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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
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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.
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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.

PEFFERENCES

BRITISH STANDARD INSTITUTION, 1973, "General requirements for equipment for use in aircraft (BS3G100)".
Part 4, sectior 2 "Electromagnetic interference at radio and audio frequencies", BSI, London.

CCIR, 1974a, Report 252-2, "Interim method for estimating sky-wave field strengih and transmission loss
at frequencies between the approximate limits of 2 and 30 MHz", ITU, Geneva.

CCIR, 1974b, Recommendation 339-3, "Bandwidths, signal-to-noise :atios and fading al’owances in complete
systems", ITU, Geneva.

GRANVILLE-GEORGE, D.A. and SMITH, B.G., 1975, "An information study of noise in aircraft comm:nication
systems between 2 and 400 MHz", Smith Assoclates Technical Report TP~i23.

HAYDON, G.W., LEFTIN, M. and ROSICd, R., 1976, "Predicting the performance of high frequency sky-wave
telecommunication systems". (The use of the HFMUYES4 Program.) OT Report 76-102.

LIED, F. (Editor), 1967, "High frequency radio communications, with emp.usis on polar problems”, (p.112),
AGARDOGRAPH 104, Technivision, Maidenhead, England.

MASLIN, N.M., 1978, "Assessing the circuit reliability of am HF sky-wave air-ground 1link". The Radio and
Electronic Engineer, 48, 493-503.

W AN




i ﬂﬁﬁ%ﬁ
;

fiahi iad SR A

e

Y

P R

ML AP T

r

&
<
Z
:
S
g
éy
&
|5
&
&
-7

3.7
MASLIN, N.M., 1979, “Agsessment of HF communications reliability", Paper 40, AGARD Symposium on 'Special
Topics in BF Propagation', Lisbon.

PAVEY, N.A.D., 1973, "Radiation characteristics of HF notch aerials installed in small aircraft".
AGARD Conference Proceedings CP-]39.

SLOCGEZT, D.R., 1975, "Ground measurements of HF transmissions from Dominie aircraft XS 738 flying at
low level': Part IV, RAE Technical Report (unpublished) TR 75003.




2
&
&

38

January (Le‘wg7SSSN) Apnil
Range 250 km
10.5 19,5
of of
7.5 A3
6] 61
s| !
N4 4 W S/No (dB)
L ! i
3 3
SRR . 3 I B >
[
= 04 20 00 04 68 12 16 20 00 B 55 -5
b4 Time of day (UT}
(Y] P - K
§ 0= 55
o
> July Octcber B -0
10.5] 10.5[
3 9l
15] 7.5[
6 &4
s; 5t
T q!
3 31
4 4 N
0¢ 02 12 16 20 N0 04 08 12 16 20 00
Fig.1 Short range communication (aircraft to station W)
1376
J April
anuary (Low SSN) pre
Range 1200 km i
12] .
10.5] 10.5] :
9 9 XXIRIN
1.5] 75] %
6l 6]
s{ s{
Y ¢f S/Ng (dB)
: 3 3
x 5
] A, ..., W0
- 04 C{! 08 12 16 20 09
:,' Time of day (UT) 8 ss-0
S
§ EA s0-55
o Juey October
© 45-590
E: B
H | i
10.5] 10.5]
sf 9]
7.5 7.5] 7//{///4
6 6
s{ 5|
of ¢
3| 31
2 2

VT G VY SN W G S {

U B )

04 08 12 16

Fig.2 Medium range co:nmunicat:on (aircraft to station X)

20 00

o -



A 1 e A s

| WY A AT it

Frequencies in MHz

S/Ng (dB]

70

60

S0

40

30

20

20

39

1876
January ({Lew 5SN) April
Range 2500 km
18
15| w
12 —
10.5
sf %
7.5 =
61
5 o
4 S/Ng (dB)
3
e} I .. W0
04 08 112 16 20 00
Time of day (UT) B s55-60
Suly 4 50~ 55
8 B] ¢s-s0
S 3
2
5
9
.5
6 -
5
¢
3
2 A e 5 Fo— A A A b Sd R S N o - it il Y G S—
04 08 12 6 20 00 04 08 12 16 20 00
Fig.3 Longrange communication (aircraft to station Y)
(Low SSN) (High SSN)
January 1976 January 1980
i 20k %%
77,
/]
i s0} ?
L __[C ~—-[}-s5 -+ - /
zZjvly Zjz|vfy 4 zjvly /
- Lo} //¢
] 30 /% Ground station
oY, / lacation
kL X X AA 20 7/” 7 .
04 08 12 16 20 OO0 04 08 12 VA station W
Time of day (UT)
Station X
Juiy 1976 Juty 1980 Station Y
[ or @ Station Z
-
--f3F= ===-55 --55
i Xix
] X //X vy 45 45
A
Y
Z22%.% 7%
04 08 12 16 0 00

