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THEME

Lectures Series 127 is concerned with high frequency communications and is
sponsored by the Electromagnetic Wave Propagation Panel of AGARD and implemented by
the consultant and exchange programme.

The aim of these lectures will be to survey problems and progress in the field of HF
COMMUNICATIONS. The lectures will cover needs of both the civil and military
communities for high frequency communications. It will discuss concepts of real time
channel evaluation, system design. as well as advances in equipment, in propagation, and in
coding and modulation techniques. The lectures are aimed to bring non-specialists in this
field up to Jate so that HF COMMUNICATIONS can be considered as a viable technique at
this time. The problems, difficulties and limitations of HF will also be outlined.
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HIGH FREQUENCY COMMUNICATION: AN INTRODUCTION

Jules Aarons
Boston University
Dept. of Astronomy
Boston, MA 02215

SUMMARY

The aim of this lecture series is to survey problems and progress in the field of HF communication. The
region of the spectrum used, 3-30 MHz, allows observers of the RF signal energyv to detect both ground wave
and sky wave. It is a much used part of the spectrum but it is vital to be able to fully utilize {ts
unique capabilities.

1.0 INTRODUCTION

1t is easy to see why the disillusion with HF communications set in after World War I1 - at least with the
planners and those interested in technological advances.

The propagation problems for example are numerous. (1) In the prediction area it is possible to develop
long range models for forecasting monthly medians of frequencies to be used for a specific path in a
particular month and phase of the sunspot cvcle. From the viewpoint of the user the enormous range of
values used to formulate that monthly median curve means that, for example, over a few hours communications
are not assured. The techniques for developing long term models and these for forecasting short term
variations are verv different; thev can be said to be different arts. 2) Several propagation problems are
and will continue to be destructive. At high latitudes pelar cap absorption, which at its worst can last
for days, will wipe out any system of HF communications that relies on transmitting thru the polar cap
ionosphere. Auroral fading and absorption are probably the most difficult problems of HF. Fast fading and
selective path absorption wreaks havoc on HF signals. At equatorial latitudes fading produced by F laver
irregularities is active in regions between plus and minus 20° from the magnetic equator; it can be a dev-
astating effect.

The 3-30 MHz region is only a small portion of the radio spectrum. At times and under certain propagation
and operational conditions even 4 kHz seems to be a wide band. The ionospheric characteristics narrow the
band used. The extensive use of HF further bounds the medium with signals piled on top of signals.

Finally there is the possibility of jamming with high power and highly directive signals blotting out the
communications -- and there is the interception problem.

2.0 EVALUCATING AND DEALING WITH CHANNEL PROBLEMS

Any new system will encounter many of these problems. The ideal new system tries to address each problem
in a creative way. It deals with the auroral problems by knowing the geographical and signal character-
istics of fading and absorption during periods of severe effects. The ideal new svstem provides for path
diversity, rerouting messages to minimize the effect of auroral and polar cap absorption. The ideal svs-
tem uses coding for corrections and changes transmission characteristics as a function of fts analvsis of
real time channel problems.

The words holding together modern HF radio are Real Time Channel Evaluation; the svstem envisaged for the
future for any use is adaptive. The adaptive aspects contemplated include some or all of the following:
a. Frequency band selection - what general frequency range should be tried for a particular path at
a particular time.
b. Channel selector - precise frequency to be used after determining levels of interference, noise,
occupancy.
c. Path selector - in the case of routing possibilities the real time channel evaluation would alsc
determine the relay paths utilized.
d. Propagation mode selectivity is also of importance with ground and ionosphere paths available.
Within the lonosphere there are many modes, l.e. single hop, multiple hop, sporadic E etc.
e. An area deemed of great importance for networks is to control the power leve! with excess puwer
utilized only for reducing interference.
f. Antenna nulling is a more recent possibility for selective point to point communications.
g&. Channel equalization.
h. Modulation selection, coding, error correcting and network protocal are methods where adaptive
svstems have and will change HF communications.

3.0 THE USERS

The largest consumers of HF systems at the present are governmental units ranging from National Pollce to
postal and communications services within small nations. There are other groups using HF including data
services and telephone systems. With regard to the latter remote areas in Canada utilize HF within their
telephone system for communications. In many of these governmental uses there is difficulty in siting
that preclude the use of VHF and UHF. The need in almost all these cases is a voice channel with the
users frequently requesting secure communications,
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In the area of civil aviation there are extensive plans for HF, the need pushed by the investment that would
be required for an effective satellite system. There are firm requirements for high performance from an HF
digital data link. 'Channels must be available undec many conditions; message and Synool error states must
be minimized for full utilization of the data capability. Civil aviation incidentally allows for a tuning
of an adaptive system to conditions on individual routes.

The aim of these lectures 1s to tie together some of the points raised in this introduction. We hope to
outline the problems of HF communications, the state of the art in coding, equipment, propagation fore-

casting. Finally we hope to discuss the research and development efforts necessary to fully exploit HF

communications.
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MILITARY SYSTEM REQUIREMENTS

Jules Aarons
Boston University
Dept. of Astronomy
Boston, MA 02215

For the military in many nations, if not in all nations, HF turns out to be a primary means of communica-
tions rather than a backup. In some countries no other communications techniques are contemplated for
such services as ship to shore, ajircraft to ground over distances beyond the line of site etc. The vul-
nerability of satellites makes us consider HF communications as a primary military communications medium
even in those nations making use of satellites in their military complex.

The requirements of a military system range from repetitive broadcasts of simple commands on teletype to
secure digital communications. Global operations demand the HF system adapt to propagation conditions in
regions varying from equatorial to polar.

In the area of architecture some military needs are as follows:

a. Connectiveness: The requirements may range from many users to many users to confining the opera-
tion to a limited group.

b. Master station: In almost all cases a master station is contemplated with command headquarters
organizing the distribution of the system. 1In this case multiple networks are needed to allow communi-
cations within limited groups.

c. Relay: Relay may consist of rebroadcasting or rerouting. Path diversity, i.e. moving a sigunal
to a path with minimum propagation outages is an area on which military research and development must
concentrate.

D. Identification: This is always a difficult area but a requirement in military svstems.

The technical requirements from users include many items. While the list may seem to be a wish list, firm
needs can be shown in each of the following areas:

a, Volce

b. Data

c. Adequate anti-jam margir.

d. Security

e. Interoperability

f. Coverage: ground and skyware

g. Channel optimization

h. Message error control




INTRODUCTION: CIVILIAN AND DIPLOMATIC REQUIREMENTS

by
L.E. Petrie
Petrie Telecommunications
22 Barran Street
Nepean, Ontario K2J 1G4
CANADA

ABSTRACT

HF radio is used extensively to meet civilian and diplomatic communication
requirements. Briefly described are the non-military requirements for HF commun-
ication by exploration companies aeronautical and marine operatiouns, the diplo-
matic corp, radio amateurs, as well as by users in remote and isolated areas where
other means of communications are not available.

TYPES OF SERVICES

HF radio provides the following types of services:

Fixed Service

A service of HF radiocommunications between specified fixed points or locations;
External Affairs or the diplomatic corp are major users of this service. An HF
service is provided between embassies and missions in various countries as well
as directly to the home country. The radio facility is usually located in the
embassy or mission building with the antennas mounted on the roof, The physical
environment restricts types of antennas that can be used on the buildings and
the high RF noise levels in urban areas can Seriously degrade the HF service.
Antennas should be of a low profile to avoid destruction in case of internal
conflict in the country. Telephone operations and private companies are also
major users of the fixed service. The HF service is provided to isolated or re-
mote areas where more reliable services are not presently available. Generally
the traffic carried is low capacity and limited resources are provided by the
user to improve the system. In many cases small companies use HF to avoid cost
of long distance telephone charges of the carrier networks. In many mining and
exploration operations, HF radio is used in the initial stages of development
of their operation because of the length of time it takes to establish 1 regular
telephone service using microwave relays or land lines.

Mobile Services

A service of HF communications between mobile and land stations or between mobile
station such as aircraft or ships;

The bands available for these services are very congested and the performance

of the systems vary depending on the prioity the user places on the need for re-
liable communications. Aeronautical mobile services are required by airlines
providing regional,national and international flights. For smaller ailine com-
panies the radio equipment is inexpensive and performance rather marginal., For
airlines with national and international services the aeronautical land based
stations and equipment is of a high quality and the performance is satifactory
to the user. However, the HF service is not generally used when other more re-
liable radio services are available in the area. Many areas of the world have
limited radio services outside the use of the HF band. The mobile service also
provides communication between coast stations and ships or between ships. The
ground wave mode of propagation enables communication over large distances along
coastal regions as compared to the use of the higher frequencies. The range for
skywave communications varies from a few miles to distances half way around the
world. Depending on the size of the ship and its operation, there is often a
requirement for highly reliable communications back to home base.

Amateur Service

Aservice of self training, intercommunication and technical investigations
carried on by amateurs, that is, by duly authorized persons interested in radio
techniques solely with a personal aim and without pecuniary interest.

The portions of the HF band reserved for amateur usage are always congested.
Because of the large market for equipment by this group, new techniques are
often tested on and by this group and if successful are later incorporated into
commercial equipment.




HF SYSTEM DESIGN PRINCIPLES

by
M,Darnell
Senior Lecturer
Department of Electronics
University of York
Heslington

York YOl 5DD

UK

SUMMARY

The lecture deals with the general principles of HF communication system design,
using as a framework a generalised communication system comprising:

- propagation path

- information source and sink
- source encoder/decoder

- channel encoder/decoder

- RF eguipment.

The basic properties of the medium relevant to the design, control and operation
of HF systems are considered. In particular, the problems of HF system control are
examined in depth,

The lecture is intended to provide a link between the more detailed lectures
concentrating upon specific aspects of HF system design,

1. INTRODUCTION

In this lecture, the general topic of HF system design will be consider~d from
the viewpoints of present practice and future trends., The tw~ major aims of the
lecture are:

{i) To examine the fundamental technical problems of HF system
design, control and operation together with potential
solutions;

(11)To provide an introduction to the more detailed aspects of
HF system design to be examined in later lectures.

The key to the effective use of the HF propagation medium is an appreciation of
its basic strengths and weaknesses so that a system design can exploit the strengths
and minimise the effects of the weaknesses, Above all, a high level of performance
requiresthat care must be taken to employ HF systems operationally for the types of
traffic and service to which they are well matched, and not to impose "unnatural”
requirements for which the medium is fundamentally unsuitable.

For convenience, the main strengths and weaknesses of the medium are summarised
in Table 1 below:

Table 1

Strengths

(a) The ionosphere is a robust propagation medium which recovers
rapidly after major perturbations, eg polar cap events
(PCE’s), sudden ionospheric disturbances (SID's) and high
altitude nuclear bursts,

(b) Long~term (monthly mean) propagation paramnters are
predictable with reasonable accuracy.

(¢) Each communication link exhibits unique characteristics, eg
fade rates and depths, multipath structure, noise levels,
etc, which potentially can be used to isolate that path from
the effects of other transmissions in the HF band.

(d) Only simple equipment and operating procedures are necessary
to achieve access to the medium.

(e} Equipment costs are low in comparison with those of other
types of long-range communications systems.




Table 1 (continued)

Weaknesses *]

disturbances such as the PCE's and SID's mentioned above.

' (a) The ionosphere is subject to sudden unpredictable
‘ (b) Although the long-term parameters of the propagation path

are relatively predictable, significant departures from such
l predictions can be expected in the short-term (day-to-day).
; (c) Levels of manmade interference are high, particularly at
) night, and the nature of such interference is inadequately
| characterised.

(d) A high level of system availability and reliability requires
i considerable user expertise in manually-controlled systems.

{e) The available capacity of a nominal 3 kHz HF channel is
limited to a maximum of a few kbits/s ; data rates of, at
most, a few hundreds of bits/s are more realistic if high
levels of availability and reliability are necessary.

foAU
'
i

One of the main problems associated with the operation of current HF systems is
that they are employed primarily to pass traffic at a constant rate - even up to 2.4
kbits/s and above - in the same way as with line circuits or other less dispersive
media. However, as will be shown later, the capacity of an HF skywave link is
constantly varying over a wide range which ideally requires adaptation of the signal
parameters and/or signal processing procedures in accordance with the available
capacity at any time. Two factors preventing this form of adaptation at the present
time are:

(i) The slow reaction time of manually-controlled systems;
(ii)The lack of an adequate real~time model for propagation and
manmade interference.

Methods of overcoming these restrictions by improved HF system design are discussed
in this paper.

2. Wi SYSTEM CONTROL

The techniques necessary for the effective control of HF communication systems
are essentially the same as those which have already been developed within the
discipline of automatic control. Two communications scenarios which are encountered
in practice are illustrated in Figs. 1(a) and 1l(b). Fig. l(a) shows a open loop
situation in which there is no feedback path between receiver and transmitter, whilst
Fig. 1(b) shows a closed loop situation in which such a path does exist. Ideally, the
aim of the control procedure should be to make the transmitted signal x(t) and the
received signal y(t) identical. In both cases, before any form of optimal or sub-
optimal control can be applied to achieve the desired purpose of the system, it is
necessary to characterise the propagation path in order to produce an appropriate
model for use in the control algorithm, ie the path must be "identified”.

For the open loop system this can be achieved in two ways:

(i) By using a priori knowledge of the nature of the path, ~g
from previous practical experience and via off-line
propagation analysis programs;

fii) By multiplexing channel probing signals with the traffic
signals so that the receiver can derive information to model
the path and hence can adjust its parameters accordingly.

In the closed loop system, the feedback link enables information extracted from
the transmitted probing signals to be used to characterise the path and then to be
passed back to the transmitter to allow its parameters to be varied adaptively., The
process of probing, or identifying, the channel is known as real-time channel
evaluation (RTCE) and is discussed in detail in a subsequent lecture (Darnell, 1983).

3. THE GENERALISED COMMUNICATION SYSTEM

Fig. 2 shows the elements of a generalised communication system. To illustrate
the functions of the indvidual elements of Fig.2, an example of a digitized speech
communication system will be considered.

The average information content of human speech is relatively low - comparable
with that of a low-speed teleprinter link (50 - 100 bits/s), However, if PCM is
applied to the speech waveform, typically a digitised rate of 64 kbits/s will be
necessary for toll quality speech reproduction, The contrast between the 100 bits's
information rate and the 64 kbits/s PCM rate is marked and is due to the fact that
natural speech reproduction requires the transmission of many more parameters than
simply its information content, eg loudness, pitch, intonation, etc., It is possible
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todiiltise speach a% a3 rate mach less than 64 kbits’s and still toobtain acceptable
quality by wemploying a more efficient model of speech production, PCM 1s a waveform
encoding techairque whih {1 j1tises a 4 kidz wide speech bandwidth without regard to
any speech jJenerarion meThan;sm vocoders are syst=ms which achieve lower
digitisatiaon rates by madelling the mechanisms of speech production more accurately.

3.1 Source Encoder Uecnder

Much of rhe rodundan~y i speecn 15 deterministic, 1e its form is predictable;
this allows 1%s ;otential re’ -e10n or removal. A generalised source encoder has the
function of redicing “he red. Zany 12 an 1aformation source signal, as shown 1n Fig.
3. Parfect source -»ncoding w 1.1 resalt 1n Ry, being zero and thus I would be a
completely unpredictable randemy da*a s*ream wéxch could not be compressed further.
In practice, efficient source cnoading makes Hy << Rp.

A specific example 5f a3 soar e encoder for speech is a “formant" vocoder
analvser. The forman+ model of speech depends gpon the fact that a particular speaker
will tend to have 4 or 5 spectral reqions in which the energy of speech is

concentrated, These Migh energy reqions correspond physically to resonances of the
vocal tract/cavity and a typical baseband speech spectrum might appear as illustrated
in Fig, 4. The voral tract cavity 18 therefore modelled in terms of the parameters of
4 or 5 resonant circuits, The centre fraguencies and response amplitudes of the
circuits will vary within defined ranges and the values of these parameters are
sampled at reqular intervals, digitised and formatted, together with digitised values
of pitch and an indication as to whether the sound at the sampling instant is voiced
or unvoiced, The overall data rate required to specify the digitised speech by means
of the parameters of the formant model is normally in the range 1.2 - 2.4 kbits/s,
thus representing a considerable reduction in comparison with the 64 kbitss directly
digitised PCM. Other vocoder models allow a similar reduction in rate to pe achieved.
Thus, some knowledge of the mechanism of speech production enables source encoding
procedures to be developed which can remove much of the redundancy of speech. At the
receiver site, the source decoder employs a formant synthesiser, based upon th2 same
speech generation model, to which the decoded parameter values are applied to
reintroduce the deterministic redundancy and hence reconstitute an estimate of the
original source speech waveform. Fig. 5 shows the operation of the source decoder
diagramatically.

3.2 Channel Encoder/Decoder

The function of the channel encoder in Fig. 2 is to add redundancy to the
compressed source encoder output, as shown in Fig. 6, At first sight, the addition of
more redundancy seems counter-productive since the source encoder has just been
employed to reduce redundancy in the source signal. However, Rj is now of a form
specifically designed to combat the types of noise and perturbation likely to be
encountered during transmission over the propagation path, eg error protection coding
- as illustrated in Fig. 7. In the formant vocoder system under consideration, a
compressed source rate of 1.2 kbits/s at the output of the vocoder analyser might
typically be cxpanded tc 2.4 kbits/s by the addition of parity check digits, thus
allowing various transmission error patterns to be detected and in some cases
corrected. A composite diagramatic representation of the processes of source and
channel encoding, showing the relative compression and expansion of data rate at each
stage, is given in Fig, 8. In general, at the receiver site, the channel decoder
makes use of the redundancy inserted by the channel encoder in order to correct for
the various types of transmission distortions and produce an estimate of the wmodified
source signal, as shown in Fig.9. Clearly, the more that is known of the channel
behaviour, the more effective can the channel encoding/decoding procedures be made -
hence the requirement for channel identification or RTCE, The nature of the HF
channel will be considered in more detail in the following section of the lecture.

3.3 RF Units

The function of the RF units of the generalised communication system is to
provide the interface between the channel itself and the channel encoder and decoder.
For most types of practical system, this interface will involve processes such as
frequency conversion, filtering, amplification, etc. The r8le of the RF elements in
the overall HF system design will be discussed later.

4. A SIMPLIFIED HF CHANNEL MODEL

In this section, a qualitative model of the HF skywave channel is described and
used as a vehicle on which to hase a discussion of the design of HF comrunication
systems.

The problem of maximising the availability and reliability of an HF system is
essentially involves the optimisation of a number of system parameters. These
parameters, which will be classified as "primary"” and "secondary®, are listed in
Table 2 below:
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Table 2
e e
Primary Parameters

(1) Operating frequencies !
(ii) Transmission start time(s) and duration(s)
(1i1) Geographical location of the transmitter and receiver

terminals ~ should this not already be detormined by

other considerations

Secondary Parameters

) (1) System control strategies

E (ii) Source encoding/decoding algorithms
. (iii) Channel encoding/decoding algorithms
} (iv) Radiated power levels

i (v) Antenna characteristics

{

— J—

It is seen that optimisation of the primary parameters will depend for the most part
upon the state of the transmission medium at any time, whilst secondary parameter
optimisation will also depend upon many other factors, eg equipment available, type
of traffic required, etc.

The simplified channel model is based upon the primary parameiors of frequency,
time and positien/distance, which form the axes of the diagram shown in Fig. 10. For
a given HF system employing a specified set of secondary parameters, the channel can
be considered as giving rise to a set of 3~dimensional transmission "windows" in
which the signal can be placed in order toyield a specified lavel of fidelity at the
receiver, eg in terms of say data error rate or speech intelligibility, The fidelity
requirement can also be interpreted as a minimum signal-to-noise ratio (SNR} within
the windows. Evidently, if the required SNR can be achieved by simple optimisation of
primary parameters, then less attention need be given to the task of secondary
parameter optimisation.

In Fig. 10, the times t;, t,, t;,etc are the instants at which the windows
become available to the system user; the valyes of t and the window durations At are
normally dictated by factors such as fading characteristics, diurnal path
variability, atmospheric noise, etc. [n the frequency dimension, Af represents the
frequency range open for transmission over which the required SNR can be maintained;
again, Af is influenced by many factors such as time of day, season and sunspo*
number. Ad indicates the range of distance or position over which the transmitter and
receiver locations can be varied, whilst again maintaining the specified received
signal fidelity criterion. In practice, the available window structure would be
considerably more complex than that shown in Fig, 10: multiple windows in both f and
d dimensions could well exist for a given value of t - as illustrated in Fig. 1l1.
Also, for the sake of simplicity, regularly-shaped windows are shown in Figs. 10 and
11; in reality, the windows would tend to be irreqularly-shaped volumes,

As the required SNR is increased, the windows available for transmission will
tend to reduce both in number and volume. Adecrease in the required SNR would result
in an increase in window dimensions causing many of the windows to merge together
until, for very low SNR's (eg for manual morse telegraphy), they may well persist for
many hours along the t axis. For transmission rates of a few kbits/s, the window
durations may on occasions be only a fow seconds, or even milliseconds.

4.1 Effects of Noise and Interference in the Model

The simplified channel model described previously can be extended to incorporate
the effects of natural noise and manmade interference., In the same way as the
communications transmitter/receiver system gives rise to transmission windows as
shown in Fig. 11, the path from a noise source or interfering transmitter to thw
communications receiver will also have associated transmission windows,

The problem for the designer and operator of a communication system is thus to
minimise the probability of coincidence between noise/interference and communication
windows. If partial or complete coincidence does occur, there is a possibility that
the communications traffic will be disrupted, ie the received SNR will be degraded
Fig. 12 shows a situation whete partial coincidence between a communications window
and an interfering signal window occurs, thus effectively reducing the volume of the
window available to the communicator,

The remainder of this lecture will now be devoted to a discussion of HF system
design methods which can

(i) Maximise the size of the communications windows
and
(ii) Minimise the ©probability of any coincidence between
noise/interference and communications windows.

These design techniques will be discussed in the context of the primary and secondary
parameters defined previously.




S. PARAMETER OPTIMISATION AND SYSTEM DESIGN

In the majority of existing HF systems, the extent to which any parameter
optimisation can be carried out is severely limited by the basic system architecture
From the nature of the channel model presented in Section 4, it is obvious that the
HF path will have an information carrying capacity which will vary with time over a
wide range - a characteristic already noted in Section 1, This can be seen by
considering the classical expression for the maximum error-free transmission
capacity, C, for a channel having total bandwidth B Hz, signal power S and noise
power N:

C = Blogy [ 1+ s/N) bits/s (1)

All of the three parameters B, S and N as observed at the communications receiver
will be functions of the three primary parameters of frequency, distance and time -
assuming a fixed set of secondary parameters, Normally the position of the transmitter
and receiver terminals will be determined by logistic or other factors, and
therefore only the frequency and time variability need be considered, An exception to
this simplification is a system employing geographical diversity with a number of
spaced receiving stations where distance is an important parameter to be taken into
account; the benefits of this form of diversity will be discussed later in this
lecture, If distance variability is neglected, expression (1} can be modified to give
the channel capacity at any instant as:

c =/1092 { 1+ SUE)I/NIEY | df bits/s (2

B
and the total maximum error-free information throughput, I, in a time interval T is

thus:
1 =—/c- dat =:/‘/1;gz 11+ S(E,£)/N(f,t) ] d° dt bits 3]
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Expression (3) is still approximate in that it represents the information throughput
for a memoryless channel: in practice, HF channels may have memory in the form of
multipath., However, expression (3) serves to illustrate the potential variability of
the transmission capacity of an HF channel.

To clarify the concept of the variable capacity channel further, Fig. 13
illustrates one possible physical mechanism giving rise to such a variation: the
magnitudes of two multipath component modes for the wanted signal are shown as
functions of time and frequency, together with the amplitude of an unwanted
interfering signal. The fading characteristics of the three signals are assumed
independent in both time and frequency, to the extent that either of the wanted
signal modes or the interfering signal may be dominant. When one wanted signal
component has a significantly greater amplitude than either the other wanted signal
component or the interfering signal, the possibility exists for relatively high
guality, quasi single mode reception - albeit for a short time interval - as
indicated by the "window"™ shown in Fig. 13,

It is interesting at this point to note a degree of similarity between HF
channels and meteor burst paths (Bartholom¢ and Vogt, 1968). Communication using
ionised meteor trails can take place only for short periods of time (typically 0.5 -
1 s) when a usable trail occurs; the time between the occurrence of such trails is
relatively long - of the order of 30 - 60 s. However, when the path does exist high
rate transmission is possible since the propagation is essentially single mode. The
HF propagation model described previously also gives rise to high capacity windows,
as shown in Fig. 13, but in contrast to the meteor burst path, having zero capacity
between windows, the HF path has a residual, lower and variable capacity between
windows.

The majority of existing HF systems tend to operate at a constant transmission
rate with fixed bandwidths and signal formats - a situation which clearly forms a
fundamental mismatch between the techniques employed and the essential nature of the
propagation medium. For a constant transmission rate, R, if the range of available
capacities is from Cpji, to Cpa, then, for error-free transmission to be possible

R & Cpin (4

Thus, for much of any given transmission interval, a constant rate HF system will be
operating at well below its potential capacity. This simple argument leads logically
to the concept of an adaptive system whose parameters can change in response to
changes in available capacity. However, if constant rate transmission is mandatory,
the source and channel encoding procedures must be made adaptive to counter changes
in the received SNR. The practical design implications of adaptive operation are
discussed in the following two sections dealing with primary and secondary parameter
optimisation,
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5.1 Primary Parameter Optimisation

In order to achieve a certain HF transmission capacity reliably, it is important
to be able to monitor and select appropriate values of the primary parameters of
frequency, time and distance/position. In this way, usable transmission windows can
be selected and matched to the type of traffic which it is required to pass. Having
optimised the process of primary parameter selection, the secondary parameters of the
system can also be optimised - the topic considered in Section 5.2 of this lecture.

As has been indicated previously, the position and separation of the
communication system transmitting and receiving terminals will normally be determined
by factors other thanm the characteristics of the propagation path; thus, the problem
of primary parameter optimisation reduces to one of selecting values of frequency and
transmission time for the given path, This selection procedure can be implemented by
employing some form of RTCE (Darnell, 1983). RTCE procedures have been developed for
both the open loop and closed loop scenarios introduced in Section 2, Currently,
however, RTCFE techniques are only designed to monitor and select the best of a set of
alternative transmission channels at a specified time; in general, they are not well
matched to the task of monitoring the short-term time variability of those channels.
Thus, in the context of the simplified HF channel model postulated in Section 4,
current RTCE algorithms search for transmission windows which are likely to persist
for the complete duration of a fixed constant rate transmission; at the same time,
they attempt to minimise the long-term overlap between communication and
noise/interference windows.

In future, since the utilisation of the HF medium will remain at a relatively
high level, or even increase, more emphasis must be given to the development of RTCE
systems which enable the available capacity of the medium to be used more effectively
by monitoring the shorter-term time fluctuations of a set of assigned HF channels.
This RTCE data could then be used in the control of an adaptive transmission rate
system in which the transmission rate at any time could be matched more accurately to
the available capacity. To implement this form of channel monitoring economically, it
would be necessary to time/frequency multiplex RTCE probing signals and measurement
periods with the traffic signals, possibly with the input data stream being buffered
during the probing/measurement intervals.

One of the main disadvantages of RTCE systems as currently implemented is that
they are separate from the communication systems which they are designed to support;
they require dedicated and expensive units which are comparable in cost to the units
of the communication system itself, The future trend should be for RTCE to be
integrated into the communication system design and hence to employ the same basic RF
and signal processing equipment. Also RTCE in the form of ionospheric sounding, in
which enerqgy is radiated across a major portion of the HF spectrum, should be
restricted to the purposes of ionospheric research and not employed to support
communication systems. Rather, integrated communication and RTCE systems operating
only in assigned channels should be developed. In this way, the spectral pollution
associated with dedicated RTCE systems would be minimised.

5.2 Secondary Parameter Optimisation

Assuming that RTCE has been employed to optimise the primary parameters of the
HF system, design and control techniques for optimising the secondary parameters of
the system will now be considered by reference to the elements of the generalised
communication system introduced in Section 3 and shown in Fig. 2.

(a) System Control Strategies

It should again be emphasised that, in the system control context, RTCE
represents the process of identification, or modelling, which must take place before
optimal control can be applied., Clearly, the path parameters are time varying and
thus any control algorithm needs to be adaptive in response to such changes, If
manual control procedures are used, response times will be at best a few tens of
seconds and Lhere will be no chance of the system being able to utilise relatively
short duration, high capacity transmission windows (analagous to the meteor burst
situation). RTCE, however, provides the essential information to enable the system
control procedures to be automated - hence potentially providing a greatly improved
response time,

The majority of HF systems operate in a closed loop, or 2-way, mode. In addition
to RTCE, the control of this type of system requires the ability to be able to
transfer information concerning reception conditions between receiver and transmitter
sites, ie the provision of a high integrity engineering order wire (EOW) facility. It
is a fundamental requirement of such an EOW that it should be capable of passing the
essential control data reliably for a short interval after the quality of the
received traffic has deteriorated to an unacceptably low level due to changes in
channel conditions. The transmission rate required of an EOW normally will be
congiderably lower than that of the traffic channel, thus enabling robust channel
encoding (modulation and coding) procedures to be adopted for protection of the
system control data.

The system control procedures should also allow for:




(i) Continuous checking of traffic quality: an automatic repeat
request (ARQ) technigque would be suitable for this purpose.

(ii) Automatic re-establishment of the circuit should contact be
lost: probably based upon the use of back-up accurate time
and frequency transmission schedules.

In the case of an open loop configuration with no EOW available, eg a broadcast
system, the potential for adaptive operation is relatively limited. All adaptation
must be carried out at the receiver in response to RTCE data embedded in the
transmitted signal. Receiver processing techniques such as equalisation, adaptive
filtering, diversity combination of two or more independent versions of the
transmitted signal, antenna null and beam steering, etc are relevant in this
situation.

From the preceding discussion, it is evident that automatic HF system control
requires the application of considerable information processing power. Therefore,
future HF communication systems will inevitably be processor based, with manual
intervention only in exceptional circumstances.

(b) Source Encoding/Decoding Algorithms

The function of the source encoder shown in Fig. 2 is to compress or modify the
basic source data, ie to reduce its redundancy. In the case of low rate telegraphy
data and analogue speech, the requirement for source encoding is minimal since these
forms of traffic can be transmitted with reasonable fidelity using relatively simple
channel encoding schemes, However, ore of the major technical problems associated
with HF communication which has yet to be solved satisfactorily is that of
transmitting digitised speech reliably over such a time-variable channel. Existing
vocoders typically operate at data rates of between 1.2 and 2.4 kbits/s: at such
rates, reliable HF transmission cannot be guaranteed and,indeed, in spectrally
congested environments such as the Central European region, it is improbable that a
satisfactory grade of service can ever be achieved - particularly at night,

Two options present themselves: first, users must accept that secure/digitised
speech cannot be transmitted reliably over the majority of HF channels - a situation
which is operationally unacceptable; secondly, more sophisticated speech source
encoding and system management schemes must be developed to give an average
transmission rate not exceeding a few hundreds of bits/s. The latter option may not
be achievable in the shorter term without resorting to buffering of the input speech
and subsequent transmission at a lower rate over an extended period of time, thus
involving the system users in significant waiting times until the data has been
passed.

In general, one of the most effective contributions which the system user can
make to transmission reliability is to minimise the amount of traffic to be
transmitted over a given period by the communications system, which is in itself the
most fundamental form of source encoding. This then enables greater protection to be
applied to the residual data by more powerful channel encoding procedures

(c) Channel Encoding/Decoding Algorithms

The channel encoder shown in Fig, 2 is intended to condition the compressed or
modified data from the source encoder so that it can withstand the noise and
perturbations likely to be encountered during transmission over the channel. The
channel encoding/decoding techniques which offer promise of economic and effective
implementation with variable capacity HF sytems will now be examined.

Diversity Processing

Diversity processing at HF can potentially provide a significant improvement in
the effective received SNR. Fig. 14 shows the theoretical improvement in the SNR in
dB for a dual diversity system in comparison with a non-diversity system as a
function of bit error rate (BER) under Rayleigh fading conditions with additive
Gaussian white noise (GWN). Clearly,in a practical dual diversity combining system, a
performance improvement of 10 dB in received SNR is achievable,

When the traffic signal is transmitted on more than one freguency
simultaneously, frequency diversity combining can be employed at the receiver
providing that the separation between frequencies is great enough to ensure that the
received components behave independently in terms of their fading characteristics
(Alnatt et al, 1957).

It is well established that, if the receiving antennas are appropriately
separated, space diversity can provide one of the most effective ways of enhancing HF
system performance., If space diversity is not feasible, polarisation diversity can in
some situations be used as a somewhat less efficient alternative.

Time diversity (McCarthy, 1975) and the related technique of interleaving
(Douglas & Hercus, 1971) have been shown to be effective in combatting burst errors
due to interference and fading. However, the improvement in performance is only
achieved at the expense of greater transmission bandwidth and increased processing
time,




If an HF communication system is structured appropriately, geographical
diversity in which several versions of the transmitted signal are received at widely
separated receiving sites can potentially provide one of the most effective counters
to propagation fluctuations and interfering signals., The probability of interferirng
signal windows coinciding with communication windows for all links in a
geographically dispersed network of the type shown in Fig. 15 is relatively small
compared with the coincidence probability for any siangle link in the network.
However, combination of the received signals to produce an overall maximum lik=lihood
estimate of the transmitted signal does require that there are reliable
interconnections between the various sites - a situation which will only apply in
sophisticated networks where HF is one component of an integrated mix of
communications techniques.

Signal Processing Techniques

As has been indicated previously, signal processing in existing HF systems tends
to be relatively simple and based upon the premise of non-adaptive, constant rate
tperation. If variable rate operation is contemplated, a fresh consideration of
potential signal processing techniques is necessary. Those procedures which appear to
offer promise are now outlined briefly

Adaptive filtering at the receiver: in which the parameters of baseband or IF
receiver filters are modified to counter changes in the nature of interfering signals
in the communication channel.

Quenched filtering: applied to a synchronous transmission system enables a
receiver filter to be opened to receive a wanted signal only over the intervals when
that signal is expected to be present, as illustrated in Fig. 16. In this way, the
filter 1s not initialised by noise or interference and the detection decision 1s made
when the detector output SNR can be expected tobe a maximum. This type of detection
scheme is used in the PICCOLO system (Bayley & Ralphs, 1972). For a given form of
modulation, if synchronous or coherent detection can be applied, a significant
improvement in system performance can be achieved.

Soft-decision decoding implies that a “"hard” detection decision, say 1 or 0, 1s
augmented by information concerning the confidence level associated with that
decision, eg based upon signal amplitude, phase margin, etc., When coupled with error
protection coding, soft-decision decoding can enhance the performance of a basic
detection system substantially (Chase, 1973).

Possibly one of the most powerful techniques for use in a high interference
environment is that of correlation reception. For this, sets of relatively long
sequences with approximately impulsive autocorrelation functions are required so that
matched filtering can be applied at the receiver. Sequences with suitable
autocorrelation properties also allow RTCE data, say in the form of a channel impulse
response, to be extracted conveniently (Darnell, 1983,

Bearing in mind the variable nature of HF channel capacity 4discussed previously,
it would appear that some form of "embedded"” data encoding would be appropriate,
Here, several versions of the source data, rach keyed at a different rate, would be
combined into a single transmitted signal format. At the receiver, data would be
decoded at the highest rate which the channel capacity at that time would allow.
System control and re-alignment would be accomplished at intervals by an ARQ
arrangement operating via the EOW. Fig. 17 shows the principle of this type of
encoding for a transmitted signal comprising three identical data streams, each
clocked at a different rate. At the end of every data block in the slowest stream,
the receiver indicates to the transmitter which of the data streams it has been able
to receive successfully in the previous transmission interval; the transmitter then
re-aligns the transmitted data blocks accordingly over the subsequent transmission
interval. This form of encoding has yet to be developed and implemented for HF
applications.

With the advent of cheap and powerful computing capacity, it is now possible to
consider the introduction of post reception processing a. the receiver. The
unprocessed received signal could be stored, either at a low LF or baseband, and then
processed rapidly off-line using different signal processing parameters and
algorithms until a best estimate of the transmitted signal is obtained.

(d) Radiated Power Levels

In the HF band, high radiated power levels are undesirable since they teand to
cause spectral pollution and an increase in transmitter and antenna sizes - and hence
costs. The use of RTCE in optimising the primary parameters of an HF communication
system will tend to reduce the necessity for higher radiated powers by selecting
frequencies and transmission times for which the received SNR is maximised and
interference avoided, As a general principle, system availability and reliability
should be improved by the use of RTCE and more effective gsignal processing, rather
than by transmission at higher power levels; the latter should be held in reserve for
particularly vital links.

The RF units of the system should be capable of rapid frequency agility so that




full advantage can be taken of automatic and adaptive system contrcl procedures. The
ability to change frequency rapidly will also facilitate the RTCE process of finding
a channel with an acceptable SNR. This will eliminate the "resistance”™ of system
operators to changing frequency except where absolutely essential and thus lead to
improved flexibility and lower radiated power levels.

(e) Antenna Characteristics

Diversity using spaced receiving antennas is an effective method of improving HF
system performance and should, where possible, be incorporated into a system design.
Also, a simple 2-element receiving antenna system can be used to place a null in the
direction of an interfering signal, The depth of the null will depend upon the
instantaneous propagation conditions, but an average depth of a few dB may well be
achievable for skywave signals. Against more stable groundwave interfering signals,
the nulling procedure will be considerably more efficient,

Again, the systematic use of RTCE and improved system control procedures will
tend to reduce dependence upon antenna characteristics.

6. NETWORK AND FREQUENCY PLANNING CONSIDERATIONS

In this lecture, attention has so far been concentrated upon the design of
single HF communication systems, However, when a network comprising many such systems
is being considered, other important design criteria should be addressed. A network
will typically comprise a mixture of groundwave and ionospherically refracted skywave
paths. At the lower end of the frequency band, short-distance paths of the type used
primarily for tactical communications will employ predominantly groundwave
propagation or mixed skywave and groundwave propagation with consequent interference
between groundwave and skywave - particularly at night. Longer distance point-to-
point circuits will only employ skywave modes.

6.1 Frequency Sharing and Re-Use

From the viewpoint of spectrum utilisation, it is advantageous to be able to re-
use or share frequency assignments between circuits wherever possible, ie to allocate
the same operating freguencies for simultaneous use by two or more independent links.
This requires that there is negligible interference between the links. Considering
the schematic arrangement shown in Fig., 1B{(a) where two short-distance HF links, AA
and BB', are separated by a long HF path A”B”, A” and B" being the mid-points of the
two short-distance links. Fig. 18(b) shows typical plots of lowest usable frequency
(LUF) and maximum usable frequency (MUF) for the three paths. The usable frequency
ranges between the LUF and MUF for each of the three paths are shown hatched. If it
assumed that the two short-range paths will employ groundwave propagation, then the
frequency chosen can be the same providing that it does not intersect the usable
skywave range for the path A"B"; the distance A"B" is too great for any groundwave
propagated interference to occur between AA' and BB', In Fig. 18(b), two possible
groundwave freguencies, f y and fGW(U , are shown; the lower frequency is chosen
to be less than the LUF's for the two s%ort-range paths to avoid the possibility of
interference between groundwave and skywave. The upper frequency is chosen to be
above the MUF for the path A"B" to eliminate skywave interference between the two
circuits. It should be noted that the upper frequency will normally only be usable
over very short distances because of the poorer groundwave propagation at higher
frequencies; this poorer propagation is to some extent offset by lower natural noiss
levels at higher frequencies.

If the two short-range paths are of such a length and nature that only skywave
propagation is possible, the individual skywave signals using a common frequency
should again not interfere with each other via path A"B". It is usual, wherever
possible, to operate skywave circuits on a "2-frequency” basis, ie one frequency for
night-time operation and another for day-time. Fig, 18(b) also shows how this type of
operation can be arranged to fall within the usable ranges for the two short paths
and yet below the LUF for path A™B".

For any given geographical situation involving tactical short-range links separated
by relatively long distances, the above technique may be applicable. This example
serves only to illustrate the potential value and complexity of HF frequency sharing.
If the terminals of the tactical circuits are mobile, their predicted operational
areas must be taken into account in any frequency sharing algorithms, together with
any other regions to which it is desirable to restrict propagation. The frequency
management of a network of automatic and adaptive HF communication links, each having
integrated RTCE, will be a significant practical problem. H vever, the spectrum
congestion in the HF band is such that the frequency management of individual
networks and links must be carried out in a more co-ordinated manner, and must be
considered at the design stage of any new system.

