » 2MHz at 0700 hr LT
¢ = dMHe at 1000 hr LT
b. Tumes of Day (TOD): Dawn « 0700 hr L
Day = 1000 hy LT
c. Ranges: 25 km and 50 km
d. Average height of r0nosphere: 300 km
e. Transmitter Power Output: Py = 56 dBm (J00W)
Py o+ £3 dBm (200W)
Pp = 46 Jdfm (40W)
Je Transmission wante Loss: Ly * 148 tor groumd
Ly« 0,5dB for aiwrcraft

g+ Antennha Gain Gy

2MHn MMz

(dBa) (dBy)
Arrcraft =15 =10
Sround +4.3 409

h. Basic Transmigsaion Path Loss Ly, vhere Ly = Lq + Lpas

25 xm S0 Xm
£ (dB) (dB)
oD (MHz) R LA Ly La Lpa Ly
Dawn 2 04,5 & a5 RERNS 5 9.6
Day < 100.5 20 l 120.8 XUV 20 120.6

i. Antenna Environmental Noase Figure F,:
Fa= 48dR Rural Noise at 4Mz
Fa= 65dB Atmospheric Noise limited at 2Miz
3. Bandwidth B = 10 log b:
B = 35dR for a 3000Hz voice channel

B = 25dB for a 3lui¥e CW channel
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k. Required SNR, Ry = 6dB for a CNJ) voice channel achioving A<N acores yreater then 70 percent.
(Fading not considered.) Ry = &iD was chosen for (W in this example.

1. Terrain and aircraft low altitude are not considerad,

24.4.) Analysis: A summary of the analyais for the syutem margins for a signal eminating from eit)..y
the aircraft tranmmitter (A/C XNTR) or the growwd tranamitter (GND XMTR) are shown [n Tablew 7, 8, Y as}
10. The Tables show the sensitivities of time of day and tranmmittor power cutput for the rames of 2% ks
aid S0 km. Tables 7 and 8 were derived for a woice channel with a typical Mr-ssh bandwidth of 3000z,
Tablea 9 and 10 were included to show how the margin would be improved {f the hamndwidth was reduced to
JO0Hz for CW type operation,

2.4.4 Qo‘llc_lusions: From this analysis the foltowing conclusions, which woere born out during the
testing program, are made:

a. Variable power ocutput provides needed system margin cupoclally for dawh and nighttime operations.
b. Tranammiasion from the ground based antenna can provide more margin beccuse of botter gain,

c. (W operation could provide up to 1&IB system margin over voice circuits because of bandwidth
reduction and less susceptable to interference vffects,

d. The margin at 25 km and 50 km i3 substantially the same.

o, Low power output (d0OW)} voice operation at dawn and at tuight is difficult and will sesult in a
mvisy communications channel,

f. Low power output operation during the day should provide adequate margin if operating on the best
frequency.

g. Improper choice of the best frequenc (or operation can be overcome by increased pover output,
This is a veason why conventional type ::odi tion methoads can provide an adequate frequency plan under
normal conditions.

3. CONCLUSIONS:

An HF-SSB radiv with modc . features operating in the NVIS mode can be used successfully to provide
satisfactory cammunication: for low flying tactical aircraft over a 50 km (or greater) ramje in viturally
any type of terrain comdition. By proper frequency selection, with the best results being obtained
during daytime operaticans, lower power ocutput can be used. At night time and during dawn, high power out-
put is frequently required because of the presence of noise and interterence in the channel. The fre-
quency of operation for the NVIS mode is from 2MHz (radio equijment anl aircraft antenna limitations) to
about 10MHz (expected upper limit for NVIS frequency supportability). Frequencies selected near the HOT
should be used. The predominant advantage of the NVIS mode is that oncve the fundamental path loss sl
ambient noise factors are overcome by the tranagmission system in a given geographical area, successful
communications can be expected between tw or more other points out to a radius of at least 50 to WC km,
with complete independance from terrain features. The predominant disadvantage is the vulnerability to
undesired intercepticn and interference,

The channel quality of HF-SSB {s inferior to that of the present VHF-FM tactical channel; however, it
is operationally acceptable if used with an HF-SSB radio with modern features. We have shown that a
channel with a CM) rating can be used to reliably communicate A-N messages such as spot reports, targetim
information, status reports, brevity codes, etc. However, if an aviator listens to this type channel
{with CM3) for a period of time, pilot fatique will result due to the continuous backaround noise (and
scmetimes thu interference) present in the channel. An optimum receiver squelch is required, A selec-
tive addressing squelch will be us~d to ensure positive cammunications contact. (The aviator will listen
and reply only on a selected channel when being addressed.) This feature, coupled with frequency scannim
of multiples preset channels, provides added system tlexibility with simplicity of operation. "

To take maximum advantage of the NVIS mode other factors must be considered in the modern UF-SSB radio.

ingle side band suppressed carrier modulation on either/or the upper (USB) and lower (1SB) side bamd with
audio sylabic speech processing (about 3 to 4 dB) enhances the aviators talk power with minimum loss in
speaker recognition., The choice ¢f USB or LSB provides two channel assignments on the same frequercy, and
this choice can be used to minimize narrowband co-channel interforence. Furthemore, the reliability of
the HF-SSB radiochannel will be increased further by assiyning two (or more) frequencies, i.e., a primary
and a secondary frequency, to support a comminications net for a given time of day. This gives additional
capability to avoid narrowband frequency-selective interference. The frequency scanning feature combined
with selective addressing will accomodate this procedure,

Oon-line ionospheric sounding could provide the real-time selection of the best choice of frequency,

the choice for the power output requirad resulting in the lowest power output being used for a tranamitter
with the lowest possible envirommenta interference effects, the highest possible channel circuit reliabil-
ity, and efficient utilization of the crowded frequency spectrum. As an alternative to on-line ionospheric
sounding, multiple frequency (channel) assignments which are based on prediction services information must
be used. The user in this case either manually or automatically selects the desired frequency for opora-
tion. It is envisioned that the modern HF-SSB radio will be controlled by a micro-computor which could be
programmed to provide full automatic frequency decision making and selection, if desired. Current plans
include a limited manual capability.
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& B The addition of a manual-keyed cont 'y s -vave (M(W) capability for the transmission of brievity codes

4 B will provide at least 10dB more systam gain ,..vaarily because of a bandwidth reduction of 10 (3000 to
300 Hz). It 1s noted that with 10dB more system gain, the very low power output can be used effectively
The radio will also have a data transmission capability for further communications enhancement with Future
appliques.

B > The results of this test program, supplemented by extensive analysis, were a countributing factor in

: the decision of the US Army to procure an HF-3SB system for use on tac*ical low-flying aircraft.
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APPENDIX DEFINITIONS

‘

transmitter output power (dBm}

sl
-

=

insertion loss of transmission line for the transmitter (dB)

7 = antenna gain for the transmifting artenna to include coupler losses (dBi}
L;, = basic transmission path loss (dB)

SN Kes macpve

K R Ly = total NVIS free space distance loss (dB)
Lpa = turn a.ound loss (dg)

Fy = envirormental antenna noise fiqure (dB)
B = noise power bandwidth (dB)

required predetection SNR (dB)

W
x
[}

176 = is a constant temm cerived from the noise tigure (n = t k t, b) referred to the terminals of a loss-
free artenna. Recerler antenna system considerations (dB) are also included.
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- MEAN ALPHANUMERIC (A-N) INTELLIGIBILITY SCORES

- ALTITUDES Om AND 10m COMBINZD (NO FREQUENCY CHANGES PERMITTED)

TRANSMITTER| nonE 25km_RANGE 50km RANGE
POWEK OUTPUT | parH (8 A-N CORRECT) (3 A-N CORRECT)
(w)
DAY DAWN MIGHT | DAY DAWN NIGHT

400 A-A 98 95 94 82 93 97
400 A-G/G-A %6 93 96 99 93 96
200 A-A 96 85 82 82 87 *
200 A-G/G-A 26 89 87 80 75 96
100%* A-A 96 96 81 93 91 96
100%* A-G/G-A 92 94 90 95 91 86

E 40 | a-a 99 * 90 * 80 75

3 40 A-G/G-A 85 91 9 94 85 87

SOURCE: TCATA FM-320 NOE COMM SYS TEST DAT:

*Sample size too small, results inconclusive.
**Tnclude 3 to 44dB syllabic speech processing.
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US ARMY COMMUNICATTONS-ELECTRONICS ENGINEERTNG INSTALLATION AGENCY

FREQUENCY RELTARILITY TARLE

PROJECT 341 PRPA 761.51.0 ODCA SSN 12,1  NOVEMBER 1976
GROUND STATION 2 TO FORT HOOL, TN AZTMUTHS MYLES KM,
31.48N - 97.87W 31.03N - 97.87W 180,00 .00 .1 5.0
TYPE OF SERVICE 3A3A MINIMUM ANGLE - .0 DUGREERS
EMTR 2930 HORZ HW DIPOLE {11 9.14] {I, =50} (A =0} ¢ Ay G
RCVR 2430 HORZ HW DIPOLE {H 9.34)} {1, =50} A =0} Gty v

POWER = ,200KW 3MHz MAN-MANDE NOISE - -lolobw REQD. 8/N

FREQUENCTES IN MY

- hHom

FT HOOD LT 2.2 2.5]3.3 4.1 4.4 5.1 58 6.1 6.5 7.4 7.7
20 9@ wof.e2 21 12 - - = - - . REL.
22 L9000 B9 .63 L2213 - < - - -~ REL,
29 .86 .881 .76 .33 .20 07 - - - - -  REL.
02 RS .87 .88 .50 44 @ .07 .04 - -  ~  RLL.
04 485 8d 69 L3 24 07 - - - - < RN
06 92 90,68 ,30 .21 06 - - - - < REL.
08 98 98,99 99 .;9 .;3 o8 49 28 .04 - REL.
10 L99 LYY L9999 99 99 | a8 95 88 .84 .42 REL.
12 L9 99 99 99 99 98 | 95 492 8% .59 49 kil
14 99,99 99 99 .99 a9 | 95 92 86 .60 .51 Rel.
lo L99 L9999 99 99 98 | ) 8y 71 .29 .20 REL.
18 .96 .90 { .98 -ian :;n Cx:— WH -« - - REL.
FT HOOD LT 18 20 22 24 02 04 06 08 10 12 14 1o
MUF 4.8 3.5 3.5 3.0 4.3 39 07 6l 7.5 7.6 7.7 6.9
FOT 4.1 2.7 2.8 3.0 3.5 2R T5.2 6.4 6.3 6.3 5.9

DASHES IN RELIARILITY LINES S.LNIFY RELIABILITIES OF 00 PERCENT

TARLE &
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RELATIONSHIE B WEEN ALPHANUMERIC (A-R) SCORE
AND QPERATIONAL SUITARILETY OF CHANNKL FOR ALRCRAPT COMMUNICP cfoas

100 l I
80 + |
fl', OO T
0
s
Q
-
8 40
T
o
01
i
0 A i - E
Al L) \J ' g
5 4 3 N 1 R]
CTRCUTT MERTT (CM)
Excellent, tirst-time reliabilaty, AN

High-quality civcuit. txcellent
channel,

Good. tood-quality citcunit; matl

number of repeats. tood channel. 1.
Marginal. Foor-quality civenits; O,

frequent repeats. Betwoen A-N <
70-30, a marginal chammel exists,
whicl ig adequats for communication,

TARLE 5.

Unaceept able, Poor-quality civeuit;
maAny repeats required. Rackaround-
noige timited, Squelch disable
operatimm,

ingceeptuble.

Unacceptabie, No chamnel
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OBSERVED PROBABILITY OF COMMUNICATIONS SUCCESS, Py
T™OR A=N TEST SCORES 2 70 PERCENT
(No Frequency Changes Permitted)
Altitudes Om and 10m Data Combined

T A

TRANSMITTER 25 lm RANGR 50')0‘\ RANGR
MODE - s
POWER OUTPUT ) ]
N (w) PATH
DAY DANN NIGHT DAY DANN NIGHT
‘00 A‘A 1\00 '92 la" 109 \Bu \92
400 A-G/G~A .96 k] JU6 1.00 .93 1.00
200 A=A .87 .80 74 .73 .62 *
200 A-G/G-A .97 .94 12 .97 72 .58
100 A=A .98 A k) 96 My A 13
100%* IA-G/G-A .89 + 90 .88 .97 Y K
40 A-A .95 * .85 * .32 <50
40 r\-c/c:-a .87 .59 .73 L 90 g1 | Lam
Fs (MEAN VALUE) 94 .84 .82 .89 .65 N 3

Source: TCATA FN-320 NOE OCMM Sya TEST DATA.

*Sample size too amall, results inconclusive
**Includes 3 to 4dB syllabic apeech procesaing

TABLE ©



4-13

01 F19¥L ¢ 378Yd
k4
L°0€ £°2¢ 6" 11 6°L1 oY I 91 S . 0%
LoLe gree 6°el €792 0oz L1z £eez 284 A T
L0V €y 6°12 6°LZ 00y . oy e . oy
NMYQ AxQ NMYT A¥Q N ey o pepeTyn g
() (#)
(ap) (gp) it (ap) (&) g
SIRKX ANO- (OS)IW ALY O/¥-{(0S)W dleX AND=- (US)IW dIWX O/¥-(0S)W
D} HGg=p w{ Og=p
(P)R - NIDIYW WALSAS TANNYHD MO (P)3 ~ KIDHYW WALSAS TINNVHD EDION
€ TIgvl L TIEVL
§°0¢ LAk 43 2721 ¢°81 o1 T 59T 0 pm 0z of
e’ LE voee 2761 (O 44 oce &1z I X4 0°¢ G°6 oee
8" 0y v zy o°ee 0°s8 00¥% g bz v° 92 0°9 0°z1 0¥
fuava Ava Al A¥d (8 NMYT Ava NMYC 2¥Q
— M) (»)
(gp) (8p) 1y (gp) (gp) Ly
ALAX UND-(STIM HIWX O/N- (SZ)H 4IWX AND- (SZ)W QX O/¥-(ST)W
uwf gZ=p

(PR -~ NID WALSAS TENNVHO MO W ¢7=p

(P)W - NITYVK WHALSAS IZNHVHD 2ZDI0A

VISR

o mr - « s e .
‘»f v ' R L S 1772 RPN e e ey MO RN
3
4 i h< 4
'y PSP &y o » sy e TAVES ] gt 1 anr oA iR o
A . N o G S0 DI iU B b et e RO B v AT et R A
P Lt o) et O &y WA R R A5 g N

Pty



— domivd 3 3 s [ RS DR
TR + — n'.ix.u.s A ]
> TR 1 y [ s e e Pt -y
rN» lllll [t~ 2 + . 1 -~ 1 >y o
ud e S $ou : $
s S NS S R + -
g, b . ; b g
Enn, L) —— Sy S 4 w . ey
y e i -y o
ROohe o Coghass !411%!.« . — =13 ?w ﬂ.ﬂ.l.m.«fw.ll
SOESHE RNSHOSEOES
b -
T v Ry M
e LIS |
poad

= B¢
> oo
<3 g2
. ™
&
<D ‘ﬁn
3 &
ow -l
28
- -
Tuw am :
- @O m ? + } . ~:
g ¢s & tory : P o
= o =2 e s
= 3 x = DR SEDOT byl w2 =
-4 z g5 : Spa epusns kg %
= we & N \ -~
WE m N _11}4071
m & o . x
i X
i w2 - o, S 0. V¢ X
& S Am T
ox = + P
a= % IR8 pE
m 1 Y Sy g
Qo e t=r B D e o B o A 4
ge ef s : ] Ssesrte T
- REGie SRatnesndl SR habts e s B - A
Lw 5 . N
g8 2f T : T MR I XY
5.0 R e s e e MM SRS GO i IS TES SORGS MBEBRes
Hnl.“ Fe T v — . - o M.f.)
. 5 b ; p S SRSEE St ba
< 9 ] L.m [ » 0°
[
=
u

(@p—;, S807 QALIELXZ \NIXZ

44




415

DISCUSSION

E.R. Schmerling, US .
Voice bandwidths and ionospheric communications need careful frequency management. Tsetically, this can be
very difficult. The moment that narrow band (teletype or equivalent) is allowed, satellite communications at vory
high frequencies using non-directional antenna provide reliable communications and avoid the froquency
management problem.

Author's Reply
Satellite communications to US Army aircraft provides a good quality communicativns chanuel. (See paper ref. 10),
However, there are many key tactical limitations that preclude present consideration by Anuv Aviation. They are:
very limited band of UHF frequencies assigned to Army for priority traflic; no tactical UHF ground equipment;
aircraft directional antennas are too bulky and too heavy: satellites provide a prime modal communications system
which is highly undesirable for tactical purposes: and availability for tactical operations is poor.

M. Soicher. US
You mentioned the importance of frequency management in circuit reliability? How were the frequencies used
chosen at the various test sites? How did you assess ionospheric conditions at time of test?

Author’s Reply
From the computer generated frequency predictions (sample given in paper) a communications plan was ostablished
with at least two frequencies (primary and slternate) being chosen from the assignid test freguencies. They were
chosen based on the best predicted probability of success: However, prior to any test wun a station to station
“on-the-air” sounding was made to determine the better of the two channels. Therz2fore, a combination ol a-priori
knowledge of the best frequeacy of the assigned frequencies (via prediction services) and on-tine litited type
sounding (via listening and talking over the channcls) made the plans workable.

Prof. Shearman, UK
The use of ground wave propagation is proposed as giving an alternative to NVIS of particuls- value at iiwe higher
frequencics. Is the antenna proposed suitable for this role? Ground wave loss is lower at 10t frequencies and, in
the daytime, noise level is low at the low frequencics, so the proposal 1o use high frequencic s surprising.

Author's Reply
To answer the question let me define the terms used which may be misleading:

(a) NVIS propagation mode - Band of HF frequencies (2 to about 10Mhs) where we have high angle radiation
ionospheric supportability. This produces terrain independant coverage. Any groumd wave generated is of
sccondary nature ana tends to enhance short range communications. The skywave signal is what is used for
communications.

(5 Ground wave propagition mode - Band of HF frequencies where we do not have NVIS supportability (about
10Mhz to 30Mh2). Here we use low angle radiation to projuce extended line-ol-sight coverage which is terrain
dependent. The proposed antenna is suitable, but not optimuns. fu: this purpose. The use of HF-SSB in this
particular mode must be compared to that of the tactical VIIF-FM (10 to 8Mhz) band to fully understand
the advantages to be gained for array operations. (Refernnce 19 of this paper provides a good source).

T. Damboldt, Ge
Did you make a record of the cases when communications were disturbed by unintentional interference from other
stations using the same frequency” 1 have the feeling that rhis interference may somotimos be the limiting factor
rather than atmospheric or man-made noize.

Author's Reply
During the test program limited 1ecords were kept on unintentional interference from stations using the same

frequency. The main disadvantage of the NVIS communications mode is in the area of non-directional interference.
Your assumption is correct; however, it is noted that once atmospheric and/or man-made noise is overcome an
acceptable channel as described in this paper can be established (i.e. 6dBSNR, A-N 70%, with repeats required to
achieve 100%). To overcome the noise high transmitter power output is required together with the ability to change
frequencies rapidly.
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REAL-TIME ADAPTIVE HF FREQUENCY MANAGEMENT

Dr. Rober% B. Fenwick
BR Communications
Post Qffice Box 61989
Sunnyvale, CA 94088 USA
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4 Mr. Terencg J. Woodhouse
2 Tactical Commurications Area (AFCS)
‘ Langley APB, VA 23665 USA

SUMMARY

In 1972 the United States Ailr Fo:ce began a program aimed at improving tactical HF com-
munications. The apprcach :nvclved (1) measurement 1in real time of the important un-
xnowns: propagation, noise, and spectrum occupancy, and (2) adapting operating frequen-
c1es8 in reai-time to the conditions measured. A potential problem with this approach is
causing harmful interference to other spectrum users.

An exercise called TROPIV {ASH III was conducted to assesg the abilaty of a particular
technigue to permit real-time selection of frequencies while yieldiny acceptably low
interference. TROPHY DASH III resulite are viewed as sianificant. First, in spite of
extensive novif.cation of other spectrum users, negligible :nterference was reported.

Based upon these results, real-time adaptive sharing of the HF spectrum in the tactical
theater appeared both valid and feasible for a iimited number of high-pr ority users.
and procuvement of the AN/TR)-35(V) Tactical Frequency Management System was authorized.

1. INTRCDUCTION

Vigorous efforts to obtain highly efficient spectrum sharing are vital at HF given its
unique combination of widely varying propagation and noise conditions, extremely limited
bandwidth, and far beyond line-of-sight range. Yet in many respects spectrum sharing
techriques have differed little from those used for other parts of the radio spectrum
where propagat-on, noise, and occupancy can be predicted with ccmparatively high accuracy.

Satisftactory HF communications can be obtained by the largest number of users only if
real-time, adaptive frequency management 1s employed. Technology now makes possible
effective real~time, adaptive frequency management to those users who can justify its
cost. Certain military communicators have a mission of sufficient priority to justify
this expense. While these military communicators can undoubtedly optimize their own
communicatiors, the problem ex.sts of how they can choose freguencies while at the same
time minimize harmful interference to other spectrur users. The new AN/TRQ-35(V) Tacti-
cal Frequency Management System (TFMS) has been designed to help reach this goal, and the
concepts embodied in the AN/TRQ-35.V) have been tested in an exercise called TROPHY

DASH IIX.
2. DESIGN OF THE TROPHY DASH III EXERCISE
2.1 Background

Hastorically, Y.S. military exercises have been preceded by assignment of the available
discrete frequency assets, by link, according to circuit or net priority. This system
lacks flexibility, however, in that there is no nrovision, nor in most cases any capability,
for modifying those assignments in the field af:er deployment. Since propagation and in-
texference conditions change constantly, there 's no guarantee under this rigid system

that the most important links will always nave the best available frequencies. To make
possible this kind of guarantee. two pieces of information are essential: real-time prop-
agation informatior and current, s well as historical, chennel occupancy information. To
obtain this information, the AN/T&Q-35(V) Tactical Frequency Management System has been
developed.