Fig.4 Communication from arcratt to various ground stations. Optim'm .requencies are used but no ground
antenna directivity or impravement in aircraft antenna efficiency is assumed

i
:
1




100 ! 100 ]:
t
: January 1976 January 1980
|
: i
I
i
I
50} | sof !
b=l U
e 4 T/ // : ,/ / -
o |
3 // L // ///
. / | L/ v A A A
2 |
2 0 ¥
- 40 45 S0 !S5 60 65 70 40 45 50 155 60 65 70
~ S/No exceeded Ground station
° location
o 100 a 190 ‘
4 | Station W
% | July 1976 | July 1980
[ !
e
E : Remote 7 ;
7 station / |
S0 ] X,¥orZ 50 |
I
| / !
f |
, | // |
' @ :
/ -
ok — . |
4 45 50 'S5 60 40 45 S0 ]55 60

Fig.5 Percentage of the day a given S/N, is exceeded for aircraft to ground station links (No ground directvity
or improved aircraft antennas assumcd)

January 1976 January 1980
7.5 MH2 7.5 MH2
60} _,—\_l'"'_L|
50
Lok
X Y
30 Ground station
) 7 20 | . o location
g 04 08 12 16 20 00 g4 08 12 16 20 00
o Time of day {(UT) Stat.on X
z
& July 1976 July 1980 []station ¥
MH 10.5 MH
I MHz ? StahonZ
60}
sn} oo _r“‘_
40
X X Y
| 30
id o B .
046 08 12 16 20 00 04 08 12 16 20 (0O

Fig.6 Communicstion from an aircraft to vanious ground stations. .\ constant frequency is used over a 24 hour
period. (No ground directivity or improved aircraft antennas assumed)

e




AT SRR L R A f}‘?ﬂaﬁt’{!‘k?(’l‘)‘“fEﬂ'p\'f&ff’l)“«v“‘ﬁ{w
£

\

b

P

B

Antenna noise tigwe Fg (d8)

100 January 1976

80
32 60
b .Y
o
g
v 40
[

20

00 04 08 12 16 20 00
Time of day {UT)
e A N0 IMprovements (OP“"“"“ remote
~=-=--8 improved aircraft antennas ground station
ground - R
o= C smproved aicratt antennas [ oo oo with 1048
and 1048 ground directivaty W directivity
100 -
Juty 1876

80
£
" 60
oy
H
o
v O}
@

20

100

[ 4
-3

00 04 08 1?2 16 20 00
Time of day (UT}

Fig.7 Summary of HF air-to-ground communications reliability

Business
Resideantial
Rural

Quiet rural
Galactic
Summer evening
Winter morning
Estimated aircraft noise

Man made

Atmosphacic

TOMMOOP»

i 1 i [ W W Y 3 I | 1 [} A1 |
1 10 100
Frequency in MHz

Fig.8 Antenna noise figures for ¢'.tevnal noise sources in the HF band




W 0§ 2Q O1 pawInsse st 1}
uonrsod 03 ) uosod I=aA J2quInU Jodsuns mof e UT SUOKEIS punossd

STIOLIR A 10] satyuanbary Bunerado uodn s3ues yy~ione jo 1Pag33 o Ty A1IIQET[ai SUOTIBITINWWOD [B-01-punosd i jo Liewwng g8t
(1n; Aep ;o suyg (in) Aep 10 suny
72 ZZ 0 8t St vt ZL Ot 8 9 7 T o 00 Y4 9 u 90 [/} 00
r~ T ¥ T T T T Y T I OTN T T T T T T
Wl L .........
B 4 " - 4
SRR - 3 /\/ /\ *
T T« ’ ~ I o P s
- ~7 ~ ~ *« .~ - . “
QQ\./ 7 -4 07 - oY w
~ - L S =
; o :
< E
09 » 3 Ho9 _
33 z
E4-] 3 -
8% 3 os
33
23 £
N
oot & M. 9L6L Alnf J oot
= Mapos 2
° mer oy @ prieipes 1amoy
. 3 MEPOC ¥
0Z1 o
(1n) Aep jo aumj
2 00 0L 9 2 20 70 00
= T T T T ]
o1 S
[
y d02
091
uo1les punoe;s o “
=
14
8 =
-
ll'\ll\/ 0y -
L
I|\\|.\.\/.\/./|.
o®
- 9L61 Amnunp |
- 00!
iy
s o YT O KBNS et e R WIS iy TSRS el

gﬁ»ﬁsﬁ?@ et o e 2 by s AR Ly e it L e




A v iad

EpERNESry 7T T S 313

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
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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
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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. Howe