6.2 Frequency Band Extension

Returning again to the simplified model for HP propagation described in Section
4: a similar representation of propagation by the mechanisms of sporadic E-layer
refraction and meteor burst is also valid, with the difference that in these two
cases the coincidence probability between communication and interference windows is
much less. RTCE can also enable the selection of sporadic E modes, which are
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relatively localised phenomena, thus tending to employ frequencies which are somewhat
higher on average than for more conventional HF modes. In this situation,
interference probabilities will be reduced significantly.

Meteor burst systems have the advantage that the path between communications
transmitter and receiver is virtually unique with an extremely low interference
probability. This type of link, if integrated into the HF system, could be used for
EOW purposes. Thus, the concept evolves of an HF type of communication system, with
an operating frequency range of say from 2 - 50 MHz, which would make use of any
convenient propagation mechanism available at the required transmission time.

7. CONCLUSIONS

From this introductory lecture, covering current HF communication system design
and future design trends, certain general conclusions can be drawrn:

(a) The key to significant improvement in HF system performance
is the effective incorporation and application of
appropriate RTCE techniques;

(b) That the design aim for an HF system should be to achieve
~he desired level of performance by the application of
improved system control and signal generation/processing
algorithms, rather than by the use of traditional
transmission techniques, high radiated power levels and
large antennas;

(c) That the variable capacity of the HF path should be
recognised and exploited.

Against this background, the major technical problems to be solved in future HF
designs can be identified as:

- The development of RTCE techniques which can be integrated
with the communications function of the system, employing a
common range of RF and processing equipment;

- The development of automatic system control algorithms and
associated processing equipment;

- The design of adaptive/re-configurable signal generation and
processing equipment for use in the variable capacity
environment;

- The provision of highly-reliable EOW facilities for system
control purposes;

- The development of techniques to allow the transmission of
reliable digitised speech over all types of HF paths;

- Evaluation of the benefits of designing HF equipment to
cover an extended frequency range above 30 MHz to exploit
more transient propagation mechanisms such as meteor burst;

- Design techniques to minimise system operation and
maintenance costs.

8. REFERENCES

(1) Darnell, M., 1983, "Real-time channel evaluation", AGARD
Lecture Series 127 "Modern HF communications”®,

(2) Bartholomd, P.J, and vogt, 1.M.,1968,"COMET -~ A new meteor
burst system incorporating ARQ and diversity reception”,
1EEE Trans, COM-16, 2, 268-278.

(3) Alnatt, J.W., Jones, E,D.J. and Law, H.B., 1957, "Frequency
diversity in the reception of selectively fading binary
f requency-modulated signals”, Proc, [EE, 104, Part B, 98-110

(4) McCarthy, R.F., 1975, "Error control with time diversity
techniques®™, Signal, May/June issue.

(5) Douglas, F.W. and Hercus, P,T., 1971, "Development of
AUTOSPEC Mark II", Point-to Point Telecommunications, May.

(6) Bayley, D. and Ralphs, J.D., 1972, ®"PICCOLO 32-tone
telegraph system in diplomatic communication®, Proc. IEE,
119(9), 1229-12136.

(7) Chase, D., 1973, "A combined coding and modulation approach
for communication over dispersive channels", [EEE Trans.,




a1
- »3 CLOSED LeQuP OUTPUT
) OPEX LOOP VETPY T INPUT et
INPUT
Sl (t)
x(t) Nt x{
. PROPAGATIUN o . PROPAGATION .
rx PATH Ry X PATH RX
FEEDBACK PATH
7}'71_(-_["[([' 1: BASIC COMMUNICATION SCENARIOS
TRANSMITTER SITE Ri CEIVER SITE
NOTSE
PERTURBAG TONS
SUURCE SINK
SOURCH CHANNEL RF RF CHANNEL SOURCE
ENCUDER L ENCODER r. UNITS UNITS DECODER Fﬂ DECODER
L J
a'd Y
SYSTEM CONTROL
FIGURE 2: GENERALISED COMMUNICATION SYSTEM
AMPLITUDE
INFORMATION INFORMAT LON A
s &
REDUSDANCY SOURCE REDUNDANCY
g . + }
(1 + R )gu———gn] ENCODER . '
(SUURCE (D TFIED, N
STUNAL ) COMPRESSED '
SOURCE STGSALY
R <R, | |
i I { ]
AFIK:'LKE l FUNCTION OF SOURCE ENCODER ] ) ] )
§ ]
1 1
“> o> <> e
1l 1 ! —
! ! I ! FR 'l'E\'C"
£, ¢t £, EQUENCY
FORMANT FREQUENCIES
FIGURE 4: TYPICAL BASEBAND SPEECH
SPECTRUM
SOURCE
MODIF1ED/ SIGNAL INFORMAT [ON INFORMAT [OX
COMPRESSED . s
SOURCE SIGNAL ESTIMATE
SIGNAL Lok REDUNDANCY REDUNDANCY
(ESZI:AF SOURCE ( ' T+ Ry) CHANNEL (1« R
2 Qumenereiiynd ey e ]
DECODER (oDIFIEDT | ENCODER }
COMPRESSED (TRANSMITTED
SOURCE SIGNAL) SIGNAL)

FIGURE 5:

FUNCTION OF SOURCE DECODER

FIGURE 6: FUNCTION OF CHANNEL
ENCODER




(I +R ) (s R
A A
I's —\ r
MODIFIED/ MODTF IED
COMPRESSED COMPRESSED PARITY
SOURCE STGNAL SOURCE STGNAL DIGITS
DIGITS FRROR DIGITS
PROTECTION
CODING
ALGORITHM
FIGURE 7:  ERRUR PROTECTION CUDING AS AN EXAMPLE OF CHANNEL EXCODING

SOURCE I sovkee b COMPRESSED / CHANN
I ENCODING ' MODIFIED ENCOD
| PROCESS : SOURCE }PROCE
i | SIOMAL |
| !
DATA ‘ 1
RATE . i

— et e .

1)
kL .

CHANNEL
ING 4 EMNCODED
ss , STuNaL

DIRECTIUN UF DATA FLOW THROUGH
SYSTEM
FIGLRE &: CUMBINED FEFFECTS OF SOURCE & CHANNEL CODING
N CHANNEL MOD ¥ 1ED/
ENCODED SIGNAL COMPRESSED
ESTIMATE SOURCE S1GNAL
(1+R) ESTIMATE
(I + R
- —_— CHANNEL > °
DFCONER

FIGURE 9: FUNCTION OF CHANNEL DECODER




FREGUENCY

TRANSMISS oY

PR PN

POSITION
DISTANCE

FICURL 100 SIMPLIVEED HE PATH MODE(
A
S
<
FIGURE 11: SIMULTANFOUS WINDUWS IN FREQUENCY & POSITIeN POR A GIVEN [ IME

INTERFERENCE
TRANSMISSION
WINDOW

WANTED SIGNAL
TRANSMISSION WINDOW

FIGURE 1.: EFFECT OF INTERFERENCE IN THE SIMPLIFTED HF PATH MODEL




314

REDICTION IN
REQUIRED SNR

iB)
AMPLITLDE A
20
FREQUENCY ‘]
I I W INDOW 159
.-
-
164
1%
124
- TPE — . - -
10 10" 1™ o~ BrK
— MODE b e s MODE
==~ ==« INTERFERING SIGNAL
FIGURE 13: THE NATURE OF A VARTABLE CAPACLTY FIGURE Le: REDUCTION IN MEDIAN SNR REQUIRED
= PATH FUR A wIVEN BER RFLATIVE 10
A SON-DIVERSITY SYSTEM,
ASSUMING TDEAL DUAL-DIVERSTTY
. COMBINLING
INIERVAL OVER
WHICH SYMBOL | !
Is RESET -
COMMUNICATIONS RX1 NON=QUENCHED ! ,
X ' 1
PATH 1 m W .
]
//d’:' .,‘ Al . !
/ RS ! !
/ ! t
4 FILTER ! 1
INITIALISED ! \
BY NOISE ! )
PATH i DETECTION : )
Pt NECISION . '
INPUT 1
STGNAL \ )
N QUENCHED ) i
NOTSE ,
1
- >

@‘
JOINTERFERING ™ = Lyl ~—
/ Iy ~ o RX} o
/ \* D )
| GATE GATE
UN OF

RX1i SYMBOL
FIGURE 15:  NFTWORK EMPLUYING TIMING

GEOGRAPHICAL DIVERSTTY
— e T IME

FILCRE 16: PRINCIPLE OF QUENGHED
FILTERING




STREAN

STREAM .

SIREAM

3

Ry P

FILLRY

ENE
i [ 1 3 ~ il
- - “ TIpTT
Lo S ’ ‘ =4 AN
i Ve | V.
/ 1
130 ;L/ n" s HEICERN HERE N ;«’4/1/\\“, P: 1414]1
. R
st | |
ALY [
b

FMHEDDED

b ia
Vot

SHORJ
FATH

AR

TUAA
VR
HE-

1

ACCERTY
STREAM

N

T
DATA ERCODING st
Cio
W
16 -
\\ j\b
5

A
: MUE AR
DAY K
ISNITH A\AESTEH
X3 7 X
/Z/ _é u . / Z - 4
P ]
g Yol 1h AA
° T T T -
o " . 1> e
e K

PRINCIPLE oF FREGUENCY SHARIM




PROPAGATION 1. State of the art of madelling and prediction in HF propaaatisn

by € V Thrane
Norweaian Defence Research Establishment
N-2007 Kieller, Norwav

ARSTRALT

The lecture reviews the state of the art in Hf propagation modellina and descrihes the principles
of radio freauency predictions. As a basis for the discussions, a brief introduction is niven to the
ionospheric parameters of importance to HF-propaaation, Current methods for frequencv prediction are
semi-empirical, that is they depend upon a large data base of ionospheric ohservations, combined with
phvsical models of the ionosphere and of radio wave propaaation throuoh the medium, Tn addition models
of the noise and interference environment must be included. The lecture discusses the principles on
which the methods are based, as well as their limitations. ¥fxamples are aiven of the use of predictions
in gystem planning and communications., The relative importance of skvwave and around wave com-
muynications in the HF-band is discussed,

1. INTRODUCTION AND DUTLINF

In spite of the development of satellite communications, microwave links and other communication
techniques, interest in the high frequencv band is still strona. The HF-band (3-30 MHz' represents a
valuable natural resource and should be exploited as efficientlyv as possthle., The radio waves in this
band can travel along the earth's surface, hut only far- limited distances, depending upon the condic-
tivity of the around or sea., Ffficient reflection of the waves from the innized lavers in the upper
atmnsphere makes HF radio transmissions over lonag distances possible, A prediction of the performance
of a communication circuit must of necessitv be based upon a mndel of the propagation medium, as well as
of the propaqatinn process itself, The purpose of the present lecture is to review the state of the art
of such models, their usefulness and accuracy. First a brief intraduction to the most important prir -
ciples of ionospheric radio propaqation will qgiven, The innospheric models have been developed frov
physical principles aoverning the formation of the innosphere and a larae data base acauired theaoo,
many vears of measurements. HAoth the data base and the madels will be discussed.

Furthermore the principle of the prediction techniques will be described, and how these techniaes
include models of the electromagnetic noise and interference environment. Weaknesses in present predic-
tion methods and possibilities for future improvement will be pointed out, and finallyv examples of 'he
use of predictions in system planning and communications will be qiven.

2. A BRIFF INTRODUCTIAN TN INNOSPHERTC PARAMETFRS OF IMPORTANCE [0 HF -PROPAGATINN

tfltraviolet radiation, X-rays and enerqetic particles from the sun and interplanetarv space
interact with the earth's atmosphere to form the 1onospheric lavers of free electrans and 10ns 1n the
height range S0-500 km above the earth's surface. The free electrons in the weaklv 1onized 1onospheric
plasma absorb, refract and reflect electromaanetic waves over a wire frequencv ranae, The phyvsirs of
radio wave propaqation in this medium is now well understond. Propagation can he described by the
magneto-ionic theorv developed by Appleton and Hartree {Rudden 1960, In the principle, 1f the proper-
ties of the medium is known precisely, the refractive index of an incident radic wave mav be computed
and the phase and amplitude of the wave may be found at any point 1in space. The presence aof the earth’'s
maqnet ic field makes the ionosphere birefrinqgent, and the spatial and temporal structure of the
ionospheric layers may be very complex. Therefore, accurate solutions to be the wave equatinns reonuire
complex and time consuming calculations., Modern high speed computers have made it possible gradually to
introdure more sophisticated and precise raytracing methods, but in practice the prediction methods are
still based upon simplified models of the propagation process as well as of the medium, In this section
some ionospheric parameters of importance to Hf propagation will be introduced,

2.1 Farmat ion of the ionasphere

Fiqure 1 shows a typical daytime height distribution N_(h) of the ionospheric electron density and
indicate how a spectrum of energetic electromagnetic radiation from the sun interacts with the
atmospheric gases to form the D-, F- and F-regions in the undisturbed ionosphere, The fiqure also indi-
cates the occasional presence of a thin dense "Sporadic fF-laver"., The ions and electrons formed by the
solar radiation are lost through recombination, and a simple form of the continuity equation which
determines the ionization balance is:

N,
I ° q(h,x)-ae"NeN’ o

where N* is the positive ion density and o £ is 8 constant, the effective recombination rate, x is the
gsolar zenith angle. The height and intensf{y of each layer varies in a systematic manner with solar
elevation, A first approximation to this veriation is shown for a simple model "Chapman" layer in
Fiqure 2. In the real stmosphere many complex processes masy cause deviations from this simple model,

The two ionospheric parameters of prime importance for radio wave propagation are the con-
centration N of free electrons and the average frequency v with which an electron collides with
neutral moledules and ions, The collision frequency v 1s proportions! to atmospheric presaure. Typical
height variastions of Ne' v and their product Nev are shown in Fiqure 3.
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2.2 Radio wave propaaation in the ionasphere

The first principles of high freauency propaqation may be understood by considering a simple case
in which the earth's curvature and magnetic field are reglected and the ionospheric lavers are horizon-
tally stratified. The ray path of a radio wave may then be described by Snell's law of refraction, as
shown in Fiqure 4, where L is the real part of the refractive index and In is the angle of incidence
upor the layer labelled n+1, Then

X

upsinly = u,sin[, = u251n12... = constant

This means that as the ray travels through the slabs the ray direction chanaes in surh & wav that
usinl is constant. A coatinuously varying medium may be approximated by many thin slabs. If the wave
18 incident upon the innosphere from free space so that u. = 1, we have usinl = sinl,. Reflection
occurs where | = 907, so that u = sinl., At vertical incidence I, = 0 and the reflect:ion condition
becomes u = 0. Magneto-ionic theory shows that, in the simple case we are dealing with, the refractive
index may be written

where N 15 the number density of free electrons, ma the electron mass, f the wave freauency and B the
permittivity Of free space. The plasma frequency of the propanation medium is defined as

/
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Insertion of numerical values vields fN = 9/§e {7} where fy 1s measured in Hz and NP 15 the

numher nf free electrons per m3,

Note that = 0 when the wave frequency f = fy, and thererfore a wave vertically incident upon the
lonnsphere 15 teflected at the helaht where f = 9Na. The highest freauency which can he reflected ver-
tically from the laver 1s ralled the critical frequency

fos 9N s
0 e
max
where A\ is the maximym electron densitv. Ffrequencies f > fo will penetrate the laver. A wave

max
incadent obliquely at an anale In will be reflected at a heiaht where
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and the hiahest frequency which can be reflected is rmax = 9 Ne ”cos!o = fn’coeln. This freauency 1s,

max
of course, always greater than the critical frequency fn.

fFiqure 5 illustrates schematically how the electron density and the refractive index may varv in a
simple ionospheric layer, and the ray path through the laver. The wave incident at an annle ID is
reflected back to the qround at a distance d. The maximum frequency which can reach this distance is
fmax E /cns]o. 1f there are no denser ionospheric lavers at qreater heights, this frequency 1s the
Mag fmum Hseab1d Frequency (MUF) for the circuit with pathlength d alona the earth's surface, Ffreauen-
cies greater than the MJF will penetrate the laver at the anole of incidence | . It is possible tn show
that th> wave will behave as if it had travelled alona ‘he trianqular path indlicated in the figure and

had bee . “lected at a virtuai height h'. . princ . we understand that the MIf for 8 particualar
cir- oe derived from simple considerations, if the critical freauencv of the layer at the reflec-
tic - is known,

Figure 6 shows the results of ravtracing for three frequencies in a model laver with critical fre-
aueney rn = 4 Mz and NP at a height of 300 km. The fiqgure clearly demonstrates that for a freauency
“max
f> fn the wave cannot he reflected back to the ground at distances shorter than 8 minimum range,

called the skip distance, Near this distance there is a focusing effect because waves with different
penetration depths into the ionouphere rconverge.

So far we have only discussed wave refraction, but the ionospheric plasma also acts as an
ahsorhinn medium, The electrons oscillating in the incident wavefield reradiates the eneragv transferred
ta them from the field, unless their oscillatory mation is disturbed bv collisions with the much heavier
neytral molecules and positive iong, Such collisions will convert electromaanetic wave enerqv into




thermal enerqv in the gas, and the wavefield will be attenuated. Tt 1s possible to show that the
absorption of a high frequency radio wave, measured in desibels, is

1 1 .
Aa— [= N vds db
r2 v e

where v is the rallision frequency of an electron, u is the refractive index, and 1ntearation 1s alona
the rav path, We note that A is inverselv proportional to the sauare aof the wave frequencv, and that
the contribution of the integral to A is larae where u is small and where N v is larae. fiaure 3 shows
that \‘e has a maximum in the D-region where, normally, ¥ = 1, This contribution teo the ahsorption s
callerd the non-deviative absorption. Absorption occurrina near the reflection point where L <o 1 3=
called tre deviative absorption., For oblioue propagation the non-deviative term usuallv dominates.

The simple model of propagation sketched above mav be extended ta include the effects nf the
earth’s magnetic field, the earth's curvature and the presence of several reflectina lavers. The
earth's magnet ic field makes the ionosphere birefringent, that is an incident radio wave splits up inta
twn magneto-ionic components, called the ordinarv and extraordinary waves, The ordinary wave
corresponds most closely to the no-field case, whereas the extraordinarv wave has A laraer critical fre-
aquency and is reflected at a different level., The absorption far the two components mav est ) mated by
Fauation {7) replacing the wave freauency f with an effective frequency f:f where + refers tn the orfi-
nary and - to the extraordinarv wave. f = f cosl where f, 1s the avro freauency of the electrans in
the earth's field and 1 is the angle hetween @h? direction of propaqation and the maanetic field. we
note from Equation (7) that the extraordinarv wave 1s more heavilv absnrbed than the orJinarv wave, 'he
ordinary wave will therefore be the important component as far as Hf -communicat ions are concerned,

The complex structure of the real ionosphere makes many different mades of propaagat ton passihle,
Some examples are sketched in fiqure 7,

Note that the total field at the receiver mav be a vector sum of many fifferent modes, inciogdimr a
arountd wave which is important at shorter distances, The refractive index nf the nround may e
expressed as

2 . 1800 “
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where € ig the permitivitv, £ is qiven in MHz and o the ronduct ivity n Sipmenas m L« and « depent
upon the properties of the soil, and when n is known the reflecting and attenuat ing properties nf the
surface may be derived,

3. DATA RASE OF AVAILABLE QORSERVATTONS

Since the presence of innized layers in the upper atmosphere was experimentally establizhed hy
Appleton and Barnett (1925) and Rreit and Tuve ‘1926, a larae database of 1onospheric observations has
qradually been compiled tn aive a alobal picture of the structure of the lonasphere and its variatians.,
The pirtuyre 1s hy no means camplete: the problem of mapping the behaviour of the 1onasphere 1s similar
to the problem of mapping the weather in the lower atmosphere. More, and mare accurate knowledge s
always needed, both from a scientific point of view, and from the communicators poirt of view as the
need arises for ever more efficient use of the freguencvy band available for 1onospheric commuynications.

tInder the auspices of the International Council for Scientific Unions IS, severa! World Data
Centers for the collection and exchange of geophvsical data have been estalished., The twn mnst impor-
tant are WDCA in the USA and WOCR in the [I5SR, but in addition a number of specialized centers exist in
other countries, These latter centers emphasize special analvsis of data relevant to different dicipli-
nes ‘Piggott & Rawer 1972,

Two international bodies, URSI and CCIR, are of particular i1mportance 1n the work on collection
and evaluation of fonospheric data for communicat ion purposes.

HRSI !International Scientific Radio tinion) deals with the scientific aspects of radis wave propa-
gation, and is responsible for the lonosonde Network Advisory Group /INAG' which coordinates ionosonde
obgervat ions ‘see belaw) on an international hasis, CCIR {Interrational Radio Consultative Committee’
has the International Telecommuniration Union {17} as its parent body, and promotes international stan-
dardizat ion of models for the propagation medium and radio noise enviranment, Much 1nternat onal
cooperation is also being stimulated by the Inter-linion Commission for Solar-Terrestrial! Phygics
(1NCSTP) which promotes intensive studies of particular phenomena,

3.1 Observaetional technigues

The longest time series of ionospheric data atems from ground hased observations. The mnst
important techniques used are:

a) The jonosonde, which 1n its common form is a vertically directed pulse.’ radar, measures the delav
time of the reflected signals in the frequency range 1-20 MHz, This delav time is converted to a
virtyal height h' of the jonosphere, Fiqure 8 shows an example of an h''f) record, or ionoqram,
The heights and critical frequencies of the E- and F-reqions can he read directly from the i1o0noqram,
and by means of fairly complex computations, the h'(f}) record may be converted to an electron den-
sity profile Ne(h)'
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b) Absorption measurements
The A1 method measures the amplitude of pulsed HWF signals reflected vertically from the lavers. The
A2 method measures the amplitude, at the qround, of VHF radio noise incident upon the earth from the
galaxy, The receiving instrument is called a riometer (Relative lononspheric Npacity meter', Radin
noise above the critical frequency of the F-laver will penetrate the ionosphere, as the earth ro*ates
and the receiving antenna sweeps across the sky, a "auiet dav" variation of sianal intensity will »e
recorded. The noise will suffer absorption in the lower ionosphere, and a disturbance 1n the
D-reqion will be recorded as a deviation from the quiet day curve. The riometer is a particularly
useful instrument in the disturbed high latitude 1onosphere. The A3 method measures the sianal
strenqth of a (W MF or HF sianal reflected from the ionasphere at obligue incidence, tiynically over
paths of a few hundred kilometers,

¢} The incoherent scatter technigue involves the use of verv powerful, sensitive and sophisticated VMt
or UHF-radars which detect weak reflections from plasma irreqularities, There are only a few such
installations in operation, but they have pravided a wealth of i1nfarmation about innoaspheris para-
meters,

Fiqure 9 shows a map of the distribution of ionospheric observatories, As might he expected, mast
aof them are located in northern hemisphere, and the large oceans and polar reglons are not well coversd,

The spare age introduced rockets and satellites as platforms for 1onospheric observations. Pocket
flights can yield valuable detailed "snapshots" of ionospheric conditions, whereas satellites have heen
successfully used to obtain qlobal coveraae of some "top-side" ionospheric parameters., The <atellite-
borne "top-side" ionosondes have been particularly important in global mapping of F-laver elepctron den-
sities above the maximum of the laver. Unfortunately the tap-side ionograms only rarelv vield ar- srate
values of the F-laver critical frequencies, Their usefulness in fillino 1n aaps left open 1n the aroooc
based network is therefore limited,

3.2 The ianonspheric data

The ionosonde data are conveniently summarized in dailv "f-plots™, an example of which 15 qiven o
fiqure 10. An example of the long term variation of critiral freauencies is shown 1n Tioure 11, whioh
clearly demonstrates the 11 year cvcle present in the ionospheric parameters. As will he disryssed
later, this salar cycle dependence is important for prediction purposes, The data base may he gsed tn
construct contour maps of ionospheric parameters. An example figure 12 shows a map of b2 “the criti-
cal frequency of the f-layer) compiled for the east zone from data for 40 stations over two solar cveles
"Reddy et al 1979).

After more than S0 years of ionospheric ohservations it is fair to state that the behaviour of the
undisturbed mid-latitude and low-latitude F- and F-reqions is adequately mapped for mamy rommunicat 1on
purposes. Then are, however, important oaps in our knowledae of i1onospheric behaviour durina disturban-
ces, and in general the high latitude ionospheres are not well understnod, There 1s alsn a lark of
data, on a global scale, on the structure and behaviour of the lowest part of the innosphere, the D-
tegion,

3.3 The conducting propertiss of the earth's surface

The conductivity of the earth's surface is of importance for the antenna nain at the transmitter
and receiver sites, and for ground reflections in multihop propagation. There is therefore a need for
qlobal conductivity maps, and for some applications there is also a need for terrain modellina. Present
models distinguish between land and sea conductivities, usinq average values of the reflection coef-
ficients, hut the inclusion of more detailed maps of qround condurtivity would imprave propagation pre-
dictions. {See section 9)

3.4 The radin noise environment

An HF-signal must be detected against a backaround of radio noise from natural and man-made snur-
ces. The first compilation of radio noise data was carried out by Railev A Kojan 71943}, rCIR {Report
322 1963) has prepared an atlas of radio noise intensities based upon measurements obtained mainly from
16 stations throughout the world during an international cooperative proaqramme. DNata were collected
from these stations from 1957 to 1961 and the noise power versus freaquency are presented in diaqrams
such as fiqure 13,

The natural radio noise has two important sources, atmospheric lightnina discharaes, and qalactic
cosmic noise, A stroke of lightning produces noise over a wide freaquency band, with maximum intensitv
near 10 kHz. The noise from the thunderstorm activity throughout the world, 1n particular from the
thunder-storm centers in Fquatarial Africa, Central America and the Fast Indies, will propagate to areat
distances throuagh muyltiple reflections between the earth and the innosphere. The nalactic noise
penet rates the ionosphere from above at frequencies ashove the critical frequency of the F-laver, and 1s
in general the dominating noise above about 20 MHz, The man-made HF-noise may be important in
industrial or densily populated areas, and may have large local variations.

Contour maps of radio noise intensity, such as fiqure 14 are availahle for different times of day
and season,




e ——— e . ~

4. IONOSPHERIC MODELS

lonospheric modelling for HF-communication purposes aims at a description of the 1onasphere and
its variations in time and space, which allows prediction of propagation parameters. The model must
therefore be simple enough to be practical, and sufficientlv complete and accurate to be useful. The
degree of complexity and sophistication in a model depends upon the requirements and resources of the
user, and the practical solution is always a compromise hetween the needs for simplicity and for
accuracy. There are two different approaches to the modelling of ionaspheric circuits, The first 1s tao
fit empirical eguatinns to measurements of signal characteristics for different times and paths, the
other is to estimate these characteristics in terms of a number of separate factors known to influence
the signal {(Bradley 1979), such as critical frequencies, laver heights, absorption etc, When a larqe
data base exist for a particular circuit, the former mav be useful, but it lacks qeneralitv, The second
approach has the advantage that a limited data base can be comhined with knowledge of phivsical prin-
ciples to auide a description of the behaviour of the ionnspheric lavers.

The first approach has been successfully applied to mediuym freouency '‘MF ' propacation, whereas 1t
is qenerally aareed that the second method 1s the most efficient one for HF propaqation,

4.1 Modelling of the ionospheric layers

If the ionaspheric electron density height profile is known at everv point along a propanation
path, the signal characteristics at the receiver may be calculated using some form of ravtracina proce-
dure. A useful approximation is to nealect variations alonag the path and assume that the profile at the
reflection point (or points if there are mare than one hop' mav he used In the ravtracing. The problem
is then to describe this profile in terms of a few measurable parameters, so that the ravtracing
through the simplified model ionosphere vields realistic signal characteristies, for vertical incidence
ravtracing should reproduce an ionogram tvpical for the time and location of the reflection point,

Figqure 195 shows four electron densitv models in order of increasina complexitv., The model 1n
Fiqure 1%a includes the £ and F-laver only, as simple parabolic lavers with specified critical freauen-
cies, heights and thicknesses. This model is used in the first CCIR prediction pracedure FCIR 719707
and is at present still recommended bv CCIR, A secand CTIR procedure is 1n preparatinon (TP 1970 and
the electron density model is shown in Fiqure 15h, As will he seen, the nap between the f- and F-laver
has been filled in, so that the electron density increases linearly with heiaht in this intervediate
region., The two CCIR models have been discussed i1n some detail hv Rradlev "1979°,

Figure 15¢ shows a model used in a recent method "lonospheric Analvsis and Prediction™ ‘[ONCAPS
developed at the Institute for Telecommunication Sciencies (! loyd et al 1982}, The reqinn between the
F- and f-layer maxima is now even more complex, including a "vallev" and two linear seaments., This
fiqure also shows a virtual height profile, and demonstrates that the model can reproduce tie most
important features of an ionoqram, including an Fl-laver., Note that the IONCAP includes a simple model
of the D-region. All three madels make some provision for the presence of sporadic F-lavers,

Finally Fiqure 15d shows the electron densitv profile adopted in the International Reference
Tonasphere (IRI, Rawer 1981},

The IR{ hag been develaped by a task aroup chaired by X Rawer, under the auspires nf [RS] and
CNSPAR  Committee for Space Research), The International Reference [onosphere 1s described by Rawer
{1981), [t represents a compendium of height profiles through the ionosphere of the four main plasma
parameters: plasma density, plasma temperature of elec*rons and ions, and ton composition. These
parameters are qenerated from reliahle data including hoth around based, rocket and satellite data, and
the [RI 13s thus primarilv an experimental, not a theoretical model. A computer code agenerates heiaht
profiles for anv time of day, position and sunspot number,

The IR[ electron densitv profile models al!l ionuspheric lavers and 1s muite complex. [t has
therefore not vet been adapted or recommended by CCIR for HF-communication predictions, Ravtracing
throunh such a sophistirated profile would reguire complex computer rades, and 1t remains to be tested
whether the added romplexity vields real improvements of predicition accuracv,

4.2  Global modelling of kev factors

fince a model of the ionospheric lavers, such as those described in the preceding section, has been
chosen, a model of the temporal and spatial variations of the kev factors describing the ‘onaspheric
atructure must he decided upon, The diurnal, seasonal and sunspnt cvcle variations of peak plasma den-
g1t 1es and heights have been madelled by CCIR {1967), based upon original publications bv Jones and
Gallet (1960, 1962.. The model or atlas is based upon ground based measurements exclusively, and is
available as a computer tape. As an example of such modellina, fiqure 1A shows measured values of noon
critical frequencies versus sungpot numher. The sunspot cvcle dependence is modelled bv linear inter-
polation between values of critical frequencies at smoothed sunspot numbers Ryy = 0 and Ryp = 100. The
diuyrnal and seasonal variations are modelled in terms of the anlar zemith anale y, which, of course, is
readily calculated.

The original Jones and Gallet model gave a description in terms of ageoqraphic coordinates, hut 1t
was found that inclusion of the earth's magnetic field in trrms of a “modified dip roordinate” (Rawer
1963) improved the consistency of the charts. A model nf the earth's magnetic field is therefore also
essential in & description of the ionospheric lavers., The IR mode! is also used as a hasis for the
Internstional Reference Ionosphere in its alobal mappina of peak plasma densities and heinhts, Ag men-
tioned ahove, satellite data have not yet been included for these parameters, althouagh the IRl uses such
data to model the shape of the electron density profils above the F-laver peak., A& spesific esffart by
CCIR to include satellite data is 1n proaress,




4.3 Model l1ng of 10nospheric absorption

We have shown that most of the ionospheric shsorption of Hf -waves occurs in the D-reqion, D-
reqion electron densities are, however, small and difficult to measure, and the ionaspheric lnss is
therefore narmally modelled by means of empirical equations based upan ahsorption measurements, The
ahsorption of the ordinary wave may be written (Budden 1966)

l-N vds
u_e

— (91

L = const f
s tferd) wly?
L 2n

{see sertion 2.3) where integration is along the rav path, Ffor vertical incidence we mav write
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where A{f) is a constant when yu + 1 {non-deviative absorption’ but has a frequencv dependence near the
reflection point where u << 1. The models are based upon estimates nf A'f) from measurements af absorp-
tion, The CCIR abes iption equation is based upon studies bv Laitinen and Havdon 71950} and ! ucas and
Haydon (1966), ana the empirical equatinn for obligque incidence is
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where ¢, is the anale of incidence at 100 km, and the frequencies are given in MHz

-2.93%7+0,8445 fnf
I = -0.4+e

The factor I thus contains the solar zenith angle and sunspnt cvele dependence throuah the f-laver
critical freauency foF. The term Alf) is represented by an average value A = £77.2 [. An impartant
effort to improve the absorption model has been made by George /1971) who includes a frequencv depen-
dence of A(f), This methad has been extended and used for absorption modelling in the [ONCAP prediction
method {(Lloyd et al 1981). Models of ionospheric absorption such as those mentioned above have proved
useful in low and middle latitudes, but becomes inadequate in latitudes beyond about 600, where the
absorpt ion is large and varies rapidly., An "excess svstem lass" factor has been included in the models
to account for the latitudinal variation in high latitudes,

4.4 Statistical description of the ionosphere

The ionosphere has significant day-to-dav variations. The data base provides input to the models
in terms of monthly median values of the ionospheric parameters and a statistical distribution around
the medians, for example as quartile and decile values, These statistical parameters have been included
in the prediction models to provide estimates of the probability distribution of signal characteristics.

5. THE PRINCIPLE NF HF-PREDICTIONS

The principle of all physical predictions is, of course, extrapolation of past experience into the
future. 1In the preceding section we have described models of the propaqation medium which allows esti-
mates tn he made of the state of the medium at a certain location, solar activitv as indicated by the
sunspnt numher and solar elevatinn, Ry predicting the sunspot number at a future time, we mav therefore
predict the state of the ionosphere. The state of the sun is being monitared continuouslv fram solar
ohservat inns throunhaut the world, and reasonably reliable data are available for a period of more than
200 vears, Modern nhservatories issue reqular long-term ‘months, vears)! predictions of solar activity
as measured bv the sunspat number. These predictinns of monthly values are based upon extrapolation of
past “smoothed" sunspot numbers, allowing far the well estahlished 11 vear cyvcle in solar activity.
Short term predictions of the development of Solar disturhances are also issued for periods of hours and
davs, These allow predictions of "effective" sunspnot numbers which can be used in Hf -prediction
modelling. (See comparinion lecture),

In this section we shall not discuss solar physics and prediction of solar conditions, hut rather
review the procedures used to estimate the reliabilitv of a communication circuit once the probable
state of the ionasphere has been estahblished by predictions, We shall onlv deal with long term predic-
tions here.

A frequency prediction service aims at providing the user with estimates of the circuit reliabi-
lity as a ‘unction of frequency and time. The useful range of frequencies is limited at the high fre-
aquency end by the path MIF, that is the highest maximum useable frequency of anv possible propagation
mode, and at the low frequency end (lowest useahle frequency LUF) by the presence of noise and possible
screening by the f-laver, The signal ta noise ratio must be evaluated at each frequency within this
range, The pracedure may be summarized as follows:




a) Determination of the path MUF
First the points along the circuit must be found for which ionospheric information is needed. For
path lengths less than 4000 km the path midpoint is used. For longer paths two "control points”,
2000 km from either end of the circuit asre found, and ionospheric conditions determined at these
points. The “control point method" has no riqorously proved basis, but seems to work well for manv
applications, Given the ionospheric model, the MUF may be determined by raytracing, or bv using MUF
factors (M(D)). These factors are defined as:

MUF (sinqle hop, distance D) = f,°M(D) SVl

Such factors may be derived from ionoqrams and are tabulated for the different lavers bv CCiR
(1967). Fiqure 17 shows an example of MJF factors.

The path MUF is the highest of the MJF's derived for the separate lavers, and the lowest of the Mifs
for the two control points,

The more sophisticated ravtracina procedures such as that used in IONCAP allows determination of an
area coverage, that is the area of the earth's surface illuminated via the ionosphere at each fre-
quency. (See Figure 4),

b) “etermination of signal strength
When the modes that can exist are determined, the power received at the receiver location for each
mode is

Pr = Pr+lp-Lp 130

where Py is the transmitted power, Gt and Gp are the aains of the transmitting and receiving anten-
nas respectively at the elevation anqle corresponding to the mode 1n question, and Ly 1s the
transmission loss. Il mav include many terms, such as free space loss, focusing effects,
ionaspheric absorption (see section 4,3} and around reflection loss. The ground reflection loss 1s
modelled bv CFIR by the conductivitv of the surface at the qround reflection point. The conduc-
tivity depends upon frequency, and five reference values for fresh water, sea water, wet around,
medium dry qround and dry qround or ice have been chosen. loss due to polarization fadina, sporadic
f and over-the-MUF reflections mav also be added. The rms skvwave field strength F /dR above

1 uv m=1} is qiven in terms of Py by

€ = Pre20 loaf+107.2 f1a®
when f 15 the wave frequency in MHz,

c Determinat ion of signal to noise ratio .
The naise charts and a knowledge of manmade noise conditions at the receiver site vield noise power
as a function of frequency. For a given band width b of the receiver, the noise field strenagth [y
may be determined

Frn = Fa-65.5420 loaf+10 logb 715}
where F, is the noise figure qgiven in CCIR report 322,
The signal to noise ratin 1n desibels is then SNR = £-f,

d) When a required signal-to-noise ratio is specified, the statistical propeci.es nf the ionospheric
model and the noise model may be used to determine the mean reliabilitv of the c.ii uit for a aiven
month.

5.1 Some availahle prediction methods

We have discussed methods for lonq term {months, vears) predictions of HF propaqation coaditions,
and several such methods, implemented on diqital computers, have received recent international atten-
tion. It may be useful to mention some of the most important here. These are 252-2, SUP 252, IONCAP,
MUFLUF, FT2, WM, ¥YLE and LIl 252,

The CCIR recoanized method is contained in (CIR Report 252-2 and is recommended hy the [CIR for
use until SUP 252, supplement to report 252-2, is completed in computerized form and tested. HRoth uti-
lize a two-parabola ionospheric model and an ionospheric loss equation derived from the world data
center data base.

The IONCAP progqram forecasts for the distribution of the signal-to-noise ratio at freguencies from
2 to 55 MHz, The model considers the [, Sporadic F, F1 and FZ layers, using an explicit electron den-
aity profile, The bagic ionospheric loss equation is the [CIR 252-2 supplemented by the F laver, FS
layer and over-the-MUF considerations. A separate method is included for very long distances.

The MUFLUF, FT7 (Damboldt 1975) and LIL 252 proarams were submitted to the IWP {Interim Working
Party) 6/12 of the CCIR for consideration of use by international HWF broadcasters (CCIR, [TU, Geneval,
They are considerably smaller proagrams than 252-2, SUP 252 and IONCAP, hence are specialized in applica-
tion.

The HFM YLE is basei on CCIR 252-2 with aimplifications made in the field strenqth probability
calculstions,
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4 compartsan af computer core spze prpairement and compgtat 1onal time for a sample run of 1 month,
12 hours, & rircuits and 1t frequencies has beRen made on a ™MC CYRER-751 computer,

S TIME  SECONDS ;
252-2 27.4
SiP252 £5 K 155.4
1N AP 5k K 27.4
MUF | HIF 26 K 6.5
F17 30« 0.4
(1 252 14« 3.4

NNTF:  No direct comparisaon of HFM Y[ was avallable at this writina: however camparison made
Nv Yleisradio Ab, Helsinki on a Cyper 179 Computer showed HFM YLE required 24,9 seconds nf run
time rompared to S00.1 seconds for SUP 252, methodo 3,

Tahle 1 Comparison of some available prediction proqrams

The Applab [I[ program ‘Rradlev 1275) has heen praduced hv the Appleton lahnratary in the IK. It
is similar in size and performance to the SUP 252, but is nnt 1dentical to this procedure.

The above tahle illustrates the difference in complexity nf the different availahle models, Their s)rzec
and running times are determined, essentially, hv the aquestions thev are develaped to answer, and the
sophistiration of the methods used, The choice of method will depend upon the requirements and resnur-
ces of the user,

[ LIMITATIONS OF THE PREDICTION METHODS

The accuracv of the predictinns 1s limited for several reasons. firstly the database qives i1nade-
quate roverage of many parts of the globe. Ffxamples are the polar reaions and the larae aceans. This
may have the ronsequence that impartant spatial structures are neqlected. Secondlv the 1nnosphere is
highly variahle in time, and monthlyv medians of propagation parameters mav not alwavs be useful tn the
communicator. Aqain this problem is particularly difficult in high latitudes, Thirdly our knowledge of
the phyvsical processes that govern jonospheric oehaviour are not adequate for auiding the modellinag of
praopaqat ton through the medium, Nevertheless, tests show that during undisturbed conditions schemes
qive reasonahly accurate results, The performance deterjorates markedly at latitudes ahme AQG,

We have shown that the state of the lonasphere depends ypon solar activity, and that most predic-
t1on methads use smoothed sinspot number as a drivina function to determine the paramaters of the
ionnspheric lavers. The sunspot number 1s an empirical index of solar activitv, and it 15 not alwavs a
qaod measure of the effects of the sun and the interplanstary medium upon the lonosphere. Mur
understanding of the phvsical proresses that determine this complex 1nteraction 1s not sufficiently
advanced to make reliable predictinns for longer periods vears',

7. THE USE OF PREDICTIONS 1IN COMMUNICATION AND SYSTEM PLANNING

In this section we shall use the TONCAP prediction method to 1llustrate tts applicat ton for srom-
munication and system planninn purposes.