The intent of the design of the AN/TRQ-35(V) is to provide as complete information as is
practicai to obtain on optimum freguency selections and at che same time minimize inter-
ference to other spectrum users. Relevant factors measured, and the techniques employed,
in the AN/TRQ-35(V), are:

Propagation - "Chirpsounder" obliauc sounder

Noise -~ "Spectrum Monitor"

Occupancy - "Spectrum Monitor" receiver with
channel-occupancy mernory

That the Chirpsounder can provide an adequate mweasure of propagation conditions is widely
accepted. However, whether or anot a "Spectrum Monitor" can determin2 satisfactorily if a
frequency 1s "in use" is open %7 Juestion. To provide an answer to this question, the
TRNOSHY DASH III exercise was conducted in earlv 1275.

Ideally 1t would be desirable from ihe military communicators' point of view to place no
frequency restrictions on him. This is unrealistic, however, cince under such conditions
harmful interference wouid undouistedly occur, particualacly on the usually-quiet emergency
channels and on those channels where low-power communications take place -- especially
portarle/mobile. The frequerncy assignment process used in the TROPHY DASH III exercise
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was first to assume that ALL frojuencies were available for military use (2-30 MHz) --
then eliminate frequencies or bands of frequencies where harmful interference was
judged most likely to occur.

To determine what frequencies were not to be used, all U.S. government agencies were
given the opportunity to request specific deletions. At the end of this procenas, 70%
of the 2-30 MHz spectrum was authorized to TROPHY DASH III for a one-time test. This
available spectrum primarily comprised International Broadcasting, Fixed, and parts of
the Maritime Mobile Bands.

2.2 Objectives

Objectives of the TROPHY DASH III exercise were: (1) an asseasment cf the feasibility
of using “band” assignments, rather than specific frequencies, in the tactical theater
as determined by the number and type of complaints received from othcr spectirum users
and (2) to arrive at final specifications for a TFMS Spectrum Monitc:r.

2.3 Exercise Configuration

The geographical configuration of the test is shown in Pigure 1, which depicts a simu-
lated Tactical Air Control System (TACS). MacDill AFB was the location of the simulated
Ccntrol Center; the other locations communicated only with the Control Center. )

A Chirpsounder receiver and Spectrum Monitor were lccated at MacDill AFB, while Chirp-
sounder transmitters were deployed at the other locations. The widely varying path
lengths were selected to enable assessment of the Spectrum Monitor's ability to determine
occupancy at varying distances.

Figure 2 shows block diagrams of the equipment used at the various test locations. Full-
duplex, ISB communications, 1 kW o 2.5 kW, took place on all three paths, 35A9b emission
throughout the test, using intermittent voice on one sideband and continuous l6-tone
multiplex teleprinter signals on the other sideband.

2.4 . Exercise Schedule

The exercise was conducted 24 hours per day, for five days, in January/February 1975.
The schedule called for changes of both frequencies on each duplex link eve:ry 30 minutes
in order to maximize spectrum usage. In addition, it was felt that some spactrum users
might not report intermittent voice interference. Hence voice and teleprir ter sidebands
were interchanged 15 minutes into the half-hour spent on each frequency. ' voice iden-
tification statament was transmitted at least oncc every 15 minutes.

2.5 TFMS Characteristics and Operating Procedures

During the test period, TFMS personnel monitored the propagation and interforence con-
ditions over the three HF links across the bands of frequencies authorized for test use.
Operating frequencies were chosen within these barnds on the basis of propagation quality
and freedom from interference at the test network terminals, in order to opr:imize com-
murications over the test links. Complete logs of the cperation were kept.

Chirpsounder information was used to maintain the highest possible signal-to-noise ratio
on each path. As much as possible MacDill transmit frequencies were kept below the cor-~
responding receive frequencies on each path to ensure that "MUF failure” did not result
in the loss of frequency control from MacDill. Pigure 3 illustrates the Chirpsounder
transmitters and Pigure 4 the receiver in their final AN/TRQ-35(V) package. Basic spec-
ifications are given in Tables I and 1I, respectively, and sample record is shown in
Figure 5, illustrating the capability of the Chirpsounder to separately measure mode
structure (i.e., line-of-sight, surface-wave, sporadic E, E-layer, F-layer, and multiple-
hop modes) and received power at all frequencies within either 2-16 ~r 2-30 MH=z.

Spectrum usage information was provided by a specially built "breadbcard" Spectrum Monitor
which was designed to measure spectrum occupancy in the 2-20 MHz frcjuency range {(pro-
duction version 2-30 MHz). This frequency range was divided into 6000 "channels” of

6 kHz width (typical occupancy of the AN/TSC-60(V) communications gvstems in ISB mode)
and 3 kHz spacing of center frequency. The TD III spectrum monitor measured the ampli-
tude of signals in each of the 6000 channels each 12 seconds, at which time it was
determined which of four adjustable amplitude thresholds had been crossed. Statistics
of threshold crossings up to 30 minutes old were compiled by a minizomputer an. displayed
on a CRT having a TV-raster format.

The Spectrum Monitor of the AN/TROQ-35(V) does not differ significartly in important
specifications from the TROPHY DASH III “"breadboard" other than for expanded frequency
coverage. The R-2093 Spectrum Monitor is shown in Figure 6, and basic specifications

are given in Table III. Figure 7 shows examples of the dispiays and data obtained during
TROPHY DASH III, which depict percent-of-time each amplitude threshold has been exceeded
in a 30-minute period. The lowest threshold is typically 3 4B above atmospheric noise.
Display widths of 100 kHz and 500 kHz are available, as shown.
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TABLE 1

BASIC FLECTRICAL SPECIFICATIONS OF
T-1373/TRQ-35(V) CHIRPSOUNDER TRANSMITTER

2-16 or 2-30 MHz
linear FM-CW

50 kHz/sec (2-16 MHz)
100 kHz/sec (2-30 MHz}

gelectatle transmit/no transmit each
5 minutes i{n 1 hour

0.2W or 2V antenna diplexed;
10W or 100W direct into antenna

>55 dB below fundamental measured in
10 kHz bandwidth >150 kHz from funda-
mental

>60 dB below fundamental

16 frequency bands 30 kHz wide may be
programmed as no transmit

test of synthesizer lock and standby
battery supply

TABLE Il

BASIC ELECTRICAL SPECTFICATIONS OF
R-2081/TRQ~35(V) CHIRPSGUNDIR RECEIVER

Frequency Range

Input Waveform and
Sweep Rates/Format

2 Number of Transmitters Received

Time Delay Window
Time Delay Resolution

Time Syachronization with
Transmitter

Cap ermem aan s tees €0 A kv

Propagation Data Displays

Self Test

2-15 or 2-3C Mkz

compatible with transmitter

can be programmed to automatically
recefve and store data from up to
thr2e Chirpsounder transmitters

10 msec (2-16 MHz); 5 msec (2-30 MHz)
100 usec novwinal (2-16 MHz;

automatic if sweep started within

+ 1 sec of the transmitter

(1) RF signal level vs. frequency over
60 dB range above ~110 dBm

(2) time delay vs. frequency stored
for up to 3 paths

test of receiver sensitivity, synthe-~
sizer lock, audio spectrum analyuer,
CRT display and standby battery supply
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TABLE III

BASIC ELECTRICAL SPECIFICATIONS OF
R~-2093/TRQ-35(V) SPECTRUM MONITOR

Frequency Range

Number of Frequencies
("Channels") Analyzed

Channel Spaciag
Analysis Bandwidth (3 dB)

Analysis Filt:r Shape Factor
(60:3 dB)

Type +.f Analysis

Data Memories

Threshold Adjustment Range

Lowest Threshold Level

Period Between Amplitude
Samples, per Channel

Channel Sampling Interval

Spurious Responses

Monitor Modes
Monitor Tuning

Display Type

Display Formats

Display Frequenc:’ Pange

Display Indicators

Computer Fault

Self Test

2-30 MHz

9333
3 kHz

6 kHz

2.0 maximum

analy.es frequency of occurrence of
crossings of 4 received-power thresh-
olds spaced by 10 ¢b + 1 dB

last 10 sec, current 5 minutes, las.
complete 5 minutes, last 30 minutes

lowest threshold automatically adjusted
from -110 dBm to -62 dBm in 3-dB steps

in most sensitive setting lowest thresh~
old is typically 3 dB above background
noise level

11 sec nominal
3.2 msec

resgonse to two -30 dBm signals <-110 dBm
outside + 150 kHz of each signal; response
to one =40 dBm signal <-110 dBm outside

+ 30 kHz of signal

audtio monitoring of 13B, LSB, AM, ¥M
+ 3 kHz from indicated center frequeacy

Bar graphs of refreshed 5" CRT (TV raster
display, refresh rate >50/sec)

""CURRENT" giving most recent thresholds
crossed; updated each 10 seconds

"CURRENT 5 MIN" giving histogram for
each threshoid during current 5 minute
block

"LAST 5 MIN" giving percent of time
threshold crossed in last 5 min block -
the final values in ''CURRENT S MIN"

"“LAST 30 MIN" gives percent of time each
threshold crossed in last 30 min, weighted
to favor more recent data; rise and decay
approximates exponential with 7 min time
constant

Selectable between nominal 100 kHz
(33 channels) and nominal 500 kHz (167
channels)

Digital indication of center frejuency

on CRT; signal threshold in dBm of
CURRENT scan; digital indication of faults
found in memory and receiver tests

Red switch light indicating computer fault

test of receiver sensitivity, memory, and
battery supply
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The procedure used at the time of each frequency change (which occurred every 5 minutes

throughout the test -~ 6 liaks, each charged every 30 minutes) was as follows:

a.

Determine from Chirpsounder data, duplex separation requirements, and

“MacDill frequency lower" requirement in which 500 klz band the assign-
ment is required. Figure S shows a sample sounder display which was

4 used for this purpose. Wote that the display 1s iu two parts: the

3 upper portion depicts received signal strength and the lower shows prop-
- agation mode information. Operati) frequencies were chosen on the
basis of maximum amplitude (first p iority) and minimum multipath, with
a bias toward higher frequencies ' maximize sianal-to-noise ratio.

b. Set center frequency of spectrur monitor te center of 50C kHz band and
call up CURRENT 5 MIN display for -west threshold.

c. JXdentify frequency or frequencies where threshold is exceeded a small
fraction of the time (say 5% cr less).

d. Verify that cundidate frequency 1s within assigned band. If aot, faind
another which is, using above proce ure.

e. Switch te 100 kHz display and center candidate frequency display.

£, Switch display to LAST S MIN and verify no occupancy in this period,
g. Switch display to 30 MIN and verify no occupancy in this period.

h. Switch display to CURRENT and verify no present occupancy.

i, Peguest operator at distant end of circuit to verlfy no occupancy
on ¢ ndiaate channel, using hix spare receiver of the AN/TST-60 (V).

3. If favorable report is received from distant operator, change to
rew frequency.

2.6 Effectiveness Criteria

Several indicators were considered as test success criterias First, of course, com-
munications of high quality should be obtained at all times. Second, the number of
complaints received from other spectrum users was considered an aindication of the
viakilaity of the spectrum sharing concept. All agencies on the U.S. Interdepartment
Radio Advisory Committee were advised of the test and several gave special notification
to their subordinate units. Some of the U.S. Government spectrum users initiated
special frequency watch procedures in order to ptrovide contact reports to the test team
in the event one of their frequencies was used. A spec:ial telephone number, directly
into the TFMS van and manned continucusly by test team personnel, was made known to all
IRAC members in order to facilitaze the interference reporting procedure.

3. RESULTS AND CONCLUSICNS

Figure 8 shows exampies of ionograms obtaineu durina the test on the three paths.

Note at the top of Figure 8 the chanae i1n Maximum Observed Frequency from 9.3 MH:

at 0300 to approxaimately 13 MHz an hour and 15 minutes later, a change of almost 4 MHz.
1Te predicted MUF (obtained from standard preciction techn..jues) changed less than 400
kitz during this period.

Figure 8¢ illustrates an occurrence encountered frequently during TROPHY DASH IT1L. The
sporadic-E propagation shown in Figure 8¢ made possaible transmission at much higher fre-
quencies than predicted for that time of day -- up to 12 MHz could have bheen used when
the predicted MUF was only 4.4 MHz. 1In contrast, Figure 8d shows © layer propaqation
which was almost one MHz (nearly 25%) below the predicted MUF for that time o7 day.
Figure 8e again shows propagation via sporadic E of frequencies in excess of 8 MHz {the
predicted MUI was 4 MHz). Nete the contrast with normal daytime conditions in Fiqure 8f.

All of these 1llustrations have two tnings in common:  they document propadation con-
ditions which were typical during the lest, and the real-time infoimation showa diflers
substantially €from the predicted valuss. Without the real-time information provaded by
the sounder these propagation condit.ons would never have been fullv explioated 1n suvport
of communications, and optimum spectrum usage would not have been possable.

At no time during TROPHY DASH III was there a circuilt outaage due to propajaticon or anter-
ference. Signal-to-noise ratios were very high at all timnes. Also, 2t no time was inteur-
ference from other spectrum users oxperienced on any channel.

Tt was concluded that use of a single Specitrum Moniior 1s satisfactory :n a theater of
diameter ot a few hundred km, where operation is conducted be.ow the vertical-incidence
crat:cal frequency, but for paths outside this area (e.g., the 1760 km Altus path ot the
test) spectrum monitoring should be perforaed at both ends.
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During the test, 1049 frequency changes were made using 745 discrete center freguencies.
In spite of this expanded use of normally unasvailable spectrum, only two valid inter-
ference reports were received -- both involving receiving stetions monitoring quiet
channels. In addition, two invalid interference reports were received (i.e., the inter-
ference was being caused by someone else). Based upon these results it has been con-
cluded that a spectrum sharing scheme similar to that employed on TROPHY DASH III would
be feasible in the tactical theater for unite equipped with a TFMS.

During TROPHY DASH II1I,a 24 hour study was undertaken to determine tne availabi'ity of

assigned tactical training frequencies. A total of 56 HF frequencies were assigned to

USAF Tactical Ailr Command (TAC) which could have beern used by the test team without the
special U.S. government authorization.

Each hour, the Chirpsounder was used to determine the limits of the propagation window.
Then, all of the TAC frequencies that fell within this window were investiquted using
the spectrum monitor to determine how many of them were unoccup.ed, and were therefore
avairlable for use on a non-interference basis. The results are illustrated bty Figure 9.
During the 24-hour period, there were six hours when none of the 56 authorized fre-
quancies were avallahle to Altus. A similas condition existed for six hours to Robins
and for seven hours ro Homestead. For t ree of the 24 hours, no fregquencies were avail-
able interference-free to any of the sites. During an a~tuai exercise where only TAC
trequencies were availlable the situation would have bcen fiar worse, as the average ex-
ercise has 6 tc 10 duplex HF links to support with the same number of frequencies, in-
stead of only three as operated on TROPHY DASH III. It can therefore be concluded that
the seemingly generous frequency assignments normally avaiiable to support this kaind of
exexcise operavion -- even when as few as three links are used -- are inadequate *f harm-
ful interference 1is to ke avoided.

From the results of TROPHY DASH III 1t can be concluded that the concept of sharing the
MF spectrum 1n a .anner similar t» that used during the test, 1s not only feasible but
is necessary and viable in the tactical environment. The test demonstrated that in
spite of heightened awareness on the part of the government sector of HF users, this
sharing of frequeacies can be accomplished with a minimum of interference. The concept

of this type of sharing is very attra.tive in that it makes more efficient use of a scarce

global resource.

Aspectis which need to be defined in follow-on testing programs include sharainag limita=-
tions, the possible need for automation (expanded effectiveness vs cost), the ramifica-
tions of operating imore than one TFMS 1n a theater and the interfaices required by such

a confiauration, the practical security advantages of frequercy changes made possible

by the TFMS, and the possible ECM/ECCM applications or the Spectrum Surveillance Monitor.
It appears that xmplementation of the TFMS sharing concept 16 one means of achieving at
the theater level the U.S. poiicy of more effective manaaement of the frequency rescurce.

4. SUBSEQUENT OPERATION OF AN/TRQ-35(V)

Since the completion of TROPHY DASH IIY the AN/TRu~-35(V) bus bevv'm 2 pavt of the USAF
inventory and has begen used with great success by all of _he fou U.S. nalitary services,
Applications have included ground-ground, air=-ground, ship-shore, and ship-ship com-
munications. Figures 10-15 show typical data obtained by the AN/TRQ-3. (V) 1in these
various applications.

lepnd iw om
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Fig.3 T-1373/TRQ-35(V) Chirpsounder transmitter

Fig4 R-2081/TRQ-35(V) Chirpsounder receiver
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Fig.11 Example of day-to-day variability of propagation. records made in
Denmark, Skrydstrup-Vandel path, 1100 LT on 15 and 16 October 1976
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DISCUSSION

Shearan. UK

The approsca to channel selection adopted in the paper is to see whether the channel was recerved at the receiving
station of the system is clear of interference. However, this tesl does not guaratttes that transnussion on this

fre aency will avoid interference with a temote recever  For instance if that remote recerver is listemng to a
transnutter within the skip range of our station, we will only receive weak back-scattered signals and may consider
the channel clear.

Author’s Reply

While freedom from interference cannot be guaranteed by the method proposed the poobability of interference

is greatly reduced by the feature of statistical compilation over a 30 mmate nenind  1a the method proposed it has
been recommended that spectrum nionitors be deployed at both ends of a path il operation s to be above the
vertcal-incidence citical frequency  Note furihier inat a civannei appears as “occapied "l signat-to-notse rat1o
exceeds 3dB in a 6AHz bandwidth. Thus ground backscatter from beyond the skip zone will very trequently be
received and displayed by the spectrum monitor in the situation descnibed by Prof. Shearman
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ASSESSMENT OF HF COMMUNLCATION: RELIABILITY

by
N. M. Mastin

Radio and avigation Department
Revatr Aircraft Establishment
Farnborough, Hampshire, England

SUMMARY

The cracept of circuit reliability for an HF sky-wave link is discussed. Its frequency dependence
is considered together with the relationship to the median received signal-to-noise ratio for a given HF
circuit. 7The importance of a study of this kind is the ability to be able to quantify changes that could
be made in an HF circuit, in terms of reliability improvemente, and hence to make decisions of the cost
effectiveness of increasing transmiirter power, antenna efficiencies, directional antenna design, etc.

Ttis study shcild prove particularly useful for HF communications to mobiles such as ships or aircraft.
High transmitter powere and high gain antennas of point-to-point land fixed HF communication circuits are
not available and the pover budget is more critical. Furthermore, cost-effective improvements are often
of prime concern when a lirge aumber of shipborne or airborne equipments are involved. The assessment of
comaunications r- liabilicy, particularly to military aircraft, can have an important bearing upon missicn
cffectiveness.

I INTRODUCTION

High frequency (Z-30 MHz) radio waves that nropagate via the ionosphere are used extensively for long
raage point~to-point communications and broadcasting. Circuit planners need to know what frequency ranges
their systems should be capable of covering, what transmitter powers are necessary to overcome the back-
ground noise at the receiver, and what antenna configurations would be most suited to the applications
required. These are all factors dictated by propagation considerations and long term prediction techniques
are available for this purpose (BRADLEY, P.A, 1975; BARCLAY, L.W., 1974). Characteristics of such links
have consequently been extensivaly studied; commercial services are available for prediction of optimum
working frequencies and quality of communications st these frequencies. Most point-to-point land fixed HF
communication circuits use high-gain rhombic or log-periodic antennas, whilst arrays of horizontal dipoles,
also with significant directivity, are popular for brosdcasting using the sky-wave mode. In principle,
therefore, the capability of these links may be optimised by good engineering design and practice in respect
of the equipment and antenna Jystems, whilst powerful transmitters are often available.

Much more difficult problems are presented, however, by HF communication to mobiles such as ships or
aircraft, and some examples of air-ground links are given later. Often communication is required at ranges
from a few kilometres to several thousand kilometres over a wide variety of terrain, and this implies dif-
fercnt modes of propagaticn according to range. Difficulties arise from the physical constraints which are
placed upon the aircraft antenna, from serious excess noise as well as from additional wmultipath propaga-
tion mechanisms and Doppler frequency shifts. To achieve satiifactory results over an HF link of this kind,
careful consideration must be given to the terminal radio equipment, the planninrg of operational links and
the management of the frequency to be used over those links.

Faced with problems of this complexity, the communications system analyst seeks to isolate a number
of problem sreas for study. This paper endeavours to clarify the steps necessary to evaluate the relia-
bility of an FF link and shows the valuc of such an assessment for air-to-ground communication links in
which sources of degradation in the circuit can be very troublesome., It does not specifically address thr
problems caused by multipath features, time and frequency dispersion and the conclusions reached applv
assuming tiat such effects are not major. It is hoped, however, that the following procedure may help the
comzunications enginzer to decide what improvements are needed and how they can be made in the rost cost
effective manner.

2 CONSIDERATIONS FOR THE TOTAL ASSESSMENT PROBLEM

A typical radio communication circuit 13 reqaired to perform a function. Usually this function
involves the transmission of information from one location to unother, The measurement of how well the
circuit performs involves both the volume of information that can be transmitted during a given period of
time as well as the accuracy with which the input information is reproduced at the output.

We wish to maximise information trausfer rate, and minimise the required transmitted power, Nature
and man are the sources of all engineering problems. Effects of nature are centred upon the existence of
the Earth and its environment within the universe and solar system. Electrical noise impinging upon the
Earth from solar and cosmic sources establish an ultimate bound on the information that can be conveyed
throughout the HF radio spectrum. This bound is modified by radiation from noise sources within the tropo-
sphere, the terrestrial environment and primarily from men~made radio frequency sources. Long-term charac-
teristics of this noise affect the required transmission power whilst short-term chatacteristics determine
how che signal should be desipned and detected to convey the desired information.