Let us first consider the problems of a user of an estahlished circuit who needs to choose the
opt imum frequency from hour to hour and dav ta dav, He or she knows the basic perfarmance parameter of
the system, such as transmitter power, antenna nains, reauired signal to noise ratio ptce. A manthly
predict ion may then be issued in the simple form of a table of reliabilities as a function of frequency
and time of day. Table 2 shows an example nf such predictians, The path MIFs are qiven separatelv,
with their corresponding reliahilities. The predictions mav also he given 1n the form af a araph, sach
as in Figure 18, where M, LUF and FOT are plotted versus time of day. U and FOT [frequence Nptimum
de Travail) are the lowest! and highest frequencies respectively with an availabality of 0.9, from such
qraphs the available frequency range i1s readily found for any time of dav.

The system planner will need more information than is readilv available from the simple outputs
Just described. He will need to know which modes are dominant at different times for different frenuen-
cies and the corresponding elevatinn angles of the rays, so that efficient antennas mav be chosen. Pro-
pagation delay times and the relative signal strenqths of different modes are also useful parameters
allowing estimates of multipath interference to he made. The planner will also need to know the range
of loases to be expected so that the minimum transmitter power needed to obtain a certain required
reliability can be es:.imated. fropagation estimates must therefore be made for a range of conditions
covering diurnal, seasonal and solar cycle changes,

The IONCAP will provide such users with computer outputas of the form shown in Table 3,
8, THE USE OF THE HF SPECTRUM

The W -spectrum is a valuable natural resource which myst he shared amongst many users with very
different needs and technical capabilities, Interference from other users of the HF-band is one of the
major problems in HF communications., Modern technology offers many possihilities of improving the effi-
ciency of HF -communication systems. Some of these will be discussed in other lectures in this series.
The basic principles must he to radiate the snerqy in the optimum direction, to radiste as little enerav




as possible, and to choose an efficient modulation technique in order to minimize the hand widt™ or the
transmission duration, Automatic transmitter pawer control, antenna steerirg in azimuth and elevat 1on,
frequency sharing in time multiplex amongst several users, are all possible wavs to qo in future Jdeve-
lopments of Hf-techniques, [t seems obvious that improved prediction technigues will he valuable tonls
in improving the overall efficiency of HF-commynications.

9. HF -COMMUNICATIONS VIA GROUND WAVE

HF -communicat ion via ground wave is important in many areas, particularly over sea and flat land
with high conductivities, where reliable circuits mav be established up to distances af several hundred
kilometers. The conductivity of the surface is stronglv frequency dependent with rapid attenuation at
the higher frequencies. In the past CCIR has published a set of curves of aground wave field strecath
versus distance. An example is shown in Fiqure 19, CrIR {1978 is in the course of implementing a ram-
puter proaram to estimate qround wave field strengths. Ground wave propanation mav be aquite comples,
particularly over rough terruin and over mixed land-sea paths. There is a need for better charts of
ground conductivity, and in some cases terrain modelling mav he useful and important, (arqe topoaraphi-
cal features such 8s mountain ranages and qlaciers mav cause reflections and strona attenuation, and
veqetation, s0il humidity and snow cover also influence the prapaqation characteristics.

10. FONCLUSTINS

A review has been made of the state of the art of H propacation modelling and prediction,
Although present day models have reached a high deqree of sophistication and complexitv there 1s room
for major improvements in many areas. The development of the data base of ionospheric parameters has
been slow, in particular in the inclusion of satellite data 1n the models., As a consequence there are
large "white" areas in the world map of the ionosphere, 1 @ the larae oceans and the polar reqions. The
detailed modelling of an important parameter such as the available bandwidth of an ionaspheric propaga-
tion channel has not been given much attention, This parameter 1s certainly of 1interest for the use of
modern modulation techniques, such as spread spectrum madulation,
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table 2 Reliability versus frequency and time of day for Marrh 1983 for the rircult fslo-London,

The reliability 1s drfined as the prohability that the signal-tc-nolse ratio SNR exceeds
the reauited SNR for the service, The sunspat number is SSN = 77, The minimum annle nf
elevatinn for the antenna is specified as 3%, Horizontal half wave dipoles are sperified
for bath transmitter and receiver with heiahts above nround 174 wavelenath, (H = 0,2% 3,
t = 0,5 )., Transmitter power 1s 1 kW, and the man-made noise level at the recelver site
is taken as ~148 dAW, corresponding to "rural” environment, The reauired sianal-to-noise
ratin, Rea SNR, is the ratio in derihels of the hourlv median sjanal power in the ocrupred
bandwidth to the hourlv merdian noise 1n a ! Hz bandwidth. It 1s here spec1fied as S\R =
$S dR, correspondinn to A sinnal-tn-noise ratio of 25 dR for a channel with T kHz hand-
width, The term Ren Re] is used for (UF calcalat iong,
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SUMMARY

The requirement for real-time channel evaluation (RTCE) in HF systems is
identified and discussed in detail. Various scenarios in which RTCE is applicable are
examined and classified.

Specific RTCE techniques and systems are then described including:

- Pulse/modulated pulse sounding
- Chirp sounding

- Limited channel monitoring

- Interference characterisation
- In-band RTCE

The application of RTCE to practical HF systems is discussed and the benefits
accruing from its use gquantified.

INTRODUCTION

As has been pointed out in a previous lecture (Darnell, 1983), real-time
channel evaluation (RTCE), in the context of HF communications, corresponds to the
process of system identification, or propagation path modelling, which must be
carried out prior to the application of optimal control strategies. The classical
method of controlling HF circuits involves the use of off-line propagation analysis
coupled with operator experience; to this end, sophisticated propagation analys:is
programs have been developed to provide the basic data required for HF system control
(Haydon et al, 1976). Although such prograwrs can predict long-term path parameters,
say on a monthly median basis, with reasonable accuracy, their short-term precision
is limited. Thus, they are better suited to providing data for system planning ind
frequency assignment where analyses over complete seasonal and sunspot cycles are
required.

The aim of off-line propagation analysis procedures is to provide ‘requency
selection data which will give the communicator a 90% probability of satisfactory
communication at any time, assuming that the basic characteristics of the
communications system, eg transmitter power, antenna types, etc, have been correctly
specified in the system design. Typically, the frequency selection data would be
provided in the form of an optimum working frequency (OWF) on an hour-by-hour basis.
Although propagation analysis programs are being continuously refined, they have
certain fundamental limitations which lead to off-line OWF predictions being
adequate, rather than optimum, for many purposes; the most important of these
shortcomings are:

(a) The effects of interference from other spectrum users are
not included in the analysis and prediction model;

(b) The propagation data base used for computation of predicted
circuit performance is limited;

(¢} The significant effects of perturbations such as sudden
ionospheric disturbances (SID's), ionospheric storms and
polar cap events (PCE's) cannot, by their very nature, be
taken into account in the analysis;

(d) The effects of relatively transient propagation phenomena ,
such as sporadic E-layer refraction, can only be described
approximately;

(e) The "confidence level"” for the OWF predictions is normally
only 90%,

To overcome some of the above limitations in long-term
ionospheric forecasting techniques, short-term forecasting technigques have also been
developed. These involve real-time observations of solar and ionospheric parameters,
together with feedback concerning which frequencies are propagating at a given time
on selected circuits, Clearly, these procedures will tend to overcome some of the
data base restrictions of the long-term forecasts; however, the following points
should be noted:

(a) Correction data can only be provided on the basis of sampled
real-time conditions and therefore will not be uniformly
accurate for all links;

(b) There are logistic and economic problems associated with the
timely dissemination of the correction data;

(c) In general, the corrections do not indicate which of a set
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of assigned cnannels 18 likely to provide the best
grade of soervice;

(d) As with long-term forecasting technigues, the effects of
manmad~ 1nterfering signals are not indicated.

For the reasons listed above, off-line propagation analysis cannot normally
provide circult parameter forecasts with a degree of confidence reguired for HF
communication where high reliability and availability is essential. Accordingly,
increasing wmphasis 1s beingd given to methods {or characterising HF channels
accurately 1n real-time, 1¢ RTCE.

2. THE NATURE OF RTCE

There are two basic sources of signal distortion associated with HF paths, ie
time and frequency dispersion. The combined effects of these two distortion
mechanisms can be represented by the “"channel scattering function", a typical example
of which is shown tn Fig, 1. In essence, this function shows the dispersive effects
of the channel on an ideal impulse in the time domain and on a single frequency Cw
tone in the frequency domain, In the example illustrated, three discrete propagation
modes are shown: these might arise from refraction by different ionospheric layers
and/or multiple refractions from individual layers. A given scattering function will
only be a valid description of the channel for a specific transmission frequency and
over an interval during which the “"dispersion surfaces® remain sensibly constant
However, it is not necessary for a communicator or HF system controller to know what
detailed, fundamental, physical principles give rise to the propagation phenomena
which affect the performance of the communication system - that is the task of the
ionospheric physicist; rather, that person should have access to the parameters of an
appropriate real-time model which describes the path behaviour adequately. This model
data can then be used to control the operation of the system and to adapt optimally
the signal generation and processing algorithms.

A definition of RTCE (Darnell, 1978), now adopted by CCIR (CCIR, 1981), is:

"Real-time channel evaluation is the term used to describe the processes of measuring
appropriate parameters of a set of communication channels in real-time and of
employing the data thus obtained to describe gquantitatively the states of those
channels and hence their relative capabilities for passing a given class, or classes,
of communication traffic”,

As a result of the above definition, the following points should be noted:

(a) The RTCE process is essentially one of deriving a numerical
model for each individual channel in a form which can
readily be employed for p-~formance prediction and systenm
control purposes.

(b} A particular RTCE algorithm must generate a channel model in
a form appropriate to the class, or classes, of traffic
which it is required to transmit over the channel. For
example, a channel model required for 75 bits/s telegraphy
would normally be expected to be considerably less complex
than that for a 2.4 kbits/s digitised speech link.

{c) The term "real-time” implies that the measured channel
parameter values are updated at intervals which are less
than the overall response time of the communication system
to control inputs, If measurements are made r~re frequently,
the information cannot be employed effectively by the
communication system and is thus redundant.

(d) The output of the RTCE process, in the form of an estimate
of the relative capabilities of a set of channels to pass
various forms of traffic, must be expressed in terms which
are meaningful to the communicator and system controller, eg
a predicted error rate for digital data or a level of
intelligibility for analogue speech. In an earlier lecture
(Darnell, 1983), it was shown that RTCE is an essential
prerequisite for the application of automatic system control
procedures.

(e) RTCE is not simply concerned with more accurate and timely
monitoring of HF propagation conditions, but also with
characterising the effects of interference from other
spectrum users, This is particularly important because,in
many instances, it is interference which is the factor
limiting communication system performance, rather than
propagation,

(f) Also, as was shown previously (Darnell, 1983), in addition
to providing information on the optimum frequency for
transmission, RTCE should ideally give an indicaticn of the
optimum start times and durations of transmissions,

(g) In the form defined above, RTCE will not simply select
channels propagating via "conventional” ionospheric modes
but will also make use of more transient modes, eg sporadic
E-layer refraction and meteor burst, if appropriate.




Most channel models generated by practical RTCE systems are related to the
channel scattering function and tend to fall into either the time domain or frequency
domain category, depending upon the nature of the signals to be passed over the
associated communication link.

3. A GENERALISED RTCE ALGORITHM

It is assumed that the state of any HF communications channel can be
characterised by a set of n distinct measurable parameters which are functioans of
both frequency f and time t, ie

py¢f, t), pz(f, t)ypeeoeeney putt, ) (1)
This set of parameters can be expressed as a column veccar(g(f, t), where

pl(f, t)
pylf,
(p(f, tJ) = . (2

Py (E, )

The definition of RTCE implies that the channel parameters will be sampled at a
constant rate consistent with the minimum response time of the communicaticn system;
let this sampling interval be T and the number of alternative channels in the
available set be m. Hence, at the k th sampling instant when

t = kT (3
and for the i th frequency channel of the set for which

f = £ (i integer 1 ¢ i ¢ m) (4)

expression (2) becomes:

py (kT

po(KT)

(P(km) = .
fi . (5)

Pn(kT) £

Now, defining an "RTCE weighting™ matrix as the row matrxx(&)where:

(») =(a; a; «..-. -a,) 61

and an RTCE "figure of merit", Q,, for the i th channel as:

Q4 (KT) l = (a)(rxm) (M
£ £
Therefore ! !

Q4 (kT) I = lajpp(kT) + .... + app (kT)] i8)
£y fy
As will be discussed later in this lecture, in practical RTCE schemes only one
of the parameters py, Pyr ... P, is normally employed as the basis of measurement;
thus the RTCE weighting matrix reduces to:

(py=(000 .... 0 ay

)o....ooo) (9)

(j integer 1 & 3 &M
and the figure of merit is given by:

Qa(kT)l = laj pj(kT)1| (103

f. f.

i i

In addition to the use of the sampled values of the set of measurable parame.crs
for RTCE purposes, the various time derivatives of those parameters may also be
sampled and used to characterise the behaviour of the channels with time. For
example, a column vector of first time derivatives of the n parameters and a
corresponding row vector of RTCE weighting coefficients can be defined in a similar
manner, ie
gl(k'l‘)
. z(kT)
(g(k'l‘)) = . (1n

£, .

By (KT) £
and




()

(8= (by by eenvnn By) (a2

Tha corresponding RTCE “igure of merit for the i th channel is thus:

Qb(kT)l = (8} Bkm) I (13
£ £

1

Again, in practical RTCE systemns, the weighting matrix will take tae form:
(8)= (000 ....b5....000) as

Other figures of merit employing higher order time deivatives <an be introduc-d
if appropriate. The overall channel selection decision will in gen2ral depend upeon a
woighted combination of the various figures of merit which will be termad the
"channel praf-rence factor" (CPF), where

\"PI-‘(kI‘)l = FLQ kT, Qu(KT), .....} I (151
i £
= E((a)e(kT)), (BXB(KTY), .....} | (16
£
1

The nature of the particular RTCE algorithm used in any given situation will
datermine the form of combining function F{ } and of the weighting matrices (A), (B),
ate, Howaver, in general, their form will be influenced primarily by:

(a) The comnunications objectives of the systenm which the RTCE
algorithm is intended to support, »g whether single mode
propagatinn is necassary, whether the maximum possible
signal-to-noise ratio (SNR) 1is required, what
2leactromagnetic compatibilityconstraints havea to be
satisfied, etc;

(b) The capabilities and limitations of the availabl= RF and
processing equipment,

Tha overall fuanction of the RICF system, therefore, is to compute the CPF for
cach member of the ser of m available channels, ie

CPF(KT) for 1 ¢ i g m (7
f

i
and then to selact the value, or values, of L for which the CPF is a maximam, A

further important function of the RTCE process may be to rank ths remaining chann=ls
of the set in order of prafereace in ord-r to identify possible stand-by channels,

Therefore, in its simplest form, a generalised RTCE algorithm may be reoressated
diagramatically as shown in Fiq, 2 withthe ¢ ,ur hasic inputs of

- propagation iata

- interference/nois» data

-~ communication system objectives
- 2quipment charactoaristics,

In a more detailed form, the generalised RTCE algorithm discussed above can b-
represented by the schematic arrangemant illustrated ic Fig. 3, for paramaters and
thsir first derivatives,

4. SCENARIOS FOR THF APPLICATINN OF RTCE

Three practical HF communication scenarios in which RTCE tecniques ar~
applicable will now be discussed (Darnall, 197%:

4.1 Class 1 RTCE: Remote Transmitted Signal Prro=-procegsing

Fiqg, 4 shows a block diagram of what will be termed a Class 1 RTCE system. [t is
applicable to the situation in which a rnote ar rnobile terminal wiches to nass
traffic to a hase station on a random or scheduled basis, An RTCE probing signal,
x(t), is transmitted at appropriate intervals over the HF channel from the has-s
station, Apart from spectral occupancy and EMC constraints, there is no limitation
upon the form of x(t), Specialised processing equinment at the romote terminal
verforms an analysis of the received version of the RTCE signal, y(t), and henae
fomulates an appropriate path nodel, In the modelling process, RTCE information from
other sources can be ince-porataed if available, eq via the analysis of other RTCE
probing signals from separate sources, data transmitted to “he remots torminal via
othar propagation media such as satellites or VLF, etc, The mods) is then used to
derive control data for pra-processing the r»note transmitred signal, rit), to yi>ld
a signal, r'(t), which is subsequently transmitted aver the chann=1 and received at+
the base as r"(t), Ideally

r(te) = rit - ) (18)
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where d is the effective prcpagation delay. It 1s clear that *his type 0f RTUE arnd
processing necessitates an assumption of propagation reciprcsity, 12 the progfaaation
model for the base-to-remote path is an adequate descripti.n of the remcote-to-base
path also. Normally, this premise is reasonably accurate, providec that allowance 1s
made for any differences in charac "eristics between base and remote :transmitter,
receiver and antenna configurations. '

4.2 Class Il RTCE: Base Transmitted Signal Pre-processing

The btasic block diagram of a Class Il RTCE system 1s givern as Fig, 5. 1Ir
essence, the technique employs base station single-site RTCE in order to determine an
appropriate pre-processing algorithm for communications transmissions from that base
station to remote stations in defined locations. The RTCE probina signal, x(t), 1s
radiated by the base transmitter; energy returned from the channel to the base in the
form of a signal y(t) is then employed to formulate an approvriate channel model. The
model is then used to derive the pre-processing algorithm which is applied to the
base transmission, r(t), to give a signal r'(t)., Note that r'tt) and x(t) may be
multiplexed if operationally convenient, At the remote terminal, the signal r'(t) 1is
received as r"(t) and again ideally

r"(t) = rit - & (1%

where d is the propagation delay. It is also possible for the RTCF modelling precess
to make use of data from other sources, eg by monitoring transmissions from other
stations in the vicinity of the remote terminal(s). In practice, Class II RTCE is
applicable to broadcast type systems.

4.3 Class 111 RTCE: Remote Received Signal Processing

Fig. 6 shows the general format of a Class I1I RICF system, As in the case of
Class [l RTCE, the RTCFE probing signal, x{(t), and the bas~ station traffic signal,
rit), are multiplexed prior to transmission over the HF channel. At the remote
terminal, the received RTCE signal, y(t), is demultiplexed, processed and then
employed to form a model of the channel which is subsequently used to control the
signal processing strategy to be applied to the distorted version of the traffic
signal, r'(t), to produce the corrected traffic estimate, r"(t). Again, the objective
is to make this estimate identical with the original traffic signal. Once mcre, RTCE
data from other sources can be incorporated into the model formulation process.

The scenarios outlined above describe open loop situations in which traffic flow
is basically unidirectional. In many practical cases, bidirectional traffic flow will
be required and thus equipment of say the Class I or Class II1 types might have to be
provided at hoth terminals. Altsrnatively, the availability of feedback between the
terminals in the form of a low-rate enginecering order wire (EOW) would enhance the
flexibility of the procedures and allow RTCE data to be transferred between receiver
and transmitter. However, for reliability, the EOW itself would also require some
form of RTCE. Auxiliary inputs to the RTCE process in the form of data passed via
separate communications media, relay from other remote terminals, interpolation or
extrapolation using other RTCE probing transmissions, etc, should always be sought
to increase reliability.

5. PRACTICAL RTCE SYSTEMS

To date, many different fcrms of RTCE systems have been developed, making use of
a variety of measurable parameters, Examples of specific parameters on which RTCE
algorithms have been, or could be, based are:

(a) signal amplitude;

(b) Signal frequency;

(c) sSignal phase (absolute or differential);

(d) Propagation time (absolute or relative);

le) Noise or interference level;

(f) Channel impulse response function;

(g) <cignal-to-noise or signal-to-interference ratio:
(h) Energy distribution within the channel bandwidth;
(i) Received digital data error rate;

(j) Received speech intelligibility level;

(k) Telegraph distortion factor;

(1) Ratec of rcpeat requests in an ARQ system.

Examplcs of RTCE systems which have been developed to at least a working
prototype stage will now be described in the following sections. In general,
practical RTCE systems fall into three basic categories:

- Those which operate on any frequency in the HF band, on
the assumption that they cause negligible interference
to other spectrum users;

- Those which operate only in the frequency channels
assigned to the communication systems which they are
designed to support;
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- Those which operate within a single assigned channel
which may, or may not, be passing ~ommunication
traffic.

Systems falling in the first of these categories will now be discussed,

6. RTCE SYSTEMS NOT CONSTRAINED TO OPERATE IN ASSIGNED CHANNELS

6.1 Pulse Sounding

The pulse sounding technique was originally developed as an aid to fundamental
ionospheric research, with its value as an RTCE tool only being appreciated at 1
later stage. Pulse sounders require dedicated transmitters and receivers operating on
the basis of time and frequency synchronism. A high power sounding transmitter
radiates short pulses in a pre-determined time sequence on a large rumber of
specified frequencies covering part, or the whole, of the HF band, Thq«time frequency
schedule is under the control of the system program, which must be identical for both
transmitter and receiver. The program timing is contrclled by master clocks at
transmitter and receiver; these independent clocks can themselves be synchronised hy
means cf an external standard time transmission such as MSF or WWV, with appropriat-
allowance being made for differences in propagation time to the two sites,
Ajternatively, the requirement for alignment using an external standard can be
eliminated if atomic clocks are available at th2 both transmitter and receiver.

If the transmitted pulse, x(t}, is of short duration, the raspense of the
sounding receiver corresponds to an approximate channel iwpulse rasponse for oach of
the m channels on which a transmission is made, The received signal is given by the

N 3 i =]
convolution integral oo
yit)y = hiu} x(t ~ u) du €200

-o0 ‘i

where h(u} is the unit impulse response function of the channel and u is 3 timwe
variable. Tf x(t) is an approximate impulse, then y(t) is evidently proportional to
the impulse response function h(t), One way of overcoming very rapid variations 1in
the response is to transmit several pulses on each channel and compute an average
response.

The output intormation from an ionospheric sounder is normally presented in the
form of a visual display termed an "ionograem®, which is essentially a two-dimensicnal
projection of a raster of impulse responses for the m channels, as illustrated in
Fig. 7. Fig. 7(a) shows typical impulse responses, indicating the prasenc-a of
different degrees of multipath propagation, taken from the complete m-channel array;
Fig. 7(b) is a projection of this raster, in the sense indicated, which fecrms the
ionogram display of ionospheric mode structure in the propagation delay (1) -
frequency plane., In the RTCE context, the ionogram can then be used to select say a
region of single-mode propagation having minimum time dispersion - as shown in Fig.
7(b). Alternatively, if no region of single mode propagation can be identified, a CPF
for each channel could take the form:

CPF = [Energy in strongest mode ] I (21

£; LTotal en=rgy in all modes, fy
The more nearly the CPF approaches unity, the closer propagation would be to single
mode, Allowance would also have to be made for the relative total energies in the
propagating channels to ensure that an adequate SNR was maintained.

6.2 Modulated Pulse Sounding

An important practical modification to the basic pulse sounding technigue
described above is to apply digital modulation to each of the transmitted pulses in
order to increase the signal processing efficiency of the system. This process
provides two important performance enhancements:

(a) It enables pulse compression coding to be applied (in the
same way as in some types of radar) in order to improve the
“ime resolution of the system without having to resort to
shorter pulses, and hence increased peak transmitter pow=rs
For a given time resolution and quality of impulse response,
it is necessary to use a certain amount of transmitted
energy to prob. the channel;for unmodulated pulses, this
energy must be applied in the form of short-duration, high
amplitude pulses whilst, with pulse compression modulation,
the energy can be applied at lower amplitude over a much
longer interval, but still achieving the required time
resclution.

(b) The RTCE transmission can be encoded with small amounts of
data via manipulation of the pulse modulation, egqg to
describe noise/interference levels in assigned channels at
the transmitter site,




Several forms of pulse compression coding have been developed; these 1aclude
Barker codes (Barker, 1953), Huffman sequences (Coll & Storey, 1964}, binary
sequences of length > 13 bits with autocorrelation functions (acf's) approximating to
an impulse (Mann, 1968) and complementary sequences {(Darnell, 1975). With all these
forms of modulating signal, the impulse response of a given channel is obtained by
computing the input-output crosscorrelation function (ccf). For a linear system with
input x(t), output v(t) and unit impulse response function h(t), the input-output
ccf, ﬁxy(t), is given by (Lee, 1960i:

+T'/2
gfxy(;c> = /7 fx(t) yit + T dt (22
-T'/2
a
- /h(u) Syl T~ W du (23
-0

where T and u are time variables, T' is the correlation interval and E}x(’t) is the
input acf. Using expression (23), it can be seen that if the input acf 1s an
approximate impulse, then the ccf ﬁ;y(‘t) will be approximately proportional to the
system impulse response function.

Ionospheric pulse sounding is a widely-used method of RTCF; many individual
sounders exist for specific communication paths, but relatively few networks have yet
been implemented. Possibly the most ambitious pulse sounding scheme designed to date
was the Common !'ser Radio Transmission System (CURTS) (Probst, 1968), in which a
network of pulse sounding transmitters was set up giving complete area coverage for
all user~ wi'n compatible sounding receivers. CURTS is an example of a Class I RTCE
system.

6.3 Chirp Sounding

It is also possible to employ a fundamentally different technique known as
"chirp" sounding to obtain an ionogram display: as its name implies, chirp sounding
makes use of a swept-frequency transmission as a channel probing signal (Barry &
Fenwick, 1965). The sweep is typically linear with time, but may take other forms.
Again, synchronisation between transmitter and receiver is necessary. Fig., 8
illustrates the principle of the technique: in a multipath pronagation situation,
several weighted versions of the transmitted sweep will be received as shown. If a
correctly timed local oscillator sweep is available at the receiving site, this can
De mixed with the incoming sweep components to y:z21d the difference frequency
components which are then subjected to spectral analysis

At time t,, the frequency of the synchronised local oscillator sweep is

fmin + 4f ty (24)
at

whilst the corresponding frequencies of the received component sweeps are

frin * 4f (5 - Aty (25)
dt

fmin + 4f (t, - Dty (26)
dt

fmin * % (ty - ADrey (2n

After mixing with the local oscillator signal, the frequency components of the
difference signal are:

Aty df Aty df Aty daf (28)
dat dt dt

Hence, propagation delays are translated directly into frequency offsets. Assuming
that the mixing process is linear, the relative amplitudes of the individual received
sweep comp~ ents will be preserved. Time dispersion due to the distributed nature of
the ionospu tic refraction process will cause the received sweep components to be
broadened avay from ideal spectral lines. Therefore, if the mixer output is displayed
on a spectrum analyser, a propagation mode profile equivalent to the channel impulse
response will result; taking a projection of the spectrum analyser output as a
function of local oscillator frequency will again yield an ionogram,

6.4 Modes of Operation for Ionospheric Sounders

The ionospheric sounding systems described in the previous three sections can be
operated in obligque incidence, vertical incidence or backscatter modes,

Oblique incidence implies that the sounding transmitter and receiver are
geographically separated so that the transmitted energy impinges upon the ionospheric
layers obliquely. This form of sounding can thus be used as the basis of a Class I or
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Class IIl RTCE system.

Vertical incidence sounding employs a transmitter and raceiver whish are co-
sited. The sounding transmissions are directed vertically upwards at the i(on0spherse
in order to determine its structure just above the sounding site, Oblijue incidence
characteristics may be inferred from vertical incidence measurements. This ‘ype of
single-site RTCE is therefore well suited to Class Il scenarios,

Backscatter siunding iIs similar in character to vertical incidence sounding 1n
that it can be cirried out from a single site, or closely spacad traansmttt»r ani
receiver sites. Howevar, the transmitted energy is now radiated obliguely rath=r tharn
vertically to enable the ionospheric structure in a desired direction of propagation
to be evaluated., The received signal arises from energy which has been refracrad by
the ionosphere over a path away from the rransmitter, reflected from the oar+h's
surface, and then propagates back to the receiver via a similar ionospheric
refraction in the reverse sense. The technique is normally only applicable to single
hop paths since multiple hops give rise to 2xcessive received signal attenuation,
Also, the received scattered energy is at a much lower level than with vertical or
oblique incidence propagation, thus necessitating much higher radiated powers and
giving poorer definition. Backscatter sounding is clearly applicable to Class II RTCE
scenarios.

7. KRTCE SYSTEMS CONSTRAINED TO OPERATE IN ASSIGNED CHANNELS

Whereas the RTCE systems described in the previous sections are designed to
operate anywhere in the HF band on the assumption that the interference they cause to
other users of the spectrum will be negligible, there are other forms of RTCE
specifically intended to function only in the channels assigned for use by the
communication systems which they ar= required to support. Since the assumption of
negligible interference by ionospheric sounders is questionable, often being
critically dependent upon the nature of the transmission being interfered with, the
latter class of RTCE systems would appear to have more potential for widespread
application in future by virtue of its more efficient spectrum utilisation; also, as
discussed in an earlier lecture (Darnell, 1983}, such systems would tend to employ
the same RF and processing units as used by the communication svs“»m, *hus resulting
in economy of implementation.

7.1 Channel Evaluation and Calling (CHEC) System

The CHEC system was developed in Canada to improve the reliability of
communication between long-range maritime patrol aircraft and around stations, with
the emphasis being placed upon the air-to-ground link (Stevens, 1968). CHEC was
designed for a situation where one or more mobiles are required to pass traffic to a
base station. On each of the m assigned channels, where m would normaily be < 20, the
CHEC base transmitter radiates in sequence a probing signal of several seconds'
duration comprising a selective calling code, data on the average noise level at the
base station in that channel, together with a CW section, At the remote recaiver
alerted by the selective calling code, the base station average noise levels

n(t} ‘ (29
£ Lgigm
for the subset of k channels actually propagating to the mobile are dec>ded to give

n{t) | (303
fj where j can take any k distinct values
in the range 1 tomand k ¢ m

The subset of corresponding average received signal levels at the mobile

Alt) l (31

f.

]
are evaluated using the CW sections of the base transmissions, Thus, by assuming
propagation reciprocity and also making allowance for differences in antenna gains
and transmitter powers between bage and mobile, a processor at the mobile computes a
predicted average signal-to-noise ratio for its own transmissions proapajzating to tho
base in each of the k channels, Therefonre

SNR(t) l G A"'t] I (32)
bas | [ & |,

]

where G is a channel dependent factor to compensats for the diffarencesg in antanna
and transmitter characteristics between base and mobile, The optimum channel fnr
mobile-to-base communication is then given by the value of j for which the SNR is a
maximum, In experimental form, CHEC was shown to give significant improvements in
channel availability and reliability.

Other systems, similar in concept to CHEC but applicable to diffearant
operational requirements, have been devised, eg a ship-shore system employed by ASWE
in the UK (Wynne, 1979} and the Canadian radio telephone with automatic channael
evaluation (RACFE) system (Chow et al, 1981), The practical situations in which CHEC-




type systems hay e bheon applied correspond o the Class 1 scenarico defined in Section

7.2 RTCE by Pil~t Tone Phase Measur=monts

In this metaxi, the RTCE probing signal is a simple CW pilot tone ins=rrod ar a
suitable pesition in the transmission channel bandwidth (Betts & Darnell, 1975. The
Fasis of rhe evalaatinn procedure is that, after detection of the pilot *one in a
narrow bandyass filter at the recaiver, its phase variations are analysed and used to
infer the suitability of the channel for the transmissicn of various types of traffic
by making use of analytical relationships between phase instability and data error
rate,

fn the experimental system, the phas: of the raceivad pilot tone is compared
with that 2f a locally-generated reference phase source, This phase difference is
sampled at regular intervals, typically 10 ms, and the phase aifference at the
tarreat sanpling instant, 8., compared with the phase difference measured and stored
at the proviosus sanpling instant,8,_ 3. Tdeally, this phase di ffurence should he soro
but for practical channels will normally be non-zero; if the di1fference in phase
berwoen the two samples excends a certain preset threshold value, 8, a "phase error®
is counted, 1o

T N N (31

for a vhase error.

Clearly, it ts necessary that the sampling interval should be an intogral
multinle of the pilat tone peariod in order that sampling takes place a* thoe same
point in the pilor tane cycle under ideal conditions,

The parameter selected to indicate the state of the channel is the namber of
phase errors occurring in a predetarmined measuremont interval, typicaily 100 to 200
s»conds. For practical tests of the system, a low-leyel pilot tone was frequency
altiplexed with a 2-tone, frequency-eoxXchanje key<d (FEKY 50 bit/s binary Jdata
signal, as illustrated in Fig. 9, Ry apopropriate calibration, th2 number of pilot
tone phase orrors «dan he related to the nurber of data bit arrors over the same
merasurement interval, The theoretical relationships for steady signal, flat fading
and frequency-selective fading are shown as s»1id lines in Fig. 10. The poiats
superimposed apon these theoretical plots roprasent measuresd values and indicate the
typical scatter obtained during an experimental run,

The main conclusion which could be drawn from a comprehensive saries of tests
was “hat, for the grcat majority of channel conditions encountered, the data error
rai-» which would be experienced using a given transmission schome over a particular
path could be predicrted with reasonable accuracy via simple phase measurements on
low-level CW pilot tones. Thus, this lattoer parametor conld be used directly to
establish a Cer,

Pilot tone RTCF could he used in a Class 1 scenario where a mobi le regquires to
communicate with a base station; pnilat tunes could be radiated by a single widebhand
base station transmitter at low level (typically a few watts) simulraneously on all
channels assigned for mobile~to-biase transmission which ware clear of interf »rence at
the base, Hence, as shown in Fig. 11, the mobile would ke able to mak> phase error
rate moasurements on all channels propagating to it from the hase: in the same way as
faor CHFC, propagation reciprocity would be assumed and allowance made for the
different transmitter and antenna characteristics at the two sites in ordar to
predict the channel likely to yield the maximum SNR at the base, The disadvantage of
the long evaluation time for the pilot tone method could be offset in some situations
by its extreme simulicity of implamentation,

7.3 RTCE by Frror Counting

A simple form of RTCE is to probe the m channels to be avaluated by means of a
test signal having essentially the same format as the *raffic signal to be passed
over the path, Tt is convenient practically if the RTCE signal is digital so that
errors can be counted, rather than having to make more subjective assessments of
quantities such as speech intelligibility, The essential raquirement is again one of
providing transmission and reception systems synchronised in both time and frequency,
although the accuracy of synchronisation necessary is somowhat lass than that for an
ionospheric sounding system,

For digital traffic, the assigned channels can be evaluated in sequence using
exactly the same modulation format as employed by the traffic transmission and the
corresponding error rate measured at the receivar; the CPF is then related directly
to the measured error rates, This procedur= is equally valid for data or digitised
sperch traffic since the ervor rate for the latter can also be interpreted in terms
of speech intellibility - as shown by the empirical model for 1.2 kbits/s digitised
speech given in Fig., 12,

A similar, but less precise, relationship exists between analogues speech
intelligibility and data error rate, Fig, 13 shows a baseband spectrum in which
LINCOMPEX-procerssed speech (Awcock, 19681 is fraquency multiplexsd with low=rate

(I
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binary FEK telegraphy, Fig, 14 is an empirical model showing the relationship betw
LINCOMPEX sprech intelligibility and FEK data arror rate for reprasentative HF paths:
1gain, the speech quality could he oredictad with reasonable accaracy from arror rate
measursments on a simple digital RTCF signal,

Therefore, for all common forms of HP traffic, it appears {easible ©o carry out
RTCE via a gimple orror counting procalure,
The main disadvantage of *he merhod is the rime taken to accumulate the necessary
srror count in tha case of low-rate data. A technigue termed "pseudo-2rror”™ counting
has been proposed to overcome this problam (Leon, 1973); here the error rate is
artificially amplified by the use of an ov2r-sensitive detection method so that the
rate measur2d by the RTCE system is substantially greater than that which would be
experrienced by the traffic transmission, thus allowing the regquired =rror count to b
accumulated more rapidly. Because of the inherz2ntly high error rates associated with
HE links, and also the rapidly time-varying nature of the received signal, it may
well be difficult to apply pseudo~error counting to HF links du= to inaccuracy of
calibration,

Practical trials have been carried out using a basic error counting RTCE system
{Darnell, 1978). Two types of traffic signal were used:

(a) 75 bits/s FEK telegraphy:
(b) 1.2 kbits/s digital data.

Path lengths of 700 km and 1100 km were used in the tegts, with 24~hour operation,

The classical method of controlling an HF circuit using off-line propagation
analysis data is to select one daytime operating
frequency and one night~time frequency, ie 2-frequency working as illustrated in
Fig.15. The RTCE error counting trials compared the circuit availability using this
form of 2-frequency working with that obtained by employing the RTCE data for
frequency selection, On average, it was found that the use of RTCE increased the
citcuit availability by approximately 45%. It was evident from the results that the
factor limiting circuit performance was, in most cases, manmade interference, The
value of the RTCE process lay chiefly in its ability to enable the communicator to
avoid interfering signals, rather than to track propagation changes.

The RTCE by -=rror counting method is chiefly applicable to Class I scenarios.
8. RTCE SYSTFMS OPFERATING WITHIN A SINGLE ASSIGNED CHANNEL

All the RTCE techniques described in the previous sections have been applicable
to situations in which the communicator has available for his use a number of
assigned channels. In many cases, however, a commuaicator may wish to examine the
state of a particular channel in more detail, eq:

fa) To assess the state of the channel currently carrying
traffic relative to the states of alternative channels;
obviously, for a number of reasons, it may not be possible
to employ the same RTCE algorithm for evaluating the
traffic-carrying channel as for evaluating stand-~-by
channels,

{b) To examine the baseband spectrum of a channel to determine
where within that baseband a narrowband traffic signal
should be placed for minimum error rate,

(¢) To determine the optimum signal processing procedures to be
applied to a traffic transmission within the channel by
making use of an appropriate RTCE model (Class III
operation),

Various RTCE technigues applicable to this single assigned channel situation
will now he described,

8.1 Tn-Band RTCE

The term "in-band RTCE" refers to a technique designed specifically for the
evaluation of sub-channels within a nominal 3 kHz assigned channel bandwidth. At the
receiving site, a real-time spectrum analyser monitors the distribution of
noise/interference energy for all sub-channels within the bandwidth using a set of
bandpass filters., Low-energy regions are identified and indicated to the transmitter
gite by means of a low-rate FOW; this allows a narrowband traffic spectrum (< 3 kHz)
to be adjusted so that the majority of its energy falls in the low noise sub-channels
tbarnell, 1979), studies of narrowband HF interference have indicated that its
characteristics can only be expected to be relatively static for periods of a few
minutes (Gott & Hillam, 1979); thus it may be necessary to make frequency changes
relatively often. 1f in~-band RTCE can be used to select different parts of an
assigned channel as the narrowband interference patterns change, the need to change
the frequency of the transmitter and reaceiver is avoided, thus improving the
efficiency of spectrum utilisation,

8.2 RTCE Using Soft-Decision Information




The term "soft-decision" relates to the confidence level associated with a
"hard” digital decision. For example, soft decision information could be obtained
from:

(a) Amplitude values of a received signal;
(b} Phase margin between a phase reference and phase detected by
a receiver.

Any information which can be extracted from a received signal and subsequently used
to quantify a detection decision confidence level can, in principle, be used for RTCE
purposes.

In a DPSK modem such as KINEPLEX (Mosier & Clabaugh, 1958), the phase margin
between the received signal phase, 8 (t}, and the locally generated reference phase,
eo(t), could be used as the basis of the CPF, ie

CPF = Fl B (t) - @8 ()]t (34)
Alternatively, the CPF could be a function of both the amplitude of the received
signal and its phase margin, Soft-decision data of this type has been incorporated
into an HF modem known as CODEM (Chase, 1973) to enhance transmission reliability and
to enable the modem to reject data blocks not meeting the required confidence
criteria.

8.3 RTCE in ARQ Systems

An ARQ communication system typically formats the data to be transmitted into
fixed-length blocks which are then individually iabelled. These blocks are
transmitted sequentially until control data derived from soft-decision processing or
error protection decoding indicates that a given block has been decoded erroneously
at the receiver, 1 ARQ signal is then passed to the transmitter site via a f2edback
link, or EOW, r -juesting a repeat transmission of the corrupted block, Evidently, the
number of bluck rzpeats requested in a given time interval will be a measure of
channel guality and can be used for RTCE purposes,

8.4 RTCE by Traffic Signal Modification

In some situations, it may be impossible to obtain the raguired RTCE data
directly from the traffic signal, possibly because the soft-decision parametars ar.
not accessible or as a result of the traffic being encrypted. In the latter cases, it
is possible to modify the format of the traffic by the introduction of additionatl
signal generation and processing functions which will facilitate the extraction of
RTCE data.

Possibly the simplest method of accomplishing the necessary modification of the
traffic signal would be to insert an auxiliary, low-leval pilot tone at a suitable
null in the basaband spectrum of the traffic signal. Analysis of the pilot tone phase
error rate, as described in Section 7,2, would then allow the data error rate for the
traffic channel to be estimated with reasonable precision.

In certain forms of encrypted data transmission systems, a special 2rror
detection and correction (EDC) process can be introduced in order to yi=ld RTCFE
information to assist in overall system control; Fig. 16 shows such an arrangemen®,
It is assumed that security considerations limit access to the elements of the
communication system except for the region shown, If an auxiliary EDC system, shown
hatched, is introduced into this region, it can be used to format the encrypted
traffic into arbitrary codewords prior to transmission. At the receiver, the received
codewords will be decoded to yield the original encrypted traffic stream; however,
the ENC algorithm can be implemented in such a way that the number of errors being
dotected and corrected can be continucusly monitored, thus indicating the state of
the channel for RTCE purpases,

9. NOISE AND INTERFERENCE CHARACTERISATION

In previous sections of this lecture, the importance of noise and manmade
interfarence in determining HF communication system performance has been stressed. 1In
areas of high spectral congestion, eg the central region of Europe, it is normally
manmade interference which limits system performance, rather than propagation, which
is relatively predictable. Similarly, with the off-line propagation analysis programs
discussed in Section 1, one of their major limitations stems from the lack of an
adequate model for interference.

It is clear, therefore, that considerable effort must be put into the
meagurement and characterisation of interference, both from the point of view of RTCE
and of off-line analysis. In-band RTCE systems of the type discussed in Section 8.1
could form the basis of interference assessment systems for incorporation into RTCE
procedures, Other systems can also be used (Cottrell, 1979) (Barry & Fenwick, 197%),

In some cases, the interference assessment will be explicit; in others, such as
the error counting technique described in Section 7.3, the RTCE process evaluates the
combined effects of both propagation and interference in a single measurement
process,

o1l
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10. CONCLUSIONS
10.1 Genaral

As was pointed out in a previous lecture (Darnell, 1983, the rationale for *h.
development of RTCE rechniques is that significant improvements in the use of % » HF
propagation mediam can only be achioved if a communicator, or HF system cantroiler,
using a specific path at a given time has access to real-time data on the reol=yvant
path parameters, rather than having to vrely on off-line propagation aralysis which
can be subject to appreciable inaccuracy. Irn particular, off-line technijuics can
aever provide accurate information on noise and interference levels 1n a given
channel at a given time ~ although, with further refinament, they may woll provide a
r=asonable staristical model for such interference which can be used in the syster
design process, The need for RTCE is most pronounced for links involving mobila
terminals since the nature, orientation, otc of the paths will charge with time thus
making off-line analysis more approximate,

To date, there has been considerable 2xparimental wnrk on al%=rnative RTCF
techniques, but relatively little has been published guantifying their benefits in
relation to systems making use of off-line data. One set of resul®s (Darn=11, 1978}
indicates that an improvement in circuit availability of the order of 45% can be
achieved by simple erraor counting RTCE in comparison with 2-frequency operation
however, much more performance data is required for other algorithms,

It would seem that dedicated RTCE systems such as ionospheric sounders, which
require expensive special-purpose eqguipment and cause sSignificant spectral
congestion, will not find wide application in HF communications. Rather, RTCE
procedures which can be integrated into the communications system, will use the same
basic equipment and will operate only in assigned channels appear to offer a mors
logical and economic way forward, This may well place additional requirements upon
the equipment specified for futire HF coammunications in terms of control,
flexibility, frequency agility. ete.

Bearing in mind the above comments, the technigues which currently appear to
offer the greatest promise are:

(a) sSimple error counting (Section 7,.3).

(b} Pilot tone phase error measurement (Sections 7.2 and B.4),

(c) Systems based upon the general CHEC principle (Section 7,13,

(d) The use of auxiliary EDC processing in encrypted systoms
{Section B8.4).

(e) Passive monitoring of noise and interference characteristics
(Sections 8.1 and 9).

(f) In-band RTCE within a nominal 3 kHz assigned channel
(Section 8.1).

In the context of the overall HF commuhication system, RTCE data could, in
principle, be employed as a source of control information to assist in the adaptation
of the following parameters:

- Transmitter power level;
- Frequency of operation;
- Bandwidth;
- Information rate;
- EDC algorithm;
- Modulation type and spectral format;
- Start time and duration of transmission;
- Antenna characteristics, eg null positions;
- Diversity combining algorithm
etc.

10.2 potential Advantages of RTCE

The potential advantages to the HF communicator arising from the use of RTCE can
be summarised as:

(a) Off-line propagation analysis requirements can be eliminated
for operational purposes; however, this form of analysis
will still be valuable for system planning purposes.

(b) The effects of manmade interference can be measured and
specified quantitatively, thus eliminating the major cause
of operatiocnal uncertainty.

(c} Relatively transient propagation modes, such as sporadic E
layer refraction, can be identified and used for high
quality communication; the presence of these modes can
increase the available spectrum by as much as 2 or 3 times,

(d) RTCE facilitates the selection of channels higher in
frequency than would have been suggested by off-line
propagation analysis, hence reducing spectrum congestion,

{e) RTCE provides a means of automatically selecting an optimum
transmission channel and of ranking stand-by channels




in order of preference - an essential pre-ragquisite for an
automatic HF system,

() Radiated power can be minimised, consistent with meeting a
received signal fidelity criterion, thus r=ducing spectral
pollution,

(g) RTCE provides the basic data reqguired for adaptation of
communication system param2ters other than frequency, eg
signal processing algerithms, antenna charactaristics, etc,
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ABSTRACT

The increasing demand for reliable. low error-rate, high-speed digital data transmission at HF has creat

ed the need for the adoption of coding schemes. As it is well appreciated by the practicing communicator,

a problem in high-speed data transmission is the occurrence of errors. Codes provide an effective approach
for the reduction of the error rate. Linear block codes ( of which cyclic codes are a subclass) and convo-
lutional codes are the main categories of codes of interest to HF communications. They are capable of cor-
recting random errors due to white Gaussian noise, as well as burst errors due tv impulse nuise. In block
codes, a block of information bits is followed immediately by a group of check bits. The latter verifv the
presence of errars in the former. In convolutional codes, check bits are continucusly interleaved ~ith infor
mation bits, and they check the presence of errors not only in the block immediately preceeding them, but

in other blocks as well. For the various coding schemes reviewed in the lecture. several numerical examples
are given , to help in the quantitative appraisal of the merits of a code, versus required equipment ¢om-
plexity,

A. INTRCDUCTION
1. General

The first half of the twentieth century brought about the development »f radic communicatins, characteg
ized by the transmission of messages, speech and television that was mostly in analog form ( and with the
HF ionospheric links figuring prominently in the handling of the intercoutinental traffic). The second halt
has seen an uninterrupted trend toward the digitization of cormunications. with far reaching consequences
in terms of improved reliability, increased .perational speed. reduced equipment size. freedom from cali-
bration problems, improved ability to mechanize complicated signal processing algorithms, etc. (Golomb, lune
{Ii ; viterbi and Omura.1979, {2, ; Wozencraft and Jacobs, 1965 [‘»_] ; Gallager, 19n8 [7]).

Digital communications were given impetus by several driving needs. mest  prominently by the ever wider
ing demand for data exchanges between computers and remote terminals, There is ,however, an additional as-
pect thac has a great importance and that directly relates to the topic of this lecture : the ability of
digital techniques t. make it feasible and practical to approach the thevretical efficiency limit of a ¢om-
munication channel. It is here, in fact, that coding enters the picture, as an approach to optimize «ormuni-
cations on a given channel (in our case, ionospheric HF channels) rather than a way tco achieve secrecy in
military communications.

In order to better illustrate the point above, we rust backtrack a few Jecades, and go back to the work
of Hartley in the late '20s, and to the publications of Shannon, Wiener, Fano and other piocneers of digital
communications, in the mid '40s, These authors, all of great theoretical strength, developed methods for the
computation of the efficiency of a communicatiops system, and established the thecretical maximum that. for
every type of system, this efficiency can attain. Shannon had the intuition that achieving error-free digit-
al communications on noisy channels, and performing the most efficient conversion of an analcg signal
into coded digital form, were two facets of the same problem, having a common sclution. Shannon's main
result is actually that, as long as the input rate to a channel en:oder is less thaa a quantity called the
channel capacity C, encoding and decoding approaches do exist, that, asvmptotically and for arbitrarily
long sequences, lead to the error-free reconstruction, at the receiving terminal of the livk. of the input
sequence, The capacity C (bits/sec) can be easily computed from the receiver's bandwidth W (Hz) and frow
the Signal/Noise ratio (power ratio) S/N :

S

C =W log (1 +
2 N

What coding ultimately does {s to maximize the likellhood of correct interpretation, at the receiving
end of the link, of the incoming waveforms, and tc push the data rate toward the thecretical limit ¢ esta-
blished by Shannon.On the strength of these conceptual developments.a wealth of codes were developed. such
as the Shannon-Fano-Hoffman codes for a discrete channel, the Hamming codes for a discrete channel with
discrete nvise, the Bose-Chaudhuri-Hocquenghen codes, that have found use in HF military links and that
resulted from contributions due to Reed, Muller, Golay, Slepisn, and others. For a channel with white Gauss
jan noise, the search for high-efficiency codes translated in the search for waveforms that exhibit the
smallest possible mutual correlation,

For several decades, the design of efficient codes was exclusively a theoretical exercise, with no oppor
tunity to reach the stage of engineering implementation. Technology was not yet on & par with the complicat-
ed hardware that they required., However, recent advances {n technology, especially the development of large
scale, integrated-circuits building blocks, have changed all this. It finally became feas{ble and practical
to mechanize coders and decoders that are known from theoretical work to be optimum, and several implementa
tions “ave actually already entered the practice of HF communications. Figure 1 is a typical block disgram
of a digital link between two terminals, Usually, the alphabet is binary ( coding in digits | and 0 ) and
the source may be a computer, whose output is transformed by the source encoder i{nto & (kinary) sequence of




ones and zeros, The transformation is done in such a way that the amount of bits/sec that represents the
source output, is the minimum required by the source frequency content and by the number of discervitle
levels. Also the transformation is done in such a way that the reconstruction of the soutce vcutput at termi
nal B is feasible and adheres to its original. The channel encoder ( as well as the decoder in .ecepti.n)
is the most important unit from the standpoint of the topic of this lecture: its function is to transform
the binary data sequence at the output of the source encoder into sume longer sequence that is called the
code word. This longer sequence enters then a modulator ( to modulate for instance by FSK, or Frequency
Shift Keying, a radio carrier).The block called channel is the medium where the signals propagate., in our
case an jonospheric path at HF ; while in the channel, the signals are corrupted by noise and iaterference,

At terminal B, the demodulator makes the decision whether, for every received signal, the rrarsrcitted
waveform was a 1 or a 0. The channel-decoder, then, by knowing the rules by which the channel encoder did
operate, attempts to correct the transmission errors and performs an estimate of the actual code word that
was transmitted. The source decoder transforms this code word, that has been reduced to a stream of informa
tion bits, into an estimation of the actual source vutput, and delivers it to the user. If the channel is
characterized by low noise, the various estimations performed by the units of terminal B will be verv simi-
lar to the functions that they are meant to represent, Tf the channel, on the cvontrary, is very noisy. sub-
stantial differences may arise ( Lin, 1970 , [3] ).

In Figure 1, the channel encoder and the channel decoder perform the function of error contrel, This is
done through a judicious use of redundancy (Shanmugan, 1979, ié] } . The channel encoder adds digits r. phe
bit stream of the source's message. While these additjonal bits do not convey information in themselves,
they make it possible for the channel decoder to detect and correct errors in the received., information-
bearing,bit stream, thus reducing the probability of errors. The encoder divides the input message bits
into blocks of k message bits, and replaces each k bit message block with an n bit codeword by adding n-k
check bits to each message block. The decoder looks at the received version of the original code word, which
may occasionally contain errors, and attempts to decode the k message bits, The design of the encoder and
decoder consists of selecting rules for generating code words from message blocks and for extracting message
blocks from the received version of the codewords, with the fundamental aim of lowering the overall proba-
bility of error.

2. Examples of code generation
In order to start with a simple example, let's consider a block with five horizontal lines ( or rows)

and with seven vertical columns This block ( with n = 5 x 7 = 35 ) represents schematically the word "Hello"
in the teletype 7-unit alphabet :

H 0011011
e 0100001
1 0010011
i 0010011
o 0000111

A code word, aimed at reducing the probabilii of errors in the transmission of the block above. can be
generated as follows : we add to each line and to each column one more symbol, in order to make the overall
number of ls even in each line and in each column. At the end, we add a symbol at the lower right corner.to
make even the number of ls contained in the last line. The new block is as follows :

0001011
0100001
0010011
0010011
0000111
0101101

Ofre e m O

If during the transmission process an error occurrs, this can be corrected, provided that tiere is anlvy
one of them. Correction is done by checking each line and each column for even parity ( an even number of
1s). If there is a single error, one column-check and one line-check will fail. and the ervor wil! be idepn
tified at the intersection and will be corrected. The 48 symbols of the block above form a code word.

This code has a total n = 48 symbols, of which k = 35 symbols are information-carrying symbols. i:¢ is re-
ferred to as a (48, 35) code. There are n-k = 48 - 35 = 13 check symbols., These are the redundant digits
added to the message in order to provide the code word with error-correcting capability.

All the codes illustrated in thi® lecture are bagsed on ideas similar to the principle that allowed us
to generate the code word (48, 35 ) above. The mathematics involved might be of higher caliber, the codes
might be more efficient, However, there is a striking fundamental similarity between the simple code intro-
duced above and the more sophisticated ones that we will {llustrate later-on in this lecture,

Let's see now another example that shows how the probability of error is reduced by the adoption of a
coding scheme, Let's assume that we have a HF link with a bandwidth of 3 KHz and a Signal-to-Noise ratic
of 13 dB { power ratio = 20). We want to transmit a data rate (from the source).of 1200 bits/sec, with an
error rate less than 107", We have available a modem that can operate at the rates of 1220, 2400, gooo,
4800, and 6000 bits/sec, with error probabilities respectively of 2 107% & 1074, 8 10°*, 1.4 107 snd
2.4 1073, According to the Shannon theorem, the channel capacity C is, in our aase :

C=Wlogy (1 + S/N)=23KHz logyg ( 1 + 20 ) = 13 Kbits/sec.
2 2




Therefore, since the source bit rate is less than the channel capacitv C, we should be able t~ find a wav
to transmit the data with an infinitesimally small probability of error. Let's start considering a code
obtained simply by tripling the symbols that come out from the source encuder: if it is a 0. we use 000,
if {t is a 1, we use 111. These are now our codewcrds. We adopt in recepticn a logic hased on ma ority rul
ing : an error occurs when in a word two or more symbols are wrong. The data rate that we must use ir the
modem is 3600 bits/sec, with corresponding error rate 8 10°%, The (odeword is thus characterized by the
following error probability :
3
. 3\q

N
iy 2
Pe ( that two or more bits in the triplet are in error) = ,\ S¢ c1- qL\ "\3 N
N

where q =8 lO'z“ if we signal at the rate in the modem of 3600 bits/sec. Numerically, the equation ab.we
yields: 3 -6 -6
P, = 1.9 10 > 10 {10 is the required error rate, not to be exceeded),

The results above are therefore not acceptable and we must try a longer .odeword. in order to fulffil
the error rate requirement. Let's generate in the modem the codeword 00000 for every 0 at the suvurce's out-
put, and 1111l for every l. Now the modem operates at the rate of 6000 bits/sec ( five times the 1200 bits’
sec rate of the source) and q = 2.4 10_3. We still use the majority rule logic : an error will cccurr in
reception when three or more Symbols are received wrong. The error probability Pe is now

F’L ( that three or more bits in the quintuplet are in error) =
S5y 3 2[5\ 4 5Yq = 1.2 -7, -6
. . 1 - + . .76 10 107°,
-\l)qc a0 Ay )9 ¢ LAY A <
With the quintuplet we meet therefore the error rate requirement,

3. Error detection and error correvtion approvaches

In the examples given in Section 2, we adopted an approach that corrects as best as feasible. the
received errors, caused by noise. This apprvach belongs to the category of forward-error-correcting cuodes.
There is another category of approaches that performs in reception the error detection ( detection only. not
inclusive of correction) and in which the terminal B in Figure | retransmits back to terminal A the received
message, once that an error has been detected, for a repetition of the exchange. There are some cbvious in-
conveniences associated with this method : we must have a two-way link between the two terminals. we must
use time for message retransmission, we must send from B to A an acknowledgement even when the message
received at B appears correct, etc. However. there is the great advantage that the overall probability of
error 1is now much lower than achievable with the forward-error-correcting codes. We can easily see how
this happens with the following example. Let's assume that the receiver/decoder accepts only ( if the
triplets of the example in Section 2 are adopted) a 0 when what is received is 000, and a 1, only when 111
is received. In any other case, terminal B requests from A a retransmission. An error now occurrs only if
all three bits of the triplet are wrong. We have therefore for Pe :

Pe ( that all three bits are wrong ) = ( q )3 = 5.12 10.10<3: 10°°,
c

In fact, because the modem now works at 3600 bits/sec, we know that q = 8 10™*, Therefore, we do not need
in this case to use any quintuplet in vrder to satisfy the overall erfor probability requirement.

4. Random errors and burst errors, and their control by codirg

Generally, two types of noise are encountered in communication channels, The first kind is Gaussian
noise, including thermal noise in the equipment, cosmiv nuise, etc. This noise is often white. In the case
of white Gaussian noise, the occurrence of errors during a particular signaling interval, does not affect
the performance of the communication system during the subsequent signaling interval. The discrete channel
in this case can be modeled by & binary symmetric channel and the errors due to white Gaussian noise are
referred to as random errors ( Shanmugan)1°}2[AJLA second type of noise often encountered in a communicatiovn
channel is the impulse noise, where high intensity noise burst sporadically appear during long quiet periods.
When this happen, several bits in sequence may be affected. and errors occur in bursts,

There are error control schemes that are particularly effective in counteracting random errors. Other
schemes have special {mmunity from burst errors. Error correcting codes are divided in two general catego-
ries: block codes ( of which a subclass are the cyclic codes) and convolutional codes. In block codes, a
block of informatfon bits is followed by a group of check bits that are derived from the former. At the
recetving terminal, the check bits are used to verify the information bits in the block immediately preceed
ing the check bits, In convolutional codes, check bits are continously interleaved with information bits.
not only in the block immediately preceeding them, but i{n other blocks as well, The cvclic codes have parti
cular advantages, in as much as they simplify considerably the required encoding and decoding equipment.

B. LINEAR BLOGK copes(*)

1. The fundamental concept
We will now illustrate the block codes, in which each block of k message bits is encoded into & block

(*) This section paraphrases Shanmugan (1979),EA], Section 9.2, by permission, gratefully acknowledged, of
the Publisher John Wiley & Sons.
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of n»k bits, by adding n-k <check bits derived rfrom the k message bits. Theyv are called linear when

ecach »f the cndewords ( n bit block at the -~utput f the channel encoder) can be expressed as a linear

combination of k linearly independent (ude vectosrs @ linea: bl wk codes are the most commonly used block

codes and we will limit our discussion to them. In all the vperatisns pertaining the generation of these

vodes, we must remember to use module 2 arithmetic. This is how this arithmetiv works: we make additions

the regular way ( for instance, | + 1 = 2 ). However, -e divide then the result by 2 and we take the remain
2

der as the final result of the modulo 2 osperation For instance. for the 1 + 1 = 2 case. we divide 2 by 2, i
the remainder is zero, and therefore we write 1 + 1 = 0 If we um 0 + 1. and we divide the result bv 2,
the remainder of the regulav division 1s 1 and thus we (onclade 010+ 1 = [,

Let's see some examples of code generation An effective wav of impleme~ting this generation {s the
use of matrix representation: C = 0G, where D is the message ve.tor, ¢ the final (. dewcrd and G is the
so-called generator matrix, that embodies the rules ad oted f.r detecting errors i the received vodeword,
The generator matrix has dimensions kxn , and has the torm:

N ]
G =1 P
[k; ] kxn

where [ is the identity matrix of order k. P is an arbitrary matrix of dimensions kx(n-k). This last ma-
trix, once chosen, fully defines the (n,k) bluck code completelv. Suppose that the generator matrix G of
a (6.3) bluck code is

OJ

and we want to find all code vectors of this code, The message bluck size for this vode is 3 and the overall
length of the (uvde vectors is n = 6. The possible 8 messages are : (0,0,0), (0,0.1), (0,.1.0), (0.1.1),c1.0.0Y,
(1,1,0), ( 1,1.1), (1.0,1). The code vector for the message block D = (111) is:

0
0
1

i
4]
\l

g

G =

5 —0
-0
—-—

S ——

10001
C=06=x(ill)JjO1 010 =(lt1l1u00)
o011l \

The encoder has to store the G matrix (or ,at the very least, the submatrix P of G) and must perform binary
arithmetic operations to generate the check bits. Associated with each (n,k) block cede, there is a parity

check matrix H which is defined as :
T !
= ]
o= [E : In-k] (n-k)xn
T

where P is the transpose of the matrix P, The transpose is obtained from the original matrix by changing
place of each element of the matrix, following the rule that an element Pis goes to the place p i In this
way, if the original matrix has, for example. 7 lines and 5 columns. its ‘transpose will have 5111 ines and
7 columns.

Let's see now another example of cudeword generation. We want to encode an Il bit data sequence intv
a (15,11) code word. This code {s fully specified by the related 1ll-by-15 generator matrix., This could be
the matrix here below: .
£0000000000 100ﬂ
01000000000 1101
00100000000 1111

s 00010000000 1110
G = [rk,' ﬂ= 00001000000 0111

' 00000100000 1010
00000010000 0101
00000001000 1011
00000000100 1100
00000000010 0110
| 00000000001 0011

In this matrix, the 1lxil part is just the identity rix of order iIl. The second part is totally arbitrary,
as already indicated. Encoding the data sequence D Ilﬂt’_‘moomonm gives: C=DG = (100001001010 0011} . Note
that the first 11 bits of C are identical to D and that the last 4 bits of C are the sums of the bits of D
specified by the last four columns of G, For example, the first parity bit is the sum of the first, second.
third, fourth, sixth, eight, ninth bits of D, that is 1+04+0+040+}+0 =0. In an equivalent way. C can be
thought of as the sum of the rows of G which correspond to ones in P. Thus, {n the example, C i{s the sum

of the first, fifth, eight, and tenth rows of G,

As defined, a code word in a systematic linear code is an n-tuple with the property that the n k
subsets of the k information bits of the word specified by the rightmost n-k colums of the generator matrix
add to the corresponding parity check bit.

Let's see now how at the receiving terminal, the decoder utilizes the parity check matrix H, This
matrix is used to verify whether a codeword C is generated by the matrix G =[1 { PJ. This verification
can be done as follows. C is a codeword in the (n,k) block code generated bv G k&( and anly {f CH =0 where




HT is the transpose of the matrix H, [f C is a code vector transmitted over a noisy channel and R is the
received vectur, we have that R is the sum of the coriginal code vector € and of an error vector E. The
receiver does not know C and E and its function is to obtain C from R,and the message block D from C. The
receiver perform its function by determining a (n-k) vector S defined as

S =RHT.

. . T T T
This vector is called the error syndrome of R, and we can write for it ¢ § = cul + EH" = EH because CH =0,
Thus the syndrome of a veceived vector is zero if R is a valid code vector, Furthermore. S is related to
the error vector E and the decoder uses S to detect and correct errors, As an example. let's consider a

(7.4) block code generated by .
Lo00,111
c =l’01(>()'110
cotrolion
L0001|011

The parity check matrix H for this code is:

=
"
———
S -
-0 -
——

i

For a message bluck D = (1011)., the code vector € is given by C = DG = (1 0 1 1 : 00 1), and the syndrome
S is S = CH' = (000), Now, if the third bit of the code vector C suffered an error in trassmission, then
the received vector Rwill be : R=(1001001)=(1011001 )+ (0010000) =C+E. and
the syndrome of R is § = RHT = (1o1) = EHT, where E is the error vector (0 0 1 0 0 0 0). Note that the
syndrome § for an error in the third bit is the third row of the HT matrix. It can be verified that, for
this code, a single error in the ith bit of C would lead to a syndrome vector that would be identical to
the ith row of the matrix KT, Thus single errors can be corrected at the receiver by comparing S with the
rows of HT and correcting the ith received bit if S matches with the ith row of HI. This simple scheme dves
not work if multiple errors occur.

2. Terminology and basic properties

In defining the error correction capability of a linear block code, some new terminolagy is utiliz-
ed, such as the weigth of a code and its minimum distance. The weight of a code is defined as the number
of non-zero components in the codeword. The distance between two code vectors is the number of the compo-
vents in which they differ, while the minimym distance of a block code is the smallest distance between
any pair of codewords in the code. An important property to remember is that the minimum distance of a block
code is equal to the minimum weight vf any non-zero word in the code, An example will clarify these points.
Let's consider the (6,3) block code introduced in the previous section. Table I here below gives the weight
of the various codewords. From the sevond column in Table I, we see that the minimum distance is 3. No two
codewords in this code differ in less than three places, The abilitv of a linear block code to correct random

TABLE 1

Codewords' Weight

Codeword Weight

000000
001110
0lo1ol
011011
100011
101101
110110
111000

wHPoPWwwo

errors can be specified in terms of the code's minimum distance, The decoder will associate a recejved vector
R with a transmitted code vector C if C {s the code vector closest to R in the sense of the Hamming distance.

Another property to remember is that a linear block code with a minfimum distance dmin can correct up to
[zbmin - 1)/2] errors and detect up to d -1 errors in each codeword, where [{ den - 1 )/2|denctes the

mi
largest integer no greater than (dm n 1)72. 1f we call t the errors that the code will correct, we have :

i Lg@mln -1 )/ﬂ

We can also show that such a code can detect up to d fn " 1 errors. We can deduce trom the above that for
a given n and k, we should design a (n,k) code witB "minioum distance as large as possible.




3. Hamming Codes

From the equation just written, it follows that linear block codes capable of correcting single errors
must have dm‘n = 3. Such cudes are easy to construct. Each row in H has (n-k) entries, and each entry can
bﬁ_ﬁither a b or a 1. We have therefore 27°% distinct rows of (n-k) entries, out of which we can select
2 - 1 distinct rows of HT ( the row of 0's is the oEly one that we cannot use). Since the matrix H!' has
n rows, for all of them to be distinet, we need: 2" % w=1 2®n, In other words, the number of parityv bits
in this {(n,k) code satisfles the inequality (n-k)Zlog, (n+l). So, giveu a message size k ., we can deter-
mine the minimum size n for the codewords from n>xk %-1032( n + 1), where n has to be an integer,

Assume that we have to design a linear block code with a minimum distance of three and a message block
size of eight bits. We proceed this way : from the inequality above ,we have n_ 28 + logz(n+l). The small
est value of n that satisfies this condition is n = 12, Thus we need a (12.8) block code, The transpose
of the parity check matrix H will have a size 12 by 4, The first 8 rows are arbitrarily chosen, with the
restrictions that no row is identically zero, and all rows are distinct. A possible choice for HT is:

ruoo’
0110

0011
1001

1010

NO IR S0 B
1 1110
n-k

The generator matrix is:

10000000 1100
01000000 0110

I 00100000 0011
G ={1 ! pl =1 00010000 1001
k ll 000031000 101D

00000100 0101
00000010 Lllo
00000001 OL1t

The receiver forms the syndrome S = RHT and accepts the received code vector if S¥O. Single errors are always
corrected; double errors can be detected but cannot be corrected; multiple errors will result .in general.
in incorrect devoding. The efficiency of block codes with minimum distance three (Hamming Codes) improves as
the message block size is increased. We can verify that for k=64, a minioum distance three code with effi-
ciency 0.90 does exist, and rthat for k=256, a code with efficiency 0.97 can be found.

We have seen in the above that the decoding vperation consists in finding a codeword C_ that is the
closest to the received word R. This requires storing 2= codewords and comparing R with eachi of them. Since
each codeword is of length n, the storage rtequired contains n2" bits. Even for modest size of k and n.
the storage requirement is excessive, and the processing requirement also becomes soon impraccical,

There is ,however, a way of reducing considerably both these requirements, as we witl see next, in Sectiunp
4.

4. Table lookup and standard array

We will consider now a decoding scheme (table lookout) that requires the storage of 2".k syndrome
vectors of length n-k bits and the 20 n-bit error patterns corresponding to these syndromes. Thus.
the storage required will be 27Ky (2n - k) bits. For high-efficiency codes, 2n-k ® n; hence. the storage
required will be of the order of n2" ®pits, a much smaller capacity than n2% bits required if the table
look-out approach is not used., Even with this reduction, though, the decoding scheme of block codes mav
be impractical. For instance, for a (200,175) code, the storage requirement is of 7.6 Gigabits!!

The table look-out approach works in the following way. Suppose that a (n,k) linear code is used for
eryor correcting purposes. Let C» Cov vesey Cox lu the code vectors of €. If R is the received vector. it
can be any vne of the 2k n-tuples tgat are valid codevords. The decoder can perform the task of associating
R with one of the n-tuples, by partitioning the set of 2N n-tuples as shown in Table I1. The code vectors

TABLE 1I
Example of standard array
for a (n,k) linear block

code
C (-2 Ty o eee s 2k
E, Co*Ey €y * EpuuieniiCok +Ey
E] C2+EJ C3 + E3'~""' czk +£3
Bao-k  CptEgn-k CyvEpn-kttc-Cok+ Enk
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Cl. C2....C K
position,The first element in the second row E  is any one of (2"- Zk) n-tuples not appearing in the first
row. Once EZ is chosen, the second row is compfeted by adding E2 to the codewords, as shown in Table I[I.

Once that the second row has been completed, an unused n-tuple E

are placed in the first row, with the code vector of all zeros appearing in the leftmost

3 is chosen to begin the third row and the

sum of C +E_ ( with i=1,2, ...2k) are placed in the third row. The process is continued until all the 2!
n—tuplesxare used, The resulting array is called the standard array for the code and it consists of 2 columns
that are disjoint. Each column has 2"°* n-tuples with the topmost n-tuple as & code vector. The ilh column

is the partition T that will be used for decoding. The rows of the standard array are called co-sets and

the first element fn each row is called a co-set leader. The standard array has the property that each ele-
ment is distinct and hence the columns are disjoint; furthermore, if the error pattern coincides with a
co-set leader, the received error is correctly decoded, If it does not, then an incoerrect decoding will
result. Thus the co-set leaders are called correctable error patterns.

In order to minimize the probability of incorrect decoding. the Zn-k co-set leaders are chosen to be
the error patterns that are most likely to occur for a given chanuel. [f E_ and Ej are two error patterns
with weights wi and W., then for a channel in which only random errors ard occurring, E; is more likely to
occur than E | if wi b Wi . Therefore, when constructing a standard array. the co-set leader should be chesern
as the vectotr with minimum weight from the remaining &vailable vectors, A standard array has an important
property that leads to a simpler decoding process : all the 2X n-tuples of a co-set have the same svndrome
and the syndromes of different co-sets are different. The one-tu-one correspondence hetween a co-set leader
(correctable errur pattern) and a syndrome leads to the following procedure for decoding: a) c.ompute the
syndrome RH® for the received vector R, Let Rul= S.; b) locate the co-set | :ader Ei that has a svndrome
E
obtained from R by C = R + E_. Since the most probable error patterns have been chosen as the vo-set leaders,
this scheme will correct the 2o~k most likely error patterns introduced by the channel.

iHT= S. Then, Ei is assumed to be the error pattern caused by the noisy channel: ¢) the code vecter C is

¢. cycLic copes (%)

The research conducted on linear block codes has identified a subclass of these codes. called the
cvelic codes, that have especially attractive properties, such as ease of implementation; ability to (orrect
large numbers of random errors, long burst of errors and loss of synchronization; etc. These codes have a
mathematical structure that helps considerably in the design of error-cortection features and furthermore,
due to their cyclic nature, require encoding/decoding equipment that is considerably simpler than required
by regular block codes. A cyclic (n,k) code has the property that every cyclic shift of a code word is an-
other code word. That is, if

=C .. U
¢ Lcn-l Cn-z' 0 ]
is a code word, so are 0
[Cn-z' € yrerereeees Cn-l]
. . . Example for n=3

. . . 2
(o Cpp oo ] ) \/

This formulation of cyclic codes suggests treating the elements of each code word as coefficient of

a polynomial of degree n-1, With this convention. the codeword C can be represented with the pulynomial
Tem) -c nrlye a2, +Cx+C

X = X X Tesane X .

n-1 n-2 L 0

The condition that every cyclic shift of a code word be another code word can be expressed as follows. That
C(x) is a code word implies that %x1C(x) modulo-(x"+1) is also a code word for all i, It can be verified that
multiplication by x-modulo-(x™+1) results in & cvclic shift and that the coefficients of x1C(x)-modulo- (x™+1)
are, in fact,

[cn_H. Corpgrreenes €0 € Cn-x""'cn-l]

Several interesting properties of the generator matrix of & cyclic code can be deduced from the
above definition. We will illustrate them by via of an example, considering egain the (15,11) code introduc
ed in section B.1. This code is & cyclic code and its generator matrix, written {n polynomial form, ie as
follows:

(*) This 3ection paraphrases Lucky et al. (1968

CSI’Scctlon 10.2.4, by permission, gratefully acknowledged,
of the Publisher McGraw-Hill Book Co,

)
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4
where g(x) = x +x+l. Encoding a k-bit data block by multiplying it by the generator matrix G is equivalent
to the following polynomial operation.The polynomial representation of the informacion block, denoted by
d(x) has a degree less than k; therefore x0-Kd(x) has a degree less than n. Also

n-k
x d(x) -l 4 r(x)
g(x) g(x)

where q(x) has a degree less than k and r(x) has a degree less thaa a-k, which is the degree of g(x). Thus,
the polynomial x"-Kd (x) + r(x) is divisible by g(x) and is a codeword in the code generated by g(x). This
word consists of unaltered k-bit information block followed by n-k linear combinations of the information
bits. It must be identical to the word formed by multiplying the k-place vector D by the matrix G since, as
we have seen, there is only one code polynomial of degree n-k in a cyclic (n,k) code. The syndrome associat
ed with a given n-tuple can be calculated in a similar manner. Let e(x) =ed(x) +ep(x) bte the polynomial re-

presentation of such n-tuple. The syndrome is obtained by encoding the information section of the n-tuple \
and by adding the resulting check bits to the corresponding bits of the parity section of the n-tuple. That
is, the syndrome s(x) is given by s(x) = e (x) + r(x), where r(x) is the remainder obtained by dividing

ed(X) by g(x). Since e (x) has a degree less than g(x), this is identical to the remainder obtained by divid
ing e(x) = ed(x) + ep(x) by g(x). Since g(x) divides every code word c(x), the syndrome is identical to that

of e(x)+ c(x). Encoding and syndrome calculation can be mechanized in a remarkably simple manner.
*
D. CONVOLUTIONAL CODES( )

1. General properties

While in the block codes, a block of n digits depends on the block of the related k input message d:-
gits, in a convolutional code, the block of n digits generated by the encoder in a certain time unit depends
not only on the block of k message digits within that time unit, but also on the preceding (N-1) blocks of
message digits (NMI)}. Usually the values uf a and k are small. Like block codes,convolutional codes can be
designed to either detect or correct errors. In practice, they are used mostly for error correction. The ana-
lysis of their performance is complicated and is normally done by simulating the encoding and the decoding
operations in a digital computer. N

In the following sections we will give an introductory level treatment of the convolutional codes, and
we will illustrate both the encoding operation and some of the decoding approaches.

2. The encoding operation

The code generated by a convolutional encoder is called a (n,k) convolutional code of constraint length
nN digits and efficiency k/n. The parameters of the encoder, k, N, and n are in general small integers and
the encoder consists of shifc registers &nd modulo-2 adders. An encoder for a (3,1) convolutional code with
a constraint length of nine bits is shown in Figure 2. The operation of the encoder proceeds as follows
We assume that the shift register {s initially clear. The first bit of the input data is entered into D,.
During this message bit interval, the commutator samples the modulo-2 adder outputs cl.cz and ¢ _. Thus, a

single message bit yjelds three output bits. The next message bit in the input sequence now enters Dl' while
the content of D s shifted {nto D  and the commutator again samples the three adder outputs. The process

is repeated until the last message bit is shifted into D,. It {s important to notice that the coavolutional
encoder operates on the message stream in a contdmpous manner, thus it requires very little buffering and
storage. Another important point is that each message bit has its influence on Nxn digits, where N is the
size of the shift register, and n is the number of the commutator segments.

3. The decoding operation

It helps,in understanding the decoding operation,to make use of the code tree shown in Figure 3, which
applies to the convolutional encoder shown in Figure 2. The starting point of the code tree is at left and

(*) This section paraphrases Shanmugan (1979), [;] . Section 9.6, by permission, gratefully acknowledged,
of the Publisher John Wiley & Sons,
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it corresponds to the situation before the occurrence of the ith message bit d.. We assume that the message

bits di~l and di-2 are zero. The paths shown in the code tree are generated by using the rule that we shall
diverge upward from a node of the tree when the input bit is 0. The starting node (A) corresponds to di.g=
0 and d =0. Tnen, if d. =0, we mnove upward from the initial node and the coder output is 000, Nodes 1,2,

3 and 4‘Z§n be considered'as starting nodes for di+2

given starting node, the first message bit influences the code blocks generated from the starting node and
the two succeeding nodes. Thus each message bit will have an effect on nine code digits and there are eight
distinct 9-bit cude blocks associated with each starting node.

, with did< 1= 00, 01, 10, and 11 respectively. For any
i+

The code tree can be used as follows in a decoding operation called the exhaustive tree-search methuod
of decoding. In the absence of noise, the codewords will be received as transmitted. In this case, {t ‘s
simple matter to reconstruct the transmitted bit sequence. We simply follow the codeword through the code
tree n bits at 8 time ( n=3 for the example considered here). The transmitted message is then reconstructed
from the path taken through the tree. The presence of nvise introduces tranmsission errors; in this case the
folluwing procedure can be used for reconstructing the transmitted codeword. Consider the it message digit

d; that has an influence on nN bits in the codeword. For the example shown in Figures 2. 3 and 4. X=3 and

n=3, so that di has an effect on nine code digits. Hence, in order to deduce d ., there is no point in exa-
1
mining the codeword beyond the nine-digit hlock that has been influenced by d;. On the other hand, we would

lose some of the benefits of the code, if we wouid use less than nine bits of the received codeword.If we
assume that di‘l and d, 2 have been correctly decoded. then a starting node is defined un the code tree.
i-

and we can identify eight distinct and valid 9-bit code blocks that emerge from this node. We compare the
9-bit received code block we are examining with the eight valid code blocks., and discover the valid (ode
block ¢lusest to the received code block ( closest in Hamming distance). If this valid code block correspends
to an upward path from the starting node on the cude tree, then d is decoded as 0; otherwise, it is decoded
as 1. After di is decoded, we use the decoded values of di—l and' di to define a starting node for decoding

di+l‘ This procedure is repeated until the entire message sequence is decoded.

The exhaustive tree-search method of decoding ceonvolutional codes, briefly illustrated above, becomes
impractical as N becomes large, since the decoder has to examine 2N branch sections of the cude tree. An-
other decoding scheme avoids this lengthy process : it is called the Sequential Decoding Scheme. In sequep
tial decoding, at the arrival of a n-bit code block, the encoder compares these bits with the code blocks
associated with the two branches diverging from the starting node. The encoder follows an upward or down-
ward path ( hence it decodes a message bit as 0 or 1, respectively) in the code tree, depending on which
of the code blocks exhibit the fewest discrepancies with the received bits,

1€ a received code block contains transmission errors, then the decoder might make an error and start
oul on @ wrong path in the code tree. In such a case, the entire continuation of the path taken bv the enco-
der will be in error, If the decoder keeps a running record of the total number of discrepancies between the
received ¢ode bits and the code bits encountered aluong its path, then the likelihood is great that, after
having made the wrong turn at some node, the total number of errors will grow more rapidly than in the case
that the decoder follows the correct path, The decoder can be programmed to respond to such situatiocns by
retracing its path to the node at which an apparent error has been made. and then taking an alternate hranch
out of that nnde. In this way, the decoder will eventually find a path through N nodes. When such a path is
found, the decoder decides about the first message bit. Similarly. the second message bit is then determin-
ed on the basis of the path searched out by the decoder, again N branches long.