Fig 1 shows a concept of a communication circuit. The message is inserted in the transmitter system
where it becomes part of the modulation of an EM wave radiated from the transmitting antenna. The receiv-
ing antenna picks up only an iafinitesimal amount of the power radiated as well as unwanted radiations from i’
many interfering sources. The ratio of the power inpur at the terminals of the transmitting antenna to the
resulting signal pover available at the receiving antenna is known as the system loss. g
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The receiver itself contributes sume thermal noizy although at HF the receiver noise is not usually
the limiting factor,

At the receiver cutput the signal carrying the desired information must be of sufficient energy rela-
tise to all of the unwauted signals and noise combined to provide for a suificieutly faithful reproduction
of vhe original message. There are many sources of RF interference and noise. Some are in a sense controi-
lable from the standpoint of adequate receiver design and siting, whiist others are likely to be present in
all cases. After allowance for the system loss, sufficient transmitter power must be used to overcome the
combired effect of all of the sources of unwanted RF power at the receiver. Diversity transmission and
receptior depends upon the degree of similari*y iv fading occurring simultaneously on propagation paths
separated by space or fraquency or with different polarisations. As modulation bandwidths are increased,
selective teding becomes more of a problem.

To transmit information it is necessary to modulate the fundamental operating frequency of the traus-
mittex. Regardless of whether t™e modulating sisnal is digital or analogus, o: whether amplitude, fre-
quency, phase cr sther type of modulation i3 uscZ, the output signal contains many frequency components
other than the funlamental.

A given commuvication system can only be as effective as the weakest link in the chain from cransmit-
ter to receiver. In the case of air-ground systems, therefore, the ground terminal is just as important
as the aircraft terminil. and must be specified accordingly. Since there are likely to be many mote air-
craft than ground stations, and all airborne electronic equipment penalises the aircraft performance
because of its mass, volume and power consumption, it is important to keep the complexity of the sirborne
communication terminai as low as poseible.

It may, of course, be expensive to realise communication reliabilatv targets and cost-effectiveness
studies must be carried out. This, in turn, implies a subsidiary study relating communications reliability
to mission effectiveness, The main facrors which degrade reliability need to be identified. Assessments
can then be made of reliability improvenent which may be achieved by realistic modifications to the total
air and ground systems.

In the initial planning stages it is important to have an overall picture of the HF link. This may
be obtained from a power level diagram, such as shown in Fig 2. The vertical axis is scaled in power, the
herizontal axis is arbitrarily scaied but progresses from left to right as one goes from the transmitter
output power Pp via the propagation path to the receiver input. Gains are indicated by positive slopes,
losses by negative sloper. The space between the broken lines drawn parallel to the horizontal axis repre-
sents signal-to-noise ratio prior to the receiver demodulator. Fig 2 shows a long range sky-wave propaga-
tion path at night., Note that although the propagation losses are similar for 4 MHz and 9 MHz, the overall
signal power at 4 MHz is reduced due to the poorer sircraft antenna radiation efficiency. Fig 2 clearly
shows that the 9 MHz frequency would be satisfactory with asignal-to-noise ratic of about 25 dB; the 4 Mz
frequency would be totally unacceptable, however.

3 BASIC DEFINITIONS AND CONCEPTS
3.1 Sky-wave availadbility

The upper limiting frequency of sky-wave propagation is goveined by the distribution of electron con-
centration along the propagation path. This upper limit is known as the maximum usable frequency (MUF) and
may be considered as the maximum frequency of a wave capsblc of propagating over a given sky-wave path.
Because the properties of the ionosphere exhibit temporal variations, the MUF continually fluctuates; but
predictions of ionospheric conditions are based upon monthly median corditions and some allowance must be
made for day-to-day variability. Thus the predicted MUF is defined as that frequency for which signals are
expected to be available for 50% of the days at a given hour within a given period, usually a month. 1t is
denoted here by £, - A note of caution should be made. The MUF concept can only be considered an approxi-
mation since many factors can lead to errors in estimates of the MUF, For example, when the ionosphere is
highly structured spatially the HF signal may not disappear completely when the frequency is above 'the MUF'.

The sky-wave availability Q is defined as the percentage probability that radio signals can propa-
gate at a given hour ove. a given sky-wave path. It may he derived in terms of the statistics of the day-
to-day variations of the Mur.

3.2 Varviation of received signal-to-noise ratio

The transmission loss of an HF sky-wave propagation path depends upon & number of factors, and these
can have implications on various aspects of the commumication link. Day-to-day variations in the electrou
concentration within the E and F regions of the ionosphere influence the direction which a given ray
path takes through the ionosphere to reach the receiver. These fluctuations in ra,; path direction may, in
turn, change the effective gains of the transmitting and rezeiving antennas., Different ray path directions
can produce different effects of focusing, spatial attenuation, sporadic E losses, polarization losses
and multipath phenomena. Changes of electron concentration in the D and E regions can greatly affect
the value of ionospheric absorption. Day-to-day variations muy also be proauced iu atmospteric noisc inten-
sities by these mechanisas.

The monthly median value of the mean signal power, S , for a particular mode may be combined with the
tonthly median of the mean noise power, Ng , within a | Hz bandwidth to produce an estimate of the monthly
wmedian value of S/Ngp , the signal-to-noise ratio in a | Hz bandwidth. From a knowledge of the day-to-day
variability of the signal and the noise it is then possible to determine the probability of exceeding some
specified required 8$/Ng ratio, We shall denote by P the percentage prabability that che mean received
S/Ng , whose monthiymedian i Ry , is above some specified level Ry .
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3.3 Circuit reliability factor

This is defined (CCIR, 1974a} as the fraction of days that successful cosmunication may be expected
at & givem hour within the month a» a specific operating frequency. The circuiz reliabjlity factor is
based upon monthly median estimates of propagation parameters and their distributions &nd rapresents the
fraction of days in the month at the given hour that successful communication is expected.

The primary factor in determining the circuit reliability is the long term median S/Ng rat.o. This
is divectly associated with a grade of service, which in turn defines the type of cowmunication desired;
for example, the percentage of error-free wessages in teletype transmissions or the intelligibility of
voice transmissions. A minimum required S/Ng ratio is associated with the desired grade of service.
This ratio depends upon many factors such as modulation index, signalling rates and codes and includes

effects of fading, error~correcting schemes, optimum modulation snd detection techniques and diversity
schenes.

Mathematically, the circuit reliability factor can be expressed (MASLIN, N.M., 1978) as a dimensicn-
less quantity p given by

p = QP/100
vwhere p, Q, P are expressed as percentages.

3.4 Dependence of reliability on frequency
The magnitude of p depends ultimately upon two oppusing effects:

(i) P increases with increasing frequency. lor a given sky-wave path the higher the frequency
the less the absorption and the less the received noise: hence the greater the received
S/Ng ratio.

(i1) Q decreases with ncreasing frequency. The higher the frequency the less the chance there is
of ionospheric reflection «t that {icquency.

A typical variation of reliability with frequency is shown in Fig 3.

3.5 Effect of signal-to-noise on reliability

Consider now the effect of iucreasing the received S$/Hg ratio of the HF link by some means such as
increase of transmitter power, imorovement of antenna cfficiencies, raduction of received woise, etc. Then
P increases, as shown in Fig 4 and hence p also i :reases (Fig 5). The factor Q , however, remains

constant and shows the maximum value of p which is attainable. As Fig 5 shows, the Q curve forms an
‘envelope' to the reliability curves.

Thus, for example, if the meaian received S/Ng ratio, Ry , is such that curve E is applicable
in Fig 5 and 907 reliability is required, then a horizontal line drawm from p = 90X cuts curve E at
two values of f , denoted by f; and f « The lower value £ is kuown as the lowest usable frequency,
LUF, the upper value f3 ia jusr below the optimum traffic frequency, FUT. For frequencies beiow the LUF,
absorption is too great to give tne required $/Nj ratio; above f3 the ionosphere cannot support the
given frequency for the required percentage of time. Thus satisfactory operation can only be achieved
between f1 and fy . Note that if the median S/Ng ratio is reduced to that for curve D, there is ac
frequency which would satisfy the service criterion.

3.6 Assessment of reliability improvement

So far circuir reliability has been discussed in qualitative terms. To adequately assess the perform-
ance of a radio link, the communications engineer needs to Lnow what improvement in circuit reliability can
be achieved by a given increase in the received &/Ny ratio. The increased value of o does not depend
on how the improvement is made; for example it might be achieved by an increase in transmitter power, use
of directional receiving antennas, improved transmitter antenna efficiency, etc.

Fig 6 shows the values of reliability calculated using the CCIR Bluedeck (BARGHAUSEN, A.F. ot ai,
1969; HAYDON, G.W. «r al, 1976) program for a point~to-point link in Februaxy 1976. It is convenient to
label the abscissaas 'dB sbove required signal-to-noise' and thus a direct :omparison of the effect of
different frequencies is made, although different initial transmitter powers or system gains are required
to produce the same signal-to-noise value for Jifferent frequencies.

Thus, for exampie, if the signal-to-noise ratio on the link is improved by 10 dB by some means
(increased transmitter power, improved efficiencies, antenna gain, etc) the corresponding improvement in
reliability can be estimated from the curves. The following points should he noted:-

(1) For lavge values of (R ~Rgp) , o tends to the value Q since P teuds to unity. This
means that well below the MUF p = i while as € increases p decreases for & gfven signal-
to-noise ratio. At the MUF p = | and above it ¢ « | |

(ii) For very large negative values of (R - Rg) , ¢ <@ for all frequencies, since the probabi-
lity that the instantaneous S$/N ratio exceeds the required levei Rg is very small.

(iii) Between the extremes (i) and (ii) the curves are approximately linear, passing through the

value {Q at R = Ry . The slope is determined by the statistical spread of absorprion loss
and external noise characteristics,

{iv) The slopes of the curves in Fig 6 asre proportionately reduced dby the vaiue oi Q . Thus the
MUF has a slope of one half of that for {requencies which have Q= 1,
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(v) Fig 6 appears to show that yhe lower frequencies are the mosi reliable. This is only true

. i! the actual received signal-to~noise ratio f.. ~ach frequency 15 the same., In thiz case
the lower frequencios are advantageous because of the more favourable value of Q . However,

the lower frequencies are often wore heavily absorbed, particularly during the daytime.

g

M7  The required signal-to-noise vatio

PR

To assess the circuit veliability it is first necessary to adopt a minimum requived S/Np ratio
«ritevion for a given grade of gervice. For example CCIR (CCIR, 1974b) recommend a 13 dB S/N ratio
for marginal and 33 dB for good commercial quality of communications with HF SSB voice in » 3 kHz band~
wvidth, 1In practice, criteria must be chosen to suit the communication vequirements; higher S/Ng ratios
3 than the ainimun usually specified wight be required to raduce data errors due to bursts of noise or to

achieve intelligibility of unrelated words on speech transmission,
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4 AIR-TO~GROUND COMMUNICATION LINKS

4.1  General teatures

¥ From the foregoing sections it is believed that some guidance can be offered for the design and
: operation of air-ground HF communication links, It is tirst necessary to choose some reliadbility fuctor
criteria, bearing in mind that these may be much lower for mobile communicstions than for cotseycial

point-to-point links. For the present purposes p = 20T (nearly useless) and o = 80% (satisfactory)
have been chezens

s

In common with fixed point-to-point links it is most important to choose sn operating frequency
appropriate to the propagation and noise conditions prevailing at the time., Provided that this is dene,
the margin between nearly useless and satisfactory ¢ mmunications las baen shown (MASLIN, N.M,, 1977) to
be from 20 dB to 35 dB depending upon the time of day. Frequency allocations and interference may limit
the cheice of frequency; unfortunately, operators do not alwavs strive to achieve optimum conditions.

clat

4.2  MNodification of the reliability curves
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Consider now how the properties of, for example, the aircraft antenna wuuld change the shape of the
reliability curve in Vig 3. A typical graph of aircraft antevna efficiency against frequency is showa
schematically in Fig a. The frequencies f)o, fag +.... designate antenna efficiencies of -1D dB,
=20 d8 ..... and are Jdifferent for large and small aircraft, The modified reliability curve for
BRo = 0 dB in Fig 7t is then gi'en by the chain curve, which passes through the Rp = 10 dB  curve at
fefio, Ryg=20dB at f = ,30 and 8¢ on. The effect of the frequency variation of antenna effiviency
is therefore to shift the Ry = 0 43 curve towards the higher frequencies and this restricts the frequeacy
range capable of providing a given reliabilicy, o' | from (f3 - £}) to (f2 - fi) , see Fig 7b. The
width of the frequency ‘window' is veduced. The centre of this 'wineow' moves along the frequency axis
according to the prevailing coniitions, For example, a high sunspot number yesr tends to increase Q for
a given frequency because higher frequencies caa be propagated as a rvesult of the increase in MUF, The
value of P, however, may decrease for a given frequency because of the greater lonisation which enhaunces
absorption. Thus the centre of the frequency 'window' moves to higher frequencies than those for low
sunspot number yYears. The width of the 'window' alsco changes. Diurnal variations also radically affect
both the width and centre frequency of the window.
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Based on the example of the Norway=UK link the calculated vesults for large and small aircraft are
given in Fig 8. 1In these examples the efficiencies at 4 MHz of the antennas ' we been takea as 10T and
0,12 respectively, which are tvpical results (PAVEY, N.AD., 1973Y. the ette  of the poorer antenna
efficiency on the small aircraft is twfold:

(1) the usable frequency range is decreased: from 4,4~11,8 MHz to 6.3=11.8 MHz for o = 80%,

o
SLA

(i1) the veliadbility at the lower frequencies is decreased; at 4.3 Mz from 80% to 27%.

o

The example chosen is considered to be fairlv representative of a long range air-ground liuk.
: ever, as mentioned in the introduction, commmication in a variety of circumstances is commonly trequited:
b both ground-wave (for short distances) and higher wingle skv=wsve (for medium Jdistances) propagation paths
nead also to be considered if an effective overall assessment of communicatiouns reliabilitv is to bde made.

How~

B These cases may be treated initially in & similar manner to the analvsis in this paper. The value of Ry
. needs to be establiszhed for particular cases and this may be influenced by aseveral factors associated with

the aircraft.
4.3  Example ot & smali aircraft

The dependence of reliability upon frequency is shown in Fig 9, whick gives predacted values for a
small aircraft operating over two short range links at wnoon in January 1976, Note tuat at the jover fre-
quencies thery 1a a rapid decrease in reliabilitv due to the decrease in autenna eificiencies (see Fig Tad.
The crrves D to A show axamples of progressive improvements which might be made. Curves € and b
adow the effect of 10 dB ground directivity factors whilst curves A and B show how progressivelv
increasing the antewna efficiencies could increase reliability,

4.4  Example of a large aircraft

The purpose of this section i3 to illustrate how conditions are likely to change and how these changes
can affect the overall reliabilitv for a typical wmission profile of a long range maritime patrol aircrafe.

Consider air-ground veice compunications utilizing 10 dB ground receiving antemna directivity and N
assume that the misgion is of 10 hours duration. The ground station is in North Scotland and the aircraft 3

1
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flies northward at 450 kn for 3 hours, remains at this range for 4 hours and then returns, again at 450 kn,
during the last 3 hours of the mission.

Four curves ave given: the MUF, the frequency which provides the begt reliability (this is not
necessarily the optimum working frequency), the reliability factor for this best frejqiency and the relia-
bility factor for a given fixed frequency.

Fig 10 shows a mission starting at 0200 hours. The optimum frequency is a comprcmise between sky-
wave availability and signal absorption. Note that the optimum reliability atta‘nable is approximately
constant over the whole mission., For a constant (3 MHz) frequency the January results show that this
would be a reasonable frequency for most of the mission, but when the MUF increases (around 1000 hours)
the retiability of 3 MHe decreases and the optimum fraquency rises to about 8 MHz. Results for April shaw
that the MUF is greater than for Japuary and hence 3 MHz is not a good choice since the MUF is above 8 MHz
for most of the mission; 3 MHz si,~als are too heavily attenuated to be useful.

5 DISCUSSION

It has been shown that the reliability of an HF air-ground sky-wave link is a complicated function
of a large number of factors. Recourse has therefore been made to representative examples to illustrate
the main phenomens. Based on thece examples the cbjective of this section is to provide guidance for the
design and managewent of such links.

Consider firstly the link management aspects. The most crucial factor is the choice of operating
frequency for a particular set of conditions. The upper frequency bound is determined by the availabilicy
of a suitable propagation path, which is governed primarily by the MUf. The lower frequency bound is
realised by the absovption within the ionosphere, so that it is a function of the performances of the
commnication terminals. The useful frequency band available to the communicator depends not c¢nly on the
signal strength and fading characteristics, but also on the dispersion caused by multipath propagation
and icnospheric movements. The normal prediction methods should therefore ideally be supplemented by
daily forccasts and perhaps ionospheric soundings. The system designer needs predictions of frequencies
wvhich have tolerable dispersion in addition to adequate signal-to-noise ratios. If a choice of frequency
is available, the highest frequency which offers acceptable reliabiiity is ofien to be preferred since this
minimises multipath effects ({o fp is preferable to f| in Fig 5).

Ground-air and air-ground communications wust be treated as separate situstions in view of the dif~
ferent trausmitter powers, radio frequency nvise-field and antenna characteristics at the ground .and air-
borne terminals. The MUF increases with rairee and if a choice of ground stations is available it may
sometimes (LIED, F., 1967; MASLIN, N.M., 197%) be advantageous to work to the more remote station so that
higher working frequencies can be used. Consequently the nead for continual frequency changing would be
eliminated; the sky-wave propagation modes would also be operable over longer periods of a flight :ompared
to the shorter range link.

Particularly severe problems are presented by HF communications with small aircraft at moderate
ranges, primarily as a result of very poor aircraft antenna efficiency in the low part of the HF band.
Working over a longer range communication lin! increases the optimum traffic frequency, thus avoiding the
peor antenna efficiencies and generally reducing the external noise levels. This is discussed more fully
in a comparison paper (MASLIN, N.M., 1979),

If all-round coverage is not required by the ground receiving station, then an important parameter
is the directivity (f¢ a geometrical factor) rather than absolute gain of the ground antenna.

Ground antenna directivity gives improved circuit performance when the system is limited by external
noise, but is of little help when availability of the propagation path itself is a major constraint.

Sources of aircraft noise (BSI, 1973) are important factors for consideration and are often the
predominant noise sources received in the aircraft. They include electrostatic discharges, rotating
electrical nachinery and switching transients so thar the noise is 'ikely to contain both Gaussian and
impulsive components. Radiated interference from the avionic installation is picked up by the aircraft
antennas; it is important to provide adequate attenuation of this noise by the aircraft airframe.

Ali the above featurec are important when assessing an HF air-ground link since the power budget is
usually more critical than for a fixed peint-to-point link. Suppose it is deduced from the foregoing dis-
cugsion that a 10 dB improvement in median received signal-to-noise ratio would provide a worthwhile
increase in communications reliability for a given air-ground link. It is then necesiary to decide upon
rhe most cost effective solution. It might be better, for example, to improve the ground station direc-
tivity factor by 10 dB rather than increasing the aircraft transmitter power tenfold or improving the
antenna efficiencies of a large number of aircraft.

[ CONCLUSIONS
The assessmert of circuit reliability has been shown to depend upon two important parameters.

(i) The ratio (f/fy) of the operating frequency to the MUF. Since the MUF is fixed for a
given time of day, season and latitude, the associated sky-wave availability Q is fixed
and the reliability has a meximum value of Q .

(ii) The ratio of the received to required signal-to-noise ratio (Ry - Ry in dB) . The required
ratio Rp is fixed for a given modulation mode by the grade of service needed, whilst Ry
can be clanged by adjusting parameters within the link. The associated probability factor
P is, thevefore, to some extent controllable.
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The range of reliability improvements which is possible for a given increase in (R, - Rp) has
been discussed., In this way & communication link can be assessud to decide what improvements would prove
cost effective.

The choice of a suitable frequency for the link for a given time of day invulves an essessment of
two conflicting factors.

(i) Higher frequencies are less liable to be prcpsgated (Q is smaller),
(ii) Lower frequencies are more heavily attenuated (P 1is smaller).

Moreover atmospheric noise generally increases with decreasing frequency. Thus for a given situation
there may be a band or ‘window' of frequencies available within which the required reliability could be
achieved for the particular link configuration employed.

This paper has concentrated on examples of an air-ground sky-wave link because the power budget can
be very crucial; an assessment of the communications reliability of aircraft under operating conditions is
an essential step in the avaluation of their effectiveness. It has been shown how the resultznt received
median signal-to-noise ratio, and in turn the circuit reliability, depends upon a number of factcrs such
as transmitter power, propagation path loss, antenna efficiencies, etc., In the course of this study a
number of simplifications have been made. Such effects as multipath features, time and frequency disper-
sion, the change in apparent aircraft antenna performance due to ground reflection, an! uncertainties in
the aircraft antenna polarisation characteristics have not teen specifically addressed. However, it is
believed that an understanding of the basic features, outlined here, should prove useful ro the communica-
tions engineer concerned with the planning and assessment of HF sky-wave links,
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DISCUSSION

Comment by Dr Klaus Bibl, US

{a) A distribution 1s necessary if mome~tary MUF values are available on only monthly averages since geometric
focussing near MUF 1s of great importance for signal-to-nioise -alculations

(b) Interference measurements and calculations dependent oan height of aircraft and radio activity areas are
important for HF communication reliability assessmients, as onr results in the airborne ionosondes have shown

Author’s Comment

Yes we do agree with these two comments and 1n connection with the second we are proposing to undertake a
measurement program as we shall mention in a later paper at this meeting.

fairist



¢ A
buprygens e

COMPARISON OF MEASURED AND PREDICTED
MUF'S AT A REMOTE LOCATION

Th. Damboldt
FCRSCHUNGSINSTITUT DER DEUTSCHEN BUNDESPOST
P.O, BOX 2000

D-6100 DARMSTADT

SUMMARY

During the past years measurements of the signal strength of distent HF transmitters have
been carried out at Liichow, F. R. of Germany, by the Research Institute of tae Deutsche
Bundespost. The times at which the signals are received first and last by ionospheric
propagation during the diurnal cycle define the times where the frequency of the trans-
mitted signal is equal to the path MUF (maximum usable frequency). Values of these tran-
sition times are taken from the field-strength records of a path from England to Germany
end then compared with the predicted values. A further comparison i.; made between the
cbserved MUF transition times and the ionogram critical frequencies at the approximate
path mid-point, i.e. de Bilt in Holland for the above mentioned patt.

Good agreement is obtained between the ionogram critical irequencies and the measured
MUF's, It is suggested that information obtained from <ignal-strength records can lead
to substantial improvements in MUF predictions. Thie is of considerable importance since
operational requirements usually exist for real-time situations and not for the average
conditions computed by prediction programmes.

1. INTRODUCTION

The basis for this "passive sounding systems" is the continuous measurement of the signal
strength of distant HF transmitters. A number of meteorological broadcast stations trans-
mitting 24 hours a day is suitable for this purpose. For the work presented here, the
station "Brackrell" in England was chosen which transmits on several frequencies simul-
taneously. The field strength of these transmitters is recorded on the follow.ng fre-
quencies: 18.2 MHz, 14,4 MHz, 11.0 MHz, 8.0 MHz, 4.8 MHz and %.3 MHz. The path length is
about 800 km. Located within a few kilometres of the path mid-point is the ionosonde
station de Bilt (Figure 1).

2. F-LAYER AND SPORADIC-E LAYER MUF TRANSITS

A typical example of a field-strength record with the sudden increase in field strength
is shown in Figure 2. The scatter field strength is about 20 dB above the noise level,
The MUF transit time denotes the time at which the propagation mechanism changes from
scatter to ionospheric reflection or mode propagation. At this point the field strength
increases by about 40 dB (Damboldt end SuBmann, 1976).

The gradient of the field-strength inc-case at a fixed frequency is dependent on the gra-
dient of the critical frequency in the course of the day. Figure 2 shows a typical winter-
day record, where the diurnal variation of the critical frequency is much more pronounced
than on a summer day.

Generally a MUF transit is much less distinct when the sporadic-E layer MUF equals the
path MUF, Figure 3 shows a typical example ¢f a field-strength increase caused by a short




enhancement of the sporadic-E critical frequency. An exact MUF transit time is difficult
tu determine and due to the spirradic behaviour of this layer, informaticn about the crit-
ical freguency on one path can not be used to estimate i: on another path,

3., COMPARISON OF PREDICTED MEDI..N MUF WITH OBSERVED MUF TRANSITS

The vertical critical frequencies and the MUF factor were taken from the CCIR Atlas of
ionospheric characteristics (=C1P, 1978). They were then convertec¢ to an 800-km path with
the transmitter at Bracknell and the receiver at Liichow. The upper decile, median and
lower decile MUF's are shown it F.gure 4 for October 1978. Also shown is a number of MUF
transit times at the firequencles recorded during this month. Good agreement between pre-
dicted and measured values is obtained, however the spread of the daily values - due to
cifferent propagation conditions - is obvious, Therefcr:2, the daily measured values of
the MUF transit times can be used to update the MUF cur e in real time (Beckwith and Rao,
1975; Jones, Spracklen and Stewart K 1978}.

4, COMPARISON OF MEASURED IONOGRAM (RITICAL FREQUENCIES WITH OBSERVED MUF TRANSIT TIMES

The ionosonde s*ation de Bil‘ makes %sourly measurements of the vertical critical frequen-
cy and other ionospheric parameters. Figure S5 shows *the diurnal variation of the F-layer
critical frequency on the day indica:ed., Also given are the times of MUF transits observ-
ed on the 800-km path at the frequen:ies ind:cated. IV is obvious that the ionogram ver-
tical critical frequencies can very ivell be :nferred from the observed MUF transits and
vice versa.

Figure & shows the diurnal variation of ths F-layer vertical critical frequency (of the
day indicated) of the ionosonde at Lindau, . R. of Germany. This station is located
about 200 km south of the receiving station. Unexpectedly good correlation between iono-
gram critical f{requencies and MUF trensits is obtained altiough the ionosperic reflection
point for the oblique path is about f00 km dzstant from the i{onosonde station. Under
quiet ionospheric conditions there stcms 1itzie difference be‘ween the critical frequen-
cies at the two mentioned ionosonde : tations which are about 5(0 km apart (iFigures 5

and 6).

5, CONCLUSTON

The conclusion which can be drawn tom thes observetion resuits is trhat - at least in a
_imited geographical region - measu ‘ements of ionospheric critical frequencies on one
rath (or a’ one location) can be us2d to update the critical frequenries for another
path (or another location) in real time.
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AUGMENTATION OF HF PROPAGATION

T. J. Barrett
Mission Research Corporation
Post Office Drawer 719
Santa barbara, California 93102

SUMMARY
This paper describes a method to augment #f communications svstems,

It appears that chemical releases might be emploved to scatter communmication signals for himted corraed
periads.  This technique s an augmentaton to be used 'nothe cvent of an emergency, or an appirent emer-
QLENCH,

The tedhmigquee white short-Tived, does provide communicdation corerage over Vust arces (~3000 mile punped.
In a nuclear enviconment, the chemical 1on cloud allows the ase of VHY transmissions . rather than Hi
thus greathy reducing blachout durations,

Assessing the nuclear environment provides information to mvoeid bltackout caused by beta particie toneaza-
tion and ailows choirce of optimum cloud location.

This techngque does not replace amy current communicat :on systen bat o does provide @ way to marntain com-

munications Jor g few minutes which might otherwise be blacked ovut for hours

Perential applications of this tecwmigque mcludes

e Communication with \N\10
Commuanication with clcets
Communication with Subtorces

Communtcation with SAC

Tactical Communications

1. INTRCDUCTION

HE compunications currentiv play an important role in U S, national defense.  Due to the characteristios
of BE svstems and the carth's onosphere, such svstems provide a4 unique method ot comuntication between
points on the earth’s surface which caanot communicate via line-ot'-s1ght transmission.  Unfortunatetv,
such communications are depeadent on the state of the ionosphere.  Frequentls, at night . there are large
regions an the nerthern hemisphere which cannot support communications from the (LS. to turope and

other areas. Uncertaiatics in future geomagnetic actaivity and solar flun variatoons lead to unreliabalaty
over mamy HF @Tinks,  Because of these uncertainties and the lack of coverage even on nermil davs/nients<,
the U.x ceurrenthy consadertag sateilite commmications as @ primary biak between the United States
and NATO torces an turope.

Satellite communication systems mav be susceptible to degradation when forced to operate i nuclear en-
vive - oand may arse be subiect to degradation when propagation paths pas< through natural aamora.  The
pramary degradations are fhuctuations an signal amplitude, phase, and angie-ot-arriial caused b propaga-
tion through rosrtons of omization which are aligned with the geomagnetic fieid and which perturh the on-
cudent wavyg to s sooere fluctuations,  Sateltites also mav be vulnerable to the roditations pradaced
Mohigh altaitude nucicar degonitions,

Mita have shown that chemical releases produce ton clowds which allow the ~ude, forward, and bckseatter
of B oand VHE waves with coflection coeftficients near unttyv, Clouds of § km vadiusg or rove, have heen
generate ! vaing barium vapor released at an altaitude of about J00 km. Such ciouds have scattering cross
sections ¢t the ooder of 10%m%.  These cross sections allow the transmission of commutreations ~lunals o
rarges of 300¢ mrles Yo, periods on the order of several minutes,

Communicat oons using chemical release clouds does rot vepiace any currvent svstem They provide @ dackhup
svstem, a4 means of communicat ton during emergencies The feasibailigy gnd utiliey of this comranication
srheme 18 the subrect of this paper.

2. RF GEOMETRY AND FREQUENCIES

Pigure 1 shows a sample shetch of an HE propagation path frw a transmitter (¥Y, retraction of the ra
caused My ronization an the - and F-regron, and subsequent bending of the rav hack to the vecenver (R
on the carth Prgure J shows the optimum frequency to be used for transmis<ion of HE sigeals between tont
Huachuca, A\rizena and Western Purope over J4-hour periads an June and December Note that the mavimun
optainum frequency was 15 MHZL n Juneg and that an December, communivation tetween 1200 and I3 00 was not
possible. bigure 3 <hows the optimum frogquency for communtcation between tort fachuea and Honolnh
Agan, the optuomum trequenoy does not evceed 15 Mz, however, comnunications (i be masntamned over the
entaire 24-hour period Finally, fPaigure 4 shows transmissien characteriitics for a near vertical path—
Marviand to Massachusetts.,  While transmission can occur over the Jd-howr peritod, the mavimur frequenc
1=oonly chout T OMHDL

troure S shows an oval-<haped region® located between treland, ingland, and fcelaad shich cannot be coe-
municatee with 95 percent f tre time at nrght from an it transmitter statwon laoated @ the State of
Marne.

Tgure s b sample artist concept.
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In short, MF frequercies ave generally limited to about 15 MHz for transmissions at long range and perhaps
half that value fur shorter ronge. There are large regions in the ncithern hemisphere to which Conus-based
transmis$s:ions cannot propagate at night.

3.0 CHEMIZAL RELEASE CHARACTERISTICS

Sndsum, ces.um, and barium huve all been used 1n past chemical release studies A yreat weatth of data was
obtained during past tests. Barium was utiiized in the dayt.me witl both sunrisc and sunset releases.
Bariue vapor is generated via a thernite reaction with copper or with barium nitrate. Typically, 10 percent
of the available barium 15 vapor:ized. This vipor ts rcadily photoismized by sunlight. The data base shows
that the ?:me history ¢€ 1onization in the 10n clocuds bHehaves as

~3

L A x 10" -5
et tl/z cn (1)

where Ne is the electron concentration and t i1s the time aftes i1omization expressed in seconds  Barium
released under night conditions will not produce an 1on clucd. The initial thermal 1onization is rapidly
quenched by reactions witih O,  That 1s, the barium 1on 15 energetic, the oxidation reaction

3a + 0.—Bad' + § (2)

-

occurs rapidly and 1s followed vy the fast disscciative recombination reaction

Ba0’ + e——Ba + O (3)
In the day, reaction (3) is followed by the competing reactions

Ba + hv-——'Ba‘ + e
(43
Ba + 02-—~B:O - G
The uxadizing reaction in kquation 4 15 mmich sluwer than in Equation 2 because the 1on :s no longer highly
energetic. fon/electron concentrations described by Equation 1 result from ambipolar diffusion of the
cloud. (Jon/electron radiative recombination is too slow to nave any effect on Ne).

Barium releases have provided ciocuds which are large (5 to 30 km radi1, depending on release altitude) and
which have radar cross sections which approximate geometric values, 10°m?: Unfortunately, tarium ion
clouds are only useful as a scattering device while the clouds are sunlit.

Cesium and scdium occupy a d:fferent cclumn 1n the chart of the elements. These elements have only one
electron in the outer shell, compared to two electrons for the barium atom., As a resalt, an energet:c ion
such 25 (¢ does not readily react with 0,. ‘the thermal 1onization created via thermite reactions 1s not
oxiéized by 0O, {theugh it wonld be oridized by 03, and, therefore, :is probably nct useful at altitudes
below about 80 kmj and the time history of cesium 1s given by

N

Ne ~ :T%? cnm N

9
where N, is the initial concentration of cesium ions generated by thermal ionizat:on. Data shows that
No for small (i kg) releases at about 105 kms i5 on the order of 2x107 cm~?. Cesiur (or sodium} thus
provides ion clouds which pussess large scattering coefficients during both day and night conditiors.

The initial clouds are spherical. Dispersive spreading and magnetic containing forces gradually distort
the initial spherical shapes into #llipscids with the major axis aligred with the geomagnetic field.

Gradient drift imnstabiliaties cause the lon cloud to develop a sharp edge and eventuaily striate into field-
aligned filaments of ionization. At this time, usually several minutes or more, the cloud becomes a
di€fuse scatterer and may no lunger bde useful in terms of communication rugmentation.

4.0 SCATTERING CHARACTERISTILS AND GEOMETKY

The piasma frequency of an ion cloud can be expressed as

£ 3,172

b = 8.9 x 107 N, Hz (©)

where Ng is the electron concentratior {cm ). Using Equations 1 and S, the plasme frequencies for
barium and cesium 1on clouds are

5.7 x 10" ,
pr = —W— Hz i)
2
8.9 x 10° no”"
£ B e e e L
*pc RYE He ®

Equations 7 and 8 show the frequencies which will backscatter from the cloud. That i., radio waves of any
frequency f such that f = fp will backscatter. At angles other than backscatter, i addi!ional factor
secant 9 {9 is the angle between the incoming wave vector and the normal to the surface), multiplicative-
1) increases the usable frequency. Taking No=10° cm-?1r Equation 8 and a scattering angle of 45 degrees,
the maximum usable frequency versus tiwme for both bariwum and cesium ion clouds has beei ¢c wuted. The re-
sults are shown in Figure 6. Ncte that for the cesium cloud, a frequency >f 30 MHz can bt sed for
approximately five minutes.

sawans




oy

- e A RIS € o TR £ ed e RO S O

2

Figure 7 shows the hackscatter radar cross sections measured during a barium test. Note that the cross
section exceeds 10° m? at 10 3 MHz for about 18 minutes after release.

AT

Figure 8 shows a propagation link between a transmitter., T, an 1on cloud located above the E-layer, and a
recelver, R, over-the-horizon from the trunsmitter. During a ,est seriev an ton cloud was released over
Florida at about 200 km alvitude. Transmissions from White Sands, New Mexico were scattered off the cloud
an’ received at Antigua n the Carribean Sea. The range from transmitter to receiver was about 3000 miles.,

Figure 9 shows four circles with diameters of 3000 miles. Note on the lower circle that White Sands and
Antigua lie on the periphery, with the 1on cloud over Florida at the center of the circle. The other three
c.rcles show the geometric coverage which could be providea by ion cliouds, for transmitters located at
Seattle, Washington. Omaha, Nebraska: and Ban, :r, Maine. The eatire U S Northern boundary and up to the
North PFole can be covered with three 10on clouds.

™=

Figure 10 shows a 3000 mile diameter circle centered at Rome, Italv., Note that communications can he made
from London, [ngland to Istanbul, Turkey. The entire NATO commun:t, can communicate using a single cloud.

5.0 NUCLEAR ENVIRONMENTS

SRR (I PR ) 1oa o Sos b

PO

gigdes

HE systems subjected to nuclear environments are extremely susceptible to blackout due to the absorption
produced by X ray, camma-ray, and beta-particl: ionization. Figure 11 shows an artists concept of a

large yield nuclear burst occurring at an altitude of 100 km directly above a transmitter which 1s propa-
gating awave up toward a chemical release cloud. The range from the burst to the region of ionmization 1s
about 200 km. Figure i2 shows the one-way vertical absorption* produced during the day by X-rav 1onization.

[RIPE IV

Note that 10 dB absorption at 10 MHz persists for about 25 minutes while at 50 MHz, only for about one

winute. Clearly, increasing the frequency of propagation produces 4 large reduction in the durat:on of
blachout. For X-ray blachkout, the duration of a given level of absorption scales about as f-°, hence,

five-f-'d increase 1n frequency results in a 25-fold diminution in duration.

oy

Figure 13 shows the one-11y vertical absorption produced by the delayed gamma-ray 1onization from this
burst. % system operating at 10 “Hz would be blacked out for several hours after the detunation. At S0
MHz, the blackout (10 dB) persists for five or 10 minutes depending on ray path geometry.

Figure 14 shows the absorption produced by beta-particle i1onization, arbitrarily spread over a 200 km
radius. For ray paths which intersect the beta-patch, even systems operating at 100 MHz are blacked out
for over one hour. Clearly, beta-patch regions must be avoided by any HF or VHF communication system.

We will now brieflv d-scuss methods of assessing such environments and describe mitigation techniques that
could be employed to minimize the effects of nuclear detonations.

6. ASSESSMENT AND MITIGATION

Past studies have shown that electron:ic sensors can be used to identify a nuclear detonation and locate
the burst position with reasonable accurucy. Studies bave also shown that clectronic measurements can be
used to obtain estimates of the weapon yield to within atout a factor of two.

With these estimates as inputs, computer simulations can be used to provide estimates of beta patch loca-
tion as a function of time. In addition, such a simulation can provide estinates of the absorption time
histories for any ray path of interest.

SO0 BT AR AN T i ARy PO A A -

* o obtain the two-way slant path ahsorption, multiply by 2 sec E, where E 1s the ray elevation angle.
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Figure 1. Hf prrpagation geometry.
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DISCUSSION
J. Rottger, Ge
Why dous “1sotropic «cur at frequencies lower than the critical plasma freq-i2ncy? lsn’t “(total)
retlection” from the s.r 2 clond?
Author’s Reply

No, total reflection is too sim e a concept here. Ratb r the incoming wave generates surface currents wiich
produce 1sotropic scattering as from a metallic sphere..

T B. Jones, UK
Wevld you please comment on the possibility of the production of electrostatic images of the cloud n the E layer

The E layer conjugations produced 1n this way can support additional modes of propagation which result 1n modal
interference etc.

Author’s Reply
Images can be gencrated, both in the local E region but also in the magnetic conjugation region over the equator.

These images may support other propagation modes. This problem has not been addressed to date, but will be
considered in future experimental planning

James R. Wait, US

Could you indicate what th sretical model was used to calculate the bi-static cross section of the cloud? In this
connection, did you accounti for the radial density of the cloud density?

Author’s Reply
Short puise radar returns from tha cloud showed no pulse spreading indicating the electron density gradient was

short compared to a wavelength  As & result computations of the cross section using geometrical op*ics
approximations were employed.

Comment by N.C. Gerson US
If the 1onization produced by the cliemical releases becomes field aligned, several factors restrict the results
presented. First, field ahgned propagation implies an aspect sensitive condition, in which the transmitter and
receiver mus: be in certain areas. respectively, for propagation to take place. Secondly. with field aligned
prupagation, both the transmitter and recewver must be located below a given geomagnetic latitude for the reflected
ray to be seturned to the earth

Author’s Comment

{ agree with this comment The results presented only apply prior to the jon cloud becoming field-aligned.
approximately S minutes aft ~r release.

George H. Millman, US
You mentioned that transmission distances on the order of 3000 miles were attained during one of the barium
releases. Could you amphfy this statement in terms of transmission frequency, and reflection height?

Author’s Reply

The transmission frequency was approximately 10Mhz. The height of reflection was about 215km. hence somie
refraction occurred to achieve the range of 3000 miles.
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TROPOSPHERIC EFFECTS ON HF PROPAGATION

George H. Miliman
General Electric Company
Syracuse, New York 13221, USA

L N AW

SUMMARY

AT

An evaluation is made of the effect of tropospheric refractive bendivg on the propagati~n of HF radio waves.
The index of refraction in the troposphere is modeled 1n terms of the CRPL Reference Refractivity Atmosphere -

1958, while the index of refraction in the ionosphere is defined in terms of the transverse-ordinary mode of propaga-
tion, the electron density being represented oy a Chapman model,

KA oo

Ray tracings are performed based on the assumption that the propagation media are stratified into layers of
constant refractive index, The ground scatter distance and the true and virtual reflection heights are calculated as
a function of surface refractivity and varicus electron dersity profiles,

T

T AT

The relationship between radar range and target-ground distance is also examined., The existence of long range
propagation paths beyond 4500 km for specific tropospheric and 1onaspheric conditions is discussed,

1. INTRODUCTION

When electromagnetic waves are propagated through cLe troposphere and ionosphere, they undergo a change in
direction or refractive bending, This phenomenon which arises from the nonhomogeneous characteristics of the med:a
introduces an angular error 1n radar measurement data (Millman, 1958).

The elevation angle deflection of radar waves in the troposphere is independent of frequency, and in the 10ono-
sphere it is frequency dependent, i.e., inversely proportional to frequency squared (Miliman, 1958), Howuver, in
the case of the troposphere, the angular deviation is directly proportional to the surface refractivity, No’ i.e,, the
deviation increasing with increasing No (Millman, 1971).

In predicting the range-coverage performance of an HF backscatter radar or the transmission-frequency
requirements of a commumcations system, ionospheric propagation characteristics are only considered. The affects
of the tropospheric refractive properties on HF propagation are in general not taken into account,

However, a preliminary examination of the HF propagation phenomena has revealed that the ground-scatter

distance and the true and virtual reflection heights are modified when tropospheric refraction effects are taken into
account (Millman, 1975).

In this paper, an evaluation is made of the effect of refractive bending 1n the troposphere on the propagation of
HF radio waves.