The decoder begins retracing when the number of accumulated errors exceeds a threshold, as shown in
Figure 4. Since every branch in the codetree is associated with n bits, then, on the average over a long
path of i branches, we can expect the total number of bit differences between the decoder path and the cor-
responding received bit sequence to be (P )(n)(j) even when the correct path is being followed. The number
of bit errors accumulated will oscillate about E(j) (see Figure 4), if the encoder is following the correct
path ( path 1 in Figure 4), The accumulated bit error will, on the contrary. diverge sharply from E(j) soon
after a wrong decoder decision ( see path 2 in Figure 4). When the accumulated errors exceed a discard level
( see Figure 4), the decoder decides that an error has been made and retraces its path tov the nearest un-
explored path and start moving forward again. After some trial and error, an entire N node section of the
code tree is retraced and at this point a decision is made about the message bit associated with this N no-
de section, Thus, the sequential decoder operates on short code blocks most of the time. and reverts to
trial and error search over long code blucks only when it judges that an error has been made,

4. Recapitulation of the properties of convolutional cudes

Although the theory of convolutional codes is not as well developed as that of block (odes. several
practical convolutional encoders/decoders have been built, for use in various applications. Convolutional
codes have many of the basic properties of block codes : &) they can be encoded using simple shift registers
and modulo-2 adders; b) while decoding is difficult, several classes of codes have been found for which the
amount of equipment required for decoding is not excessive; ¢) practical convolutional codes exist that are
capable of correcting random and burst types of errors. Their advantages over the block codes are several:
1. since they operate on smaller blocks of data, the decoding delay is small; 2. smaller amount of storage
hardware is required; 3. loss of synchronization is not as serious a problem as with block codes. In summarcy.
convolutional codes, though not as well developed and more difficult to analyze than block codes, are compe-
titive with block codes in many applications,
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E. GETTING CLOSER TO THE ENGINEERING ASPECTS OF CODING *)

We will illustrate in this section the mechanization of some of the coding schemes discussed in the
course of the Lecture, We will specialize our treatment to the encoding of cvclic codes, touching base also
with syndrome calculation, error detection, and error correction. Some mathematics is stiil here, but equip-
ment block diagrams make their appearance.

We recapitulate that encoding consists of appending a set of parity checks to the data block before
transmission; that the syndrome is simply the modulo-2 sum of these checks after transmission and the check
bits calculated on the received data block at the decoder; that error detection consists of determining
whether or not the syndrome is the all-zero (n-k)-tuple ( if it is not, errors have occurred); that these
errors can usually be corre.ted by adding tv the received word the error pattern associated with the syn-
drome; that this association of error pattern with syndrome is essentially the decoding operation,

As an example of encoding mechanization, let's consider again the equation that was introduced in
Section C:

n-k
X
d(x) Q)+ r(x)
g(x) B(x)

where g(x) denotes the generator polynomial of the code and x“'kd(x) + r(x) is the n-bit c¢vclic codeword
into which a k-bit data block d(x) has to be encoded. Since the data bits are transmitted without altera-
tion, encoding consists simply of determining r(x)., The necessary division can be performed with the cir-
cuit in Figure 5. In the Figure, the meaning of the symbols is as follows : 1) denotes a single binary
denotes an EXCLUSIVE -OR circ- or modulo-2 adder; 3)@.simply denotes

a connection, or the lack of one, depending on whether fi is 1 or O, respectively.

shift register stage ; 2)

Encoding is accomplished as follows: the data polvnomial d(x) is shifted into the feedback shift
register, as shown in Figure 5. After n-k shifts, the register contains the n-k high-order terms of

x"'kd(x). After the last data bit has been fed into the register, the feedback connection is broken, by
moving the switch from position D (data) to position P (paréty)‘ and the content of the register is shift-
ed to the channel. That this circuit actually divides x"~%d(x) by g(x) to produce the (n-k)-bit remein-
der r(x))can be seen by considering the following example. Let's use agzin the (15.11) code already intro-
duced in this Lecture. The generator polynomial of this code is g(x) = x' + x + 1. Suppose that the data
polynomial d(x) = x104+ x® + %3 4 x is to be encoded, The remainder r(x) can be obtained by dividing x d(x)
by g(x). Thus:

Let's consider now the encoder for this code, shown on Figure 6. The first four shifts merely serve
to load the first four terms of the dividend into the register. Table IIl shows the contents of the regis-
ter as the encoding process is performed. Also shown are the dividends in the above division which corre-
spond to the register contents at various stages of the encoding process,

TABLE III
Comparison of Register Contents & Dividends
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{*) This Section paraphrases Lucky et al., (1968), [S] . Section tl.l , by permission, gratefully acknow-
ledged, of the Publisher McGraw-Hill Book Co.




After the first four shifts, the four high-crder bits of de(x) occupy the register. On the next
shift, a 1, corresponding to the quotient term x*-. is emitted. Thus ls are added int> the stages follow-
ing the feedback connections, and the register contents then correspond to the new dividend, obta:ined b
adding xlog(x) to the first dividend. The key point is that when the register cutput is !, the dividend
is modified exactly as in the division process; likewise when it is 0, nothing is done in either case

Since the first n-k shifts serve cnly to load the register, the encoder cf Figure 5 (8) can be
modified into the configuration of Figure 5 (b). In the latter figure. thuse lvad shifts are not necessaryv.
The feedback information, which is simply the sum of the high-order bit of the dividend and the various th
past multiples of g(x). is thetﬁame in either case. The contents of the register differ until after the n *

shift of Figure 5 (a) ( the k shift of Figure 5 (b) ). At that time, the dividend has been shifted com-
pletely through the encoder, and thus both registers contain r(x).

Because it requires n-k fewer shifts, the circuit of Figure 5 (b) is usuaily preferable to that of
Figure 5 (a) for encoding serial data. Encoding is performed here by shifting the data sequeice simultaneous
ly into the register and onto the line, After the last data bit has been shifted cut, the switch is thrown
from D to P, and the n-k parity bits are shifted out. This leaves the register empty and ready to accept
the first data bit of the next word, immed.ately.

Syndrome calculation differs from encoding cnly in that the received parity bits must be added to the
checks calculated on the received data, The vircuit of Figure 5 (a) performs this addition automaticallv.if
the received parity bits are shifted in immediately atfter the data. The (ircuit in Figure & vields the same
result : that is, the output is the syndrome.

Concerning the error detectisn, this function can be implemented simply by adding a flip-flop to the
output of the syndrome generator. If one or more ls appear in the svndrome, the flip-flop sets and an errvcr
has bben detected; otherwise, the received n-tuple is a code word. Ervor correction is simply an asscciatiom
of a syndrome with an error pattern. This association can be visualized convenienrly 1 terms °f the stan-
dard array. A given code has exactly 27~ distinct vo-sets, including the code itself. «inly one error
pattern in each co-set is correctable. Thus. by choosing the most probable error patters in each co-set as
the co-set leader., the probabilityv of erronecus decoding is minimized,

F. CODING APPLICATIONS TO HF COMMUNICATIONS

Most of the coding applications to HF communications have consisted thus far of error detection thr ugh
the use of parity checks, and of automatic error correction bv retransmission (ARQ). Forward err-r correctios
has waited considerably before gaining even partial acceptance, essentially because of the complexity of the
required circuitry. Heowever, due to the technological progress, these cudes become increasingly practical
and their use widespread. Interleaving of message bits over a period longer than the expected fading cvcle
is an effective way to distribute the bit errors. so that coding techniques can be used to correct them.and
to achieve reduction in error rates of several orders of magnitude. This is ,of course. at the expense of
the information rate. The manner in which coding is used depends upon the nature of the s:gnalling techni

ques eamploved by the link. A method that involves the transmission »f short packets of information is oot
well suited to the use of interleaving, since the packets will be in general much shorter thar a fade-.out,
Also, if a high percentage of packets is error-free. it is advastageous to use only error detection with

each packet, and to rely on repeats for error correctian.

In algebraic encoding, in addition to the information to be transmitted, redundant iaformaticn is an-
serted intv the channel. as we have seen previously in this Lecture. These check hitls mav be used for forward
error correction or for error detection only. Its purpose, in HF communications, is usually to reduce the
susceptibility to the deleterious effects of deep fadings. Because these fades can have durations bevond 0.1
seconds, the code must be very long and must have a structure suitable for the correction of error bursts.
The most common techniques are to use either very long recurrent cudes or shert codes with a condiderable
number of interleaved blocks, The latter approach is used to randomize the effect of burst errors., Decoding
of recurrent codes as well as interleaving and de-interleaving cause transmission time delays of ahout | to
2 seconds. Code rates between 1/2 and 4/5 are used if what is required is only error detection. Short block
codes ( 50 bits) may be used under certain conditions., Their effectiveness i{s however limited because of
the high probability that may characterize the number of errors in a code word.

Present state-of-the-art transmiss{on systems use ARQ procedures to increase communication reliability;
error detection is based on the recognition of errors in the transmission of a single character. The applica
tion of systematic block codes would be already a substantial improvement. Concerning & code's ability to
correct both burst errors and random errors, no analytical method for constructing such a code has been
developed thus far. However, there are useful results, applicable to specific cases : a) a subclass of cyclic
codes has been found that correct both types of errors effectively - however, they either have to be used
for low data rates, or be very long; b) random-error correcting codes can be designed that have some simul-
taneous burst-correction capability, provided that the codes are not used to their fullest random-error
correcting capability; c¢) multiplying a generator polynomial of a cvclic code with d=2t + | produces a
code which is capable of simultaneously correcting all bursts of length t+l, a result of practical impor-
tance only for the cases in which t has small values,

An interesting application of coding to HF communications is the 2.4 Kilobits/sec Linear Prediction
Encoding (LPC) used i{n the HF links of the NATO network. In this code, the system preamble uses a Bose-
Chaudhuri-Hocquenghen (BCH) error correction code of length 252 bits ( 252,128), while each digital voice's
word {8 encoded in a (24,12) block code,




T2
G. CONCLUSIONS

The use of coding in HF communications is expected to gradually expand from present-day limited appli-
cation, hand-in-hand with the progress in microprocessor technology, and with the ever greater easiness bv
which complex circuitry ie mechanized.

It is hoped that this introductory lecture did strike a balance in pointing out both the potential
usefulness of codes in HF communications, and the complexity of the required circuitry. The material of
this lecture, complemerted with readings from the bibliographic references given in Section H, should be
sufficient introduction to coding, and enough preparation for understanding other lectures of this Series
on coding apparatus, and for approaching with confidence coding problems of the HF communications practice.
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MODERN HF COMMUNICATIONS. MODULATION AND CODING
by
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SUMMARY

Digital communications over High Frequency radio channels are limited by the
effects of time varying multipath signals and an impulsive noise characteristic., Mod-
ulation techniques which utilize adaptive receiver structures in conjunction with
advanced error correction coding concepts can provide quality communication at hoth low
data rates around 100 bps and high data rates around 2400 bps, In this tutorial paper,
the multipath channel 1s examined and two basic constraints are introduced., When the
learning constraint is satisfied, it is possible to estimate the channel multipath gain
and phase components. The diversity constraint estahlishes the necessary condition for
implicit diversity. For low data tvate applications where Intersymbol Interference
{ISI1) is neqligible, adaptive receivers are discussed when both learning and diversity
constraints are satisfied. An incoherent adaptive vreceiver is discussed for applica-
tions where the learning constraint is not satisfied. For hiqh data rate applications,
both constraints are satisfied in an HF application but ISI effects are severe. Adap-
tive techniques including equalizers and maximum likelihood sequence estimators are
discussed. Experimental results from HF channel simulator tests are presented in ¢
comparison of nonadaptive and adaptive high speed modems, We discuss the use of error
correction coding to protect against impulsive noise and show that multipath fading re-
duces the theoretical performance capability by only 1 to 3 AB when proper coding and
interleaving are employed. Performance of practical coding schemes using channel state
information are used to show the potential performance on an HF channetl,

1. TNTRODUCTION

HF radio uses frequencies in the range from 2 to 30 MHz. At these frequencies,
communications beyond line-of-sight is due to refractive hendinqg of the radio wave in
the ionosphere from ionized layers at Aifferent elevations. In most cases more than
one ionospheric "layer” causes the return of a refracted radio wave to the rveceiving
antenna. The impulse response of such a channel exhibits a discrete multipath struc-
ture. The time between the first arrival ard the last arrival is the multipath maximun
Aelay Adifference. Changes in ion density in individual layers due to solar heating
cause fluctuations in each multipath return, This time varying multipath characteris-
tic produces alternately destructive and constructive interference. In additinn to
these channel variations, the received signal includes additive noise which may he im-
pulsive in nature and it may also include interference from other users.

To provide successful communications under these sets of conditions requires
sophisticated receivers and the use of error correction codina techniques. This paper
discusses adaptive receiver structures for the HF channel and summarizes some of the
more important error correction coding consideratinns, In Section 2 the important
characteristics of the fading multipath channel are defined including two constraints
which are critical for receiver adaptivity and for extraction of diversity from the
multipath structure, In Section 3 adaptive receivers are discussed for both the neg-
ligihle and significant intersymbol interference conditions. Both coherent and incn-
herent receivers are also treated, In Section 4 some recent results from experiments
on hiqh speed HF modems are summarized, Frror correction conding considerations are
presented in Section 5.

2, FADING MULTIPATH CHANNFLS

For digital communication over HF radio links, An attempt is made to maintain
transmission linearity, i.e., the receiver output is a linear superposition of the
transmitter input plus channel noise, This is accomplished by operation of the power
amplifier in a linear region or with saturating power amplifiers using constant en-
velope modulation techniques, For linear systems, multipath fading can be character-
ized by a transfer function of the channel H(f,t), This function is the two dimension=-
al random process in frequency f and time t that is n%served as carrvier modulation at
the output of the channel when sine wave excitation ac the carrier frequency is applied
to the channel input, For any continuous random process, we can determine the minimum
separation required to quarantee decorrelation with respect to each arqument,

For the time varying transfer function H({(f,t) let tq and f; be the decorrelation
separations in the time and frequency variables, respectively, 1f tq is a measure of
the time decorrelation (coherence time) in seconds, then

1
at = 77?; Hz

is a measure of the fading rate or ovundwidth of the random channel, The quantity o, is
often referred to as the hppler spread because it is a measure of the width of the re-
ceived spectrum when a sanie sine wave i3 transmitted through the channel, The dual
relationship for the frequency decorrelation fd (coherence handwidth} in Hz suqqgests
that a delay variable
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defines the extent of the multipath delav, The quantity o, is often referred to as the
multipath delay spread as it is a measure of the width of the received pracess in the
time domain when a single impulse function is transmitted through the channel,

The range of values for these spread factors for HF communication are

9 = 0,1 - 1.0 Hz

g ™ 0.5 - 5 milliseconds

where the symbol ~ denotes "on the order of",

The spreads can be defined precisely as moments of spectra in a channel model (1}
which 3ssumes Wide Sense Stationarity (WSS) in the time variable and Uncorrelated Scat-
tering (US) in a multipath delay variable, This WSSUS model and the assumption of
Gaussian statistics for H{f,t) provide a statistical descriptinn in terms of a si-gle
two-dimensional cnrrelation function of the random process H(f,t},

This characterization has been quite useful and accurate for a variety of radio
link applicatinns, However the stationarity and Gaussian assunptions are not necessary
for the utilization of adaptive signal processing techniques on these channels, What
is necessarv is first that sufficient time exist to "learn" the channel characteristics
hefore they change and second, that decorrelated portions of the frequency band be
excited such that a diversity effect can be realized, These conditions are reflected
in the following two relationships in terms of the previously defined channel factors,
the dati rate R, and the bandwidth B:

R(b/s) >> ctwuz) Tearnina Constraint

R{Hz2) > fd(Hz) nDiversity Constraint.

where the symbol > denotes "on the order of or areater than",

The learning constraint insures that sufficient signal-to-noise ratin (SNR)
exists for reliable communication at rate R over the channel. Clearly if R ~ o _, the
channel woald change bhefore significant energy for measurement purposes cnuld he col-
lected, When R >> o,, the received data symbols can be viewed as the result »f a
channel sounding signal and appropriate processing can generate estimates of the chan-
nel character during that particular statinnary epoch. The siqnal nrocessing tech-
nigues in an adaptive receiver 4o not necessarily need to measure the channel directly
in the optimization of the receiver hut the requirements on learning are aponroxinmately
the same, If only information symbnls are used in the snunding siqnal, the learninq
mode 15 referred to as DNecision-Nirected, Yhen diqital svmbols known to hoth the
transmitter and receiver are emploved, the learning mode {s called Reference-Dirested.
An important advantaqe of diqgital systems is that in many adaptive communications ap—
plications, adaptation of the receiver with nn wasted power for soundinag signals can be
acenmplished using the Adecision-directed mnde, This is nossihle in diqital systems
because of the finite number of parameters or levels in the transmitted source symbols
and the high likelihnod that receiver decisinns are correct.

NDiversity in fading applications is used t> orovide redundant communications
channels so that when snme of the channels fade, communication will still be possihle
aover the others that are not in a fade. Some nf the forms for diversity employed in WF
systems are space using multiple antennas, pnlarizatian, frequency, and time, These
diversity techniques are sometimes called explicit diversity because of their external-
ly visible nature, An alternate formof dAjversity {s tearmed implicit diversity because
the channel itself provides redundancy. In arder to capitalize on this implicit diver-
sity for added protection, proaper receiver techniques have to be employed to correctly
assess and combine the redundant information, The patential fnr implicit frequency
diversity arises because different parts of the frequency band fade 1ndependently,
Thus, while onc section of the band may ba in a deep fade the remainder can he used for
reliable communications. However, if the transmitted handwidth R is small cnmpared to
the frequency decorrelation interval f,, the entire hand will fade and no implicit
diversity can result. Thus, the seccnnd constraint R > £, must he met if an implicity
Adiversity qain is to be realized. In diversity systems A little decorrelation betwesen
alternate siqnal naths can provide siqgnificant diversity gqain, Thus it i3 rnt neces-
sary for B >> f4 in order to realize implicit frequency diversity qgain althouqh the
inplicit Aiversity qain clearly increases with the ratin R/f,. ‘'lbte that the condition

R << B > f, does not preclude the use of implicit diversity because a bandwidAth expan-
sion techniguo can he used in the modulation nrocess tn spread the transmitted informa-
tion over the available handwidth B, We shall distinguish hetween these low data rate
and high data rate conditions hecause the appropriate receiver structures take 1n snme-
what different forms,

The implicit diversity effect Jdescrihed here results from decorrelation in the
frequency domain in a slow fading (R >> g,) apnlication. This implicit frequency
diversity can in some circumstances be supplemented hy an imblicit time Aiversity ef-




frct which results from decorrelation in the time domain, In fast fading apnplica-
tions (R > o) redundant symhols in a coding scheme can be used to provide time diver-
sity provided the code word spans more than one fade epoch. In the slow fading arpli~
cation typical of HF communication this condition of sSpanning the fade epach can be
realized by interleaving the cade words to nroviide large time gaps between successive
symbols in a particular code word, The interleaving process redquires the introductinon
nf signal delay longer than the time decnrrelation separation tq. In many nractical
applications which require transmission of diaitized speech, the required time Aelay is
unsatisfactorily long for two-way speech communication, For these reasons there 1is
more emphasis on implicit frequency diversity techniques in practical systems, The
receiver structures to be discussed next are applicahle to situatinns where the im-
plicit frequency diversity applies, In a subsequent section we discuss error correc-
tion codina techniques which combined with interleavina exploit the implicit time
diversity of the channel.

3. ADAPTIVE RFECREIVER STRUCTURES

We consider a general modulation system which accepts hinary input data ac a rate
R and converts each qroup of log,M bits into a sample value which can take on one of
M values. This M-ary discrete sample {a ' 1s to be communicated over the channel using
a modulatinn technique which forms a one-to-one correspondence between the sanmple ay
and the waveform structure of a transnmitted pulse. Independent modulation of quadra-
ture carrier siqgnals (i.e., sin 2nfat and cos 2nfut, f4 = carrier frequency) is in-
cluded in this class. An important example with optimum detection properties is Ouad-
rature Phase Shift Keying (OPSK) which transmits the sample set {ap = &1 £i} by chang-
ing the siqn of quadrature carrier nulses in accordance with the siagn of the real and
imaginary parts of the source sequence {ag}.

3.1 Receivers for Channels with Negligible Intersymbol Interference

If each sample ay can he one of M possible waveforms (M=4 for OQPSK), the trans-
mitted data rate is

R = (logy(M))/T

where 1/T is the transmitted symbol rate.

Many HF channel applications are siaqnal-to-noise ratio limited rather than band-
width limited, In order tn maximize signal detectability, only a few waveform choices
are usually employed in these applications. When the symbol period T is much areater
than the total width of the multipath dispersion of the channel, only a small portion
of adjacent symbols interfere with the detection »f a particular symbol. For the slow
fading application, the diversity constraint requires that the signal bandwidth B be on
the order of or larger than the frequency decorrelation interval f,. Caonditions for
negliqgible intersymbol interference (ISI) and adaptive processing to obtain implicit
diversity are then

1
T > 2%, = —=—
t fd

By £y .

When the number of waveform choices M is small, these conditions imply a low data rate
system relative to the available bhandwidth, i.e., a bandwidth expansion system, The
low data rate condition for implicit freduency Adiversity can be expressed in terms of
the data rate and handwidth as

R << B IOGZ(M)

In the absence of intersymbol interference, it is well known [2] that the optimun
detection scheme contains a noise filter and a filter matched to the received pulse
shape, The optimum noise filter has a transfer function equal t» the reciprocal of the
noise power spectrum K(f), When the additive noise at the receiver input is white,
i.e., its spectrum is flat nver the frequency band of interest, the noise filter can be
omitted in the optimum receiver. The optimum receiver for a fixed channel transfervr
function H{f) then contains a cascade filter with component transfer functions

R(E) = ?}—F)—H'(f)

Noise Matched
Filter Filter

where the * denotes complex conjugation. 1In practical applications, signal delay must
be introduced in order to make these filters realizable,

In qgeneral X and H change with time and the adaptive receiver must track varia-
tions, The tapped-delay-line (TDL) filtey is ar .mportant filter structure for such
channel tracking applications. The TDL filter shown in Fiqure 1| consists of a tapped
delay line with signal multiplications by the tap weight w; for each tap. For a band-
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pass system of bandwidth R, the sampling theorem states that anv linear filter can bhe
represented by parallel TDL filters operating on each quadrature carrier component with
a tap spacing of 1/B or less, The optimum receiver can then he realized hy a cascade
of two such parallel TDL Quadrature filters: one with tap weights adjusted to form the
noise filter, the second with tap weights adjusted to form the matched filter, Since
the cascade of two nandlimited lifiear filters is another bandlimited filter, in sone
applications it is more convenient to employ one TDL to realize R(f) directly. In
practice, signals cannot be both time and frequency limited so that these TDL filters
can only approximate the ideal solution. 0One advantaqe of the TDL filter is the con-
venience in adjusting the tap weight voltage as a means of tracking the channel and
noise spectrum variations,

The optimum receiver requires knowledqge of the noise power spectrum K(f) and the
channel transfer function H(f), When K(f) is not flat over the band of interest, the
input noise process contains correlation which is to bhe removed by the noise filter.
Techniques to reduce correlated noise effects include (1} prediction of future noise
values and cancellation of the correlated component, (2) mean square error filtering
techniques using an appropriate error criterion, and (3) noise excision techniques
where a Fast Pourier Transform is used to identifv and excise noise peaks in tne fre-
<quency domain. The problem of noise filtering is usually important in bandwidth expan-
sion systems because of interference from other users as well as hostile djamming
threats.

The realization of the matched filter depends on the amount of time cnherence.
When the learning constraint R >> 9y is satisfied, there is enough time to learn the
channel and the mitched f.lter structure and subsequent detection nrocess can be ac-
complished coherently, i.e., with known amplitude and phase for each multipath return.
As R decreases relative to o, a deqradation due to noisy estimates increases. When
the learning constraint is not satisfied, incoherent detection must be used to avoid
this noisy estimate problem., We consider these twn conditions separatelv.

3.1.1 Coherent Reception, Iearning Constraint Satisfied

When there is enough time cnherence to learn the channel characteristics, an im-
portant realization of the matched filter, a RAKE TDL filter, usinqg the concepts de-
veloped by Price and Green [3], can be used to adaptively derive an approximation to
H*(€). A RAKE filter is so narmed because it acts to “"rake™ all the multipath contri-
butions together. This can be acecomplished using the TDL filter shown in Figure 2,
where the TNL weiqhts are derived from a correlation nf the tap voltages with a common
test sequence, i.e., S(t). This correlation results in estimates of the equivalent TDL
channel tap values. Complex notation is used here in Fiqure 2 to represent the quad-
rature components for a bandpass process. The tap values are compiex in this represen-
tation. By proper time alignment of the test sequence the RAKE filter tap weiqghts
hecome estimates of the channel tap values but in inverse time order as required in a
matched filter design. For adaptation of the RAKFE filter, the test sequence may be
cither a known sequence multiplexed in with the modulated information or it may he re-
ceiver decisions used in a decision-directed adaptation.

An alternate structure for realizing the matched filter is a re-circulating delay
line which forms an average of the received pulses. This structure was provosed as a
neans of reducing complexity in a RAKE filter design [4] for a frequencv-shift-kevina
system. For a Pulse Amplitude Modulation system the structure would take the forn
shown in Fiqure 3. An inverse modulation operation hetween the input signal and a
local replica of the siqgnal modulation is used to strip the signal modulation from the
arriving signal, The re-circulating delay line can then form an average 0f the re-
ceived pulse which is used in a correlator to produce the matched filter output, This
correlation filter is considerably simpler than the RAKE TDL filter shown in Fiaure 2,

In both the RAKE TDL and correlation filter, an averaqing process is used tn gen-
aerate estimates of the received signal pulse. BRecause this signal pulse is imbedded in
receiver noise it is necessary that the measurement process realize sufficient signal-
to-noise ratio, This fundamental requirement is the basis for the learning constraint

R{(b/s) »> o, (Hz}

introduced earlier. If the signal rate R from which adaptation is being accomplished
is not much greater than the channel rate of change g, then the channel will change
hefore the averaging process can build up sufficient siqgnal-to-noise ratio for an ac-
curate measurement. This requirement limits the application of adaptive receiver tech-
niques with implicit frequency diversity gain to slow fading applications relative tn
the data rate. In many HF channel applications the fade rates are on the order of Hz
and data requirements are hundreds of times larger.

3, 1.2 Incoherent Reception, [earning Constraint Mot Satisfied

For data rate applications on the nrder of tens of hits/ second, the data rate R
may not be large enouqgh relative to the Doppler spread o, to accurately estimate the
channel qgain and phase values for coherent detectinn, %his condition is even more
likely in aircraft communication or auroral HF transmissions hoth of which have in-
creased Noppler spread values, When the phase information cannot he estimated, the
communicator generally selects an orthogqonal set nf waveforms rather than the coharent
choices of antipodal or quadrature antipodal. Although hinary orthoqonal siqnaling has
a 3 dB poorer distance hetween transmitted signals than hinary antipodal, this distance




loss relative to binary antipodal siqnaling is improved by usina more yrthnannal waves-
farms, Far M-ary orthogonal signaling in a nonfading channel aonlication, the bis
error probabilitv can be made to exponantially tend to zero when Fy Ny > 2(1n 73 157,
The nptimum receiver however requires a matched filter for each srthogonal wavefors so
there is a siqgnificant complexity disadvantage as " increases.

On a fadina channel, more waveform chnices implies a form of diversity., ‘lwever
in this applicatinon there is a nerformance limit to M hecause unlike the coherent de-
tection case, performance dne« not monntonically impbrove with increased diversity. In
a noncoherent system, A sduare law combiner structure is used to sum the eftrective
diversity siqgnals. Qualitatively when the bhit energy per diversity is not somewhat
larger than the additive noise, a siaqnal suppression effect results, For a fixed
symbnl enerqy, more diversity implies a smaller value of bit energy per diversity,
Nuantitatively, Pierce [A] has shown that the aptimum divarsity in an incoherent system
is approximately

=
b

Dopt h M,

In an HF channel application, the effective diversity order is a functinn of the
channel statistics, In the limit of large signal-to-noise ratins incoherent systems
are poorer than coherent systems by about 5,3 4B {6] when the incoherent system
operates at the optimum diversity, but for other channel conditions the difference will
he larger., For this reason, it is always desirable from a performance viewpoint to use
coherent systems when the learning constraint is satisfied.

The optimum incoherent receiver in an M-ary orthoqonal siqgnaling scheme requires
a noise filter followed by a matched filter for each of the "Mwaveforn possibilities,
The outputs of the M matched filters can be used to form a hard decision or as a set of
soft decision inputs to the decoder. Again a tapped delay line filter is used in the
matched filter to isolate the various multipath returns, Figqure 4 illustrates a ™DL
matched filter for one ot the M-waveforms., At each tap of the ThL, correlation is per-
formed with the particular waveform for this matched filter. The correlation operation
integrates over the waveform symbol period, The magnitude squared o€ the correlator
output at each multipath delay forms the set nf sufficient statistics for this par-
ticular waveform hypothesis. These statistics are weighted by attenuator values which
are a function of the multipath power vs. delay profile. This profile can he estimated
by averaging the correlator output for a particular tap from all matched filters over a
period of time for which the multipath profile remains fixed.

3.1.3 Summary of fmall-ISI Adaptive Receiver

The receiver for this small-ISI example has in qeneral a noise filter to accen-
tuate frequencies where noise power is weakest, and a matched filter structure which
coherently recombines the received signal elements to provide the inplicit diversity
gain. The implicit diversity can be viewed as a frequency diversity because of the
decorrelation of received frequencies. The matched filter in this view is a frequency
diversity combiner which combines each frequency coherently or incoherently.

An important application of this low data rate system is found in jamming
environments where excess handwidth is used to decrease jamming vulnerability. 1In more
benign environments, however, many communication requirements do not allow for a large
bandwidth relative to the data rate and if implicit diversity is to be realized in
these applications, the effects of intersymbol interference must he considered.

3.2 HIGH DATA RATE RECEIVERS

When the transmitting symbol rate is nn the order of the frequency decorrelation
interval of the channel, the frequencies in the transmitted pulse will undergo di f-
ferent gain and phase variations resulting in reception of a distorted pulse.

Although there may have been no intersymbol interference (ISI) at the transmitt-
er, the pulse distortion from the channel medium will cause interference between
adjacent samples of the received signal. In the time domain, ISI can be viewed as a
smearing of the transmitted pulse hy the multipath thus causing overlap between succes-
sive pulses. The condition for ISI can he expressed in the frequency domain as

v hinz) 3 £ 2

or in terms of the multipath spread

Tisec) ¢ 270, (sec) .

Since thelhandwidth of a digital modulated signal is at least on the order of the
symbol rate T *Hz, there is no need for bandwidth expansion under 1S1 conditions in
order to provide siqgnal occupancy of decorrelated portions of the frequency band for
implicit diversity, However it is not obvious whether the presence of the intersymbol
interference can wipe out the available implicit diversity qain. Within the last
decade it has been established that adaptive receivers can be used which cope with the
intersymbol interference and in most practical cases wind up with a net implicit diver-
sity gain, These receiver structures fall into three general classes: correlation
filters with time gating, equalizers, and maximum likelihood detectors,
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3.2,1 Correlation Filters

These filters approximate the matched filter vportinn of the aptimum no ISI re-
ceiver, The correlation filter shown in Figure 3 would fail to operate correctly when
there is intersymbol interference hetween received pulses because the averaging nrocess

would add overlapped pulses incoherently, then the multipath soread is less than the
symbol interval, this condition can be alleviated hy transmitting a time qgated pulse
whose "off" time is approximately equal to the width of the channel multipath, The

multipath causes the qated transmitted pulse to he smeared nut over the entire symbol
duration but with little or no intersymhbnl! interference. The correlation filter can
then be used to match the received pulse and provide implicit diversity (7{. In a con-
figuration with both explicit and implicit diversity, moderate intersymhol interference
can he tolerated because the Aiversity conmbinina adds siqnal crmponents coherentlv and
IS1 components incoherently. Because the of f-time of the pulse can not exceed 1003,
this approach is clearly data rate limited for fixed multipath conditinns, Recause of
this data rate limitation, this type of ISI receiver has had little applicatinn in uv
systems.

3.2.2 Adaptive Equalizers

Adaptive equalizers are linear filter systems with electronically adjustable
para- -ters which are controlled in an Aattempt tn compensate for intersymbol interfer-
ence. Tapped Delay Line filters are a common choice for the equalizer structure as the
tap weights provide a convenient adjustable parameter set, Adaptive equalizers have
been widely employed in telephone channel applications 18] to reduce ISI effects due to
channel filterinq, In a fading multipath channel application, the equalizer can prn-
vide three functions simultanenusly: naoise filtering, matched filtering for explicit
and implicit diversity, and removal of ISI. These functions are accomnlished hy adapt-
ing a Tapped NDelay Line Fqualizer (TDLE} to fnrce sone error measure to a minimum, Ry
selecting the error measure such that it contains correlated nnise effects, improper
diversity combining and filtering effects, and ISI, the TDLE will minimize the combined
effects.

A Linear Fqualizer (LF) is defined as an equalizer which lincarly filters each nf
the N explicit diversity inputs. An improvement to the L% is realized when an addi-
tional filtering is performed upon the detected data decisions, Recausne it i1ses
decisions in a fcedback scheme, this equalizer is known as a Decision-Feedback Fqual-
izer (DFE). The optimality of the DFE under a mean sSquare error criterion and a means
of adapting the DFF in a fading channel application have been derived in (9],

The operation of a matched filter receiver, a IlLinear Fqualizer, ani1 a Necision
Feedback FEqualizer can be compared from examination of the received pulse train exanmple
of Fiqure 5. The binary modulated pulses have heen smeared by the channel medium pro-
ducing pulse distortion and interference from adjacent pulses. Conventional detectionn
without multipath protectinn would inteqgrate the process over a symbol period and
decide a +1 was transmitted if the integrated voltage is positive and -1 if the voltaqe
is neqgative. The pulse distortion reduces the marqgin against noise in that inteqration
process, A matched filter correlates the received waveform with the received pulse
replica thus increasing the noise marqin. The intersymbol interferance will arise fron
hoth future and past pulses when matched filtering to the channel is employed. The IS1
can he compensated for a linear equalizer by using properly weigqhted time shifted ver-
sions of the received signal to cancel future and past interferers. The decision-
feedhback equalizer uses time shifted versions of the received signal only tn reduce the
future 1S1. The past ISI is cancelled by filtering past Adetected symbols to produce
the correct ISI valtage from these interferers,

A qeneral necision-Feedback Equatizer veceiver is shown in Figqure 6. The first
two filters, the naise and matched filters, are the small IST receiver discussed in the
previous suhsection, The noise filter reduces correlated noise effects and the matched
filter coherently combines the multipath returns, The forward filter minimizes the
effect of ISI due to future pulses, i.2,, pulses which at that instant have nnt been
used to form receiver decisions., After detection, raceiver decisions are filtared hv a
Backward Filter to eliminate intersymbnl interference from previous i.e,, nast, pulses.
Because the Backward Filter compensates for this "past" 151, the Forward Filter need
only compensate for "future®" ISI,

When error propagation due to detector errors is iqnored, the NDFE has the same or
smaller mean-square-error than the LE for all channels (91, The errlr nropaqation
mechanism has been examined by a Markov chain analysis (10] and shown to he neqliqible
in practical fading channel applications,

A siqnificant problem in the use nf adaptive equalizers in the HF channel appli-
cation is the requirement for rapid tracking of the adaptive equalizer weights, Simple
estimated qgradient techniques sometimes called Least Mean Squares alqorithms are not
fast enough hecause of the correlation between Signals on the equalizer taps. Because
of this correlation when the alqorithm attempts to adjust one tap, noise fluctuations
result in other taps, This problem can be eliminated through the usr of Ralman fil-
tering techniques (11} or Lattice filter structures (12},

3.2.3 Maximum TLikelihood hetectors

Since the DFE minimizes an analng detector vnltage, it is unlikely that it is
optimum for all channels with respect to bit error probability. By considering inter-
symbol interference as a convolutional code defined on the real line (or complex line
for bandpass channels), maximum likelihood sequence estimation algorithms have bheen
derived [13,14). These alaorithms provide a decnding procedure for receiver decigions
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which minimize the probahility of sequence error. A Maximum Likelihoond Sequence Fsti-
mator (MLSE)} receiver still in general requires a noise filter and matched filter
although these functions can be imhedded in the estimator structure. Fiqure 7 illus-
trates the filtering and sampling functions which precede the MISE. The estimation
techniques used tn derive the noise and matched filter naramcters also provide an es-
timate of the discrete sample response used by the MLSE decoder to resolve the inter-
symbol interference, An implementation onf an MLSF receiver has been described by
Crozier, et, al (151,

The MLSE alqorithm works by assiqning a state for each intersymbol interference
combination. Because of the one-to-one correspondence between the states and the ISI,
the maximum likelihood source sequence can be found hy determing the trajectory of
states,

If some intermediate state is known to be on the optimum path, then the maximun
likelihood path originating from that state and ending in the final state will be jden-
tical to the optimal path. 1If at time n, each of the states has associated with it a
maximum likelihood path ending in that state, it follows that sufficiently far in the
past the path history will not depend on the specific final state to which it belnngs.
The common path history is the maximum likelihood state trajectory (131,

Since the numher of ISI combhinations and thus the numher of states is an exponen-
tial function of the multipath spread, the MLSE algorithm has complexity which grows
exponentially with multipath spread., The equalizer structure exhibits a linear growth
with multipath spread. In return for this additional complexityv, the MLSF receiver
results in smaller (sometimes zero) intersymbol interference penalty for channels with
isolated and deep frequency selective fades,

5. HIGH DATA RATE HF MODEM PERFORMANCE

A series of tests on parallel tone modems by Watterson [lh], and on two serial
tone modems provide a basis for modem performance comparison for a high data rate HF
channel application,

The parallel tone modems divide the Aata intn low rate parallel sub-channels so
that nonadaptive techniques can be used and ISI effects can be avoided. The serial
tone approaches use PSK transmissions and some form of decision feedback equalizatinn
in an adaptive receiver structure,

S.1 TEST CASFS FOR COMPARISON

There is considerable performance data available for the flat fadina (single
path) and the dual fading path suggested by Watterson [16), This latter channel has
two "skywave®" returns which are spaced by 1 millisecond and they cach fade with a 20
Doppler spread of 1.0 Hz, In general the more echoes, the easier it is for the
equalizer to track hecause it is less likely that all echoes will similtaneously hecome
small. The Watterson two path channel has thus become a good standardized test case.
Watterson tested conventinnal parallel tone modems nn this channel and the results are
given in his report [16]. This channel was also used in an evaluation of a Harris Cor-
poratinn modem under USAF Contract “n, FI0A02-81-C-0093 and a SIGNATRM! modem under
USAF Contract th, F30602-80-C-0294. The results from the final repnrts fron these con-
tracts nrovide a comparisnn of present dav serial tone modem technoloqy with the paral-
le]l tone modem approaches tested by Watterson.

All of the modems in this comparison are uncoded except for the parallel tone
1X-190 modem which used a rate 16/25 hlock code., Although the simulators used on some
of the tests were not exactly the same, no appreciable nerformance difference is anti-
cipated from this factor. The fairest comparison is on a peak power hasis because HF
radins are peak power limited. For this reason we use peak bit energy ® p Tather than
averaqe bit energy B, The peak~to-averaqe ratins assumed for the mojgm comparison
were

SIGHATRON (SIG} Modem: 1 dR
SERIAL TONFE
Har is (HRS) lodem: 1 dn
usc-10: 7 4B
ACO-6: 7 4R PARALLFEIL TOME
MX-190: 7 4R

5.2 MODEM COMPARISONS

The flat fading channel raesults are shown in Fiqure R, In the flat fading tests,
the two serial modems compared perfornm almost the same and both gain a laraqe number of
iR nver the parallel tone modems. Most nf this improvement is due to> the peak-tn-
averaqe ratin, The frequency selective fading results are shown in Figqure 9, In these
tests the Harris and SIGNHATRON modem realize almnst exactly the same implicit diversity
when the fading is slow. The performance advantage of these modems over the parallel
tone modems is very large under these conditions,

In comparison with parallel tone modems nnder the faster fading conditions, both
the SIGNATROM and Harris modem still have a siqnificant nerformance qain even over the
coded MX-190 system, Both the Harris and SIGNATRON modems have not included error cor-
rection codinqg,




These results indicate the large performance advantage that can be realized when
adaptive receiver structures are used to exploit the multipath structure of the HF
channel. This fact has heen well known for some time for low data rate applications
where ISI is not too severe but these recent results establish that it holds in high
data rate applications as well,

A, ERROR CORRECTION CODING

Diqgital transmission over fading channels is impaired by additive channel noise
and a fluctuating received signal level which results in poor signal-to-noise ratio
some fraction of the time. When the fading is slow with respect to the data transmis-
sion rate, it is usually possihble to determine the channel parameters, i.e., instan-
taneous received siqgnal oower and additive noise power. Under these known channel can-
ditions, one can do almost as well as a non fading channel by using interleaving to
span the fade intervals. On HF radio channels the additive noise can be impulsive in
nature, Since the impulsive noise durations are much shorter than fade intervals,
burst error correction coding or relatively short interleaver techniques provide pro-
tection against the noise effects. In this review, we will concentrate on the improve-
ment realized against multipath fadina effects,

6.1 INFINITFE INTERLFAVING RESULT, A REVIEW

In a slow fading channel application typical of HF radin conmmunication where it
is possible to track the channel state information, the loss in dJetection efficiency
due to the fading is >nly a few dB provided that the channel is memorvless. Fricson
[17] established this result in a comparison of exponent bounds and capacities for the
fading and nonfading white Gaussian noise channel. Of course if the fading is slow
enough to allow tracking of the channel state information, it will not he true in
general that the channel is memoryless, i.,e,, received symbols will not be independent.
If delay in message detection can be tolerated, interleaving of the transmitted symbols
and de-interleaving of the received samples and the channel state information can pro-
vide a memoryless channel condition with known channel parameters. To show that the
detection efficiency under this condition has only a small Adeqradation due to the
fading, consider the exponent hound parameter (18] for the discrete memoryless channel
which has binarv input u and real number output y.

Ry = ~-loa, | [atw) § /Bly u)?z . (1
x Y

When the rate r in hits per channel usaqe is less than Ry, the bit error prob-
ability is upper bounded by an exponentially decreasing function of the hlock length
for a block cnde or the constraint length for a convolutional code. For hinary sources
and Gaussian noise channels, R, is maximized when the source distribution ql(u) is
cequally likely and the exponent bound narameter becomes

Ry = 1 - loq?(l + 2) (2)

where 7 takes one of two forms depending on whether the channel is fading or not., For
nonfading conditions, the y integration in (1) is only over the Gaussian noise density
and one obtains the well known result for received enerqgy ver information bit Fy and
noise spectral density Ny watts/Hz,

-rEb/Na
2 =ec Gaussian Noise, No Fading (3)

For fading conditions, the y inteqration in (1) also requires integration over
the density »f fading signal strength if it is assumed that this parameter is known for
ecach received y sample, i.e,, de-interleaving of the channel state informatinn is used
at the receiver. Thus, one finds

-rEbs/N0
ds Gaussian Moise, General Fading (&)

where s is a unit mean random variable for the received pover on a fadinq channel. For
a Rayleigh fading received envelope, the power is exponentially distributed which qives
the Rayleigh fading result

z = {1+ rIEb/NO)-1 Gaussian MNoise, Rayleiqgh Fading (%)

where Fp is now the averaqe received hit enerqy. For a fixed rate r and a constant Ry,
the 4B loss due to fading is shown in Fiqure 10 to increase from about 1dB to 3dR as
the signal-to-noise ratio increases.




6.2 IMPORTANCE. OF THE DELAY CONSTRAINT

In many communjcation systems it is unacceptable to introduce delay which is many
times longer than the fade epoch. In speech communications for example, delay must bhe
less than a few tenths of a second whereas HF radio fading channels with speech appli-
cations have fade intervals on the order of a second. This condition precludes the use
of interleaving to produce the memoryless channel which is reqguired to achieve the
detection efficiency of Figure 10, Without interleaving with an average probability of
bit error as the performance criterion, error correction coding does not even look at-
tractive. Say we had a code which achieved capabity on the Gaussian noise channel.
For this code the probability of bit error is zero when sE /Y, is greater than .49
(-1.6 dB} and 1/2 when it is less than this value, The averaage hit ~rror rate is

0.69 NO/Eb
ey P(sids =
0

I =

T Cavacity (&)
0 Code

1
> 15 /0045
1+ Eh 0.69

For uncoded coherent phase shift keying (CPSK) operating under the same Rayleigh
fading conditions, one has for large E M,

= N

—-l‘,' r ) s 0 5
P =35 i erfc\/sEb/Nn, pls)ds = 4Eh' tncoded (7)

CPSK

Vle obtain the rather dismal result that for large signal-to-noise ratio this
ideal capacity code is 1.4 dB worse than an uncoded CPSK system. The average proh-
ability of error criterion results in a large penalty when a deep fade occurs, For
this reason communication systems have historically used diversity, i.e., the trival
redundant code, rather than coding when the delay constraint was present, The loss in
detection efficiency due to fading under this delay constraint and this performance
measure is then very large., Thus, it is important to evaluate the utility of averaqge
error rate as a performance measure.

In many applications information transfer is satisfactory if the bit error rate
is less than some threshold and it is unsatisfactory if the bit error rate is any
amount larger than this threshold. For these applicationns, averaqge probability of
error is an inappropriate performance measure, The concept of outage probahility,
i.e., the fraction of time that the hit error rate is greater than a threshold, is
becoming widely accepted as a more meaningful performance measure for communications.
Under this concept the power qgain due to coding in a fading channel is exactly the
power gain at the threshold value on a nonfadinqg channel. Fven though the coded system
may be poorer than an uncnded system under de.p fade conditions, larae coding gains can
be realized at bit error rate thresholds where practical communication takes place.
Thus error correction coding under appropriate performance measures can provide siqni-
ficant power gain rven when the delay constraint precludes interleaving to span the
fade epochs,

6.3 PRACTICAL CONING RESULTS

Coding qains for practical error correction coding techniques on HF radio chan-
nels must be examined relative to a delay constraint which allows or precludes inter-
leaving over the fading epochs. These fading epochs are on the nrder of 1 second,

6.3.!' Delay Constraint Present

Speech and certain diqital data communication systems fall into this class.
tinder this constraint, error correction coding and modest interleaving will protect
against impulsive noise, However no significant coding gain against fadinn is realiz-
able under an average probability of error criterion. inder an nutage probability
criterion the coding gain is exactly the e¢nding qain realized on a nonfading channel at
the Bit Error Rate (BER) threshold where the outage is determined. An of f the shelf
1/2 rate :onvolutional decoder [(19] with constraint length 7 qives a coding qain »f
4.6 dB at 3 threshold BER of 107", This coding gain drops to 3.8 (iR at the BFR thresh-
old of 1077, Concatenated codes [20] which use a convolutional cnde for the inner code
and a Reed-Solomon code for the outer code can do significantly bhetter, Since this
delay constraint condition reduces to an evaluation of coding gqain on the nnn-fading
channel, only a limited discussion is warranted here. -

6.3.2 No Delay Constraint

We have shown that theoretical performance an the fading channel can come within
1 to 3dB af the non-fadiny channel if we interleave the channel state information as
well as the soft decision outputs from the modem, It is of interest to examine prac-
tical coding schemes to determine realistic coning qains with this approach. Haqenauer
[211 has computed the performance of a rate 1/2, constraint length 7, convolutional
code for different quantitization levels of channel state information and decisinn
values. The following nomenclature is used in the comparison,
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nquantized Decision = Y SOFT (YSQ)

1 bit quantized DNDecision = Y HARD (YH)
Unquantized Channel State = A SOFT (AS)

1 bit quantized Channel State = A HARD (AH)
Ho Channel State Information = A NO (AN}

The result of his calculations are reproduced in Fiqure 11,

This code has a 4.6 dB gain at a BER of 10'4 on the non-fading channel. 1Tt re-
quires an Eb/v:0 of about 7.2 4B under fading conditions when both decisions and channel
state are unquantized, This represents a coding qgain over the non-fading channel »f
about 1.2 dB. The loss due to the fading is then only 3.4 AR, This small loss can be
better appreciated by comparing the coded performance with dual diversitv in Figure 11.
It is also of interest to note that one hit quantization on the decisisns an.d channel
state does as well as unquantized decisions alone.

7. SUMMARY

For many HF communications applications, the channel may be considered tn he
slowly fading. Ve have shown here that when this slow fading is exploited tn learn the
channel, comhined modulation and coding techniques can remove much of the fading effect
even in high data applications where intersymbol interference is a serious problem,
Experimental results have been presented showing successful comnunication using equal-
izer modems in a high data rate application. Fading verformance of practical decndinag
techniques has heen shown to be within a few dB of coded systems nn non-fading chan-
nels,
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EQUIPMENT: ANTENNA SYSTEMS
by
L.E.Petrie
Petrie Telecommunications
22 Barran Street
Nepean, Ontario K2J 1G4
CANADA

ABSTRACT

Some antenna fundamentals as well as definitions of the principal terms
used in antenna cngineering are described. Methods are presented for determining
the desired antenna radiation patterns for an HF communication circuit or service
area. Sources for obtaining or computing radiation pattern informantion are out-
lined. Comparisons are presented 'etween the measured and computed radiation
patterns. The effect of the properties of the ground on the antenna gain and
pattern are illustrated for ceveral types of antennas. Numerous examples arc
given of the radiation patterns for typical antennas used on short, intermediate
and long distance circuits for both mobile and fixed service opevations. The app-
lication of adaptive anter1a arrays and active antennas in modern HF communication
systems are briefly reviewed.

1. INTRODUCTION .

The performance of many HF communication systems is seriously degraded duc
to the use of unsuitable antennas for both transmitting and receiving. The an-
tennas should bz designed to efficiently radiate and receive eneragy in the desired
directions. A method is described to determine the desired elevation and azimuthal
angles of radiation. Souces arc presanted for obtaining antenna radiation pattern
information on typically used HF antennas. The application of prediction tech-
niques is described to determine the best or the most cost e2ffective antenna from
several being considered for an HF service. Examples are presented of the relia-
bility of communications for several types of an‘ennas. The advantages and limi-
totions of adaptive antenna arrays and active antennas in modern HF communication
systems are briefly described,

2. RADIATION ANGLES

Until recently, the desire! elevaticn angles of radiation for a fixed ser-
viie were calculated manually based ‘on the use ¢f a E region reflecting height of
110 kms and a constant F region height between 250 - 200 xms. Various types of
nomograms or charts were used to aid the design engineer in these calculations.

At certain times and seasons, the use of a constant F region height yields sign.-
ficant errors in determining the clevation angle of radiation. In addition infor-
mation on the variance on the elevation angles is required in specifying the beam-
width of the desired antenna lobe pattern. More accurate and additional informa-
tion can be obtained using the advanced prediction methods described in a previous
lecture. The elevation angle is computed for all times, seasons and periods of
solar activity over which the HF service is being modelled. The results of ihese
computations are presented in a statistical form as shcwn in Fig. 1. These compu-
tations are based on the selection of the mode of propagation with the least
transmission loss. From these results antennas can be specified and tvves select-
ed that radiate or receive efficiently at the desired elevation angles. For mobile
services and other types of services providing coverage over a large geographical
area, computations of the elevation angles are done at representative lo-ations
and weighted by taking into account the density and location of the communication
terminals.

3. TYPES OF ANTENNAS

An engineer designing an HF communication system requires information on the
radiation pattern of various types of antennas inorder to select one that meets
the particular needs. Several reports provide graphical information (Dept. of the
Army, 1950; Thomas and DuCharme 197 ' on the radiation patt~rn as a function of
elevation angle at the centre of the main lobe. In these reports, patterns are
presented for antennas typically used for HF communications. The antenna gain in
a specified direction is given by (Barghausen et al, 1969)

4yr Power radiated per unit solid angle
Net Power accepted by the antenna

G = 10 loqlo

The net power accepted by the antenna includes ohmic losses, losses in the ground
below the antenna and the radiation resistance correspondirg tothe power radiated
from the antenna. The antenna gain does not account for impedance mismatch losses.
Vertical radiation patterns are shown for

a) horizontal half-wave dipole

b} rhombics, types A, B, C, D, and E
c) half rhombic

d) inverted L
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e) sloping VvV
f} horizontal log periodic
g) vertical antenna

The three dimensional pattern for all the above antennas can be calculated using
a computer program developed in the U.S.A. (Barghausen et al 1969). For each an-
tenna, the physical dimensions must be specified as well as the conductivity and
dielectric constant of the ground. For example, a rhombic requires specifications
for a feed height, leg length, and semi-apex angle while a vertical antenna re-
quires specifications for length of antenna, length of radials, radius of radials,
and number of radials.

The type of ground generally has a limited effect on the main lobes of the
pattern for horizontally polarized antenna. However for short vertically polarized
antenna, the type of ground can significantly alter the efficiency of the antenna
and its power gain. The effect of ground on the antenna radiation pattern is shown
in Figs. 2, and 3 where for

good earth 3 = 10-2mho/m £ o= 4
poor earth o= 10.3 . = 4
sea water a = 4 < = 80

A recent survey in Canada indicates the following types of antenna are be-
ing used for HF point-to-point communications on short, intermediate and long dist-
ance circuits.

Short Distance Intermediate Distance Long Distance

1000 kms 1000 to 4000 kms 4000 kms
half wave diploe rhombic rhombic
inverted L half wave dipole log periodic
vertical vertical beverage
long wire inverted L
delta

Over 80% of the ground based stations used broadband antennas such as the Delta,
Rhombic, Beverage, and Log Periodic to enable operation at any frequency in the
iF band without a tuning device.

4, ANTENNA SELECTION

Prediction techniques are also used to select the best or most cost effec-
tive antenna fromseve-al antennas being considered for an HF service. The re-
liability of communications is computed for each antenna at representative times
over which the HF service is planned. For each antenna the average reliability for
the representative times is calculated and the best or most cost effective antenna
15 the one with the maximum average reliability. An example of the average re-
liabilities for three types of antennas are shown as follows for an HF circuit
from Churchill to Inuvik.

Type_of Antenna Average Reliability
Rhombic 83.5%
Horizontal Log Periodic 78.4

Sloping V 86.1

The reliabilities were computed every hour of the day for January, April,July and
October and Ry=10,40,70 and 100 in order to simulate the HF communication con-
ditions expected from 1981 to 1985. The Sloping V antenna exhibits a higher re-
liability of communications than the other two antennas. In some cases the design
engincer may wish information on the statistics of the variability of the reliabil-
ity for various types of antennas. Such information can also be extracted from
prediction program calculations. An example of such information is shown in Fig. 4.
The lower values of reliability at certain periods for Antenna $1 compared to
Antenna 42 may be of more importance than the average reliability figures.

5. MEASURED RADIATION PATTERNS

Mecasurements of the radiation patterns for HF antennas are reported using
an aircraft to tow a small acrodynamically stabilized Xeledop ( Petrie, 1978;
Petrie 1979 ). The Xeledop consists of a battery operated transmitter and short
dipole antenna which is towed in a stabilized position enabling the measurement
of patterns for horizontally and vertically polarized antennas. The transmitter
frequency is crystal controlled and can be operated in the Hf and VHF bands. For
certain measurements, a ground based radar is used to measure and control the
range between the aircraft and the antenna. With such a measureemnt facility, the
small scale variations of the azimuthal pattern can be measured for both vertically
and horizontally polarized antennas., In addition for vertically polarized antenna
the small scale variations in the elevation pattern can be measured at specific
bearings such as along the boresite of an antenna. Several examples of the measured
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radiation patterns are shown in Figs. 5,6,and 7. In most cases the main lobe of
the pattern agrees with the computer calculated patterns to within 2 dB when the
electrical properties of the ground are uniform. At elevation angles less than 5
degrees the calculated radiation patterns are at times in error due to variations
in the terrain in the vicinity of the antenna. However in the majority of cases,
the computer programs provide a cood estimate of the main lobe of the antenna but
the magnitude and location of minor lobes are not prdictable with any dearee of
accuracy.

6. ADAPTIVE ANTENNA ARRAYS

An adaptive antenna array is designed to enhance the reception of desired
signals in the presence of jamming and interference. Such systems have been built
and tested in a variety of communications applications including mobile, seaborne
and airborne platforms (Hanson, 1977; Effinger et al., 1977; Reigler and Compton,
1973; Compton, 1978; Horowitz et al., 1979). The utility of adaptive arrays for
communications lies mainly in the ability to reject the undesired signals by vir-
tue of their spatial properties. For a comprehensive basic understanding of adap-
tive antennas an excellent book has been published recently ( Monzingo and Miller,
1980 ).

Many adaptive arrays operate on theprinciple of maximizing the signal-to-
noise ratio or minimizing the power in the undesired signal at the output of the
array by subtracting a reference signal which matches the desired signal from
the array output signal. Various techniques are developed to do these complex
computations quickly and accurately (Reed et al., 1974; Horowitz, 1980; Widrow et
al., 1976). Some of these techniques can be implemented using digital, analogue
or a combination of analoguec and digital data processinag methods. In order to
characterize the desired signal so that a reference signal can be generated, a
predetermined pilot signal may be incorporated into the desired communication
signal. The pilot signal may take many forms: an additive pilot signal, a mul-

tiplicative (spread spectrum) code, a time multiplexed pilot signal, and a pre-
jetermined set of times when the communication signal is not on. In the presence
>f a jamming signal it is desirable to code the pilot using a predetermined secure
code.

The degree of interference protection afforded by an adaptive array depends
on various factors but typical values of protection are about 30 dB., An array of
N elements can provide prot . tion against N-1 interfering signals. Adaptive arrays
which use the LMS algorithm (Widrow et al, 1967) are reported to adapt to multiple
sources of interference in many seconds for a 3kHz signal bandwidth. Arrays pro-
cessing data using the matrix inversion technicues make more cfficient use of the
signal information and adapt in less than a second for a 3 kHz signal bandwidth.
The time varying HF signal environment places certain limitations on the perfor-
mance of adaptive arrays and requires certain array confiqurations in order that
adequate performance is maintained(Jenkins 1982).

7. ACTIVE ANTENNAS

An active antenna consists basically of a rod or dipole and an RF amplifying
device. If the noise level qenerated at the amplifier output terminal is less than
the noise pickup by the antenna, an active antenna system is capable of supplying
the same signal-to-noise ratio as a passive antenna. The atmospheric noise level
from a one meter length rod is generally greater than the amplifier noise when the
rod is coupled efficiently to an amplifier. The advantages of an active antenna are

- The short physical dimensions of the rod
- The wide frequency band of operation (ie 2-30 mHz)
- Fixed output impedance of 50 or 75 ohms

The main disadvantage of the active antenna is the intermodulation distortion
products which are often generated by strong interfering siqnals. The use of VMOS
technology in the design of the RF amplifier will improve the dynamic range over
which the system can operate with out intermodulation products. However, these
distortion products can seriously degrade the performance of an active antenna

in an environment with high RF noise levels,
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HF EQUIPMENT: RECEIVERS, TRANSMITTERS,
SYNTHESIZERS, AND PERIPHERALS
by
Q.C. Wilson
The MITRE Corporation
Bedtord, Massachusetts
01730

SUMMARY

Althoughlong distance communications viasatellites has dominated the last two decades of radio equipmen
development, high frequency (HF) radio equipment is experiencng a high technology renaissance

Satellite svstems now transmit quality fow data rate communications and navigation aids 1o mobile users,
but the low cost and survivability atributes of HF radio are again being recognized. Emerging new systems
automate network operations while adapting to propagation conditions. However, neither new replacement radios
nor new svstems turnish the potential capability of state-ol-the-art components. This paper summarizes the
advances in equipment, svstems, and components.,

INTRODUCTION

Betore the advent of satellite platforms, sophisticated HF propagation and svstem rescarch promised
improved capability during disturbed ionospheric propagation conditions. However, satellite relavs captured the
imaginations and pocketbooks of the communications community in the mid 1960s. Consequenthy, extant HF
svstems aged while satellite svstems were implemented. During peacetime, satellite systems transmit qualiny low
data rate communications and navigation aids 1o mobile users, but thereis now renewedinterestinthe low costand
survivability attributes of HF radio. At this time, when old HF prime svstems need replacement tor logistical
reasons, the need for fow cost communications that can survive jamming, nuclear eftects, and space wartare is not
satisfied. The HF renaissance is the respanse to this challenge.

Logistical replacement procurements which do provide new capabilities are redressing the attrition ot
vacuum tube radio equipment over the last decade. Procuring organizations tvpically compile specitications
comprising state-of-the-art and new capabilities offered by competing vendors. Integrated circuits include micvo-
processor and svnthesizer elements which have fed 10 new circuit architectures, The tirst o the tollowing three
sections describes: Receivers; Transceivers and Antenna Couplers; and Audio Channel Peripherals.

Emerging new svstems automate network operations while adapting to propagation conditions. The second
section describes:

ICS3  Simultancous frequency-agile transmission and reception on board ships

SELCAL. Scanning, and Channel Evaluation  Automatic addressing and path selection

Packer Radio  Autonomous messages find their was through nodes.

SNOTEL  Meteor trails, sporadic E, terrestrial diffraction, aiveratt, ete. allow low probability propagation

to service 500 stations.

These svstems are representative of what may be accomplished o satists specitic needs. The equipment developed
tor these svstems is also unique. More general capabilities may resultfrom the use ot the new logistical replacement
radios and computers. However, neither new replacement radios nor new svstems furnish the potential capabilits
oftered by state-of-the-art components.

The third section, which describes the trontier of the state-of-the-art components, locuses on: Receiver
Dvnamic Range and Noise Figure: Frequency Svnthesizers: Power Amplifiers; Wideband Antenna Systems:
Processors; and Real-Time Clocks.

A network control tacility commonly comprises individual components of superior qualits because space is
not constrained and cost is minimized through reduced labor. However, compromises among performance, size.
and cost considerations are usually necessary for the large numbers of mobile or transportable stations.

LOGISTICAL REPLACEMENTS

Evolving equipment designed to meet continuing needs has vielded significant improvement of receivers.
transceivers, and inputioutput devices. Simplified operations through electronic control is a dominant impetus.
The use of many highly trained manual operators is held to be cconomically insupportable. Operators have other
duties: equipment that relieves onerous tasks such as radio tuning and radio monitoring is welcome. The technical
challenge has been to obtain electronic control without losing the performance available from the best manual
equipment.
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Receivers

The best predecessor surveillance veceivers use ganged. naceowband, mechanical-tuning radio trequencs
(RF ampliticrs and local oscillators. New receivers tune by {focal oscillator ssnthesizers under digital control and
da aot use narronwband RF preselection because electronic preselection introduced so much nonlincarity as to
cattse an inereased noise Hoor composed ot high-order intermodulation (1M products. Images are suppressed by
having a birst imtermediate frequeney (1F) in the vers high Frequeney (VHFY band. The architecture ilustraced
Figure 1 has obtained almost universal aceeptance.

Competitors cancentrate on dvnamic range improvements and on digrtad control and displav. The dominant
performance improvement has been in decreasing tront-end mixer nonlinearitn which is otten specitied by the
third-order intercept point a single dBm level obtained from measuring the 20 — Hintermodulation prodact as
lustrated i Figure 2). Greater than 30 dBmis obtainable by commercial recenvers extubiting 14 dB noise tigures.
This improvement in lincar mixer technology has exposed nonlinearitios in the fivst I filter (which is otten a
natrrowband crystal lattice network). Synthesizer phase noise is now the dominant deterrent to discriminating
againstastrong adjacent signal, as illustrated in Figure 3. The strong signad acts as alocal oscillator with which the
phase noise in the receiser local oscillator “reciprocates™ by acting as the signal: hence the werm “reciprocal
mixing.” The local oscillator svathesizers are a competitive economical compromise imvolving the dichotoms
berween tuning speed and phase noise, but standard specitications oy measurements do not exist norwould thes he
supported by sastem analvsis, The impact of svathesizers will be greater than the advantage of digital trequenes
tuning which can be accomplished through a digital Fregueney counter. Syathesizers can provide arbitracily quick
freguency selection.

The operational convenience of the new receivers is outstanding. Not only are all functions controtlabfe by a
microprocessor at a remote tocation, but checkowt is under sottware control (builtan-est-ecquipment or BITE)
Many veceivers use push-button and or rate-of-scan tuning to aid manual trequeney selection. The comvenience ot
digital frequency selection enhanced by the ability o store Treguencies provides an important reduction in
operational labor,

Table Hists tvpical receivey performance paranieters. Note that digital modem compatibifiny now vequires
specification onoseral time delay as a tunction of frequency within single sideband (S8B) channels,

Transceivers and Antenna Couplers

New transceivers are {ollowing the lead of digitally controlled veccivers. Transceivers continue 10 be
designed primarily with SSB miodalation Jor providing a voice bandwidih channel from which the intertace to
digitad data peripherals is specitied. Fast antomatic antenna tuning is becoming avatlable. The manitestations
these developments follow.

Remote controlled transceivers solve severad prablems. Aireraf e cockpit space is minimal, as 1s indicated by
the relative size of the control box of the HE transceiver components shown in Figure 4. Nate the farge size ol the
antennacoupler which hasbeendesigned toaiveraftcontrot surface constraints. Manpacks need to be controlled
the operator without 1emoy ing the pack. Tactical ground yvehicles ave vulnerable to attack so that remoting control
through fiber optics or wire is provided. The comenience of computer werminal controf through o standard
telephone interface is generally achnowledged by mans users and is available in amateur radio transceivers.

The capability 1o remote the tuning controfs can alsa provide frequeney scanning or hopping. Several
nomenchuured manpack radios have been modificd for demonstrations, but the implementation into o system
unplics systems network concepts which wre gencrally lacking except, apparently, tor several European “stow -
trequencey-hopping™ applications.

Some transceiver architectures alfow separatian ot a smalt manpack transceiver brons the power amplitier.
Others combine the amplilicr and the antenna tuner. The needfor a VHF extensionlor interoperability has resulted
ntransceivers thatextend into the VHF region: but, commonliy, assemiblies of HF and VHF equipment are mounted
together. New equipment extending into the VHF region willfacilitate the use vt diverse propagation modes such as
eround wave, unique dittraction opportunities, and meteor trails. These modes are important alternatives duyving
disturbed conditions. The evolving transceiver antenna coupling and power amplitier contigurations refiect
existing space problems and the new solutions atforded by replacement equipment.

Transportable and mobile anennas have advanced tittle in the last decade bevond the antomatic tuning of
narrowband antennas. Antenna coupler tuning specds of atraction of a second are vbtainable in units which switch
vacuum refavs to prelearned positions. However, rotary mechanisms taking seconds 1o tune are common. inboth
cases, the reliability of mechanical components (exacerbated by high vibration at some aircratt antenna locations)
causes radio maintenance problems.

Since human speech communications does not depend on phase or time delay characteristios, 88B radioand
telephone service practice has been to emphasize sharp amplitude vesponse filters which pass 300 He 1o 3000 Hy
trequencies and strongly attenuate frequencies outside of this region. Phase characteristics which are important
tor high rate data transmissions were not considered in older voice vadio receivers. The transmitter and receivet
channel tilters cause especially Jarge phase shifts near the band edges. This deviation from lincar phase v
frequency causes ringing and consequently intersyimbol interterenee when receiving serial data and leads to
degraded bit timing on parallel tone data.
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Figure 5 illustrates tilter charvacteristios of two models of somthinany transcenver The charadteristios are nat
similar and show vonsiderable ripple. A transminer recener link will have two ol these apertures i randem. A
specitic production run is Tikely 1o have a unigue bandpass charactensuc becmse the technology to abtam the
narrowest bandpass has tvpicalls beenunigue, e.g, amagnetostrictively driven mechanical tilter or covstal Latvice
tilter at an intermediate frequency such as 353k,

Data signal phase jitter can result trom focat osallator instabilitios caused by Tow - Q rumimg circunt s, phase
lock loops, noisv civcuitry, microphonies. ete. Older radios emploving vacuum tubes tar tree running oscblators are
not particularly noisybutalsowere notspeciticd tor this parameter. Microphonies caused by tHight vibraton could
be serious. Transistor oscillator circuits have less microphonics but velatively more theher norse and otten use
svathesizer designs which avcentuate some phase-lock loop oscitlator sidebands. Some commeraial transceivers
cause degraded data perlormance when carrving phase-coherent modulation.

Thenewest militarized transceiver procurements do specily these data transmission parameters The link 11
modem requires higher performance than most other data sastems

Audio Channel Peripherals

Two notable input output devices now being developed or acquired are the small data rerminal and the
secure voice terminal. These peripherals interface with radio transceivers at the audio channel and theretore
include a voice channel modem which puts performance requirements on the transeeiver.

Handheld Data Terminals

Handheld terminals are substitutes tor teleny pe equipment, computer terminals, or trained continuous wan e
(CW)operators. Thev allow off-line composition and editing betore transmission at telets pe or burst rates. Simple
trequency shift keving (FSK) or phase shilt keving (PSK) modulations are tvpical. Danodutation, storage. and
display complete their capabilities. Some convert trom alphanumerics to Morse code and subsequent Morse vode
demodulation. One generates a map trom a plasma display grid. Most use a mintaiure membrane-type telets pe
kevboard butone uses trisvalued alphanumeric kevs and a shitt controlled by the fingers of the holding hand. Figure
6 tllustrates representative military and commercial models,

The development ot appropriate devices will continte tow ards some contigurational concensus Speaulation
suggests diverse possibilities. The Sholes (QWERTY) kevhoard was designed (in 18781 specifically to slow tapists
and avoid mechanical kev famming. The celficient horak kevhoard mas be more appropriate tor mimature
kevboards. Scrolling display kevboards, whichare contingentondigram, trigram, oroperational probabilines and
on shiftkeys, seem likely candidates to reduce the number of kKess.

Data syvstems requiring tast synchronization and burst transmission systems reguire tast automatic level
control (ALC) and automatic gain control (AGC) in addition to lincar phase (constant delay or low ringing) voice
channel filtering.

Secure Voice

The United States has worked towards secure voice communications systems tor 20vears. Earlier programs
included 2400 bits per second (b 'sjvocoder competitions, and the development ol wireline and HF modems designed
to interface with encryption devices, The quality ol the transmitted voice and the cost ot adding three major
additional components (digital voice device, modem. and security device) to radio terminals did not justity
acquiring a general purpose capability until now. The new linear predictive analog-to-digital convertor, combined
with modem and ciphering capability in one package, is a signilicant improvement.

HF modems for high speed data such as 2400 b < digitized voice have evolved toward multiple tone signaling
carrving differential phase shift keving. Serial data modems provide ecconomical service overwirelines:but, on HF
radio networks, multipath delay usualls causes intersvmbol interference. Consequently, paratlel tones having
durations much longer than the expected multipath delay s are favored, even though parallel channels have beenan
expensive implementation. Digital data processing now minimizes the paraliel channel cost penaliy; however, the
lincarity requirements on RF power ampliticrs, combined with the high peak-to-average power ratio ot parallel
tones, degrade svstem performance compared to that with constant envelope modulation modems.

The conflict between maximizing power output and minimizing selbinduced intermodulation nose s
addressed in a new HF modem by hard clipping the ensemble of tones to reduce the peak amplitude and then
providing band limiting. About 9.5 dB of peak clipping provides the best overall pertormance. Nevertheless, new
exploratory serial modem developments may provide perlormance improvements over the parallel modems

The voice data modem need notmaintain better thana 1 1000 bit error rate. Furthermore, come dataare more
important than other data. The HF moden has been optimized Jor sending voice data over HF propagation paths
that protect critical voice data with error-correction logic.

The synchronization of modems and security devices requires several steps which must be especially robust
orreception will notbegin. Preambles comprise svachronization signaling sequences which mav require 1 2 second
for transmission. The svnchronization time may be impacted by radio ALC and AGC time constants and by
automatic antenna-tuning algorithms in some transceivers designed for push-to-talk voice commurications.
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Analog-to-digital conversion of voice for HF now strives for natural voice transmission withina 2400 b « data
rate. Both modem and analog-ta-digital conversion will continue ta receive sttention in the vears to come because
secure voice still signiticantly degrades the ability 1o communicate, especially under marginal conditions whe  the
modem exhibits threshold performance. The possibilits now exists, however, that the modem will permit saperion
performance in the threshold pertormance area.

NEW SYSTEMS

The svstems discussed below describe networks which mav veplace or supplement present conligurations
The great majorits of HE systems operate in point-to-point service or as part ol a limited network of terminals
serviced by a network control station. Svstem frequency agility has been limited by antennas, antenna switching,
and antennatuning. As the new automatic radios enter service, thev will enhance operationof the existing networks
and will be capable of participating in more comples networks through greater frequency Hevibility and through
the ability to choose alternative propagation paths and modes.

ICS3

Navy HF svstems aim towards frequency agility on shipboard plattorms where colocation interterence is a
dominant concern. The United Kingdom ICS-3 program of the Admiralty Surtace Weapons Establishment is echioed
by an attempt by the US Navy to radically lower all self-generated components of the noise tloor. Although this
symbiosisisindicative of a probable new HF networking capability, 1S3 primarily enhances ground wave and <k
wave transmissions through rapid propagation selection and data handling.

Figure 7 contrasts 1CS3 architecture and its predecessor. Frequencey agility is obtained by eliminating the
complex of tuned narrowband transmitters and multiplexers. Instead, a broadband power amplitier and antenna
handles multiple independent signals. Receivers are fed from an active antenna which is small and tocated for
improved isolation from the transmitting antenna. Control is enhanced by computers.

The ICS3 related programs spawn new hardware of revolutionary capabilits. That cquipment. in turn,
should enable networkscapable of controlling link emissionssoas tominimize self-interference and notice by other
SPpUCtTum users,

SELCAL, S ing, and Ch 1 Evaluation

Large SSB voice networks that service aircraf tseek toautomate HF communications. Eliminationof channet
monitoring (an oncrous additional dircrew dutyy and automatic addressing at the mobile terminal via a digital
preamble (SELCAL) are collateral improvements now being tested along with a scanning svstem which picks the
best of alternative paths and trequencies as determined by channel evaluation. Channel scanning tor occupanes
originated in VHF equipment and is now available from several HF manutacturers. Channel evaluation algorithims
are often proprictary and are under continued development.

Link quality can be assessed via the use of one or more measures such as: signal level, signal-tosnoise ratio,
digital error detection, sounder signal parameters (timing and time delas continuity), and memors of recent
assessinents. The requirement is to vecognize a desired signal and 1o vate it among alternatives which mas he in
ditferent bands or from alternative paths or modes. Signal fading and noise variations preclude accurate single-
channel measurements in less than several minutes; quick measurements require using several requencies
simultancously to obtain frequency diversity. Therefore, @ memory table is otten the tinal arbiter ot channel
selection. One scheme gives greater weight to recent measurements.

Nu HF networks have been avtomated using scanning although demonstrations involving several terminals
have shown hardware feasibility, Analvsis of Jarge networks is Tacking. Clocks are not proposed so that all possible
combinations and {requencies may need scanning. Figure 8 show s a proposed scanning scheme which requires 0.5
second per frequency,

A prognosis for the use of scanning for adapting to ionospheric conditions is that the advantages of automatic
alternative routing via the best frequency and path will be utilized in limited networks but timed svstems will
provide access within large networks.

Implementation of SELCAL and scanning technigues can take place through the remote electrical capabali-
ties of new replacement radios. Add-on Funding for aircralt terminals mav be anticipated tor interim advantages it
the ground network control stations can be reconfigured economically. Ultimately, programs such as ICS3 answer
more needs.

Packet Radio

In contrast to SELCAL and scanning schemes, packet radio is a complex computer data exchange relaved
among many line-of-sight (LOS) radio nodes. An “L-band”™ svstem was chosen tor its frequency assignment
availability and in consideration ot exchanging 1000-bit data packages in microseconds. Table 2 lists hardware tor
this cooperative network development, which is already influencing the international HF community.

Packet messages carry their own addresses to allow the message to seck a path through several nodes. The
dominant network concerr: is to avoid overload disasters. Message loops are eliminated by protocols which keep
track of tragsidion through “tiers.” Overload is minimized by “transfer point” routing and by <lowing the pace

J
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understress. Unknown routes may beascertamed by Hoadig " requesis tor routing aid Present miplementations
use relatively tew nodes and repeaters focated ar highlv visible Tocations, In tact, test network sizes are moe
appropriate tor HE The reliance onaliernarve parallet routes to the nest nen will be of mnerest toautomatic b
network designers,

Figure 9 showsapacket radio comprising antenng, REmaodule and processor module The processorswould
be adequate tor the message handling tuncuon inan automatic HE vadia

SNOTEL

SNOTEL is a metcor-burst communications sustem which relavs snow cover data trom over 00 remote
mountain data collection sites in the Western United States 1o acentral processing tacshiny in Oregon. s notable
{or the size of the network (see Figure 10y the transient and diverse propagation path modes, the small remote
teeminal. and the speed of installation. Furthermore, it provides anargument agamst the arbiras himomg ot HE
cquipment to 30 MHz. HF alone does not provide the adaptiviee desived tor communmicating duning disturbed
conditions. Extending new HE cquipment capabtlits intothe low VHE band s expected tomiprove the use ol the Hi
VHFE border trequencies by atilizing ionospheric propagation ubove the masimum usable trequency (MU
sporadic E, meteors, dittraction, ground wane. and evenretlecnons ol b atreralt

All the above propaguation modes are exeraised By meteor burst commumications systems, but the donmimant
design consideration has been the transmission of a packet durmg a meteon trail ite ot less than a second Metean
availability is aseasonal md divmal vanable which complements HE propagation The SNOTEL remiote tevminal
generites 300 W to send 20000 b s PSK transonsston in 0 1 second. The Tosw duts avele allows o solar-cetl remote
terminal power system. Figure hillustranes the portable test termumal

Thenetwork intervogation protocol makes use of the inited propagationfootprint attorded by mcteors and
protects against continuous propagation attorded by ground wave and some dittraction paths approachimg tog
miles. Although the systearesperiences dithiculnies with auroral comditions it successtallv imterrogares 900 ol the
tield in minutes even though network and modulation are not soplusticated

The impactol SNOTEL is the demonstrable cconamy ot asimple data termimal which uses nany propagation
mades in the relatively unused HE VHE bo.der frequencies. SNOTEL demonstrates that alew network control
stations have a strong probability of communicating with a mobide teemnnal within a tew mimutes

NEW COMPONENT TECHNOLOGY

cw svstemconcepts have promoted componenm improvements which realis tepresent new capabibities The
1CS3 analy sis recommended that the lincanity ol receiver miners and ol power ampidices be matertally improyed
and that the phase noise of tast hopping synthesizers be reduced so that the noise tHoor caused by colocaied
cquipment would approach atmospheric noise. Some of the reports from development programs are now
appearing.

Wideband HF antennas are not new, but innovations are under ivestigation. Some wavs 1o obtan o
wideband capability are described in this sectinn,

Computer processors provide the key toenhancing adaptive communications The procescors need mating to
anadog radio equipment and to real-time clocks. Trends are discussed below

Receiver Dynamic Range and Noise Figure

Although the new trequency-agile receivers exhibit good dyvnamic range, nosse figure sullers, Required
receiver performance is very much related to svstem requirements. For example, the thitd-order intercept point
increases in importance as the level and density of unwanted signals increase aboard warships where sensitive
receivers are operated in close provimity o high-power teansmitters. An additional problem speditic to receivers
colocated with transmitters is that of receiver tront-end protection. Current shipboard imstallations ot ten include
pads in the receiver antenna leads to minimize the problem. In other cases, inefficient receive antennas such as
short active whips) are used. These approaches assume the presence of an excess of wanted signal-to-norse ratio;
this assumption is inconsistent with scenarios imvolving ground wave propagation and excessive ionospheric
absorption resulting from nuclear blasts or from naturally occurring phenomena.

The newest diode mixers allow svstems o obtain +33 dBm input intercept points but sutfer 12 dB noise
figures. Diode mixer loss contributes directly to the noise figure along with various dircait inserton losses such as
those from the first IF filter.

Twocircuitapproaches toachieving low noise tigure and large dynamic range are touse alow -noise. low -gain
amplificr in tront of the mixer and to use mixers which exhibit gain. Varactor up-comertor misers have been
cmplovedin HF systems whichexhibit 6 dB noise tigures and 20 dBm intereept points. Ampliticrs are characterized
in Figure 12by noise ligure, and third-order intercept point. Apparentiy, 2dB higher noise tigure is traded tor about
10 dB greater signal handling capability. In general, the use of an amplifier provides a range of compromise
Filtering can help decrease intermodulation products trom interterence sutticiently far trom the signal frequenc
High-power. agile, programmablefilters have beenunder rescarchtor ultra high trequency iCHE transmutters but
not tor HF receivers.

One svstem approach 1o ameliorating nonlinearities is to use a programmable attenuation ahcad ot the
receiver soastooperate alwavs at the pointat which receiver noise has just begun to degrade pertormance therebs
alesserintercept puintspeciticationis passible. Anotherapproachis to provide botha low noise tigure circuitand a
high intereept point circuit and to select the appropriate mode depending on propagation conditions. Electronic
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switches are somewhat more linear than the bestamplitiers and mivers and do not introduce nonlincanties ot the
magnitude caused by AGC control of ampliticrs. Finallv Jow noise s more important an ligher trequencies where
intermodulation may be less.