2. THEORETICAL CONSIDERATIONS

2.1 Tropospheric Index of Refraction
The index of refraction, n, 0 the troposphere, can be expressed in terms of the functions
N =@ -1)x 108 )
and
. N = % (P + E’,f_) 2

where N is the refractivity, T is the air te.aperature “K), p is the total pressure (mbar) and ¢ 1s the partial pressure
of water vapor (mbar). According to Smith and Weintraub (1953), the constants, a and b, are 77.6°K/mbar and
4810°K, respectively,

It should be noted that the above expression for the refractivity of air is independest ~f frequency in the 100- to
30,000-MHz range. The first term in Equation (2), ap/%, applies to both optical and radio frequencies, and is often

refrred to as the dry term. The second term, abe / r2, which is the wet term, is the water vapor relationship
required only at radio frequencies.
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The tropospheric refractive index model employed in this analysis 18 the CRPL Reference Refractivity Atnios-
pbere - 1958 (Bean and Dutton, 1966) which is described by

Nh) = No + (h - ho) AN 3
where No is the surface refract! ity and ho is the surface height above mean sea level. This expression 18 vald ios
ho =~ h= (h0 + 1) km, The parameter, AN, is defined by

AN = =7.32 exp (0. 005577 No) 3

For the region defined by (ho + 1) ~h >~ 9 km, the reiractivity decays as

N(h) = N, exp|-c(h~h - 1) (3)

where N1 is the value of N¢h) at 1 km above the surface and

S S Ny 6)
€ §-n, e\ 105 (

4

Above 9 km, the exponential decay is of the form
N() - 105 exp{-0.1424 (h - 9)) (7

Surface refractivities of 320-N and 400-N units were only considered. The latter 1s represen.ative of severe
refraction conditions while the former of average conditions,

2.2 lonospheric Index of Refraction

The 1ndex of refraction in the 1onosphere can be expressed by the relationship

_,]1/2 . 72

wo\ T N e~

n I-l'(T\) 1- —— ®
L ] oM

where wN is the angular plasma frequency of the medium (radss,, Ngis the electron density (electrons,’m3), e 1S the
electron charge (1.6 x 10_19 Ci, m s the electron mass (9.1 x 10-31 kg), « 18 the eleciric permittivity of free
3pace (10‘9,’36rr F:m) and . 1s the angular frequency of the incident wave (rad/s),

The distribution of electron density with height is assumed to follow the Chapman model of the form

‘ h-h -h-h )
- — m . m ©
! 8 S

N = N __exp
¢ m l
where Hs is the scale height of the neutral particles and Nm 18 :he electron density at the level of maximum
onization, h_ .
m

1o

The values of the parameters defining the d: t:me 1oncspheric electron density profiles and the equivalent
plasma frequencies of the maximum 10nization levels, used in the calculations, are presented in Table 1, Minimum
elcctron density between the E- and Fl-layer is attained at 128, 01 km altitude and between the Fi- and F2-'ayer at
213, 55-km altitude,

1t should be noted that the 1onospheric refractive index, given by Equation (&), is also a function of both ‘he
electron collision frequency and the earth's magnetic field, For frequencies on the order of 10 MHz and sbove, and
at altitudes greater than 80 km, the effect of the collisio: frequency term on the index of relraction 1s negligible
(Davies, 1965),

LS o
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The refractive index is slightly in error when the magnetic field {8 neglected. It can e s wou that, when [me
magnetic field is taken in sccount, the refraciive index is defined by the following {Ratcliffe, (y% -

t, Longitudinal-ordinary propagation mode

Nee. -1
n,oos 1-- — s cos ¢ 0
Lo e omow L 1w
o e 4
2, 1oengftudinal-extraovdinary propagation mode
142
2 -1
Ne ¢ ¢B
n - 1- -5 1 1- cos ¢ tth
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‘oe”T L ¢ -

R, Transverse-ovdinary propugation mode

Lad 0
| N e

Ne e Ne e
= 1- 5 1~
T € m W €. m_ w
o e o
1/2
B e / <
1- £ 5 = | ‘::B sm ¢ ¢ des
€, My " e )
where B is the magnetic induction (Wb/m) and 8 is the pre <, * e,, the angle between the magaetic field

vector and the direction of propagation,

When evaluating the ecrors with respect to the transverse-ordinary mode of propagation which corresponds to
Equation {8), the nonmagnetic field case, it 8 found that the maximum error in the refractive index occurs  the
peak of the F2-layer and, at 30 MH:z, is less than 0.4 percent, At 20 MHz, the error increases to slightly greater
than 1 percent, The calculations ave based on the electron density models described in Tuble 1 and on a magnetic
field intensity of 0,5 G (B = 0.5\ 10-4 \\‘b,f'mz) which 18 assumed toe be invariant with altitude (Millman, 1977).

1t should be ncted that tranaverse propagation 1s applicable, to a first approximation, to transmissions ¢rigi-
nating i1n the midlatitudes and oriented towards the polar ionosphere, Longitudinal propagatior, op the other hand,
applies to midlatitudes transmissions directed equatorward.

2.3 Computaticnal Procedure

In this analysis, it is assumed that (1) the troposphere is contained betwees. the earth's surface and 30-km
attitude, (2 the base of the ioncsphere is focated st an al:ittude of 80 km and (3) iree space prevails in the region
between the troposphere and the jonnsphere,

In evaluat:ng the etfects of the tropospheric refraction phenomenon on HF propagation, the basic assumption
employed 15 that toth the tn posphere and 1onosphere can be cousidered to be stratified into sphe cical layers of
constant refractive wndex. “The siratified layer method, although approximate 1n nature, can be greatly improved by

merely increazing the unumber of layers 1n the medium, . 2., decreasing the thickness of each individual layer
element (Millman, 1961,

Tho sinb s1zes employed in the computations are as follows; 50 111n the altitude region from h = 0 to 30 km;
50 km from h = 30 to 80 km; and } km from h = 80 to 300 km,

beasamany
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3. DISC USSION

Estimates of the effect of troposphenic refraction on HF propagation are presented in Tables 2 through 7 which
list the ground-scatter distances and the true and virtual r -flection heights for transmissions at 10, 20 and 30 MHz
and at 1° and 3, 5° elevation angles, The calculations are “ased on the nonmagnetic held, 1cnospheric index of

refraction, i.e., transverse-ordinary mode of propagation, d.'.ined by Equation (8) and apply to the four electron
density models described in Table 1,

The analytical expressions for the true reflection height, hr’ and the virtual reflection height, h'r, are given by

{(Millman, 1977)

r o ] ~1/2
b =r (o cosE {1~ ~ ,,-J -1 (I
r ) 2 2
47T ¢ f
(O &5
and
[ .
S
[ S — -1 &
by = r {cos Eo (co; LEO + Zr, ) 1 ,) (15

where ro is the earth's radivs, n, 18 the 1ndex of refraction at the eurth's surface, Ec 18 the apparent grour ¢ ~va-
tion angle and S is the ground-scutter distance,

An examination of the data reveals that, for a given setl nf propagation conditions, :.e,, tropospheric and 10no-
spheric models, the true reflection height increases with increasing transmssion frequency and elevation angle, it

i1s seen that, for a given electron density model, the true reflection height decreases with increasing surface
refractivity.

The ground-scatter distance and the virtual reflection heignt, on the other hand, increase with increasing
surface refractivity except in the case of the 20-MHz, 1° elevat:'n angle data {Tabie 4) where the reverse occurs for
electron dens:ty model C. This reversal ~an be attributed to the fact that the true height ot reflection of Nc - @ takes
place above the peak of the Fl-layer, i.e., at an altitude of 214,17 km while the N0 = 520 and NO = 400 reflections
occur below the Fl-layer peak, i.e,, at 1C1,30~ and 179, 56~-km altitude, respe-tively,

it is of interest to ncte that the decrease in the ground-scatter distance at a surface refractivity of 480-N units,
electron density model A (Table 4), is mainly the rusult of the true reflection taking place at approximately the peak
of the E-layer, 1.e., 99.96-km altitude, This is in contrast with the K= ¢ ani NO = 320 data whichk reflect at the
lower portion of the Fl-layer, i.e,, 174,41 and 172, 34 km altitude, respectively.

An interesting disclosure in the 20-MHz results, Tables 4 and 5, 18 the existence of long-range propsgatio.f
paths for specific tropospkeric and 1onespheric conditions. It 1s noted that long-range propagation, 1.e,, ground-
scatter distances greater than approximately 4500 km, generally tends to occur for rays undergoing reflection at
altitudes on the order of 214 km which is slightly above the altitude where the F1- and F2-layer are joined together,

the ionization valley being located at 2:3, 55-km altitude,

Figures 1 through 3 disclose 20-M}z high-rav one-hop F1 mode propagation (Pederson ray) at distances up to
6200 km, with maximum range beirg attained at elevation angles between approximately 1° and 3,5°. As illustrated
in Figure 4, a slight variation in the electron density profile can result in: (1) the maximum range being acquired at
the lowest elevation angle and, (2) the disappearance of the F1 propagation mode,

Long~distance, one-hop F1 propsgat:on over approximately a 4500-km path has been observed by Tveten (1961).
Propagation by the one~hop F2 mode over a £30¢~km path is possible according to the experimentsl measurements of
Warren and Hagyr (1958) and the theoretical calculations .i kift (1958).

Utilizing ray tracings techniques, Muldrew and Maliphant (1962) investigated the properties of long-distance,
one-"wop propagation, They found that long-distance propagation may occur via the F'1- and as well as the Fz-layer

and that one-hop propagation may extend to ranges in excess of 7500 km in the temperate regions and 10, 630 km 1n
the equatorial region,

Al oo
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It shouvld be apparent from Figures 1 through 4 which are visual representations of the data in Tables 4 and 5
that, at low elevation angles, the ground-scatter distance {8 controlled to some extent by the troposphere. As
previously mentioned, when tropoapheric refraction is severe (i.e., high surface refractivity) the ground scatter
distance 18 ge...aatly 8 maxinium, It is 2 minimum when the surface refractivity is not taken into account (1.e.,

NU = 0), For example, the ground-scatter reflection point, at 2° elevation angle for 1oncspheric model D, Figure 4,
evoluates to 5652, 50 km for No <= 400 and decreases to 4966, 34 km for 1'0 = 320 and 4738. 26 km for NO =0,

An additional feature of interest in Figures 1 through 3 is the indication of the possible existence of multiple
rays incident t the same location on the earth's surface commeoncing at distances greater than about 3800 km, This

phenomenon implies thut there 13 a focusing of the rays which results in an apparent enhancement of the incidert

radiation at the iong ranges,

An evaluation of HF radio focusing at maximum range cansed by the .omzation distribution between icnospheric
layers has been made by Croft (1967).

Figures 5 and 6 are plots of the radar range, 1.e., group path length, as a function of the ground distance at a
frequency of 20 MHz for wonospheric models A and D, respectively, It is seen that, for a given set of propagation
conditions, i.e., 10nospheric modei and high- or low-ray propagation mode, a linear relationship exists between the
radar range and the ground distance which 1s independent cf the tropospheric refractioa conditions. It follows,
therefore, that there is no need to take into account the effect of refractive bending 1n ‘he troposphere when deter-
mining the location of an object in space by HF backscatter radar techriques, I other words, no special calculations
have to be made to a~count for the cffects of the tropospbere on radar-target, coordinate-registration process.

On comparing Figure 5 with Figute 6, it is found that the high-ray (FZ mode) slopes are practically the same,
An 1dentical situation exists for the slopes of the low rays (F2 mode).

The 30-MHz radar-range data shown in Figures 7 and 8 also display similar slopes for the low rays and for the
high rays, 1t is noted that the slope of the data poiota of the high rays 1s slightly greater than that of the low rays for
beth the 20- and 30-MHEz computations,

The linear relationships between the radar ranges and the ground distances illustrated in Figures § through 8
are summarized :n Table 8,

Additional items whach should be mentioned with regard to the 30-MHz data are: (1) lcng-range propagation
beyond 4500-km ground distance was not attainable for the four 1onospheric models considered in this analysis, (2)
the elevation angle versus ground-scatter distance plots were similar 1n appearance to the curves 1llustrated in
Figure 4, and (3) the ground distance tra.ersed by the high rays tended to approach that of the low rays,

4, CONCLUSIONS

The presence of troposphenic bending tends to have the following effects on HF propagation: to decreas: the
true height of reflection and, for the most part, to increase the ground distance over which the waves can be trans-
mitted and to increase the virtual height of reflection,

Slight vanations in the ionospheric electron density distrivution could result in the ground scatter distance and

virtual reflection height decreasing with increasing severity of tropospheric refraction,

Inasmuch as a linear relaticnship exists between radar range and greund distance, tropospheric refraction
effects need rot be taken inte account when deducing the Jecation of a target by means of HF backscatter radar
tachniques,

Long distance propagation beyond 4500 km appears to occur for rays: (1) having very low takecff angles, 1.e.,
less than about 4° and, (2) undergoing reflection in the altitude region where the F1 and F2 layers are joined together.

It is found that, for the electron density mcdels considered in this analysis, the long-distance propagation mode
is frequency sensitive in that the extended surface coverngé occurrcd only at 20 Mz and not at 10 and 30 MHz,
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TABLE i

JIONOSPHERIC ELECTRON DENSITY PROFILES

Maximum Electron
Scale Height Altitude Ben:nty 3 Flasma Frequency

Model Layer H' {km) tkm) Nm(x 10" electrons/m”) {MHz)
A E 10 100 1.500 3.477
F1 10 200 3. 000 4,917

F2 50 300 12.500 10. 037

b E 10 300 1.459 3.428
Fi 40 200 2,918 4.850

F2 50 390 12.160 9.899

C E 10 100 1.440 3.408
Fi1 49 200 2.879 4.817

F2 50 300 11.997 9 833

D E 10 100 1.421 3.364
F1 49 200 2.841 4.785

F2 S50 300 11.838 9 767

TABLE 2

GROUND-SCATTER DISTANCE AND TRUE AND VIRTUA' REFLECTION
HEIGHTS FOR 10-MHz TRANSMISSIONS AT 1* ELEVATION ANGLE

1
firound-Scatter | True Reflection | Virtual Reflection
Electron Refractivity Distance Height Height
Density Model (N Units) (km) (km) (km)

A 0 1363.96 8i.66 85.38
320 1749, 20 81.58 92,67

400 1084, 80 81,56 95, 80

B 0 1863, 86 81.77 85,37
320 1948.78 81,69 92,63

400 1984, 26 81,66 95,76

C 0 1863,90 §1.82 85.38
320 1948.70 81,74 92.63

400 1984,16 81.71 85,75

D [ 1864, 62 81.87 85,39
320 1902, 88 81.79 92.99

400 1984,12 81.76 95,74

TABLL 3

GROUND-SCA'STER DISTANCE AND TRUE AND VIRTUAL REFLECTION
HEIGHTS FOR 1u-MHz TRANSMISSIONS AT 3.5° ELEVATION ANGLE

Surf{ace Ground-Scatter | Truc Reflaction | Virtual Relection i
Electron Refractivity Distance Height Heigat
Density Model «N Units) (km) (km) fkm)
A [} 1478, 28 82.15 89, 16
220 1534.18 82,07 94,30
300 1559, 27 82.05 96,65
B 0 1467.92 82,27 88,23
320 1507.60 82,19 91.34
400 152¢.72 42,16 93.05
[ 1} 1485, 1t 82,33 87.98
320 1502.46 82,24 91,37
400 1614.52 82,22 92,48
D 0 1463 28 2,39 §7.81
320 1499.7¢ 82.30 91,32
J 4090 1510.67 82.24 92,12

=3
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GROUND-SCATFER DISTANUE AND TRUE ARD VIRTUAL REFLECTION
HEIGHTS FOR 20-MH2z TRANSMISSIONS AT 1* CLEVATION ANG LES

Surface Ground-Scatter ! True Reflection | Virtual Reflection
rlectron Refractivity Distance Height Height
De: sity Model (N Unite) (km) (km) {km)

A ] 4117,06 174.41 387,16
! 20 4282.24 172,34 418,92
‘00 2336, 74 99,96 151,34

i
B 0 417 A 17¢.66 358.43
320 4251, 74 177.47 420,79
460 4297, 40 176,92 422,00
c 0 576%. 26 214,17 773.97
320 4609, 34 1£1,30 4.1
400 4360, 96 179. 5 434.56
D v 5220.18 214,75 ! 627,80
320 5732.76 214,38 T04.18
400 5934. 86 214.23 822,66

i

TABL? 5

GROUND-SCA'TTER DISTANCE AND TRUE AND VIRTUAL REFLECTION
HEICHTS ¢« OR 20-MHz TR/ NSMISSIONS AT 3.5° ELEVATIUN ANGLE

—
t I Surface Grouna-ccatter E True Reflect.on | Virtual Reflection I
Electron Refractivity Distance Height Height
Fei 54ty Model (N Units) thm) (km) (km)
! - 0 i 4590.08 214 49 597.49
]
320 | 4992.12 214,12 700,99
400 E 5178 02 214 02 752,359
H B 0 4203 46 215,71 507, 14
I 320 4393. 24 215,33 530,40
400 4453, 82 215,23 564.65
C 0 4124 14 26,33 489.67
320 “224.52 215.04 511. &
400 4227 90 215.84 521.50
D ] 4007.94 216.95 464,72
320 4145, 30 216.55 484 30
400 4185.52 2'5.45 503. 1€
TABLE 6
GROUND-SCATTER DISTANCE AND TRUE AMD VIRTUAL REFLECTION
HEIGHTS FOR 30-MHz THANSMISSIONS AT 1° ELEVATION ANGLE
Surface Ground-Scatter | True Reflection | Virtual Reflectior
Electron Refractivity Distance Height Height
Dengity Model (N Units) (km) (km) (km)
LY 0 3944. 84 246.¢7 355,56
32C 4093 268 246. 16 382.70
400 4185 32 246.03 400.11
B 0 3973.60 248.48 360.73
320 4045,00 247.95 373.75
400 4089.60 247.52 382.01
ol 0 3989. 24 243,39 363.56
320 4057, 56 248, %6 376.07
400 4102, 84 248.7? 384.49
D 0 4011, 54 250.38 367.61
| 320 4074.66 U077 379. 23
L 400 4116.58 249.64 387. 07
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TABLE ?

GROUND-3SCATTER DISTANCE AND TRUZ AND VIRTUAL REFLECTION
HEIGHTS FOR 30-MHz TRANSMISSIONS AT 3.5° ELEVATION ANGLE

Surince Ground-Scatter | True Roflection | Virtual Reflection I
Electron Rafracti~{ty Distance Holght Hetytit
Density Model (N Units; (k) (km) (km)
A [ 372,76 e 359, 21 ;
320 348748 M. 94 31.91 '
100 3505, 98 248, 81 385,32 i
B o 1501, 88 251,62 364, 57
320 351,48 250, 99 7. 82
400 3538, 14 250, 8y 373. 29
¢ 0 3510, 42 252,18 366. 14
320 3550, 2¢ 252. 14 573. 565
400 361144 251.98 385,10
D 0 JEIN, 88 253,95 367.71
3¢ 3803, 22 283.30 383. 53
400 %42, 38 223,13 3910
4
TARIE &

LINEAR RELATIONNHIE BE TWEFEN RADAR RANGF AND GROUND DISTANCE

r - — SR,
. High Ray
Electron (Fi Mode) and
Deaxity Low Ry 1ow Ry 1 ow Rav High Ray
Frequency Muodel 1 Modey (F2 Moded {F2 Alodes tF2 Mode”
(MH1)
a l b (hmi a b Py b (k) s t b (k)
20 a 1. 00 ; =86 47 1.02 110 &3 - - 1. i =103 o3
b} - - ; - - 10 127 80 1,28 , -240, 37
kit A - - - - ¢ 99 18 22 115 l 27T W
D - { - - - 097 HE RN t 13 =238 Tt
i _ |
& = al b

R » Radar Range (kmy

o

= Guound Datance (km)
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BISCUSSION

Coinment by N.C. Gersons US

It should de noted that moditied refractive indices of 300 occur prumanly i tiopical ovesnie areds, OV er India
dunng the sionsoon perod and several other stilar yeographic areas Range changes of the 1y pe caleulated could
be enpectad to occur primandy 1in these arcas AL nuddie Laistudes, modified retractive mdices of 40U or more woulu

oceur primardy dunsg summer and oser large bodies of water

A Ingh latitudes Jach reftactivity are rarely attained
i et all

Authot's Comment

118 true that sustace retractnaties of SO0 N umits most hkely can ot be dtaned i the hugh atitides  This vajue
nterziy results i the mavmum effects that could be eacountered n HE propagation  Surta.e refractnaty of J0-N
umis which { have abo constdered in thes stady s applicable tor average condiions

Comment by J R Wait, US

I teel that troposphene ducting coulu play 4 role tor grazaing Oy pe tav s at L

Such duct ocvurence could modit)
some of these conclusons

Author’s Reply

As F mentioned, in this study 1 ondy exanuned the eftects ot thee stundard atmosphene model 1t s quite posable
that troposphenc ducting coult aiter the resalls presented

W’t&’ﬁ&
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SUMMARY OF SESSION i

MODELING OF IONOSPHFRIC PARAMETERS

The sesston ent-tled, “Modeling of lonospheric Parameters™ dealt with recent developments in the area of
1onospheric modeling for the purposes of improving the speaification ef radio propagation conditions. The »apers
presented 1n che session and the ensuing discussions vere concerned with improvements ir our understanding of the
dyna:nics of the 1onosphere, improvements tn our ability to observe significant icnospheri~ changes, and improved
methods for translating 1onospt. i information into radio progagation data (and vice versa).

The paper by Wrnigiit and Paul discussed various aspects of a proposed n=w 1onospheric sounding network This new
netvork is composed of modern, digital 1onosondes that are fully computer-interactive, These 1onosondes could provide
vertical incidence and oblique incidence 1onograms. signal amplhitude, direction of armval information and polarization
‘the authors point out the advantages of such a network of sophisticated ionosondes and cali for deliberate planning in
the upgrade of the existing ionoscide network.

The paper by Cho, Mig.ora and Felsen addressed a new method of analyzing radio propagation using a combination
of ray and mode theory Using as an illustration the propagation of radio waves in an elevated tropospheric duct. the
presentation given by Felsen stressed how the hybnd ray-mode approach could be readily apphed to a number of
different propagation related problems across the frequency spectrum

The paper by Fleury and Gourvez discussed the importance of vctious ionospheric parameters in the determination
of HF long-distance predictions. The authors pointed out that the crit.cal frequency of the F2 region, foF2 1s the most
important parameter in the determinaiion of HF propugation conditions and they discussed how uncertainties in foF2 are
manifested in uncertainties in HF propagation predictions.

The paper by DuBroff, Rao and Yeh addressed the problem of drtermining ionospheric conditions from swept-
frequency oblique backscatter ionograms. The presentation by Yeh empnasized the methods developed to obtain an
estiniate of the equivalent e:ectron density profile that results from the inversion of backscatter measurements.

Goodman discussed ike morphological behavior of HF radio waves that propagate through the 1onosphere and are
observed at satellite levels. Performing calculations using realistic ionospheric models the author described the types of
informatio I about the j0nospheric structure tha: could be deduced from satellite meastrements of ground-based HF
signals or HF nosse sources.

The paper Dy Prolss provided a discussion of how classical ground-based 1onospheric data ccupled with satellite
observations can help unravel the problems associated with understanding the dynamics of the ionosphere during a
geomagnetic storm. The author pointed out the extemely important fact that the earth’s ionozed atmosphere can not be
understood and predicted in the atsence of comparable knowledge about the neutral atmosphere.

The paper by Hamischmacher and Rawer addressed the day-to-day fluctuations in the ionospheric parameters and
hiow they appear tied to lunar influences. In additicn, the authers discussed apparent p anetary influences on the
observed behavior of the F2 region cntical freguency.

Hantaba describea efforts to determine operationally useful methods of predicting the maximum usable frequency
(MUF) The techmique developed permits the elcctron density model given by Bradley and Dudercy to be subjected to
analvtical expressicns in order to Jeiermine HY propagation parameters.
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TOWARD GLOBAL MOMITORING OF THE IONOSPHERE IN
REAL TIME 8Y A BOTTOMSIDE SOUNDING NETWORK:
THE GEOPHYSICAL REQUIREMENTS AND THE TECHNOLOGICAL OPPORTUNITY

J.W. Wright and A.¥. Paul
Space Environment L aboratory
NOAA Environmental Research Laboratories
Boulder, Colorado 803u3

SUMMARY

We take as granted that improved knowledge of the upper atmoschere 1s necessary for scien-
tific, social, comnercial, and defensive purposes; that even as such knowledge advances, practical
applications will require continuous mc: itaring of easily-observable atmospheric properties; that of
these, the corncentration of ionizatior between €C and 400 Km 15 at once the most informative and
easily observéble property; and finaliy, that HF radio sounding retains an 'mpcrtant--and perhaps
predominant--role in this field of envircnmental mo~itoring.

Current develooments in ionospheric sounders demonstrate the advantages of fully computer-
interactive systems and digital data acquisition, in which al! aspects of system control and real-
time data processing are software-defined. Priority is at present given to "vertical incidence"
capabilities, and particularly to automatic estimation of the electron density distribution (and its
time variation) overhead. Two or more such instruments can obtain measurements oistatically to
sample ionospheric properties at intermediate locations. Measureable preperties, whether bv verti-
ca' or oblique sounding, include the time and frequency dependence of group path ard phase, the
5ignal amplitude, the echo direction of arrival and polarization. Deducible ionospheric properties
again include the vertical electron density distribution, but now extend to its spatial and temporal
variations over the region. Reducec¢ data may be exchanged among the systems using the same facili-
ties as used for bistatic soundings. Additional irformation on :onospheric structure is available
to each system by ground backscatte- and by passivc observation of n2arpy (100-2000 Km) transmitters

£ known location, frequency, and transmission schedule. Sounder transponders, using telenhone
lines to return information, can provide additional detail. A glcba! network ucing ionosonde
systems of thi, kind is virtually certain to evolve naturally out of present interests and capabili-
ties. It wil! replace the 150-odd obsolete ionosondes now 1n use with a mnimumn of about 90 widely-
spaced digital ionosonde centers having the capabilities described ahove, 9C such instruments being
sufficient for global bistatic soundings over 2500 Km distances. The "natural" evolutiun of this
prcgram might consume 25 years, and be rather haphazard. Deliberate planning today can reduce tns
time and improve the resulting system.

1.0 INTRODUCTION

1.1 The Present lonosonde Network

There are about 150 iunosondes operating on the globe -oday, at locations 1dentified by the
various parts of Figure 1. Only a handfull of these are reasonably modern instruments, the great
majority followiag design concepts which were developed in the 1940's and 1950's. They commit their
measurement information to analog film in the form of “ionograms". Even a few manually tuned
instruments are still in regular use, requiring fu:.l-time operators. Only a small fractron (usually
25%) of the ionograms are reduced to numerical data. Reckoned in terms of directly meaningful geo-
physical guantities this amounts to some half-de-en parameters manually “digitized" for each hour.
Long multi-<olar cycle tim- series of only a few of these narameters are available and “rom only a
few stations. Conversion of ionograms to electron aensity profiles (N(z)) is only done irieguiarly,
with a few exceptions (Wright and Smith, 1967; IAG-54, 1976, p. 27-29.

This 1is an unnecessarily wastetul situation, and one unworthy of carrying on throigh the
1980's. Many of the traditional installations of Figure 1 should be considered by their gov>rning
adnimistrations, not as "better than nothing" contributions to an 1international “network". tut as
actual and active obstacles toc the evoiuvion of a serviccable network. Ar unfortunately preialent
example of the counterproductivity cf the traditional methods is the-r preservation {(usually under
government sponsorship) at educaiional institutions. This becomes more evident when the modern
alternatives are understood. Despite the immediate impression which this paragraph might give, it
is not intendec as an incentive to the abrupt and arbitrary termination of ionosonde stations.
Instead, we wish to encourage a planned redistribution of the present resources, leading to a
smaller number of modern stations which, individually and collectively, will provide much more in-
formation (and do so morz rapidly) than can the present network.

It must be emphasized that the stations of Figure 1 function 1n a largely uncoordinatad manner;
it is usually only in a long-*erm (monthly-median) sense that this degree of "global coveruge" can
even be approached. To a corirasting extreme, Europe, parts of the Soviet Union, India, and the Far
tast are saturated with traditional instrurents. There exist several regional orograms {USA, USSR,
France, India) for repra2senting and forecasting large-scale ionospheric structure. A “global" pro-
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gram (Thomson and Secen, 1979) ts maintained br the AFGWC, based in part upon dute from 48 widely-
spaced ion=ondes (some providing near-real-time parameters). However, this comparatively ambitious
effort is considered “data-starved” by its authors.

Apart from such nceds for more data s there a need for a modern alternative? We fecl that
this question is too easily begged by tne domanstraticn that only a fraction ot the information
obtained from the present -~-~twork is actually used. (What is so demonstrated, of course, 1» that
most of tnis "information' is «ot useable). 7. practical need for a modern tonospheric (0n1tor1ig
network is pest presented by those who would or Could use the information n telecemmurnications,
environmental, defense, and commercial applications. As geophysiLists, we can assert with conti-
dence that data from a modern network will certainly be used in geophysics. The data would be 1n
computer-accessiple fc-m, and expressed in geophysical parameters, dat the point ~f measurement.
Although the geophysical community probabl. cannot bring sbout a modern network for “their” goals
alone, we believe that these guals serve, and subsume, all nf the others.

1.2 The Pale of the lonosonde in Atmospheric Physics

“The tonosphere occupies & key position in solar terrestrial physics because, extending up to
the magnztosphere and down to the domain of meteorology, 't imginges on both”, (Rishbeth and Kch!,
1976). Quite aralogously, radio sounding by total reflection occupies a key position in ionospheric
measurement: the plasma is 2 sensitive tracer of virtually all atmospheric processes underway 1n
the ionosphere, and radio wave reflectio~ provides a plasma probe of unparalleled ceonsitivity. Some
of the measurements are useful directly, without conversion tn geophysical parameters, as in the
representation of long-distance radio communicetion conditions. They may also be inverted to a
variety of atmcspteric information, much of it available in no other practical way. ‘he methods can
provide information on all scales of the temporal spectrum, extending irom the beoinming of our
awareness of the ifoncsphere a half-century ago, down through those {of sofar or (2rr- tr:a origin)
occupying fractions of a second. Information desiribi.g a wide range of spatial siaies > acces-
sible from a single observing location, typically st.rting with those comparable to the radvo wave-
tengths used (.01 - .3 Km), and extending far beyond the first Fresnel zone scale {typically 3 xm)
to herizontal scales at least as large as the height of the 1onosphere, 100 - 300 «m,

These features are not obtained without some compromise, of courss. Total reflection 1tself
means thit the topside fonosphere (and, octasionally, everything above an intense Sporadic £ layer)
is beyond observation. Historically more significant is the fact that for purposes other than
simple radio propugat.on applications, the wanted geophysical informat:oa 1s only indirectly avail-
1ble from to.al reflection measurements.  Numerical inversion procedures, some of them rather
ifftcult or uncertsin, are usually required. To 2itain the full benefit of total reflection sound-
ing under t!ese circumstances, there are three inescapable requirements:

1. The measursment system must have complete agility in time and frequency sounding patterns,
and it mist obtain a full descriptoon of each radio echo. It follows that the system must
be prcgramable and digital.

2. The measuyrements must dbe fully reduced to tre geophysti .l information they contain; other-

wise, when reduction is incomplete, the 1interpretativn of each part suffers unnecessary
ambiguity.

3. Gtobal {o- at least regional) and con.inudus monitoring 1s necessary, fi-st for obvious
reasons dentical to those for meteorology, and also because--as suggested by this paper--
temporal and spatiat continuity of measurement proves the necessary information Ly which
each instrument can adapt its aata acquisition pattern to prevarling conditions 15 the
ionosphere.

In the following sections we shall summnarize the demonstratad measurements capadiiitres of the
"Dynasonde” class of ionospber ¢ measurement systems (Wright, 1929; Wright and Pitteway, 1979 a, ~‘,
uhich we believe satisfy requivement 1, above. Some nitural extersions of these capabilities ‘v
previde oblique incidence, backucatter, and passive observations of the ionosphere, each contribut-
ing to increased lateral converage, are also described. Examples of avarlable data processirg
procedures are given to illustrate the present position with regard to requirement 2; we also
identify some firther developments which are needed. Fing’ly, we attempt to suggest the size,
deployment, modes of (peration, costs and benefits of a gluda! iorospheric monitoring network satis-
fying requirement 3.

Two sdartional introductory comments seem worthwhi.e. it is frequent'y proposed that ionos-
pheric predictions and morphology can {eventually, at least, iund to some useful approximatio.) bde
der-ved from theoretical mocdsling, instead of from empirical ubservation. Without wishing to risk
judgement of this question for the distant future, we suggest that at present this view inverts the
role which theoretical modets can and shculd play. Furthermore, this view purports to conclude that
an ionospheric monitoring network s not necded  Again, the analogy with meteorology is instruc-
tive. Ionospheric “weather” is immediately and ersily observable by radio sounding, and the prob-
lems of (short-term' predictions {i.e., extrapolation) and morphology can be reduced to those of
data processing and communications, proviced that an adequate observing program is maintained. The
proper use uf theoretical modeling, we feel, is to extract from empirical observation of the ionns-
phere those prope:rties of the atmospnere which are difficult to observe directly. we shall suggest
some oxamples later in this paper. Secondly, we wish to amphasize the clcse relationship to be
anticipated between monitoring and researcn, should a network of modern ionosondes be estabdlished.
The research worker reguires background (or monitoring) data in neariy every investigation, and most
observational research programs can augment the "monitoring” data base. An important faature of the
Dynascnde class of digital ionosondes is their ability {through suitably programmed operating sys-
tems) <0 maintain scheduled monitoring activities while performing research-oriented measurements as
well. Further significant improvement in the practical applicaticns of :onospheric knowledge (e.g.
for commnications, environm ntal concerns, detection of unnatural disturbances, et:.) is surely to
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be qained through improved understanding. /nd improved understanding demands, we brlisve a more
comprehensive monitoring effort of the kind urorosed here.

2.0 DYNASONDL MEASUREMENT CAPABILITIES

2.1 Hardware Aspects of a Modern Digital lonosonde

The necessary hardware features of Dynasonde systems iave been adequately described elsewhere
{Wright, 1975, 1977) and need not be reviewed here. 1t is sufficient to show, with Figur> 2, the
functional layout of the latest such system as designed and assembled at NCAA-SEL by R. N. Grubb.
The general-purpose c.mputer, supported by the usual digital peripherals and by two microcomputers
dedicated respectively to real-time signal processing and system timing management, are the essen-
11al features by which requirement 1 of our Introduction are acnieved. The minicomputer, disk
memory and tape provide a large potential “or real-time and deferred data processing, in addiriur to
complete flexibility for defining data acquisition patterns. Realization of tae full potent.al of
these instruments will require a considerable amount of further software development, and field
tests. However, much of this potential has been demonstrated in a prototype Dynasonde {(Wright,
1969, 1975, 1977). Much more on the matter of oblique incidence radio measurements has been accomp-
lished elsewhere quite independently of the Oynasonde, but which may be incorporated intc the new
instruments through software (and perhaps some hardware) extensions.

2.2 Geophysical Functions

The geophysical functions of a digital ionosonde are suggestec by Figure 3, where we dis-
tinguich among:

Observables including the "dependent variables” which are measured for each ionosphrric echo--
etfectively the group patn and phase, and echo amplitude. These (o1 equivalent) quantities must be
obtained as functicas of the independent variables for space, time, and radic frequency. The fre-

quency convertc directly to plasma density, but the <pztial localization of the echo is an involved
inversion problem.

Derivables are quantities obtained by calculation from the observahles using established theory and
(7F appropriate) statistically-informative estimatior procedures. The status of some of these data
inversion procedures was discussed by Wright, 1975, and need not be repeated here. They include
methoas for obtaininy tne electron density distribution from multifrequency vertical, oblique, and
backscatter soundings, methods for locating and trac-inc discrete “targets” of medium scale, and
methods for de-~iving ifonaspheric velocities.

Deducibles include almost all of the parameters, properities and processes of the higher neutral
atmosphere and ionosphere. Some of these (e.g. winds, conductivity) are almost directly related to
observables, and might be included in the “Derivable" category. Others (2.g. eddy mixing, electric
fields) are hardly observable by any direct means, and must be de-ced ‘rom their effects.

“omparables are quantities or proiesses which are seasurable by means entirely independent of radio
sounding.” They are often important ior validation of data acquisition and inversion methods, and of
course both “sides” may benefit ia such comparisons.

2.3 The Adaptive N(z,t) Mode

By far the most fundamental item of information to be derived from radic sounding is the elec-
troa density profile, N(z). An automatic procedure which optimizes input data selection has been
derorstrated (Wright, et. al., 1972}, and a simplified but accurate inversion routine for minicom-
puters is avar!able (Paul, 1977). Awaicing further development in the new digival ionosondes is the
adaptive real-time profile measurement system (A-mode) illustrated in Figure & for N{z,t). Although
there may be atout 1000 measurement frequencies in a typical icnogram, less than 50 of these are
usually selected (subjectively) for group range input to the inversion procedure. The AJTONH pro-
cess automates and optimizes this election, based upon knowledge of the just-proceeding profile.
The adaptive procedure of Figure 4 uses the specification of optimum frequencies in a further step,
to control the sounding activity itself. By thus separating the functions of "ionogram" sounding
(which is still useful for its vamiliar display of ionospheric structure) from the N(z,t) profile
furction, much better temporal resolution and continvity in the profile may be achieved. Further-
more, it srems reasonable that the same frequencies as are selected dynamically in A-mode (plus a
fow others to make the procedure more robust) are also the optimum frequencies for drift, angle-of-
arrival, temperature and other estimation procedures.

A few examples are worthwhile to support some of the 'Deducibles' of Figure 3 which are less
widely recognized as available by total-reflection sounding.

Joncspheric Temperatures: The plasma temperature (the mean of the eiectrun, ion temperature)
controls )fﬁe 7 Tayer "hickness apart from transient departures due to winds, waves, and electric
fields. The scaie height and plasma temperature are thus available (after averaging away trans-
itoria) from the curvature of the N(z) profile at the laye: peak (Rishbeth and Garriott, 1969,
4,91). 1hat this works in practice is suggested by a number of synoptic cstudies (Wright, 1963,
1964; Becker and stubbe, 1963; Rohrbanyh, et. al., 1973) and by the small sample of direct-
comparison data in Figure 5. An entirely independent method for ob’.aining temperatures is based
upon the deviative absorption suffered by radio waves reflected near E and F layer peaks (Ganguly,
1974; Sabra and Verkatichari, 1575). An example (from Danilkin, et. al., 13978) is shown in Fig-
ure 6; it compares values of collision frecuency made near the E peak (96-110 Km) with values
couputed using gas-kinetic theory and an atmospheric mocel. The collision frequency and (neutral)
temperature are closely related at E region alcitudes, but comparative data are desirable to vali-
date the decuction of temperature.
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Neutra! Composition: The F2 layer electron density depends strorgly on the composition ratio
[0)/TN,T, and séveral authors have ised this fact to deduce the rat.o (dnd related r-utral composi-
tion informatiorn} from N{z} praffles (Prolss, et. oi., 1974, Antonfadias, 19/6). [The example of
Figure 7 (from Stubhe, 1973) ccmpares reitoria) from the curveture ot the N{z) vrofile at the layer
with measurements by the O0GU-€ satell.te and by 6300 airglow. The oractical use of such
deduciicons may certainly be questioned, at least until more calibratict and modeling have been
carried out, but these examples show the proper role of thearetical modeling and the importance of
identifying self-consistrency in *hy system illustrated by Figure 3.

Neutral =inds: It is now well established that analysis of the moving radio dittraction
patterr, measirec at tne ground, yields a good estimate of the neutral air motion at the racio
reflection level (Wright, et. al., 1975 a,b). This makes the measurement of winds virtually direct
and "Derivable", althourh the statistical analysis procedure is rather lengthy (Fedor, 1967)}. [A
simplified procedure was been developed by Paul (197°: unpub’ished) for real-time use in a digital
ionosonde, 1and is being tested.j The reason that radio diffraction from the nlasma can convey
informaticn on the neutral air motion, even when the bulk motions of the twe gases may differ, is
a0t fully understood; presumably irregularities in the two ga<es are closely coupled, ever where
their motions are not.

Numerous other examples of parwmeters and phenomena deducible from iongospheric radio sounding
may be mentioned:

Sunstorm etectric fields (Ruster, 1965)
Lngrgetic particie precipitation (Wright, 1975)
Large-scale atmospheric waves (Thome, 1964,

Morgan, et. al., 1978; darper and Cowhr1), 1974)
Jet-stream induced waves (Vidal-Madyar, et. al., 1978)
Tsunami-warning (Najita, et. al., 1974)

Atmospheric expla.ions (Broche, 1977)
Aircraft-induced disturbances {Marcos, 1906)

2.4 The Need for Coordinated Measurements

Returning our atteantion now to Figure 3, two similar peints deserve separate emphasis. Ftach of
them involve the 17aes amone boxes in that diagram rather than the boxes themselves:

The relationships among “Derivabla" and “Deucibie” properties a-» identical to the subirct
matter often termed “theoretical modiling" of the ionospher~ and high atmosphere. Although par-
ticuiar links between boxes must often be developed in isolation, it is the degree of success of the
entire pattern as a self-consistent system which cxpresses our state of knowledge. 1T important
Tinks are omitted in the modeling, or are inuccessible because of mcisuremeat systen limitations.
confidence in the entire structure suffers. An imno~tant advantage of Hb sounding 1s the fact that
it can "stand aione", if need be, in providing the essential i1nput to most of Figure 3.

Secondly, and specificallv regarding total refiection sounding, wr~ must camphasize the interde-
pendent character of the ‘'ob.ervables' in their relation to the derivables. tarlrer sounding
systems wnich {for example) measured ionospheric absorption, or doppler. or direction-of-arrival, or
drifts, at one frequency only, were exploratory and developmentai efforts of pioneer'ng valus, but
1t is only through doing all of these in conceit that the modern digital rocosonde can be expected
to perform adequately for the jeophysical functions of Figure 3.

An extrapolation of this second point provides the main theme for the present paper. A very
small number of digital ionosondes, no matter how sophisticated. can ot course net satisfy require-
ments for global monitoring of propagation, ionespheric, or dgeophysical conditrons. But & threshold
exists at which a moderate numher of competent instruments, operating with real-time coordination,
can do so. In addition to the “vertical-incidence” measurement capabilities just described, the
‘same hardware and data processing facilities are applicable to measurement of lateral varmability n
the ionosphere with relatively 1ittle modification, as discussed i1n the next section.

3.0 METHUDS FOR [ATERAL ORSERVATIONY

Ionosondes with typical power, sersitivity, and antenna systems have a "field of view" roughly
comparable to the radius of the station labels in Fiqure 3. This i< about S00 km for the F reyion,
and proportionately less for the lower ionosphere. A horizorial component of the locai ionizatron
gradient displaces the condition for total raflection from "iwerhead", ana variations of the gradi-
ent, if large enough, can cause mu'tiple specular po'nts to occur. These are abundant and self-
evident in routine ionograms, but ii. such recordings, lacking any infarmation concereing echo direc-
tion of arrival, the '-teral and vertical structure is usually confounded. This is another example
of the counterprcductivity of the standard roncsonde.

In modern instruments (Figure 1)} accurste measurement of echo complev amplitide at a closely-
spaced array of recelving anteanas permits calcutauron «f the directien of 2 ~ival of each echo.
(Paul, et. al., 1974; Wright and Pitteway, :979b}. if, in addition tc the "vertical-incidence”
transmi ;ting antennas, theére are available broad-bana antennas pruducing Tow-efevation r distron in
several arimuths, the sane fonosonde can obtairn a much greater lateral view by a vaviety of well-
established or potentially valuable metheds. Figure 8 suggests the relatfonshiss amony thes2, and
gives them pseudo-acronyms for the sake af brevity {n identification.