Frequency Synthesizers

The nrogrammable trequency santhesizer pertorms the Tocal osallator tuncnon in frequencs agile and
trequency hopping svstems, Hence, they are used in both transminier and recenver subsasiems Tunmng speed
isettling timeyand spectral purity (particularly ott-tune residual phase nosserare the two most important parame-
ters. The bormer sets the limit on channe) scanning or bopming rates and the Latter inuts the selecnvm ol receners
operating in an environment of noisy, high-level, oft-trequency mterterence This later problem occurs even it
transmittersignals are pure tones because of rediprocatminvng wherebs abttune ssuthesizernoise signals nus with
olf-tune receiver input signals to produce the recenver TF frequencys tsee Freure 3

Two basic kinds of ssnthesizer have evohved. One s the indirect santhestzer winch utilizes phase-lack foaps
and henee tends to have a relativels Jong setting time tgood perlormance is i the ovder of T sy The other s the
direct synthesizerwhich uses miving filtering processes which settle quichly anthe orderot tens ol nucroseconds
The refatively poor norse pertormance of carly divectsvnthesizers has now been bareely overcome and essentiath
cqual noise-Hoor pertormance is now anvailuble tromcommeraallv avalable units ot both tpesiphase nose thoor m
theorder of 13510 [40dB below the desiredoutputs, However. the directsvnthesizer issoll sigmibicanth mor e costh
thun the indivect type.

Note that despite what has been achieved, and despre the unhitn ol ssonthesizers m modern ssstems noise
Hoor pertormance stillneeds 1o be improved (by an feast 20dBianeduce the eHiedts of recener reaiprocal mang in
a high noise environment and to redace the neise bandwidth of colocated transoanuers

Frequenoy suathesizers tor communications pi poses are usually builvintothe commumcations iecencron
caeiter but, because of their usetulness as Liboratory cqupment, several supenior commetcral devices exist as
~tand-alone units. The performance noted inthe toregoing paragraphs generally applies to these stand-alone umits
Noise performance of built-in synthesizers iends 1o be poorer than tor laborators oy pe equipment osee Praure 131
Synthesized communications reccivers and transceivers currentls avadable use phase-doch foop suvstems which
exhibit several millisecond tuning times rather than the several microsecond tamng tmes that are available
through the use of Targer and more expensive divect frequency ssnthesizers Furthermore, then perfotmance is
tregquentls poorhy documented New competitive designs are underwany which make use ot novel highspeed, Laree
scale integration (LSH count-down civcuits which aid pertormance theouph the tropooved corcunt architec e than
they permit.

Standards are required{or specitving all aspects ot spectral puriy and setthing time both tor stand-adone and
built-in synthesizers,

Power Amplifiers

Most power amplibicrs (PAs in mihtaoy use cmploy vacuum tubes, Output stages are tuned o mmimize
harmonic, intermodulation product (IMPy and other sputious and wideband noise outputs, Tunimg s tvprealby
accomplished through use of servo wstems whach are clecniomechanical in nature, and are theretore relatney
slow on the order of 1010 30 seconds to tune across the HE bandiand can be relatney unrchable

Alternativelhy, wideband ampliticrs have been produced. with carly models using distributed transmission
line technology. These sufter tromrelatively high harmomc IMP and sputious outputs as well as trom swideband
noise, However, since they eliminate the tunction of PA output tuning, they permit ssstem tuning times gover ned
only by settiing times within the signal sources and by the charactenistics of associated antenna and coupling
networks.,

A compromise approach is 1o use wideband technology at the lower power levels and switched halt-octave
output liliers. The fattevhave the characteristics that tor any giventrequency withina halt octave, all harmonies lie
outside the selected halt-octan e pass band. Thisapproach permits implementation of anampliticrhaving improved
harmonic and spurious characteristios, essentiallv instant tuning within any of the halt-octave bands, and band-o-
hand tuning as tast as the transter time ot the vacuum relass required for ssatching tibout 23 misy, Reducing this
switching time through the use ot diodes Bas been demonstrated at UHFE but not at HE. Additionaliv, there s the
question of spurious products resalting trom the nonlinear diode characteristios.

With the deselopment ol RF power transistors, i new linear RE power ampliticr architecture has emerged
whereby the outputs ol a number of relatively low-power modules are combined using 90° hvbrid couplers 1o
produce a high-power unit, tvpically several hundred watts. The svstem is wideband throughout, permitting
essemtially instantancous brequeney selection, and mas be titted with output halt-octave tiltering to reduce
spurious emissions, as noted carlier. A major advantage of this architecture is that output models cantail without a
resulting catastrophic svstem failure, I there are tour output modules, Lailure of one module results inadosc ot one-
halt of the output power. The important concept ol gracetul degradation of performance can be supplemented by a
capability for on-line module replacement. thereby minimizing PA down time.

PA units for use at HF are currently designed for lincar operation amplitication of 8B signals. Such
operation permits cass implementation of output emission level control through manipulation ot low-level input
signals, minimizes output filtering requirements, and muimimizes interactive generation of spurtous signals by
multiple cotocated PA units (for example, inships). The serious problem of colocated equipmentin the ICS3 sy stem
has prompted recent activity to produce better tinearits and lower noiser through the use of feed-dorward
technigues. Figure 14 show s ablock diagram of the technigues. Delay fines allow comparing the desived signal with
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the amplitied signal and inserting a lower power correction signal. At the present time, 80 dB suppression of two
tone, third-order products has beenobtained tor 300 W peak eticctine powertPEP at S MH/. Pertormunce is poorer
by 20dB at 30 MHz. Unfortunarely efficiency is fow tless than 1020 hence mobile cquipment pertornnce would
sutter.

Inaddition to discrete spurious emissions, wideband noise can present a problem. parncular v for ssstems
which require colocation ot transmitters and receivers where wideband nose trom the PA interteres directis with
wanted low Tevel signals at the receiver,

Maodern PAs do not sutter damage from output mismatch. Circuiteny can now be provided 1o sense the
mismatch and tarn ot the input signal hefore damage occurs, eventor open-citcuit or closed-cireuit conditions A
wideband ampliticr approach uses 907 hvbrid corcuits to dissipate tetlected poser ina danee s load

The use of linear class-A RE poscer ampliticr crcuit operation prohibits achievement of the higher etticien
viesoltered by class B.Coor D nonlincar civeuits, Efticient nonbincar amplitiers thatcan be programmed to operate
i a hincar moade have been imvestigated but are not avaalable Etticienoy appears to require tuned arcuits and
constant enmvelope modulations. However, 7 dB ol improvement tor portable power-limited transmitters and
jammers is available through etficient transmitters.

Lincar TKkW PA units, acailuble commerntcallv. are capable ol frequency-agile operations over the entite HE
band These users previde acceptable harmonie suppression over reasonably low-levelintermaodulation proaducts,
mismatch protection, and utilize the principles of gracetul degradittion of pertormance and online PA madule
replacement

Wideband Antenna Systems

I proposed widebund adaptive HE svstems calibived antenua gain and climination of mechanical tuning
are more important than ehbiciencs

Poorls calibrated comentonal antennas require Largen poser margins by imcreasing sostem uncertatitios
Accurate antenna calibration is expensive and magnities the bookheepmg problemwith attendant increases i the
amount of memory gnd computation required to mplement realime ounimum power adaptations. A tully
adaptive HE system generalls operates anlow power and does not require cthicent antenna structures, while well
behuvedantennus canenhance system performance and the prospects ol quict operanon. Usingidentical and nearls
colocated transmit and receive antennas simplifies the bookheepimg probleniin sysiems that assume propagation
path reciprogity.

The fnge invenied cone is an international antenna used 1oy sounding and monitormg that will undoubtedis
be used tor many more sears. The tact that such antennas are notnecessarth well-behaved is imiportant i path loss
measurements and in systems emploving power control.

Figure 15 describes an airborne pattern testing contiguration used tor inverted-cone antenna calibration
The antenna was exercised by o transmitting antenna towed trom ahelicopter thving sysenitic concentric
mancuvers about the imverted cone. A sl sronopele on the ground was used tor comparson. Results of the tests
are shown infigures te and 17,

The inverted cone exhibits pood loading properties and accommodates very high transmitter power
However, theactual gain characteristics o) the popularinverted cone supported trom six poles diverged considera-
blvirom expectations and specifications, Figure 16 shows the vertical antenna gain in decibels (overisotropicyas a
tunction of trequencey and elevacion angle. The largest gams were several decibels ower than espected . Also. notice
the tairly wide variations between equal-gain contours at i constant fregueney ot constant elevation angle. Two
nulls onthe order of 13 0r 20d8 are apparent. Fortunatehy, both these nulls are outside the usual operating vegilon.
which roughly includes frequency and elesation angle pairs below the straight line. Evenin this region the antenng
gaincanvary by several decibels, especially atthe fonerelevatonangles. Such datawould have o be stored toreach
amenna emploved in HE svstems measuring path loss,

Variations in the horizontalls-polarized inverted-cone antenna gain were truby dramatic, as depicted
Figure 17, According to the antenna specitications, there shoudd have boen ¢osentialis no horizontal gain and less
than tdBrariation with azimuthal angle invertically-polarized patteons, Exen the vertical gain had several deaibel
discrepancies at ditterent azimuths, Again, such data must be part of any accurate path loss measurements.

Other broadband antennas are lustrated in Figure 180 Recent approaches include tuned-trap antennas
which intentionally introduce resistive loading. Figure 19 shows the performance of a tuned-trap antenna
developedtor ICS3. A voltage standing wase ratio(VSWRjless than 3.5  over the hrequency range of 610 20 MH/ <
obtained at eticiencies near 40%.

Asimple. clectricalhv-short monopole inductively loaded inthe middle exhibitsimproved overafletficieney af
it is resistively loaded at the base. Figure 20 shows the performance improvement ol an antenna 3 m high
Combining antenna loading and a lat monopole produces the Smith chart pertormance shoswn in Figure 21
Considerable freedom is available towards developing improved tield antennas having acceptable loading
properties.

Frequency-agile antenna couplers mas not be necessary for treguenes hopped emissions. The bandwidih of
couplers may be approvinutels 1 30ob the center frequencs . Hopping within the bandwidth is appropriate tor HE
ionospheric propagation. Resistive antenna loadiog can improve the bandwidths avaalable Alternatinely, several
antennas can be used.

- o ———— e~
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For most sostems, yeception requires greater geihits than transmission: Recenome antennas can be muade
broadband through impedence nuatching and actve cloments There e now many commmiereta! and mditarny
versions of the chort elecorical antenna coupled by transtormer and or ampliticr to o tiansimission line

Processors

Digital control svatems provide the nervous svstem tor modern HE suostem designs They andhestate
automatic adaptivity, timing, frequency hopping, channel cuvaduation, cadiated-power lesel controlintormanon
tlow control, packet and other protocols, and other control functions requited ura modern HE adaptive sostem
Specialized computers have been provided in those tew adaptise svaems sotarmvestzated

Anew general class of cquipment knownas microcomputersovinstrumenteontrollershas recenthy emeraed
One of their functions is to control and or monitarother instraments. Thes have beenused tor control ot recen et~
and communications systems but may not be suitableior the more sophisticated sa~tems. However the primciple ot
using a central controller is now well established and enderstood. Teappears that BASIC i< the sottware language
and the RS-232C and TEEE 488 bus are the external intertaces selected by the controller design communits. BASIC
language interpreters are sfow; therefore, machine language subroutines are necessan dar bast tunctions such as
timing and data transter. Fast digital operations are hest accomplished by using the internal bus structus e ot these
computers, Interactive functions are accomplished by well-known higher-leve) langnages

Sinceinstrument controflers and communications ssstemeontrollershave impartant ditterencesiespediat s
regarding real-time tunctionsy, the need toconsider suitable architectures inthesc arcasis clear. There arevintualis
nooperational militars systems which use tully automatic central controllers. Experimental svstems are usually
based on 1e-bit military or commeraial minicomputers,

Real-Time Clocks

Knowing the expected time-of-arrival of commumications and navigation siwnals tacbinates ssnchronzanaon
ot demodulator circuits and thereby increases message throughput, Electronic clochs are mcreasingy seenin new
communications svstems as well as innavigation aid cquipment. Calendar Clochs and timers are otten available in,
orasa printed-circuittPCycard accessory tor, instrument controffers, but then accuracies and resolutons are salt
mostly unacceptable for communications or navigation uses. Ssvnthesizers, receners, and transceners nahe
provision for connecting external precision clocks 1or trequeney tuning accuracy. These several needs, ie .
trequency control, operations clocks, and signal ssnchronization. can be aided by using g standard cdock v cach
terminal.

Elcctronic clocks provide three classes ot capabilitnn . TV stations employ high-accuracy, prmuaey standards
(cesiumy to avoid disturbing the TV display when switching between unsynchronized program sources and when
nonlincaritios in frequency multiplexsed civeuits might cause moving distractions. Mobile terminals, constrained
b size, cost, power, and warm-up time, trequently use temperature-controlled ervstal oscillators Animtermediate
capability is available in small, rubidium gas standards.,

The cesium primary standard exhibits nodrittand is suitable for farge control stations swhere it pravides the
reference for the network. The standard is genervally vack snunted and kept on continuous!y in o benign
covironment. A rubidium gas oscillator provides an order of magnitude less accuracy ina 12-0m cube pack ge at
about 1 3 the cost of acesium standard. An oven-controlled crvstal oscillator ina 7om cube provides 1100 the
accuracy of a rubidium oscillator at 110 the cost. The latter two osallators are secondary standards, i.c.. they
require periodic adjustment as indicated by the vising curves on the right in Figure 22,

HF propagation ty pically exhibits propagation delay dispersionof less than 2 mswhich corresponds toa path
length variation of 600 ki An illustration of tvpical clock usage is the obligue sounder where the stepped treguenac
transmitter emissions and receiver tuning should yemain in svnchronization without operator intervention
Accuracs of 1 ms canbe maintainedforapprovimately 30davs, Sdavs, or Fhourtor the cesium, rubidium, orcrvstal
ovenclocks, respectively, it the kuter tno clocks canbe calibrated at least once avear. Anotheresample isa 24000b «
svichronized data system which imposes a bit timing accuracs of about 40 gs and can be mauntaimed tor 2 davs, 3
hours, or 3 minutes (for cesium, rubidium, or crvstal oven clocks, vespectivelyyduring the absence ot a signal

The circuits which intertace between processor and clock are an important consideration since clock tnuing
man be degraded by the number of computer oveles required for tunctional control. Theretore, a commumcations
clock will probably require a direct-memors-aceess (DMAY interrupt intertace with the internal microprocessor

bus.

CONCLUSION

Radio equipment is efectronicafly controllable by small computers. New communications systems which
depend on clectronic agility are in experimental stages. Analog radio circuits are being developed tor these
computercontrolled svatems, The intertaces between computerand analog radio circuits arc asvetill detined but a
new architecture is eyolving which provides increased agiliny and adaptivity in HE VHE systems,




Scnsiniat
Lincarity

Reciprocal
Mining

Tuning Speed

Extrancous
Responses

Spurs
Bandpass Time
Delay

Control

Built-in-Test

Development
Number

Net Timing

PN Code

EDAC
Processor
Memors (byvites)
Size (ft')
Weight (Ib)

Prime Power (W)

RF Band: 1710-1850 MH/, XMIT Power: 10 W, Bandwidth: 20 MH/

Table 1.

05 tor T0dBIS + NoN(BW = 24 kH»)

Typical Receiver Performance

+20dBm third-order intercept tonr 2 ecqual tones at 30 hHz and o0 kH/z Hrom Channel

90 db suppression of tone 3ERHZ trom 2.4 Kz Channed

Less than 23 s

R0 dB suppression of images. TF frequencies, ety

Not maore than ten 3dB above recenver norse tHoog
None greater than 10 dB above receiver noise tHloor

Less than 0.5 ms variation between o00 Hyz and 2700 Hy

All remoted Via RS-232C, TEEE 4838 or BCD parallel

Function level

Table 2. Packet Radio Evolution

Experimental
Packet Radio
(EPR)
1974-1977
R
Asynchronous
Fized
CRC
IMP-16
7K
13
40

40

Improved
Packet Radio
t1IPR)

1976-1979

27

Asvnchronous

Fined
CRC
TI-9900
16K
1.7

S0

100

Value Eng
Packet Radio
{(VVPR)
1980-1982
18
Asvnchronous
Fined
CRC
TI-9900
22K
1.0
0

100

Low Cost
Packet Radio
(LLPR)

19811983

3

Asvnchronous
DES Driven
CRC FEC
MC6eR000-Like
32-64K

0.15
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PROPAGATION II. PROBLEMS IN HF PROPAGATION

by

E v Thrane

Norweaian Defence Research Establishment
P 0 Box 25, N-2007 Kjeller, Norway

ARSTRACT

The ionosphere is not a perfect reflector for HF-waves, and the lecture will review some of the
resulting propagation problems. Some of these are encountered during undisturbed ionaspheric con-
ditions, such as multipath reflections, but most problems are associated with ageaophvsical disturbances.
Solar flares and assaciated magnetic storms cause absorption, low MUF (Maximum Useable Frequencs',
scatter due to irreqularities etc. The ionasphere is particularly variable in high latitudes where
auroral phenomena influence the reflectinag properties of the ionospheric lavers. The lecture discusses
the presently available short term forecasting techniaues, and it also deals with possible wavs of mini-
mizing the effects of ionospheric disturbances, such as path and time diversitv, the use of earlv war-
nings, and back-up systems.

1. INTRODUCTION AND OUTL INF

The ionosphere is by no means a perfect mirror for HF-radio waves, and the purpnse of the present
lecture is to discuss saome of the most important propagation related problems i1n Hf communicatisn., Some
of these problems are caused by the inherent properties of the undisturbed normal ionosphere and its
variations in time and space. 0ther problems are related to disturbances in the ionosphere causinn
irreqular and often sudden changes of the propagation medium from its normal state. The lecture will
deal with these problems separately, The genphysical disturbances are most freauent and severe 1n hinh
latitudes, and a special section will discuss high latitude propanation.

In the companion lecture we have discissed the lonag term predictions of monthly mean 1nnospheric
parameters. There is a need for short term forecasts for periods of davs, hours, or even minutes, to
allow the operator to adapt to rapidly changing conditions. Some techniaues for short term forecasts
will be discussed., Finally, discussion will center on the possihilities of avoiding or minimizing the
propanation problems.

2. PROPAGATION PROBLFMS DURING NORMAL , UNDISTURBED IONDSPHERIC CONDITIONS

In this section we shall discuss some propaqgation problems encauntecrsd in the narmal, undisturhed
ionosphere. The distinctinn bhetween undisturbed and disturbed conditions is bound to he somewhat
arbitrary. For the purposes nf our discussion, however, the ionosphere is undisturbed, nr normal, wheo
no distinct geophvsical events, such as solar flares, or maqnetic storms can be identified, llnder such
conditinns, the critical frequencies, the laver heights and the ionospheric absorption show no larae
deviations from the monthly mean values, as predicted by the ijonospheric models discussed 10 the rom-
panion lecture,

2.1 Multipath propaqation

Fiaure 1 illustrates a tvpical situation in which several propagation modes exist simyltanenasty,
and the received siqnal is a vector sum of electromaanetic waves arriving at the receiver from Hiffere t
anqles, with different time delavs, amplitudes and polarizations. The result may be severs distortinn
of the sianal, for example deep and rapid fadinqg. Such fading mav occur because the different sinna!l
paths change with time in different ways. In order to detect the resultant signal abnve the backarogra
noise, a larqger transmitter power mav be needed than in the ahsence of multipath propaqation. Ffre-
quency allocation in the HF band is based on a 3 kHz channel spacing. Within a 3 kHz bandwidth the
fading may not be correlated at different freauencies. Thisg selective fading can produce distortion 1f
the carrier wave fades to a level below the side bands. Selective fading in a 3 kHz handwidth channel
occurs when the time delay between different paths exceeds 500 us, that is when the distance i1n path
length for the modes exceeds 150 km.

Different modulation techniques are affected in different wavs bv multipath fading., Analoque
voice transmissions are relatively insensitive to selective fading, whereas digital data transmission i1s
strongly affected by fading, even for time delay differences as short as 50 uys {path length difference
of 15 km).

Fading due to interference hetween different rays freguently occurs near the skip distance, that 1s when
the transmission frequency is near the MUF of the circuit. As discussed i1n the companion lecture, high
and low angle rays tend to converqe near the skip distance. Fadina may also be caused bv the inter-
ference of ordinary end extraordinary magnetoionic components of the wave, since these components follow
different paths through the jonosphere, Fiqure 2 shows an oblique incidence ionoqram in which the delav
time over the path is recarded versus frequency. The situation is complex with manv modes present,
Fiqure 3 illustrates a similar situation as observed at one frequency (8 MHz),
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2.2  fffects of 1onaspheric tilta

The models described in the companion lectuyre assumed that the 1anngpheric lavers are parallel *o
the earth's syrface, Tilts, that is horizontal aradients in the electron denarts, are, howpver, ser,
important for radio wave propaaation, !arage scale horizontal aradients, such as the dav-night tran-
s1tion reqinn near the terminator, mav cause deviations of the rav path fram the areat rircle path het -
ween transmitter and receiver, with corresponding changes in sianal characteristics, Similar probhjenc
are also encountered for propaqgatjon along the auroral zone, Such propagation 15 difficult to model,
hecause the effects depend stronqly on path geometrv and herause the ionasphere chanaes rapidly with
time, Tilts with medium scales ‘a few hundred kilameters' must alsa be considered as a normal ‘eatre
af the innosphere. Surh horizontal qradients are associated with travelling innospheric disturbances
‘T1I0s), These disturhances have wavelike structures with periads of the arder of 10-30 minutes, ar.t
cause focusing and defocusing of the radin waves, Fiqure 4 shows an example of a strong TIND nfluencing
the virtual height of reflection in the f-laver (Georges, 1967, Ratrger “197R° has stuydied the
accurence rate of [IDs in the equatarial region. Fiqure 5 shows the resylts, which 1ndicate the pre-
sence of such phenomena B0O% of the observation time during certain periods, Rice 1976' bas measured
the direction-af-arrival-errors at HF far a path throunh the auraral zone, Fiqure & shows an example of
the distribution of measured hearings. The medium scale tilts will in aeneral cause fading and diatare
tion nf the siqnals,

2.3 The effects of irreqularities

In our previous discussion we have implictly assumed that the innasphere is smooth over the area
“the first Fresnel sone' which reflects the wave, In practice the electron densitv may bave small scale
strurtuyres bath in time and space, superimposed on the aeneral hackground, These irreqularities act as
scatterers of the incident radio wave, and thev mav drift across the beam of the transmitter, The
effect of radio wave reflection from an irreqular ionosphere is that ‘as jllustrated in Fiaure 7' tne
received wave appears to the observer to come fram an extended area, rather than from a point, The
ionasphere will act as a diffracting screen, projecting a maving diffraction pattern on to the earth's
surface, The observed signal amplitude will fluctuate rapidly, and the fading will have certain sta-
tistical charvacteristirs which depend upon the properties of the screen, [f the ionospheric screen 1s
random so that none of the individually reflerted wavelets dominate, the amplitude will have a Ravleinh,
asymmetric, probability distribution function, as shown in Fiqure 8. 1f_  however, the received signal
has a stronq steady component from a mirror-like reflection, and in additjon weak random romponents from
irreqularities, a more symmetric "Rice" distribution will be observed as indicated in the fiqure. Roth
tvpes of distributions are observed in practice, and a knowledge of the statistical properties of the
signal amplitude and phase is important for the determination of required sianal-to-noise ratiao.

lonospheric irreqularities occur in all lavers, [n the f-laver ianasande recordings mav show
"spread F', that is diffuse traces where the signal appears to be returned from a wide range of heights,
Spread f accurs most often at freguencies near the critical frequencv, in the night time ionosphere. It
is more common in high latitudes and near the equator than in middle latitudes.

Irreqularities 1n the F-reqion is often associated with sparadic F, which will be discussed in the
next subsection. Relow the F-region Hf sianals mav be scattered from irreqular structures. Some of
these are caused hv meteors, and this tvpe of scatter will be discussed in Section 6.

2.4 Sporadice F

In addition to the reqular ionospheric lavers there are several transient or irreqular lavers, of
which the sparaidc f-laver is the most important. Although this lecture deals with problems in HF -
propagat ion, it should he pointed out that efficient use of sporadic f reflections mav improve Hf
transmissions,

Sporadic F ’fs‘ orcurs at heights between 95 and 120 km as a laver which mav have much bigher cri-
tical frequency tlan the reqular F-layver, Sometimes the ionoqram indicates that the Fo-layer 1s thick
and opaque with a well defined maximum, at other times the laver mav be thin, patchv and partly
transparent, so that higher layers are observed through the fg. The F5 has different characteristirs in
different latitudinal zones, and there may be several physical mechanisms gaverning the behaviour of
these lavers. [t is believed that windshears in the reutral air, acting on the F-reqion plasma can
create gporadic F-lavers {Chimonas & Axford 1964),

The sporadic f-laver is a problem in Hf ~communicat ions because of its irreqular and (as vet)
unpredictahle behaviour.

The ohserved statistical occurence rate of sporadic [ is included in current prediction schemes
for HF-communications such as IONCAP, (see caompanion lecture!, Fiaure 9 shows the statistics of fg with
critical frequency ffg > 5 Miz. As will be scen, Fq is a night time phenomenon in the auroral sone, and
a davtime phenomenon in the equatorial zone., At middie latitudes there js a strong seasanal variation
with maxima near the equinoxes.

One of the most important effects of Fg on HF propagation is the screening effect, As 1llustrated
in Fiqure 10, the sudden occurence of an Fg layver can prevent the sianal from reachinq the f-laver, and
thus limit the range of the transmission. The patchy and irreqular structure of an fq-laver may intrn-
duce rapid fading, as discussed 1n the previous sectijon.




2.5 Nan-linear effects in the innosphere

The ionosphere is a non-linear plasma, that is, a radio wave travelling thrauah the medium channes
the properties of the plasma, so that the wave influences its own propagation as well as the propaqation
af other waves travelling through the same reqion. The most important non-linear process, from the point
of view of propagation, is most easily understood by considering the theorvy for the refractive index af
a radio wave in a plasma, The complex refractive index has real and imaqginary parts

n oz u(Ne,v)-ix(Ne,v) v

which both depend upon the electran density Ng and on the coallision frequency v of an electran with
neutral molecules and ions. In the companion lecture we discussed how the electromagnetic enerav
carried by the wave is lost to thermal eneraqv in the plasma through the collision pracess. The calli-
sion freguency v is proportional to thermal enerqy, that is to the temperature of the gas, and thus
absarption of a radio wave leads to larger collision freaquency, which in turn leads to qreater absorp~
tion. Thig self-modulation mav distort a radio signal, and may be important for signals from very
powerful transmitters. Cross modulation of signals in the ionosphere was first reported by Tellegen
(1933) who had ohserved that a transmission from Reromiinster in Switzerland (650 «Hz), received in the
Netherlands, was modulated by the siqnal from the powerful radio station in Luxembourg (292 kMz', The
effect is often called the Luxembourg effert, and has been shown to occur mainlv in the lower ionosphers
(€~ and D-reqion) when the collision frequency v is large. The dearee of self- or cross-modulation
depends strongly upon transmitter power and upon freauency, and may be of the order of 1-10% for waves
near 2 MHz and transmitter powers of 10-100 kW. (See for example Davies 1969, and articles in AGARD [P
38 1974). Self-modulation may render an increase in transmitter power selfdefeatina because it 1ntrodu-
ces an effective transmission foss ‘Meqill 1965%).

Non-linear effects in the ionosphere have been studied studied extensively hv many werkers, and
the reader is referred to AGARD CP 138 and references therein for further information,

3 PROPAGATION PROBLEMS ASSNCIATED WITH GFOPHYSICAL DISTURBANCES

The reflecting and absorbing properties of the ianaosphere aften show deviations, fraom the reqular
diurnal and seasonal changes, that can be assaciated with qeophyvsical disturbances. These digturbances
fall into two classes i) those directly associated with solar flares which eject energetic radiation in
the form of yltraviolet radiation, X-rays and particle radiation towards the earth, and i1) those assa-
ciated with changes in the structure and circulation of the earth's neutral atmosphere. Disturbances in
the first class are best understood, and their causes and effects have been studied since the discovers
of the ionosphere. The possible importance of the secand class of disturbance has been realized onlv in
fairly recent years, but the "weather" systems in the upper atmosphere and their relation to lawer
atmosphere weather and climate are still poorlv mapped, The physical mechanisms are nat well
understood.

Geophysical disturbances and their effects upon the propaaation medium have been reviewed hy
Thrane (1979) and by Thrane et 8] (1979), and in this lecture only a verv brief review of the HF-
propaqat ion problems encountered during such disturbances will he aiven, There are manv wavs of
classifyving the disturbances, none of them very satisfactorv, Table 1 lists some disturbances which
have important propaqation effects.

Entry a) in the table represents the initial effects of a solar flare caused hv electromaanetic
radiation. Fntries b) to e reprosent delaved flare effects, due to energetic particles entering the
upper atmasphere. These effects are all part af the verv complex sequenre of phenomena called a manne-
tic storm. Fntries f) and o' are distuyrbances which may be caused by particle precipitation, but
together with entry h. thev mav also belonq to class ii) discussed above, that 1s they may he triagnered
by changes tn the neutral atmosphere.

In this sertion we shall deal with some propagation disturbancea in widdle and lnw latitudes, and
discuss high latitude problems separatelv in the next section,

3.1 Sudden lonospheric Oisturbances ‘510"

A sudden burst of X-ravs and IIV radiation from a solar flare will cause increased electron denuity
in the lower ionosphere, and "black-out” cf HF-circuits mav occur over the entire sunlit hemisphere, 1€
the black-out is not romplete, the signal mav suffer sudden frequencv shifts and phase rhanges, due to a
sudden lawering of the reflection point in the innosphere. Althoungh the disturbance is normally short -
lived {~ | hr) it may rause serious disruption of traffic, and becausse of its sudden and unexpected
onget, may cause the operator to search for technical faults in his svstem,

3.2  Magnetic storms

During such disturhances currents flowing in the ionosphere cause changes in the earth's mangnet (r
field, [n our context the mast important mid-latitude effect of a magnetic storm i1s the decrease, of
the maximum electron density Nawf2Z in the F-laver. Such decreases lead, of course, tn decrease of the
Mifs, Storms are also oft:n associated with absorption, due to influx of precipitating particles at
middle and hiqgh latitudes. The sbsorption enhancements increase the LUFs, and the resul! is a
narrowing of the frequency range available over an affected circuit. Fiqure 11 shows tvpical chanqes 1n
Namf2 in different latitudinal zones {Matsushita 1959), Stranq and erratic time variations in MIF can
cause major communication problems., PRoth MIF variations and storm aasociated absnrption 'see entries d
and ¢! in Table !) are strongest and most likelv in latitudes above 400-500,
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3.% Winter anomaly in ionospheric absarption

At middle latitudes [350-600)) jonospheric radio wave absorption in winter does not follow the
simple solar zenith anqle dependence to be expected from the averaged summer observations. The general
barkqround of winter absorption is enhanced relative to summer values at the same solar zenith anales,
and in addition days or aroups of days occur in winter when HF-absorption 1s greatly enhanced above this
hackqround, The consequences for communication can he serious, since absorption values of 600 dR in
excess of normal may occur on M and HF-circuits. Fiaure 12 shows tyvpical values of absorptinn during a
winter period {Schwentek, 1971), The horizontal scales of the disturbed regions are of the arder of
1000 km, and the magnitude and frequencv of absorption events increase with increasing tatitude. [t now
seems clear that the larqe and variable absnrption in winter mav he associated with
particle precipitation {Sato 71980, Manson 1981 and Satn 1981 and that there also exists a
"met eorological type" winter anomaly. This tvpe is associated with neutral atmosphere cirrulation and
planetary waves, which throuqgh creation of turbulent transport of minor constituents ‘nitric oxide, NOY,
influences the innization halance in the lower ionosphere [Nffermapn 1982, The phvsical models
sugnested tn explain the "meteorological tvpe” anomalv are still crude, but may point the wav towards an
understanding of the propagation effects of other dvnamical phenomena, such as the stratospheric
warming. Increases of D-reqion electron densitites of a factar of up to 10 have been nhserved during
stratospheric warmings., ‘Relrose 1967, Rowe et al 1969},

4. PROPAGATION PROBLEMS IN HIGH LATITUDES

Disturbances in high latitudes merit sperial attentinn becau;er the simplicity and mobility of HF-
communiration equipment make this tvpe of communication particularly useful in remote areas, and for
mobile units. This section will discuss the most important high latitude disturbances and their effect
upon communication systems,

4.1 Polar cap ahsorption (PCA) events

After rertain tvpes of major flares the polar reqgions are 1lluminated bv hiah eneray protons and
alpha particles which penetrate into the lower innosphere and cause wide-spread and lona-lasting disrap-
tions of Hf-communication circuits. A4s seen fram Table 1 such disturbances do not necur often, but they
may last for periods aof up to a week to ten days, and may cover the entire polar caps down to latitudes
of about 600, The absorption may he severe, up to 10-20 dR at ) Miz has been nbserved. This means
that HF skywave communicatinn systems in the polar reqions mav be rendered completely useless for long
periods during such events, This fact has to be faced both by military and sivilian users, and back-up
svstems should be available where necessarv, Possible back-up svstems will be discussed in Sectinn &,

4.2 Auroral ahsarption

Ayroral phenomena are often associated with radio black-outs, While the visual aurara itself is
caused by soft electrons (energies 1-10 keV) the enhanced absorption 1s raused by electrons with
enerqies in excess of 10 keV penetrating into the D-renion. Figure 13 shows a map of the statistical
oceurence rate of auroral absorption measured bv rinmeters at 30 M4z, Note that the absarption is
strongest in the auroral zone and has a variation in maanetic time with a maximum in the earlv marning
hours, Table 2 indicates the ratio hetween the ohlique path absorptinn for a sional propagating in a 1f
mode aver a path of 450 lm, and the riometer absorption at 30 Mdz,

Nblique path absorption /dR°
Frequency Ratio =
Mz Piometer absorption (dR at 30 M2}
-
2.5 128
3.5 80
8 22
15 7
Table 2 Approximate relation between ablique incidence and riometer absorptinn

We note that auroral absorption may have severe consequences for radio circuits crassing the auroral
zone. Stronqg ayraral absorption is, hawever, often limited aeonraphicallv to patches of a few hundred
kilometers in extent, and the duratinn is tvpically 1'2 to a few hours.

4.% The high latitude F- and F-reqion

The morphalogy of the high latitude F- and F-reqion has been reviewed by ‘unsucker “1979°, Rpth
layers are characterized by great variability in time and space. fiqure 14 shows an example of f-reqion
electron density variations during an suroral event. fDuring verv brief periods the F-laver rritical
frequency is up to 15 MHz, which means that far a MIf factor of S {see companion lecture) the laver
could support MIFs of more than 70 MHz, That the auroral F-laver sometimes can support VHF-propaqation
is supported hy fiqure 15, which shaws maximum ohserved frequencies over paths from Colleqe Alaska tn
Greenland and Norwav.




The t-reqgion also shows horizontal aqradients, of particular interest 1s the F-reqlon trough, whirh
1s a night time minimum in the variation of the F-laver critical frequency with latitude. The trough
marks a transition between the mid-latitude and high latitude ionosphere. Fiqure 16 Resprnzvannava et
al 1979] shows the variation of the fof2 ‘normalized' with latitude for all manths during 1964, \ote
the "wall"™ of jonizatinn occurring poleward of the trough. This sharp gradient could cause reflectinons
of radio waves, and result in deviations from propanatinn alonn the qreat circle between circutt ter-
minals,

Propagation in the aurnral reqions may introduce rapid fadina. Ffiqure 17 shows examples nf fading
observed on an auroral and a mid-latitude path,

Note that the ionospheric models used far long term prediction purposes do not properly allnw for
the varisbility in time and space of the hiagh latitude 10onasphere. The data base is certainlv inade-
muate for detailed madelling, and much more work is needed before usefy]l models can be develnped,

4.4 Some results of HF-transmission tests at high latitides

It may be of interest to demonstrate some of the characteristics of HF-propaqation 1n the
disturbed hiagh latitude region, bv reporting on the results of some transmission tests made over two
circuits in Nprwav ‘Thrane 19797,

The purpose of the tests was to investinate the 1mportance of freguency flexihility and space
diversity in and near the auroral sone, Figure 18 shows the path aeometry., The long path 1250 um
normally has its reflention point well south ot the aurcral zone, whersas the short path 454 im  j1es
inside the disturbed reaginn, A simple Adigital test signal was *ransmitted on four freouencieas 2,5,
3.5, Ro1oand 15 MHZE aver both circuits and the error rate of the received sianals was resnrded for
selected times of day and seasan.  The data was also divided nta periods with 1 €ferent dpnraes o
auroral sone disturbance, as measured by a riometer 1n the auroral zone aee floure 18 [ The resylte
from measurements on the four frequencies and aver the two paths were romhined to simglate 1 ferpnt
systems, Thus campugtatinng were made fnr five rases tn find:

a The reliahilityv when onlv one path and one ‘reaguency are avarlable  two rases, long and shart path |

h The -eliabilitv when four frequencies and nne path are available, alwavs using the hect Croageniy
“two rases, long and short path .

r The reliahility when two paths and four freaquencies are mvailable, gaing the hegt freqoenes and oot
path at any time, Thas situation simelates o relay system 1n which a message may he brgnamrted
“rom Rotn R ovia 4, ‘We have assymed a 100 reliahle channel from 8ota 3

IONOSPHERIC Quret MINFRATE NISTHRAE D
CUNDITIONS
GYSTEM o-n,1 R: 11.N0.2-2 4R’ Htr » 2 a8
SINGLE FREQUENTY 73% 51% 15%

SHART PATH 3.5 MH2)

FOUR FREQUENCTES 78% 72% 37%
SHORT PATH (3,5 MHz)

SINGLF FREDUENCY n% AN a0%
1 ONG PATH {R.1 MH2)

FOUR FREQUENCIES 8a% 85%% 54%

LONG PATH

FOUR FREQUENCIES 90% 89% 52%

WO PATHS

Table 3 Reliability for different systems and for different degrees of ionospheric disturbance

Table 3 summarizes the results. We note that, particularlv during disturbed conditions, a
aubstantial improvement in circuit reliability may be achieved by means of frequency flexihility and
relaying, (that is space diversity!',

Monthly means of the measurements have alsn been compared with monthly mean rel:abilities pre-
dicted by three different prediction models, applab [II (Bradley 1975), IONCAP 'tlovd et al 1981 and
Rludeck (CCIR 1978} (see also companion lecture'. Filoure 19 shows the results far the two paths during




(R

summer noon conditions, There are considerable differences hetween measurement and prediction, as well
as between the different predicion methods. There is a great need far more and more accyrate measure-
ments to provide a bazis for improvements of the prediction methods.

5. SHORT TERM FORUCASTING TECHNIQUFS

Predictions for periods equal to or less than the solar rotation perind, 27 davs, are called fore-
casts. Disturbances in pingress are described by warnings. A& numher of centers thiroughout the warls
issue warnings and short term forecasts of solar and ionospheric parameters ‘Davies 1978), Twelve of
these are arouped intc the International Ursiqram and Worl.d Davs Service [UWDS' for the exchange of
data and cooperation in solar qeophvsical observations. In the 11SA the most impartant forecasting cen-
ters are US Air force Global Weather Central im Omaha and NDAA Space frviranment Forecast lCenter ir
Boulder. The USSR also issues short time forecasts (Avdvushin et ai 1979). The forecasts normallv aive
aqualitative statements on the degree of disturbance expected, for example "moderate HF absorption” or
"general improvement of M propagation conditions". Forecasts for the deqree of VLF phase disturbance
are often issued for PCA's; predictions for SID's have only recentlv been attempted experimentally
{Swanson & levine, private communication)., Improvements in recent vears in iongspheric forecastina are
due mainly to more efficient data acquisition and assessment. Fxamples are the real time propanation
assessment systems "Prophet" snd the real time navigation monitor developed by the US Naval Ocean Svstem
fenter (Rothmuller, 1978}, (Swanson & lLevine, private communication®.

fine interesting possibility for short term forecasting is to update a simple standard frequencs
prediction program at intervals by means of some effective index of solar activitv {such as the 10,7 em
solar radio noise flux) which can be monitored and distributed to the user, Uffelman and Harnisch
‘Naval Research lsboratory, private communication) have found that an update about every three hours
during a magnetic storm was sufficient to keep the error in the predicted MIF less than 1 MHz,

Nne of the important questions concerning warninags and short term forecasts 1s the timely distri-
bution of information to the user in a form that he can readilv use. Even prioritv telex messages mayv
take 24 brs to reach the user, A workinag qroup on D-region prediction ‘Thrane et al 1979} has recom-
mended the development of telemetry for dissemination of disturbance tnformatinn te users. Fven one hit
to indicate the presence nr abs ence of a disturbance would he useful. Two methads were praposed as
worth considering: a unique, non-interfering modulation could he added to world wide 0Omeqa signals, or
to HF-siqnals from WWY or elsewhere ta indicate the presence of an event. The former has the advantage
that the Omega signal (10 kHz) is continuously availahle on a qlobal basis, even during total HfF-
blackout .