's';,* ¢
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Mecasurement of the zenith and azimuth sngles of a4 “ival curing fonogram or adaptive soundings
provides information on the nature and magrttude of io wsphere tilts and horizonta' gradients. If
the tilt changes slowly with radio frequency (height) or time, a large-scale structure s fmplied,
small-scale structures produce correspondingly smaller tine and heryght scales.  Cual:tativoly dif-
ferent effects occur for intense structure of small-scale: more than one normal-incrdence
reflection pofnt may ozcur, and looping ray paths (not involving normal incidence) are found oced
sionally (Paul, Smith and Wright, 1968). Doppler information may provide an extra dimension of
?;sg;iminatiun when multiple ray paths are known or suspected (Pfister 171, Brownlie, et. al.,

7

Methods for convertirg this lateral information into a quantitative 3-dimensicenal description
of the local ionosphere are not fully developed. Distinct targets (¢.q. Os* clouds, Wright, 1974)
can be located and tracked by "echolocation” calculations from spaced antenna data, and the same
tochniques are clearly applicalle to electron clouds produced by energetic particle precipitstion
anga to other discrete “sporadic [* patches. Irregularities wiii "soft” boundacies embedded 1n the
higher fonosphere are more ditficult to observe and to tnterpret  They must be divided according to
whether their electron density exceeds the background density, or is exceewed by tt. Depleations
tend to be more cheersable tnan ionization enhancements since the far side of a hole provides a
concdve fecussing surface.  Conversely, enhancements create defotussing surfdces, and unless these
are below about 150 Km altitude (where small-scale irregularitie. give them a rousgh scattering sur-
face} they way escape detection by ionosondes (Wright and Paul, unnublished manesiript describing
Ba' (loud expermment, at vartous altitudes). Even when abundant cchoes from an embedied disturbance
are cvaiiable, no direct inversion procedurc is available to co-rect the data .~ o description of
the 1rregularity; iierative ray-tracing, to "home" on several Cistinctive properties of the datha
(group range, angle-of-arrival, treguencv-dependence, observing location) is necessary {Pau), Smith,

Wright 1978). For much larger gredient scalc lengths, a method 1s needed to combine electron
density profile inversion with echo-location. A first-order correction for laver titts s easy.
the echo-location calculation yields the "qroup path vecter" (Paul, Wright and Fedor, 1974} and the
vertical component of the vector can stmpiy de us>d for h' 1n the profile inversion. Whele this
approach may somewhat improve the profile estimates (in the sence uf yfelding profytes which are
more consistently “vertical™) it is only an approximation, and it ytelds little direct infooration
on the lateral gradients except when the large cale of a til{ is self-evident. The analysis can be
carried further by ray tracing at the measured ancle-of-ag-rival into the "vertical' profile intro-
ducing enough “tilt" to obtain normal incidence, reflection at the critical 1on-ratior contour. The
logic of such ¢ procedure is suggested by Fiqure 6. The analysis tnen requires iteratron. Thesce
methods can be expected to provide an acceptably accurate description of lateral variability within
a 100 Km radius.

3.2 OPORTUNE :

Passive observations of "trassmtiers of oppr-tunity” might provide usefu) suppiementary
information concerning lateral gradients and truveling disturbances, at only the “"cost” of .ata
processing.  For remote transmitters Of known schedule, lotation and frequency stability, the digi-
tal ionosonde can measure the presence, tield strength, Doppler, and anqle-of-arrival of the
signal. A winimum 0° about 0.5 seccnds observation per frequency shculd be sufficicnt for tine,
divided equally between the same two orthogonal pairs of receiving antennas as are used for 'verti-
cal' soundirng. However, it should be noted that Raulch and Butcher {1973), who hove performed (W
angle-of-arrival experiments of this kind, suggest that mech longer obse-vation times { 10 sec.) are
desirable to reduce effects of mixed 1, 2 hop signals. OPCRTUNE might in principle be applied to
signals originating out to the i hop, Yimit {2000-4000 Xm), bdut as thic implies low errival angles,
short wavelengths, and verticai polarization, spectal antcanas would e needed 1t is probably
better to advocate ths method for shorter distances, sav oetween 200 and 1600 Km ground range, unti)
its usefulness and limitations are bet‘er establishca, 1f, in each of six azvnuthe, five .rans-
mitters at ranges of about 200, 400, 600, 800 and i000 ¥m were available, OPORTUNT would regquire 15
seconds for data acquisition. T e sampling of each 2z'muth should be followed by 1ts 180° comple-
ment, since the informztion from sucnh paired directions i< most easily comdined with the “vertical®
sounding results.

3.3 BAKSCTR

With transmitting antennas which favor a particular arimuth and an intermediate zenith angle,
oblique backscatter at ¢rzgquencies exceeding the overhead critical frequency may be observed. About
all that is seen by systems of ordinary power is the -0 called "leading edge backscotter®--the
envelope of skip-distance or min‘mum-time-delay scatter, and even that is seldom avai'arle beyond
half-paths of about 1500 Km. Within the obzervable range, however, the trace provides neariy direct
information on the variation of maximum density with distance from the observing location. (omputer
simulation and the development of back<catter data analysis is being pursued actively by the Unt-
versity of [1linois (DuBroff, et. al., 1978); backscatter mpasurements have been used to m.p fof2
within a radius of 1500 Km, by Hatfield (1970}, The analysis is again iterative. starting from the
local vertical distribution, it attempts to match group range by ray tracing in a model with adjust-
able gradients of peak density, height, an thickness. DuBroff, et. al. (1978) show trat these can
be recovered with acceptable accuracy from the data. However, the methods require considersble
computer time, even in a large machine, and uniqueness suffers in the presence of quadratic gradi-
ents and underlying i{onization,

For tracking sporadic £ clouds these refraction problems do not arise, nd backscatter can be a
powerfu' tool for detecting such clouds, estinating their diameters, velocities, and sizes (lanaka,
1979).
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3.4 BISTAT:

Bistatic oblique sounding over cne-hop paths provides 3 means for prohing the ionocphere at the
path mdpoint. If transmission and reception in bLoth direciions {s performed, the absolute group
path delay is the mean value of the two observed echo Jelays measured from the local transmission
times. The only timing accuracy required 15 that which 1is sufficient to assure frequency
synchronization, and is of the order of the repetition interval. Numecrous experimental proqrams of
oblique sounding have been «arried out (Davies, 1965, § 4.41), and some specific propagation paths
are routinely monitored by the chirp version of the hardware (Barry § Fenwick, 1969). Inversion of
oblique iorograms to miapoint N{z) profiles is not fundamentally different from the vertical sound-
1na problems, but some quantitative “istinctions are important:

. For the same electron density at "reflection”, 31 higher radio frquency 15 requirea, 1n
propurtion to the secant of the take-off zenith angle.

ro

Magnetuionic effects, important for separate consideration of ordinary” and “extra-
ordinary" propagation modes at vertical incidence, becone steadily less impertant as th.
distance of oblique propagation increases. Partly, this resutis from tie use ot ingner
frequencies 1n relation *to the electron gyrofrequency. But more imgurtant is the averaging
effect of the larger scattering region, which tends to blur thc 0/X resolution in the mea-
surements (Barry and Fenwick, 1969); since 0 ard X are affected onpositely--if not equally-
-from the no-field case, neglect of the magnetic field {in ray tracing, for example) offers
a valuable simplification.

3. "Screeming" of a higher part of the ionosphere by a lower part {or by the horicon 1tself)
c.n be troublesome for profile inversion. The problem 1s similar to valley or sporadic E
nlanketing in the vertical-incidence case. but can be more prevaient at obligque incidrnce
because the layer density and height effects are combined in dettrmning the screening
height.

4. Horizontal gradients may cause significant displacements of the 'reflection points' f{rom
the path midpoint, expecially for the longer one-hop paths contemplated here. It is not
known whether measurements of angle-of-arrival will provicde useful additional information
by which these gradients can be estimated.

3.5 TRNSPND

Simplified systems (receive and digitize only) can o> located at distances of 50 - 500 Km from
each ionosonde location, on various azimuths--geographv nermittirg. These could preovide higher
spati2) resolution in certain regions.

4.0 CONSIDERATIONS AFFLCTING NETWORK DEPLOYMENT

4.1 Idealizations

A purely gecmetric Joprnach to station deoloyment, while obviously impractical to realize,
provides a few useful insights. The_ratio of the ear*h's survace area (radius R) to that observable
from a single site (radius r) is 4 R/r): if r is taken to be 1000 Km, 167 sites dre required, 113
for r = 1200 Xm, and 72 if r = 1500 Km. On the other hand, th2 Platonic solids provide relation-
ships among the number of vertices, edges meeting at vertices, etc. The maximum possible number of
equidistant vertices touchina the surface of a sphere is 20 (the dodeczhedron), but only three edges
{directions for bistatic sounding) meet at each vertex and obviousiy the interstation distances are
far too great for one-hop propagation. The icosahedron {12 vertices) affords six equidistant direc-
tions, which seems jdeal, but the distances are still greater.

A satisfactory plan may be based upon the icosahedran by dividing each edge by 3 and adding one
vertex neas the center of each equilaieral face. This produces Ysoceles triangles in each face, as
shown by the sketch at lower right in Figure 9. If the earth werc divided in this way, 92 station
tocations would result, with three characteristic interstaticn distances. 2351, 2598, and 2722 Km.
These distances are all comfortable for bistatic oblique sounding of the F region. In addition to
the 92 observation sites for "vertical" observations, the contiguous-pair midpoints provide 260
adgitional measurement locations. Fach of the 12 icosahedral vertices "sees" five intorpolated
sites av eqral azimuths of 72°, while each of the inierpolated sites sees six sites at 60°
azimuths. The locations are represented in Mercator projection in the main part of Figure 9.

It has appeared to us less than obvious that a global network of this size could condiuct sched-
uled bistatic soundings (i1 a minimum cycle of six azimeths each) between pairs of stations without
contention for the same observing period in the cycle. Each sounder must select the appropriate
transmit/receive antenna for the azimuth of its neighbor, without being required to serve another
azimuth during the same period. The small numerals of Figure 9, at the midpoints of each station
pair, suggest the extent %o which this may be accomplished. Contention appears at five of the 260
midpoints (wherever the number of midpoints in a closed loop is oid) but otherwise an efficient and
compatisle schedule for bictatic and backscatter soundings seems attainable.

4.2 The Geophysical Requirements

There are various ways of weighting the requirements for an ionospheric monitoring system, not
the least impurt:nt of which is that the system be realistic. Thus, we give weight to global mon-
itoring of the F region :ith good fidelity, while acknowledging that an equally faithful cescription
of global sporadic £ structures is probably unrealistic. For these we must be satisfied with the
statistical data from regicial sampling.
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The corr~lation distance for fof, {noontime hou.ly data), for North-South and East West dicec-
tions, and for three seasons, is shuwn in Figure 10, from Rush and tdwards (1976). A 50%

improversnt of prediction ¢f fof2 at an unmeasured location, based upon data from a measured loca-
tion, requires a correlacion of 0.87 retween the two locationg (Gautier and lacharisen, 1965). Frow
Figure 10, statior separatic-s should lie in the range 1000 - 2000 Km to achieve this. An impr.ve-
ment of prediction confidrnce ~an be aoccomplished at greater station separations, however, by
increasing the correlotion between them. We believe that chis can be accomplished by estimation of
the local fol'2 gradient at each location, together with profila es;timat,on at each midpuint.

Some recent results suggest & more defimitive basis for deciding the geophysical -equirements
for station separation. Using Arnermonic Frequency Analysis (Paul, 1972), the temporal variations
{#iurna) and sciscnal) of foi2 can be described by a small number of spcctral components (Paul,
1978). About 4 to 1l spectral lines account for about G0% of tne monthly median fote ¢c-iation;
they have a gruo- shic variation which is more smooth than fof2 1tself, but which still show &
strong dependence on solar activity. Figure 11 represent< the latitude precfile of the strongest
component (the constant or zero-frequency average value) at two longitudes and two suhspot num-
bers. Figures 12 ani 13 reprcsent the <econd-strongest component {the Z4 hour o diurnal line) at
the two longitudes respectively, and for the same two levels of solar activity. Tre smailest spa-
tial scales evident here are 1n the varietion with latitude near the “equatorial anomaly" and are of
the order of 10° ot latitude or 1100 Km. These features move in latitude, with sunspot number, a
distance comparable to their width.

The latitudinal gradient {dominated by the constant component, Figure 11} 1s about twice as
iarge 4as the longitudinal gredient, which is dominated by the diurnal variation (Figures 12, 13),
but the equat-rial aromaly makes its own contribution to the longitudinal gradients in all com-
ponents as they depend upon whether the magnetic eguator i< north (lorgitude 130°) or south (295°)
of the geogranhic equator.

We conclude that a station separation of about 2500 Km tn latitucde is adequate for even the
equatorial anomaly, assuming that bisvatic sounding permits interpolation at the staticn midpoints,
and that a somewhat larger separatior is permissible in longitude except where the twd equators are
crossing at a steep angle (e.g. South America).

5.0 THE DEPLOYMENT OF PRACTICAL MODFRN NETWORK

Figure 14 provides a global view of an “optimum network of modern ionosonde instruments, based
tpon the requirements and technological opportunities reviewed above. At about 89 locations, we
envision instruments capable of pr.viding all of the detailed "vertical incidence" sounding informa-
tion of the advanced digital ionosonde, plus additional information on lateral structure and
gradients near each site, plus bistatic soundings between nearbv pairs of sites.

Typical interstation distences in Figure 14 are about 2500 Km, althougn many (e.g. Dublin-
Prague) are less than 2000 Kn, and some, still useable for oblique soundings, are between 3000 an¢
4000 Km. (Seattle-Hawaii, Aricebo-Azores).

In the deployment of Figure 14 about 24 locations are "mandatory”, being isclated islands the
atsence of which woulo leave unnecessary and :erious gaps in global coverage. A few such gaps are
unavoidable anyway:; Table 1 lists these with their approximate dimensions {they are all oceanic),
anrd lists for comparison the large gaps of the nresent network (Figure 1).

TABLE |

Gaps _in Global Ionospaeric Monitoring

Present Netwcrk (Fig. 1) An Optimum Network {Fig. 13}
S. Pacific Ocean {8000 x 12000 Km) S. Pacific Basin (5500 x 9000 Km)
E. Equatorial Pacifi. (8000 x juou0) E. Equatorial Pacific (5000 x 7000)
Indian Ocean (6506 x 9000) S. Australian fasin (4000 x 5000}
S. At antic Ocean (6500 x 6500) Mid Atlantic Basin (4000 x 5000)

N. Polar Cap (2000 x 6000) N.W. Pacific Basin (3500 x 5000)
Africa (4000 x 6000)

S. America {3000 x 6000)

China (3500 x 4000)

N. America (2000 x 4000)

4 list of the station locations of Figures 1 and 14 are given in Table 2. The 150 traditional
stations, and 89 lscations of the modern plan, have 41 places in ccmmon (of the 24 mandatory island
locctions, five are presently instrumented). E£leven more of the 89 were once dccupied oy ionosondes
and have pecome inactive. This overlap of the present network with cur plan is intentional,
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Present statisng

Aberystwyth (Wales)
Accra {Ghana)

Ahmedabad { India)
Akita (Japani

Alma Ata (USSR}

Aricebo (USA)
Argentine Isl.

Ashk sbad
Atheis
Aucklanc

Bangkek
Baudouin {Ant)
Belgrano (Ant)
Beograd
Billerica (USA)

Bombay
Boulder

Bribie Is),
Brisbane
Budapest
Buenos Aires
Calcutta
Campbeii Is1,
Canberra
Cape Parry
Cape Schmidt

Cape Zevgari
Cnristchurch

Churchill

College
Concepcion
Dakar

Delhi
DeBilt

Dixon
Diibouti
Dourbes

Oushanbe

Forteleza
Fort Monmouth
Freiburg

Garchy
Godhavn
Goose Bay
Gorky
Grahmstown
Grat:

Halley Bay
Hanover N.H.
Heiss Is).
Hermanus
Highgate Snriags

B,m

P,D,M

D.M

D,M

PN

o

TABLE 2

PRESENTLY ACTIVE IONOSONDE STATIONS
AND A SUGGESTED OPTIMUM NETWORK

Suggested Stations

Adak (USA}
Adelaide ({Aust.)

Alexandroyvsk (USSR)

Angola

Ankara
Aricebo
Argentine [sl.
Ascension jst,
Ashkhabad

Auckland
Azcres
Bangkok
Baudouin (Ant)

Bogata

Soulder
Bouvet Is1.

Brisbane

Bulnns Aires

Capetown

Carnarvon
Chad

Chokurdakh
Christmas Isl.
Churchill
Cocos Isl.
College
Concepcion
Dakar

Nar es Salam
Darwin

Delhi

Diego Garcia Isl.
Djibouti

Dublin

Laster Isi.

Fiji
forteleza

Gaiapagos

Guam Is1.
Halley Bay

Present stations

Hobart
Hong Kong
Huancayo
ibadan

Irkutsk
Istanoul
Jicamarca
Johannesburg
Julfusrch
Kaliningrad
Karaganda
Kerguelen
Khabaroysk

Kiev
Kiruna
Kadiakanal

Lancaster
t annion

Laicester
Leningrad
Lyndau

Lycksele

Madras
Macadan
Manita

Maus
Mawson
Mexice (it

Miedzeszya
Millstrie 4iNl
Mirny

Moscow
Mundaring
Murmansk

Nairchi
Narssarssuag
Norfoix, isl.
Yurilsk
Novokczalinsk
Novosibrsk
Nurmi jarva

Okinawa
Ottawa
Oagadougou
Patrick AFB

Point Arguello
Poitiers

Port Stanley
Prumenice

Raratonga
Resolute Bay

D,M

P.M

P.M

TRORX v

0,M

P,0,M

Suggested Stations

Ibadan

Camp Heurtin {lle
Ansterdam)
Irkutsk

Jicamarca

Kerguelen

Khaybar (Saudi
Arabia)

Koury
Kwajalein Isi.

L. anchow

LaPaz, Mex.

Lisbon
Macquarie Is*.
Magadan

Marion Isl.
Marquesas Isi
Mato Grosso, Brazi}
Maui

Mauritius
Merida, Yucaten
Midway

Mirny

Moscow

Muscat

Narssarssuaq

Norils®

Palermo, Sicily
Paramaribo

Pitcairn

Prague

Pert Stanley

Post Maurice Cartier
{Algeria)

Raratonga
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2 Presert stations Suggested Stations Present stations Suggested Stations
3 Rio de Janeriv Trelew
& Rome 9,M  Tristan ¢e Cunhs
E Rostov Trivandrim
¥ Sachs Harbor Tromso Tromso
-4 Salerknard Tsumeb
E Satisbury P Salisbury TuCuman
3 Sanae Tunguska
E"’ 0D,M  San Ambrostio 1s). Uppsala
£ (Chile) Ushata
] San Jose Vanimo
EA San Juan (Arg.) Yostok
s Scutt Base Wakkant
L Sondresyromfiord Wallops Waliops
E P Seattle White Sands
g Seau) Yakutsk
& Stough Y amagaw
: Sadyankyla
Sotia
South Ceorgia
< South Utst P Sauth Pole
" Stanleyville
3 Sverdlovsk
Syowa Syowa
Tahiti
Tarpal Tatpai
Tangerang Tangerang
Tashkent
Toilisi
Terre Adnlie Terre Adelie
Thule Thule Key:
Thuada
1iruchi=apalli P Previously instrumented
Tivie | ay
Tokvo Tokye D Difficult Yogistically
Tomsk
Tortosa L Mznditory location
Tewnesville

reflecting our presumpiion tha. an existing station has a motivated adninistration behind i”, has
eu‘serienced personnel, and has 8 practical site. stations rarked "D in our Vist are judgea “diffi-
cult® logistically, but several of these (e.q. Pitcairn Islsnd, Tocos 'sland) have once hostea an
ionosonde. Hanv of our choices of location are quite arbitrary--and they are almost entirely so,
within a 500 Km radius of the nominal station name, or adbout the radius of the station label shown
in Figure 14. However, a significant reiocavion of any one statfor in our plan must be accomodated
by smaller relocations of adjacent stations, or perhaps by adding or deleting a locaiton and thus
tmproving or compromising regional coverage. There are numerous locations at which stations could
be added to tmprc - ltocal coverage. Typical edditional locations {given those of Tabie 2, Figure
14) might bde: cantral France, Western Egypt, Western China, Mahi Island, Central Australia,
Iceland. Wr ¢ existing long time-series of observations, {e.g., Moscow, Washington, or a perm-
enently importunt Jeophvsical observatory (Aricebo, Tromso, Jicamarca) compel a choice of location,
frecarm to select surrounding locaticns is further rectricted. With these points clear, we should
not wish our suggestion of optimum locations to express any deeper political considerations, and we
nope that it is clearly understood that any rearrvangement of locations which precerve approximately
the suggested station density, is equally satisfacto.y.

6.0 CONCLUSION

What steps are needed to bring about a plan of this xindl Setting aside practicalities temp-
grarily, here me some significant technical prodblems worthy of study, approaimately in order of
decreasing priority:

1. The local-lateral-structire capabilities of the digital ionosonde require development and
demonstration. The use of echolocation to descridbe tilts (with, or without, ray-tracing
refinements) must de combined with existing programs for deducing the “vertical® structure
(proftle inversion). The methods shoculd be tes®ed against a satellite plasma prode; if the
satellite is within a few scale heights of the (topside) F2 peak, the local, horizontal,
10g-gradient there should be equal to that at and near the peak.

2 A-mode, the adaptive, :eal-time (N{z.t) capability of the Dynasonde (Figure 4} should be
demonstrated.

3. The suitadbility ot A-mode sampling frequencies {wnich will change dynaw’.ally, as ‘ne ion-
osphere itself changes) for defining other height and time-dependent derivable, must be
tested and demonstrated. Such derivables are tilts, drifts, aN/N

bentmrapmmetorns «
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4. A sampling method for deducirg drifts (Faul, unpublished) requires further tests against
the well-tested "XKinesonde" mcde, so that the lengcthy time-serves [ind time-series analy-
si+) of the latter method are obviated.

8 With pairs of digital icnosendes, and preferably with at least 1 standard ionosonde at the
midpoint, tne oblique-incidence (BISTAT, BAKSCTR) modes of measirement, and date reduction,
need developnent and demoastration. This ts a la-ge subject, but fortunate'y there have
been a number of vigoirous efforts to develop the necessary data yaversion ~~taods. ((roft,
1972 suBroff, et. at., 1378, Nielson and Watt, 1972, Rac, t¢. al., 197b; Rao and Hoover,
1975, Smith, 1970; Tanaka, 1979.)

some of these studies (1, 2, 3, 4) are essential to the -essarch application of the new digita)
fonosonves individually, and will be pursued at NOAA and ¢lsewhere in the natural course of deveiop-
ment of TJynasonde software. The oblique incidence capabilities of ttem 5 {and other 1i1tems of lower
priority such as OPRIUNE) present less scientific than techmical interest and may regquire specific
adninistrative encouragement as part of 4 determined irtent to modernize an admoaistration's ionos-
pheric monitoring program.

Turning to cracticalities, the main questions are costs for hardware, 1nstallation and opera
tions. The NUAA nstrument (Figure 2) represents a hardwar investment of about $120,000. 4 com-
mercial equivalent might cost twice that, but the system oC-sign and i1ts capability are probably
somewhat overelaborate, at lea-t for {sav) nalf the siaticns of our plan. That design w#as intended
from the beginning to provide & test-bed for cefinement of 1onosonde methods. We believe that as
microprocessors contnue to decrease in cost, while approaihing the larger mirycomputers in s eed,
memory size, and processing capabritty, the cost for the basic “"vertical™ nordence 1nsirument
should be kept below $100.000 in commercral or Yarge-scahy production.

We must emphasize that there s ne nod for absolute umtormity amon, the wigital aonosonde
instruments comprising our osroposed netwrk. Stations oftfering occasicnal nr trequent research
facilitres {or an sonposonde research ceiter, in the masner of incoherent scatter ceaters such as
Aricebo) will of course nevd relatively elaburate systems. Very isolatec statrons {gap-mi1llers)
will need only a mimimal avstem, to which addrtional hardware could easily be interfaced temporariiy
if the station becomes centra tc a geophysica® campargn.  The minimal requirements for any statian
are easily stated:

al  Prograwmadility, cince we must assume, especrally for modera instruments entering the net-
work soon, that we reclly d& not yet know the “best way" ¢ make a given measurement, or
compute 3 wented paramacer; software programmability 15 ous hest nsurance pelic,

b)  Synthesized, and stable, radio frequencies,
¢} Drgitization of 11 echo parameters, of course, and with adequate resolufton.
d}  Modularity, affording easy maintenance, long MTRF and low cost.

Some particular comaents are applicable to educational and goverament admintstrations which
have become ac:ustomed t> the operation of taeir "omn" 10ncsonde, and whu would find 1t not needed
in our plan.

a}  Clearly an economy of radio sourding a.tivity is desirable on grounds of efficrient use of
the radio spectrum and minwmizing roaio interference; (hese coasiderations alone may
evantually mako our network suggestrons mperative.

b)  National administcations in Curope realized at tne beginming of Yarge-scale space research,
that a proliferation of individual national centers could fe a weakening policy, as com
pared with the cooperative establishment of ESRO. A simlar approach 15 »as~th coasidera.
ticen for jonospheric sounding centers.

¢'  Modern communications permit Yarge numbers of widel: separated users to enjoy the use of
one, central, large, computing facility, almost as f it were their's alose. This ran
arp y as well in multiple access to wn ronespheric sounding facility, to obtain the ..test
dala, (r a surmary, or to take active control cof a share of the :anosonde's measurement
pctential.  Surely, these possidilities, incorporating the adavanced measurement ability of
tie cocrae ttself, must outweigh present advantages of ope-ating one's own aralog iono-
cande,

di At an intermediate lavel we consider the 2ducational institution whiun can "fill a gan" and
c.1 identify icnospheric research as an importaat specialization., To such institutions the
m0je-n ionosonde is a small byt ccmplete data processing center, in addition to its primary
soundi~q functions.

The mest essential ingredient of our plan is agai:.. administrative, and as geophysicists rather
than administrators we are unable to provide it. We refer to the plannin,, funding, and coordina
tio~ required to bring about 2 retwork of the ANind ard capability descr.bed in this paper, on 2
2'obe2Y or regional scale in a reasonable time. Such & network is vi-tually certiin to evolve
eventially anyway, say within tha next 0 years, because of the progressive obsolescence of present
ionosondes and tie continuing nced for monitoring ionospheric “weather". But we suggest that 1f a
few national or multinational efforts {e.q. by NATQ) were coordirated interaationally by URSI, a
regronal demoastration network could be realized within five vears. The merits of expanding or
duplicating the demonstratian network could then be readily assessed.
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HYBRID RAY-MODE FORMUI.ATION OF

TROPOSPHERIC PROPAGATION

S.H. Cho, C.G. Migliora and L. B. Felsen
3 Department ot Electrical Engineering

3 Polytechnic Institute of New York
Farmingdale, New York 11735

SUMMARY

rlist frecuency propagation in an e'evated tropospheric duct 1s analyzed here by a new method involvirg
an appropriate mixture of ray-optical fields and whispering gallery mode tields guided along the concave
A side cf the duct boundary. In this formulation, ray fields may be regarded as expressing the remainder
> freld when a guided mode series is truncated or, alternatively, a certain number of guided modes ac-
counts for omitted higher order reflected rays, To explore the theory on a simple example, the duct 1s
modeled by a single circular boundary separating an interior higher refractive index region from an
exterior region with lower index. Source and otservation points are assumed to he widely separated,
and both are located on the duct boundary. The electric line source Green's function is first derived in
terms of eigenmodes involving whispering gallery pius continuous spectrum contributions, and 1s then
converted to the hybrid ray-mode alternative form. It is shown that the nuriber of modes and rays
required in the hybrid formulation ic far less than when the field 1s expres.-=2d solely either in terms of
modes or in terms of rays. A numerical example for typical tropospheric conditions indicates that a
few of the lowest-loss modes are adequate to describe the field when source and observation puints are
on the boundary, renderu.g the ray contribution negligible. However, ray ficlds are uxpected to assume
greater importance when the cbservation point, so rce point. or both, are located inside the duct.

1. INTRODUCTION AND CONCLUSIONE

In an elevated tropospheric duct, high frequency signals are guided with little attenuation by the outer
boundary separating the duct (higher refractive widex) medium from the exterior. The wave types
responsible for this lov. -loss propagation mechanism are the whispering gallery (W.G.) modes, which
have appreciable field strengths only 1n thin layers adjacent to the boundary, For an elevated source
inside the duct, the field observed at long range n.ay comprise many W.G. modes whose pronagation

and attenuation coefficients must be calculated very accurately for reliable prediction of the observed
phase and amyplitude of ihe transmitted signal. Because of interference between oscillatory modal fields,
the total field 12 very sensiive to the contribution: 1rom the various relevant modal constituents,

An alternative procedure for calculating high-frequency fields 1s in terms of geomet.ric-opticil rays.
Here, the presence of the concave boundsry between the duct and exterior regions implies the existence
of ray contributions undergoing many reflections before reaching a distant observation peint inside the
duct, and especially ne2r the boundary. These maltiply reflected ray fields of high order ar~ not only
tedious numerically but the notion of a ray-uptical field becomes invelid when the ray travels too close
to the boundary; .n that event, one can no longer 1dentify a local plane wave field the boundary disturts
the phase front) which {orrms the foundauion for a ray description.

fhe above observations suggest that a highlv ~fficient and physically a2ppealing r.ethod {>r analyzing high
frequency tropnspheric propagation would invoive a mixture of rays and raodes su.ch that the fields
cxtending relatively far from the duct boundary would be expressed in terms of rays wvhile the fields
clinging close to the boundary -vould te expressed in terms of W, G, modes, We have shown that such
a rybrid ‘ormulatior can indeed be ach-.ved when the boundary is perfectly conducting {Ishibars, T.
anc L. 3, Felsen, 1978} or characterized by a surface impedcance (Ishihara, T and L. B. Felsen, i779).
The present paper extends this analysis to the tropospheric case where the boundary separates twoe
media with different refractive indeces descriptive of tropospheric conditions. To establish the theory
on the simples. modzsl, the duct and extertor media are taken to be homogeneous, the duct boundary
circula:, a2nd the nrop:.g2tion problem two-dimensional. Generalization to radial inhomogeneitie~

anc spherical geometry snould pcse no difficuities after the two dimensional model has been solved.

The «nalysis begine with the formulaticn of th2 exact ele“tric line source Green's function u the two-

m :diam cylindrical geometry. To include only the guiding effects of the interface betweea the source
point Q and observation point P, without azimauthal periodicity of the fieid, the problem is posed in an
infinitely exterde.l angular space, equivalent to placing a 'perfect absorber' a twn raciel planes,

Such ar 2bsorber .ntroduces spurious scattering effects from the radial coord'n-te origw, which are
subsequently subtracted during the asymptotic (high-fregaency) calculatinn of the field (Felser, L.B.

and N. Marcuvite, 1973). The asymptotic Green's function is expressed in alternative forms comprising
a) a discrete spectrum of proper cigenmodes plus a proper continuous cpectrum, ond b)a mixtu-e
of geometric optical fields, modal fields and a2 remainder integral, the contributioa from the latter
being negligible under suitable cunditons., The detailed analysis, and corresponding numerical calculations
for a model troposphere, have been performed for the special cace when P aad Q are widely separater
and both are located on the interface, The mode-plus-continuous-snectrum repre entatior has been
used as a reference solution,with which the hybrid ray-mode tormulation is comapared. It is found that
relatively few of the most tightly bound whispering gallery modes fully describe the field, rendering tre
ray contribution neligible. Therefcre, this case is not best suited to demonstrating the utility of a

- ray-mode mixture. It is anticipated that this situation will change when the source point, the observa-
> tion point, or both, are removed from the interface since the most tightly bound modal fields thern

have exponentially small amplitudes (Pappert, R.A. and C.L. Goodhart, 1977). Nevertheles<, we
have truncated the mode series by omitting some of the most tightly bound W. G. modes in order to
ferce the ray contribulion ‘o be non-trivial. Tinder these circumstances, however, the validity of
ordinary rav optics is being strained. The results show qualitative agreement that improves as tue
number of modcs is increased and the number of rays reduccd.
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In summary, although the ray-optical fleld la unlmportant for the present special example when all

of the lowest-loss (most tightly bound) W, G, modes are included, the hybrid ray-mode formulation
does demonstrate a systematic means for calculating the ducted fields in the most efficient

numericsl, and in a physically signlficant, manner. The number of rays and modes iacluded in the
representation ls determined from well-defined criteria. Thus, the repressntation can be regarded as
using raye to account quantitatively for the remainder fleld in a truncated mode series, or as using
modes to account quantitatively for the semainder fleld In a truncated ray series, with the number of
sither being far less than when only one or the other is used uxclueively. The method should have
strong potential for dealing with lateral and longitudinal duct inhomogeneities, and with scattering by
obstacles or localized scattering centers within the duct, These aspects are presently under atudy.

2. ALTERNATIVE FIELD REPRESENTATION
A. GCreen's function formulation

The physical model conalsts of two dlelectric media separated by a*cylindrical Interface with radius [ =a,
The refractive indeces In medium 1{p<a) and In madlum 2(p>a) are n, and r ,, respectively, with
ny>n, but n; =B, An electric line source is placed on the interface h an: ﬁgnln- position ¢ = ¢ ',

Since we are interested only in the guiding effects of the interface from the : curce point Q to an cbs rva-
tion point P, it la necessary to remove the angular (2 w} periodicity of the ficld in the cylindrical
gecmetry. To this end, we place along two radial planes ‘rhich mey be alou:g a single diameter as in
Flg. 1) a "perfect sbsorber for angularly propagating wave:" which has the ¢ fect of extending the A domain
from its original 0<¢ < 2wto - @<y <w, (Felsen, L.B. and N. Marcuvit:, 1973). Thus, waves orig-
inating at the source travel toward |¢ | = w without reflect:ons, and the ¢ -dcpendence of thu fields is not
restralned to be periodic. The ficticlous "perfect absorber" ls, however, kriown to have the property of
introducing a scattering center at the origin p =0, which gives rive to spurlous diffraction effects (Felaen,
L. B, and N, Marcuvits, 1973). These spurious contributions must be removed from the desired fleld
representation. Since we are Interested only in the lowest order asymptotic solution with rcspect to the
large parameter k. i, where k, s the wavenumber in medium 1, this deletlion can be accomplished when
pecforming the asymptotic llol'l calculation.

In the configuration of Fig. 1, the line-source-excited field (Green's function)G(p, ¢ ;a, ') can ' con-
structed in the following integral form (Felsen, L, B, and N. Marcuvlte, 1973):

G"o.:‘.",l z—l'f‘i(p..;').‘P (v '0-0")(!\' (])
(3
where
slp.a; v ) for Re(v) >0
Tle.asv)se ' . @
glp.ni-v) for Re(v) <

and C is the Integration path shown in Fig. 2. The radlal Cireen's function g(p,a; v ) is obkained by
imposing continuity onthe tangentialelectric and magnetic {izlds at p = a, with the source placed at

p=at

v (k, pi qula)‘
slp.aiv) » '!4; - Riv m P PR &)}
b Ll bl AP "v“"‘zﬂ >
{ + P2
1-Riv) H 0,0
Here,
.ot e 23 (ko) s H'Vx ) s WDk p) (4
I( L v( 1? v 1P v 1Pt
8,000 = B pph e v IR 0 : (%)
Riv) = —ﬁ-—L - Rev) . (6)
H, % & 8)

n‘i”'m,n/ué”m,nl | R G
— ™

R (v) =
] A
.n‘fz"ml.vﬂ‘fz\kla)] s [kz/\ln‘f” (\:za)/}i:_nékzu)]

and the wave numbers for the media on the concave anc convex sides of the in*~rface, resp: tively, aro
%, »k_n {l=2,2), with ko representing the wave numtsr in free space, and ¢, represen | g the refractive

h!d.x.o t - .
From (3), the rescaance equation for angularly propagating modes ls

- = (LM
1-Riv ) =0
or equivalently

- ; L . .
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The resonance equativn in (9) has two sets of roots, onv set near Jv‘(kl&) =0 or Jv (kla) z 0 and the
t

other sat near R\f” (k,a} =0 or H‘(”

whispering gallery modes trapped on the concave side of the boundary, while the second set diuscribea

fields similar to the creeping waves on a perfectly conducting convex surface. Since X a is much larger

than unity and k(f 18 very close to k,, (9) can be approximated necar v = kln in terms o} Alry functions

{Abrancwita and Stegun, 1v64d):

(k,a) 2 0 as shown in Fig. 2. The first set of roots represents

Vit ) A \\"x(t + xu) o (1o
{ = G- dn) (t + x,.}
q Ma

where An = ny s ny s 1 and,

-

D

. 13
vq - kla+ WA 2) t“ ' {1la}
Al i ) 2 ‘
xns..\“ ‘kl“ 2) {(11b)
Vit) & At ad
\\'l(n oA 1 gy ARY

When v is a0t near kja, one may ~mpley the Debye approximations (see A(4) in Appendix 1) in (9

to obtainy
3y
oV, - ' cosbwm-"‘éu
x 1 (1)

Ll
coa W *Jcoa" W 23n
m m

“in ) axy (42 . .
oxp t-in’2) axy ¢ ..(-(\\m\)

whore
L (w) =kla [casw - (n 2-wlainw] , v :ki asinw (1%

Equation {14} iz valid for thoze whiapering gallery modes where the Debye approxumation may be applied
(soe (A 14 appendix 1) A ainmlar equation can be obtained for the creeping waves, but the contributions
trom tac modes with far from k 4 arc negligible.  Thus one may use (10) for all relevant v i the
creeping wave contrivation . = a

For the special case when the observation pownt aiao ltes on the interface (t.e., p = a), (3) reduces on
use of the W ronskiar relation for the cvlindrical functions to

pla,ay vl - ! - (l6)
sk ko m M aGa
- - e ——S——
k “[ : X L
. (k‘a) i Hv (k:a\

This case shall be considerod {irat,
B, Guided mode and continuous spectrum ropresentation
The lrtegration contour in (1) can be detoru~d around the singularitiea of the integrand in the uppet half

of the v - plane #ince the intsgranddecavs at infinity there. Applying Cauchiy's theorsm, one may wrue the
Green's function in (1) as (Fag, 2%

0
1 _ o=
G-A.@;h.¢\=~;!- | [g(a.a:v)-g(a.a;-vl]c\p(i\'|¢—¢'f\dv 4Q G+ G (b
S wv=l ™M l‘:l t

where
expliv 14-4'1)

1
e ke [Jv'\kla) A n“_”(k,n ]
— - (1e n) ——t—
N QRN n:,“ k,a) Jvw

(19

With q »r mor ¢ in (18), Fh and G represent the whispering gallery modes and creeping waves,
reapectively, When we ampioy the Airy function approximation near v - kya, then



¥
!
i
;

1/3
1/3 axn(‘.kld)expE( (kla/z)’ tq}

[PV Y - -
(] 2 L ” 1)
Wi +x e
tq - (i-An)(tq+ xD)+ (1-anldn T—-—‘—-‘—- J
‘ - l(tq*xni
where d is a|¢-9 |,
The branch cut inlegral in (17) can be written as
1=z +1 +1 1203
Co 8' Bz
1 )
where Ic. Sl yes f g.l(a,a; viexpiiv]e -¢'|)dy 2n
K CO
ix
1‘1 = 5 { gz(a.a;v) -gfa,az-v)] exp tiv Je o' dv 22
[
-1 &
L.* 3y :/;le(a. aiv)expvie-o'[1dv 123)
gla,a; vy 2g 8,3, Vv)+g, (a,a;v) (24
sl w2 ,
gl(a,a.v-- —;Q&z(kla)z(),R(\,‘] (25%)
< e ;4 .
g emvys 13 byt ) {25b)

and the integration pata <, lies along the imaginary & .ia in tiis v-plane {Fig. 3). 1t can be shown (Appendix t)
that :s and la are O (-k—;-;) and represent spuriol s diffraction effects associated with the ocigin (p =20,
Thes: integralza may therefore be negiccte.r, Thes, the continuous spectrum is expressedas 1~ 1

in
{20) and IL_ can be simplified as follows (see Appendix 1) %
)

- e"p[-kla]‘g-é"luinh‘]d"
o

£y - (20)
24an/cosh™v - i 4exp| —Zlkla(coshv-v giad v Jexp | -7k

W ainhv |
This integral is in a convenlont form for numerical caiculation. Thus, the Green's function in (17}
becomes
S -
Gla.é ;a, ") = S‘ G+~ G, +1 @n
me] ™ P ] O

with E'm or G( qlven in (18) and Xc given in (26). For E, , and for an‘ with Va S Kpaer k, a, one
may employ the simplified expressich in (i9),

C. Hybdbrid ray-mocz rcpresentation

To obtain a uybrid representation containing a mixture of ray and whispering pallery mode flolds, we
return to & in (21), deform the intesration contour to the right across some of the whisperiug gallery
poles, periurm & partial ray expansion of the intagrand over the defc rmed path, and then provide an
estimate for the remainder integral, A typical deformed contour C ia shown in Fig. 3. It can be shown

that the integrand of |, behaves properly a3 |v | - 2 to legitimize the deformation. We now express
8, (8, 4;¥) in the integr8nd in (21) as

2
b5 k,a) L+

g‘(a.a;\-) = -!-2—__-‘-:'(;-;- =¢§‘ (kil) [l + Rt .04 Rn(v) + -}r\j—ﬂ%’-))] (28}
where dtz(k!n) and R(v) are gwven in (5) and {6), respectively. Employin; Debye approximations and
choosing &= CN as defined below, the int2gral becomes {see Fig. 4

= 1 & = = o0 .

I e o i L {1+ R(w)]z R"(w) expliq (w)] {(-0" ew +Ria 29

ns0 Gy

where

qn(%\’) = kll {Jo-¢']einw+ 2(ntD) | cosw - ( T w) sinw] } (30)
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t1-5
- 3.—“*‘ N+l
[ B R(WI} R {w) oxp {1qy (w) Jexp [12 8 (w))(-1)
1

I v dw {31a)

"Nt T A %,‘- 1 - Riw) exp[t28 (w.] (-i)
L (w) = kl‘ [cosw - {(v/2-w) sinw ] (31b)

and

v ak‘a alnw (31¢)

Tho integral in (29) can be evalaatod by the saddle pcint method (see Fig. 4). The saddle points w are

determined by dqn(w)/a Ox.nnd the integration path C,, ls deformed into E_‘ (local stoepest descent path).
It may be shown '~ that this deformation is possible, ‘ﬁnd the saddle point “evaluation then yields:

N
T =) 6 +Rym (32a)
n=0
where
in/4 e
e 2 n = 2=n .
G = S ‘/"Txnn GO R w ) E RMNw ) exp (kD) (32b)
with
—
- cosw -.J cor w -2\n
R(w) = n o - (33a)
cos wnhlcoszwn-ZAn
w2 a/2 -|6-0']/2 (n+l) (33b)
and
D, =2(ntlasin{ {& -&']/ 2nt1)) (33¢)

The eanression for G_ in (32) represents a geometric-optical ray field reflected n timer from the
concave side oi the dary on its travel from the source point to the observation point see Fig. 5). At
each reflection, the field amplitude changes by the reflection coefficient R (w_). The remainder untegral
RNSZ in (30) is taken over the local rteepesi descent path CN correspondina to the last rav (n=N)

included in the expansion, The subscript NM signifies that M whispering gallery modes lie to the
right of wy - The residues of those modes with 0 < Re wo, < Re wy must be extracted {rom the s.m

in {27) sin.~e they were elimninated by deformation of C0 int> EN . Thus,

7

G, + R — {34

M _
G(a.¢;n,¢')'—"§ Gn+ g_ G 4+ . NT

ns0 m=l

wl~

t=1
The upper limit of lm instead of infinity on the creeping wave sum indi.ates that the path G, may
intercept the pole sequence W; as shown in Fig. 4. Actually, this is of little practical consequence since
the contributions from the higher order creeping waves are very small. It is shown in Appendix 2 that

- ]ﬁ(wN)l
g~ ——N (38)
"l T IR(wgi N

proevided that the saddie point *N does not lie near poles W withm =M or M+ !,

3. NUMERICAL RESULTS

Numerical calrulations were performed for a model troposphere with the following parameters: f = 900 MHe.
a = 6369 km, On = 30 units, for variable range d 3 ald-¢'|. The guided-mode-plus-continuous-
spectrum representation in {27) was used as a reference solution, It was found that 30 whispering
gailery modes (i.e., M = 301 ie adequate to yield accurate field values when the earth's boundary is
assumed to lie at p = 6363 km. In fact, the maximum number of whisperw g gallery modes without the
earth's surface is about k,8/w (~ 3x107), and tha decay factor does not increase very much as the
number of modes increases. With the presence of the earth's surface, it is found that the decay factor
becomes large for the higher order modes lying beyond the 40thmode {Cho,S. H, and J. R, Wait, 1978).
Therefore, the number of modes providing the major contricution to the total field ranges from 30 to 40,
For large dis ances d, as considered hevs, the contributions from the creeping 