6. METHODS FOR MINIMIZING HF -PROPAGATION PROBLEMS

from the above discussions it should be clear that propaqation problems ar % cannot be elimi-
nated, hut may be alleviated by proper system design and hy the development of suitable forecast and
warning systems, We have pointed out the usefulnesg of frequency flexihilitv and path diversitv for
avoiding prablems during disturbances, 0ne of the difficult problems facing an HF —operator is inter-
ference from other users of the HF band. Real time channel evaluation is a pawerful tool hath far
avoiding such interferenceand for adaptina to rapidly chanqing i1n.0spheric conditinns,

Tt should be stressed that the ionospheric channel is not always available. Purina strona nat ural
disturbances such as PCA's or after nuclear explosions in the upper atmasphere, complete HF -blackout mav
occur for lonq periods and dver wide areas., Wherever high reliability is reauired, back-up svstems ta
HFf ~communication are necessary. The difficulty is to design back-up systems that have the simplicity,
mobility and low costs of HF-systems, Transmission of VHf-signals via meteor trails is an interesting
possibility in this connection. lonized trails from metears occur in the height range 80-120 km and
radin signals scattered from the trails may be observed over distances of 200 ~ 2000 km, The metear
trails provide large bandwidth, short durstion channels, which can be exploited using modern modulation
techniques. Simple vagi antennas suffice for this type of circuit,
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HF PROPAGATION MEASUREMENTS FOR REAL-TIME
CHANNEL EVALUATION (RTCE) SYSTEMS

by

Mario D. Grossi
Harvard-Smithsonian Center for Astrophvsics
Cambridge, Massachusetts
02138
U.S.A.

ABSTRACT

Recent adavances in microprocessor technologyv, in frequency-agile HF equipment and in the understand-
ing of the propagation medium make it feasible and practical the adoption of adaptivity approaches in HF
communications., Signal-to-Noise ratico, multipath spread and Doppler spread are the basic parameters to
which the link has to adapt {tself. A necessary prerequisite for adaptivity is Real Time Channel Evalu-
ation (RTCE). Measurements of these parameters must be performed at several spot frequencies in the band
of interest, in order to identify automatically the most suitable carviers for the transmission -f the
information., RTCE is at present in the R&D phase, and the related activities emphasize the measurement of
signal amplitude and noise levels (inclusive of interference) at several frequencies in specific HF paths

of interest, with a few instances of inclusion of multipath spread measurement. There is little doubt that.

at the end of the R&D phase, RTCE and link adaptivitv will enter the practice of modernized HF communi-
cations,

A. INTRODUCTION, RATIONALE FOR RTCE MEASUREMENTS, AND PRINCIPLES OF SOUNDING/PROBING
1. General

H& propagation paths are time-spread and frequencv-spread channels. and are characterized by severe
variability in the time domain of all their properties, inclusive of path losses. In addition, evern when
path conditions would be acceptable, the link might be severely interfered with bv other transmitters.

Improvements over present-day link's performance in terms of circuit reliability. data rate and erreor
rate can be achieved through the use of adaptive schemes capable of coping with the channel variabilitv,

Real-time, oblique ionospheric sounding between the two terminals of the link, noise and interference
measurements at the receiving end, and channel probi~s; simultanecusly performed between the two link's
terminals are the data gathering operations that provide the inputs on which to base the adaptive (ontroel
of the link's performance parameters.

The master station of the link, where the sounding transmitter is located. could perfoerm a sounding
scan similar to the one made by an ionospheric oblique sounder of the normal practice, and could also
generate the waveform for channel probing ( while operating as a complete terminal for twc-way digital
communications), During the pauses of the emissions. measurements of noise and interference  suld he per-
formed at both the master and the slave station of the link, for use by decision-making microprocessors
and control units, At each terminal, the transmitting and the receiving facility could have separate unite
for sounding/probing and for communicating, or these functions could be performed by the same equipment in
different modes of operation. In the latter case, the equipment at the two terminals <ould be identical
and the assignment of the master and of the slave roles would be dictated bv operational requirements,

By processing the data obtained bv socunding and probing. it would be possible to select automatically
the group of frequencies to be used for communicating. At each sounding cvcle, information about the fre-
quency selection and about the waveform to be emploved is exchanged between terminals and is used locally
to achieve adaptivitv. During the next sounding scan, the group of frequencies that were selected for
communicating could be excluded from the scunding frequency plan. Instead. i1nformaticn n the changing
status of the group of communicating frequencies could be obtained from measurements performed ~n the (od-
ed waveform that is part of the communications bit stream ( Gupta and Grossi.lY80 Llj 3 olesi LZJ Y.

The properties of the path that must be monitored in real time are :

. Noise and interference spectral density
. (Signal + Noise) level

Multipath spread

. Doppler spread,

1
2
3
4

It would be useful to know accurately the time variability ,and related statistics. of these properties,
Unfortunately, this information is available only for particular cases, and a reliable experimental investi-
gation on the properties above {s thus far an unfulfilled requirement. In general, we can say that these
fonospheric channels exhibit time fadings that are {mportant in determining the design of the signal and.
in addition, show long-term variations due to large-scale fluctuations of the medium. Such s'ow effects
have a time constant significantly greater than 5 to 10 minutes, an {nterval of time that appesars appropri-
ate as the basic sounding/probing peridiocity. Adaptive approaches to the communication problem are requir-
ed to circumvent this long-term variability in propagation condltions,

In this lecture, we will make the usual distinction between path sounding and channel probing, with the
former devoted to the measurement of path losses and of noise and {nterference levels, and with the latter




devoted to the measurement of such parameters as multipath spread and Doppler spread, The following cri-
teria were adopted:

1. The link is assumed reciprocal, except for the noise and the interference levels
at each terminal. Therefore, the decision on the frequencies to be used ( this
decision is based on the results of the sounding vperation) is based on the measure
ment of interfererce and nuise both at the master and at the slave station, and on
the one-way measurement of the path losses between the two,

o

Processing of the multipath spread and of the Doppler spread data ( provided by the
channel probing operation) is performed at the slave station, and the results are
transmitted back to the master station, for use in the final selection of the fre-
quencies to be used in communicating;

w

Channel probing is to be undertaken only at the best frequencies put in evidence by
the path sounding, in order to shorten the overall operation sounding/probing.

It was assumed by Gupta and Grossi ( 1980 [_l] ; 1981 [2] ) that a very large number of spot frequeacies
was available to the adaptive link: 1125 or 3375 carriers. respectively for a mid-latitude and for a trans-
auroral path, in the band 3 to 30 MHz. These authors advocated a tightly integrated sounding/probing/c muni
cations scheme, in which a set of frequencies was simultaneously transmitted to achieve waveform diversity.
The power density (Watt/Hz) at each frequency was low enough to be received below noise by standard HF re-
ceivers, as long they were located outside a circle with about 100 Km radius. centered at the link's trans-
mitting terminal. Only those receivers that were coherently processing the waveform containing the infor-
mation to be exchanged between the two terminals were able to detect the waveform above ncise. The sound-
ing scan proposed by these authors was lasting 100 to 160 seconds, and was repeated every 300 to 480 seconds.

More recently, Aarons and Grossi (1982, L‘AJ ) have proposed an approach that reduces substantially the
number of spot frequencies at which the sounding is performed, They pointed out that achieving complete
adaptivity to the path is impractical: too many spot frequencies are needed. Altiough. in principle. a
frequency-spread waveform is the way to go, there are practical limits to this spread. If adaptivity, then,
cannot be extended bevond certain constraints, we cannot dispose of the continuing need fr ionospheric
furecasting on the path. and of the need of warnings about magnetic storms and solar proton activity. A
hybrid approach, where the traditional forecasting and warning funct >ns are kept intact. and ~here the
system is made partially adaptive (within practically acceptable limits). represents an advisable approach
toward improvement and modernization of HF technology and systems.

Aarons and Grossi advocated that forecasting showld continue to coexist with adapti:vity,in crder to
provide a first-cut identification of the frequency windows that are available for use in the (hannel. ax
a function of geographic and geomagnetic coordinates, time of the day. sunspot number., etc¢. Forecasting
should actually be extended in scope. to include the prediction of the time-spread a~d ~f the frequey
spread of the path. Concerning the i{onospheric warning function. we should expect that the use of solar-
magnetic sensors will also be continued. These sensors make it possible to have warning lead times that
range from a few minutes to several hours, sufficient therefore to adjust system operation to the torth
coming ¢ nditions of the path. Early knowledge of PCA events, o»f magnetic storms and of similar phervmena.
will be a prerequisite for «the ¢ffective performance of an adaptive system. Chorce and ambunt of path
diversity, amount of data rate, extent of use of errur=-correction sciaemes, etc . are all functions that (a-
be optimized by the simultanecus use of forecast/warning and partial adaptivitv.

As in any adaptive approach that involves real time data gathering to ad;ust the parameters ot an electr.
mugnetic system to the propagation medium. the preferable way is to adapt ., first of all, the svster to the
best a-priori model of the medium, in vur case, to the model of the HF i{onospheric. path, Generallwv, this
model is a software subroutine stored in the memory of the microprocessor that is used in the logic units
vf the system. This model is periodically modified and adjusted to reflect the instruvtions of the fore-
casting and warning operativnal functions. It is then updated and brought in close agreement with the actual
path conditions by means of real time ubservations per“ormed by the communicaticns Link 1tself Dne approach
of this kind has been already succesfully impleme.ted in correcting for ionespheric-induced errors 1o high-
performance radars (Katz et al., 1978 [5 ). Figure 1( taken from Aarons and Grossi. 1982 [1] ) zives the
block diagram of principle of this HF communications approach, The combination of mean-model plus real-time
updating should be taken in serivus consideration, when designing nert-generation HF commuc:icaticns licks

In order to help visualizing real-time sounding and probing, we illustrate in the {olloumg Sectios
( 2 and 3 ) the scheme that was conceived by Gupta and Grossi ( 1980 [1] : and 1981 [2] ).

2. Path Sounding

Path scunding has the scope of measuring path losses at an adequate number of spot frequescies 1o the
band of interest ( 3 MHz to 30 MHz) and of measuring at the same time noise and interferanie levels, at the
same frequencies and at both ends of the link.

Table 1 gives the parameters of the <ounding scan proposed by Gupta and Gruess: (1980 ’__1" ) The master
statfon radiates sequentially 1125 to 3750 carriers to cover the 3 to 30 MHz band. in a t:me 1nterval 100
to 160 seconds leong ( 88 to 47 milliseconds per carrier), Of the two values given above f. 1 each sounding
parameter, the first applies to a mid-latitude path, the seiond to a transauraral path. The scan 1s repeat-
ed every 5 to 8 minutes.

Once that a set of frequencies has been chusen for communtcating, it is automatically ex<luded from next
sounding cycle. However, information on th: channel status for each vne of the frequencies excluded from
sounding and probing is still updated once every 5 t¢ 8 minutes by measurements performed oo the (ommuni-
cations waveform, Frequency switching isprucceded by @ "tone” of notification and takes place even while
communications go on, for the case in which the (hannel deterivrates and another set of frequencies is found




' more suitable to carry out vommunications, The Blook Lo Figure D opertains a taws

. and {llustrates the various functi.ns of the twe terr Ve -ady s endoag acd probioag
this (dse trom the master statien to the slave stati . Ackaosledgeme-t 18 froo the ~lace

' station., Compunicdtioas are tweswav exchanges between the ta o stat:

Mid-latitude Path Transaur.ral Path
Rand «.ver.od © MHz oto 30 MEz v MHEF Lo 30 MHZ
Number of spot treduencies 11os 1373
Separativn between tw>
ad ;acent spot fre- *)
quencies 4 Kz 8 Kiz
Sounding scan time 130 seconds 160 seconds
Rate of sounding scan
repetition ne every 30U one every 480
seconds seconds
Dvelling time per spot
frequency 88 millisec.nds 47 milliseconds
Nominal bandwidth of
sounding receiver 24 Kz 8 Kiz
Width of sounding pulse 41.5 microseconds 125 microseconds
Pulse repetition frequency 100 pps 100 pps
Palses per dwelling cime 8 pulses 4 pulses
Nolse and interference
measurement's integration
time, for each spot fre-
quency 53 milliseconds 47 milliseconds
Overall noise and inter-
ference measurement time 60 seconds 160 secends

(*) This value is chosen hecause 8 KHz {s the bandwidth of the signal waveform
selected for the transauroral link. The path coherent bandwidth is only
666 Hz.

(from Gupta and Grossi, 1980,[1] )

The sequence of steps through which sounding and probing are performed is as follows:

l For the midlatitude link

Step | - 100 secvnds devoted to sounding operatiovn,

Step 2 - 600 seconds devoted to measurement of nolse
and interference at buth terminals of the
iink.

Step 3 - 20 seconds devoted to computations, taking
into account the need of accumulating at a
single terminal (the slave station) the ir
formation pertaining noise and interference
at both terminals. During this step, the mi
cruprocessor at the slave station selects
the frequencies and designates them to the
master station,

* Step 4 -~ 100 seconds devoted to channel probing, to
be performed only at the freguencies designat
ed by step 3.

Step 5 -~ 20 seconds devoted to computations, acknow-
ledgement and {nformation exchange between
the two terminals, in order to perform the
final selection of frequencies to be used in
communicat{ons,by taking into account the
data on multipath spread and Doppler spread.

Step 6 ~ The two terminals are now ready to initiate
communications, The frequencies finally adopt
ed for communications are excluded from next
sounding/probing cycle (one every 300 seconds),
although they continue to be monitored by mea
surements on the modulatfon waveform.

For the transayroral link

Step 1 - 160 seconds
Step 2 - 160 seconds
Step 3 - 20 seconds
Step 4 - 120 seconds




Step 5 - 20 seconds

Step 6 - The two terminals are now ready to initiate
communications. The sounding/probing cycle
{s repeated every 8 minutes (480 seconds).

Commmnications are therefore inhibited only {n the first 300 ( or 480) seconds ~f link operation, After
this initial adaptive adjustments of the link's terminals, any readjustment is performed without requiring
a discontinuation of communications,

3. Channel Probing

The importance of time-dispersive and frequency-dispersive effects in HF propagation has been amply
treated in the literature, These effe'ct‘s’ii'"e’dftemintng factors in the conceptual design ~f an adaptive
system, Channel probing is aimed at gathering information on these effects, after the path sounding has
determined path losses and noise ( plus interference) levels at the available spectral lines, and has i-
dentified the frequencies promising enough to be worthy of the channel probing effort. All these functions
are slowly varying functions, so that one sample every 5 to 8 minutes is adequate, The maesurement .f multi
path spread and Doppler spread can be achieved with a variety of methods, either based on the direct measure
ment of these two quantities or on indirect measurements such as the ones based on the fact rthat, at a given
frequency, the reciprocal of the Doppler spread gives the fading period of the arriving e.m. wave, or that
the reciprocal of the multipath spread, at a given instant of time, gives the frequency interval within
which carriers fade coherently. Because the amount of time required to process the informatfon on the dis-
persive properties of each channel is not trivial, these measurements should be performed only for those
frequencies for which path sounding has indicated acceptable path losses and affordable noise and inter-
ference levels, Therefore channel probing has to follow, in time, the sounding operation.

Ideally, channel proping should provide a reliable estimate of all the parameters of the path that
are indicated in Figure 3, 4, and 5. These are the quantities B,y By, B and the function S, ., call
ed the path's scattering function. In actual practice, it is sufficient to simplify the scattering function
t> a group Of N gaussoids, with B =0, By =0, and to reduce therefore the function to the one shown in cruoss-
section in Figure 6 and 7. An intuitive picture vf the scattering function can be obtained as follows. Sup-
pose that the path is such that a pulse of infinitesimal length is transmitted unaffected and that a
spectral  line of great purity ,also, is not broadened. We can say in this case that the scattering tunction

f the path is

SC:y y= () ()

In other words, the scattering function is the product of two delta functions. This is a highly idealized
casv. Irn real propagation, an infinitesimally short pulse, and a spectral line of infiniresimal width, are
actually broadened, respectively in the time and {n the frequency domain. This causes the scattering func -
timn t~ have a finite width both along the frequency axis and the time axis. Figure 8, taken from Green (:sL

Jyn®), is useful in visualizing the relationship between scattering function and other well known channel
functions, such as impulse response, etc.

Going back to Figures 6 and 7, the analvtical expression for the scattering function becomes:

N

-1 L2 L2
SC, ) YR L) exp | SEIEVEIEANE
i=1 Li

In this formula, the parameter N represents the number of paths in the structure, and L; are the mean
delay an(;lhthe multipath spread, B i{s the Doppler spread of the path, and P, represents the relative strength
of the | path, Further simplifications can be achieved by representing the scattering function as a single
raussvid, whose amplitude is a function of the path losses and whose width L and B (Figure 5) are res-
pectively the total time spread and the total Doppler spread, tot Lot

) The measurement of the properties of a communication channel is particularly important in digital commu
nications, because high-speed data transmission critically depends upon them. Kailath( 1959,[}) ) pointed -
cut that the problem of the measurement of the system functions in random, time-variant, channels might be
unsolvable. This author {ntroduced a parameter called the "spread factor'" as the measurability criterion.
Tf the product of the maximum Doppler spread and of the maximum multipath spread is larger than unity, and
if nc other information is available on the channel, the channel parameters cannot be measured accura;elv.
Fortunately, for ifonospheric HF paths, the spread factor is less than unity, so that standard measurement
techniques, as the ones described here below, are applicable. Bello and Esp.site ( 1970,[7 7 have analyz-
ed these measurement techniques for random, time-varfant, dispersive channels, and they list them in three
levels of increasing complexity:

L. Measurement of multzpath spread and Doppler spread;
of Doppler shift and spectral skewness;
2. Measurement of second-order channel functions;

3. Maesurement of instantaneous channel functfions.

For the parameters in {tem 1 above, measurement techniques used are based upon differentiation, level
crossing and correlation. For {tem 2 above, the techniques used are correlation techniques, multitone approach
pulse pair method and chirp technique. For the measurement of the parameters in item 3, the methods used are ’
the cross correlation, the multitone approach and the pulse pair technique,

i e m—— ——
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Gupta and Gruossi (198”,[1-] ) give an account of the methods usable in probing the channel aud itlu-tra
te possible hardware implementations. They review the measurement of Doppler spectrum parameters, the
simultaneous measurement of Doppler spread and multipath spread, the determination of the instautane ‘ux
impulse response, as well as the measurement of time-variant channel functions and of channel c.orrelatic:
functions. In this lecture, we concentrate on the methods for measuring the multipath spread and the D
spread, that are the two channel parameters characterized by the highest pricrity,

B. TECHNIQUES FOR REAL-TIME (HANNEL EVALUATION ( RTCED
1. Introductory remarks

Measurement of Signal intensity and of noise levels (inclusive of interference), together with the
determination of multipath spread and of Doppler spread are the basfc vbjectives of RTCE functi-ns., These
quantities are fundamental prerequisites to achieve link's adaptivity. oOf the three parameters, techtniques
for the measurement of signal and nvise are well known and already part of HF communications practice. We
will briefly review them in the summary at the end of this Section, Qur attention will focus or the more
difficult task, and on the less known related approaches, concerning the measurement of multipath spread
and Doppler spread. We have already indicated, earlier in this lecture. that instead of measuring the cor-
plete scattering functivn, it is sufficient, and obviously simpler % measuge_the delay power spectrun
() and the Doppler power density spectrum P () ( Bello, 1963 [B ; 1965 LQ" ).

Z. Multipath spread measurement

A signal wavef. rm that appears an obvious choice for estimating the Delay Power Spectrum (|
short pulse of time duration - | narrow in width when compared with the characteristic variatiocs
Consider the signal

z{t) = p(t)

I U B

<

plt)y =

1, ltls 12

< individual
path width ( mode width)

An estimate cau be ubtained by square-law detection of the cbserved process, and by subtracting from it
the noise bise. Thus, for the response to one of the pulses in the trafa, we have :

" 2 2 2
Q(t)=‘r(ti—ln(t‘=‘ﬂA gz ) p (t =2 ) dr +u(e) --
1)
i

vhere

r(t) 'VA W(t) + n (t), received signal intens{ity
{n (¢t )I rms noise level
“a noise variance
A average power leve! of received carrier
g () time-invariant response of the channel to an

+ 00 impulse seconds earlier
w(t )= fg(t,” )2 ( t -7 ) d , channel output

~QC
From the equation for Q (t) written above, we can determine the range of delay values wherein g(t,: )

as a function of ¢ ,is negligibly small, Thus, if

g(t,’.)"-'o, for ¢ «* and for ¢ =<

then, the wanted delay spread i{s given by {m-x— Tmin *

Q (t) will be a filtered version of the true function, if sufficient averaging is carried out, The measure-
ment resolution i{s determined by the signal properties, so that the pulse width must be narrower than the mode
widths of Q ( %), to give an adequate estimate, However,K even in the best possible conditions, the noise
contribution to the estimate of the varifance is significant. This conclusion applies directly to the measure-
ment of the peaks of Q (%), and some allowance must be made for thé accurate measurement of the low-level
details of Q (% ), Therefore, the single pulse approach appears to be unadvisable, because of {ts require-
ment of high Signal-to-Noise ratfios.

An alternative estimation scheme van be utilized, if there s the possibility of carrying out coherent
processing at the receivi{ng terminal. Let z(t) be a pseudo-random sequence of period T, which {s used to mo-
dulate the carrier ( bit length equal to! ), When the gsequence {s periodic, it can be assumed to have the
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following property :

T
*
z (t) 2 (¢t - ydt =:(.)
with t= 0, - =0
T (1) =
1 (0) |

=~

where n
N = sequence length = T /. =2 -1

and where :(0) is the energy in one period. When we are, then, interested in transmitting only a single
period before switching tv a different channel, we have :

0, 0=st<T
o z(t) , otherwise.

-~
The autocorrelation for this apericdic z (t) sequence has been shown to have properties similar to those
of a periodic sequence, i.e. °

- ot
:o(v.) =J20(t) z (t-ode
R » 1 =0

(24

and the estimate is of the form
A ! + * 12
Gy = | ey 2 (e -ty 4

o

- b

-

where b is the bias term. The integraf in this equation can be mechanized by multiplying the original
sequence ( which can be generated using phase-reversal keying, thus implying that 2(t} is real) against the
in-phase and quadratvre components of the received waveform, This is followed by square-law ( or possibly,
linear) detection and by an integrate-and-dump procedure, using a low pass filter with time constant greater
than T, To implement the scheme for a set of - values, requires paralle! processing and possibly the use of
a tapped delay line. The number of taps depends on the product of the signal bandwidth » the delay range
(1) to be observed, Figures 9 through 13 indicate a possible mechanization approach for the transmitter
and for the receiver, Not included in the block diagrams are the logic units required to switch through the
set of frequencies at which the measurements must be carried out.

3. Doppler spread measurement

The Doppler spread of the channel is best observed using a CW source., However, the fading rate in HF
ionospheric channels is relatively small ( B "2 1 Hz) so that an efficient measurement o~f the Doppler
spread requires the use of a sequential samplfﬁg approach, in cases, such as ours, that a group of channels

must be monitored. Individual channels have to be probed periodically at intervals T, ( T, > llec) to

give useful estimates, By probing at a faster rate than required (T ’< 1/8[0[). information {s obtained
¢

which is redundant in terms of the Delay Power Spectrum estimate, but which may still provide useful data
for Doppler spectrum estimation,

Let's consider the sequence of outputs {f ( n’l‘u) obtained when the equation

N +x N
Q(')=jr(t) zo(t-~)d: — b
- x
is implemented. For a particular 1, we have :
A
f (nT) = Q () (estimate at ul,).
o aT

[+
Then, {t can be shown that, if the sidelobe interference is neglected, we have :

2
f(nT) = B(n’\'o.v)l.
o
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Thus, any spectral information obtained from this sequence vf vutputs will relate to the shape of the
scattering function for this particular delav® . If the Signal/Noise data are used, the complete spectrum

is involved, and from the previous equation, we have:
N

£ (nTJ) = = A g (nT,, ° )dt

A w(nT )

Because of the inherently higher Signal-tc-Noise ratio, it appears that the latter sequence ~ffers the btest
alternative for spectrum analysis. In addition, the total scan time T, required to probe all (hannels once,
is significantly less than for the wideband coded sequence, thus providing higher sampling rate and lower
danger of aliasing effects,

Before discussing spectral measurement schemes usable in our case, it should be noted that the phase in-
stability of the .scillators used at each terminal, if not kept under acceptable levels, imposes the use of
an incoherent Doppler measurement approach. If phase coherence can be assumed for the link. then the in-
phase and quadrature compunents generated at each T seconds could be used Lo obtain the spectral properties
directly, o

Concerning then the estimate of the Envelope Correlation Function, we note that for a complex Gaussian

process, the envelope correlation function is closely related to the process correlation function, I[f f(t)
is complex Gaussian, and

£(£) £5(w) =Re (t-u)

then :

2
R (t-u)

[f (c)l2

Thus, if the average power is already known, an estimate of

Purl o)+

f(u)

Rf follows from an estimate of the correla-
Py irom an escimat
tion function for ‘f (L){Z. If we let le|2 {(t -~ u ) to be the estimate of li( t )lzlf {u) 2. then we

have :

/R\ (t - u)

2 A 2
" =R{f||l([~u)-Rf(0).

Note that , without imposing further constraints, the estimate may be negative, particularly for insufficient
averaging.

Concerning the implementation of this scheme, the sequence f (nuT,) is first divided into blucks, the
length of which determines the resolution of the spectral estimate. For example, a Doppler resolution of
0.2 Hz requirgs 5 seconds of data. Each block of data, 5 seconds long, i{s used to provide a single estimate
of LR (%¥)|", or its Fourier transform, Thus, in this example, 12 i{ndividual estimates are perfcrmed and
averaged in 60 seconds. The sequence of samples in each block can be used to find efther the correlat{on
function or the spectrum, directly, If a spectral analysis of the samples {s performed, the form of the
equation above suggests that the resulting spectrum will contain an impulsive term at the origin, a:d gene
rally have a width of about twice the width cf the spectrum of f(t). Note that the sampling rate 1/T0

must be consistent with the maximum Doppler spread expected, in order to avoid aliasing effects,

Several techniques for real-time estimation of spectrum parameters are illustrated by Bello ( 1965.[9]).
These techniques make it possible to perform the measurement of the center frequency and of the rms band-
width of a narrow-band process. The center frequency i{s the centroid of the pover spectrum of the process,
whjle the yms bandwidth is twice the radius of the power spectrum. The same technique may be applied to

f (nTo) so that the width and the locativon of the spectrum may be determined. We triefly summarize
here under the measurement technique and the effect of additive nolse for a complex low-pass process g (t).
The results will then be specialized to the real envelope process, Let

g(t) =x (&) + )y (v)

- 4%

<> ac

. - d
<y> —L—dt

with the triangular brackets denoting time avetages, From the analytical conclusions of Bello ( 1965, [91\.
we can readily see that the centroid of the power spectrum of g (t) 1s given by :

1 <y - > fosC ) 4
C & - —
25 &4 IS(,)d\
S
where S (v) {s the spectrum of g(t). Th iven by : 2
«C)s ()4

- — -t — . =

e et
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! The influence of noise is readily taken into account by noting that the complex additive noise N(t) is
a complex Gaussian process like g(t), so that the measurement will produce the centrcid and the rms band-
width of the power spectrum of g(t) + N (t), namely:

~ [E(-‘) + By <.§] de
(}( + )] d.

f B( ) + pC]
sy +pgen]a

where P_( . ) 1is the power spectrum of N (t). The in-phase and quadrature components ( x , vy ) can be
determifed by multiplying the received carrier by both a local carrier and a 90° shifted local carrier at
the same frequency, and then extracting the low-frequency components . Strictly speaking, D is independent
o»f mean Doppler shift, and thus precise knowledge of the received carrier frequency is not necessary. How-
ever, as the local carrier frequency departs from the received carrier frequency, the extracted x(t) and
vy (t) increase in bandwidth, thus requiring filters with larger bandwidth, that let more noise pass through.
Thus, from the point of view of maximizing the Signal-to-Noise ratio, it is desirable to keep the local
arrier fre,uency as near as possible to the received signal frequency,

oL

We consider now a simpler technique for the measurement of Doppler spread. It uses only the envelope
'r, more generally, any well-behaved non-linear function of the envelope of the received carrier. For this
technique to be strictly correct, {t {s necessary to assume that the transmission of a carrier results in
the reception of a narrow-band Gaussian process, However, a slight departure from this condition would not
affect significantly the measured parameter, [t was demonstrated by Bello ( 1965, [_9] ), that, if e(t) is
some non-linear function of the envelope x*= + y2 of the received carrier, the rms Doppler spread is given

by
1 <[e (c)]?>
T <[e (l)]2>

where . is a constant dependent upon the properties af the non-linear deviie used. Thus, if we describe
this non-linear device by the function k (.), we have :

2 2
e (t) = k (x*+y )

and (¢t is shown by Bello (1965, [9] ) that

re T [Bke/ar]? ar

f k' (r) dr
o

In the case of a linear envelope detector, 2 and for a square-law detector, : = 1, The formation
of the derivatives of the envelope from sampled data requlres particular care ( Bello, 1965, [9]

4. Summary and recapitulation of channel evaluation techniques
a) Measurement of Signal and Noise

- This can be best be achieved by using an "off-on” keyed signal, with the noise measurement preced
ing the signal measurement at any given frequency. “hoosing for the noise measurement {ntegration time the
values indicated in Table I, the estimation of ;_ can be performed with adequate accuracy. The signal level
also must be measured by averaging a sequence cf observations. Table 1 gives two examples of pulse widths.
pulse repetition frequencies, and overall time required for both eignal and noise determination. The measure
ment accuracy for signal level estimation {s limited by the channel fluctuations, i.e,

A
Varz(A) N
A €9

where N 1s the nuwber of independent observations available in one sounding scan timds( let's take the
case of the midlatitude path in Table I)repet,th\n period, which is 300 seconds, Because the fading rate
is 1/By o, , we have Neq = 300 B . IfB ~ | Hz, we have that N = 300, The noise level estimate

has a rattio ; t‘;t
ar
L Y’ =L . 7.8 10

o ™

again , by taking the numbers in the columm of Table T devoted to mid-latitude path ( 5] millisec x 24 KHz ).




b) Measurement of Doppler spectrum characteristics

The accuracy achievable in these measurements strictly depends on the dwelling time on each frequency
at which channel probing is performed. If we want, for eaxmple, a8 Doppler spectrum resolution of 0.33 Hz,
we require an observing time, per frequency , of 3 seconds. 1In the example that we gave immediately after
Table I, in page 9-3, we chose 100 seconds as the time devoted to channel probing ( Step 4). By assuming
that Doppler measurements are performed in a non-interference basis with the other measurements, only 33
carriers can be measured in the allotted time interval, We can see therefore that determination of Doppler
spread is very demanding in terms cf length of observations.

c¢) Measurement of delay power spectrum

Two types of signals can be considered:

1. Single pulse
0 . vtherwise
plt) =

, 0=t

~

2 . Coded sequence ( phase reversal keving)

N
z (t) = a p(t-k’')
k
° kgl
where
a = +1
& *
N o= 2.
T =N ' = total duration

The coded sequence gives the same performance as a single
pulse for equal energy; i.e., {f Py =P, T ( neglecting
degradation due to sidelobe structure of sejuence sutocorre-
lation function).

Concernimg the measurement of Q ( # ) in absence of noise, the basic limitation in accuracy achiev-
able is the number of independent channel's ’'snapshots' ( impulse responses) that can be obtained in one
scanning cycle :

A 1
standard dev. (Q ( 5)) =

mean G (%) v
eq

In presence of additive noise, performance depends upon the shape of the true Q ( ') being measured. Let's
consider an idealized function consisting of M equal rectangular modes;

, 1
R ; during mode ( Lo is the duration of each mode)
ML
Q) =3 °
L o ; elsewhere

Then, at the mode centers, Q ( 7 ) can be estimated with the formula:

A
standard dev. (Q (7)) , ; + - n
mean (Q ( 2) ) EQ (1)

where
T noise variance i{n the recefver bandwidth

E = equivalent pulse energy
A single pulse will not give adequate performance, When a sequence of length 2\5- 1 {8 used, estimatfon of

Q (%) will be limited by channe! fluctuations rather than noise, Because of the large number of frequencies
being probed, the overall (noise-limited) performance is degraded,

C. CONCLUSIONS

Adaptive HF approaches can be kept limited {n scope and made to respond only %o the variations of a
selected channel parameter, such as Signal-to-Noise ratio, At the other extrer . they can be designed as
sll encompassing and capable to respond to all relevant channel functions, such as SNR, multipath spread,
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Doppler spread, etc, We have seen in this lecture pertinent examples. The RICE data gathering must paraliel
in scope the adaptivity scheme that it (s meant to serve. For instance, if data rate is adiusted .nlv to
SNR, the RTCE must be kept very simple and must be reduced to the sole measurement of the signal intensitv
and to the level of the noise ( inclusive of interference).

In this lecture we have given examples of adaptivity schemes.and of related RICE approaches, that
tended toward the cowplicated side (see, for instance, the scheme depicted in Figure 2). This was doue
because learning of a complex solution makes it easier to visualize the simpler ones. There is little
question, in fact, that the simpler svulutions will enter the HF communications practice tirst. and that
several years will pass before we see in operation a system such as the one depicred in Figure 2. Even
the R&D activity presently underway on adaptivity schemes and related RTCE techniques, is almost exclusji
vely limited to the investigation of link's adaptivity to SNR. However, there is little guesti.n that
the demand for high data rates, and the quest for better HF link's performance ( to bring this channel
up to the quality of competitive approaches)will provide enocugh sotivation to implement in practice present
day dJesigns of adaptive links, that will necessarilv include RTCE features. All these i{mpruvements will
enter the practice gradually. with adaptivity to multipath spread and Doppler spread coming last. When they
will be in place, the ¢ra of truly mudernized HF communications will have come.
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ADAPTIVE SYSTEMS IN OPERATION
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ABSTRACT

The development and evolution of channel evaluation toohniies 1s lescribed,
A recently developed fully automatic HF radio “~lephone syster is Jdiscussed which
automatically selects the suitable channel and also provides a telephone int-r-
connect. Also described is a HF message terminal which automatically requests,
repeats and confirms message status for sender and receiver.

1. INTRODUCTION

In the early 1960's, real time channel evaluation (RTCE) systems were first
used to improve the performance of operational HF radio systems (Jull et al, 1962;
Stevens, 1968). These systems were rather rudimentary as far as todays technology
is concerned. The channel evaluation was done by equipment separate and indepen-
dent of the communication transmitter and receiver. The RTCE equipment switched to
cach assigned frequency channel, measured the signal-to-noise or interference
ratio and recorded the usuable chanrels on a paper chart recorder. The radio oper-
ator selected the channel for communications by examining a history of the perfor-
mance of all channels over a specified period of tine., Since the 1960's, the RTCF
systems have become more sophisticated and an integral part of the communication
transmitter receiver equipment. Micrprocessors are now used to control the equip-
ment operation and measure the parameters necessary for an adaptive system to
operate effectively. With the microprocessor, additional features can be added,
such as a calling system in which a base station can call a specific mobile ter=-
minal or a number of mobile terminals automatically. Various types of RTCE systems
with different degrees of complexity are operational today. A recently developed
HF radiotelephone system with automatic channel evaluation features is described
in Section 2 and an HF message terminal that can be added to any type of system
is described in Section 3.

2. RACE

A system named RACE (Radio Telephone with Automatic Channel Evaluation) was
developed to improve the quality of telephone services provided by HF radio to
remote areas (Chow and McLarnon 1982). This system not only evaluates the perform-
ance of each channel but also eliminates the requirement for an telephone operator.
The RACE system consists of one Master and a number of Remote terminals. Fach of
these terminals consist of the following three subsystems as shown in Fig. 1.

a) Contoller Interface Unit (CIU}:
The controller Interface is essentially a microprocessor which provides
- an interface to the telephone system;
- transmission and reception of dialled digits and supervisory
data over the HF network;
- channel evaluation and selection:
- control of the HF transmitter receiver system.

b) HF Transmitter Receiver System:
This system consists of a conventional single side band transceiver with
capability of a channel being selectad remotely by means of a digital
signal from the CIU. Broadband antennas are used to facilitate rapid
switching of the channels,

c) Syncompex Unit:
This unit is a speech processor using digital techniques (Chow and
McLarnon 1981) which improves the performance of the channel when
the signal-to-noise or interference is low and provides a marginal
service. Incorpoated into this unit are 75 bps dual diversity FSK
modems which also provide the data link for establishing a call to
a subscriber.

In the RACE system the channel evaluation is done by transmitting data
on available channels during the idle periods when the system 1s not occupied by
radio telephone calls. Each Master station transmits a burst of FSK data, called
an idle message, on each channel in turn, and all Remote stations synchronize
themselves to the Master station and evaluate the received data by assessing the
error bit rate, If no idle message is received, the Remote station automatically
steps to the next frequency channel maintaining local short term synchronization.
The evaluation time is two seconds pe~ channel.
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When a call originates from a Master station the idle message is replaced
by a call message directed to a specific Remote station. If the Remote station
receives the call without error, it sends a message to the Master station. If an
error free call message is not received, the sequence will be repeated on the next
frequency. When the Master station receives a reply to its call, it also analyses
the ruality of the message to detlormine its agreement with the selected freguency.
If it agrees, it sends as acknowledgement message or "handshake” to the Remote
stat‘on, After the "handshake"”, the Master sends a message to th Remote to ring
the called subscriber, The Remote checks the status of the line and if freec rings
the subscriber. When the subscriber answers, a call connect message is sent to the
Master which switches the call to the BF link, The average time taken to establish
a call is 6 seconds with a maximum time for a eight channel system of 16 seconds.
The steps taken by the system tu establish a call from the Remote to the Master 1is
similar to that just described from the Master to the Remote,

For a call between Remote stations, Remote A sends information to the Master
on an idle frequency fl requesting a call to a subscriber at Remote B. The Master
passes control of the HF network to Remote A which sends a call request on anoth-
er frequency f2 to Remote B. If the frequency is acceptable, Remote B sends a
reply and Remote A checks the reply and if acceptable sends an acknowledgement.
Remote A then cantacts the Master on fl and indicates the call will be made on
another frequency f2, The Master acknowledges message and returns to idle condition
on frequency on f2. Remotes A and B establish the call over the HF link and return
to the idle condition when the call is completed. on the first clear idle message
received by Remote A an "end of call" message will be sent to the Master who will
check the message and if acceptable send an acknowledgement.

The data channel is in continuous use while the system is in operation and
its performance is critical to the reliable operation of the system. The data
channel uses a 75 bps modem employing binary FSK (85 Hz) shift with in band freq-
uency diversity using 1105 Hz and 2125 Hz. The reliability of the channel is en-
hanced by the use of error detection coding and “stop and wait" ARQ protocol. The
data channel serves the following functions which occur seguentially and are
exclusive:

- Network synchronization and sounding
- Call set up

- Syncompex control

- Call termination,

Details on the message format for the data channel are described by Derbyshire
(1982). The data is organized into eight bit units with a minimum message length
of 48 bits.

The real time channel ecvaluation involves the Master station transmitting
a 48 bit idle message on each frequency every 2 saeconds and each Remote station
receiving and evaluating this message and keeping statistics on the channel qual-
ity. The evaluation uses real and pseudo errors detected on the incoming 1dle
message. Real errors are accumulated over approximately four minutes with a
weighting factor assigned to each measurement so as to follow rapidly changing
channel conditions. When the system is busy, a four minute time period is not
of sufficient length to evaluate real errors. Under these conditions, ar eval-
uation technique was selected based upon "psuedo error” analysis of the incoming
data (Gooding, 1968), Pseudo error counts are found to be a suitable measure of
channal quality. An algorithm is also incorporated in RACE to select the best
channel for HF communications.

Field trials conducted in 1980 and 1981 for Master to Remote station dist-
ances of 65, 270, 490, and 965 kms confirmed the superiority of the dual diversity
FSK over the single channel FSK for evaluatina the best channel for voice commun-
ications. The single channel FSK selected channels with the smallest multipath
spreads which were not necessary those with the best signal-to-noise ratio. The
call completion rate during the test periods was estimated to be greater than
98%using a low power transmitter of 100 watts and simple non-directional broad
band antennas. The availability of two and three channels for communications are
as follows

two channel availability 96%
three channel availability 861

These data on channel availability indicate the RACE system can support several
simultaneous calls from a Master station. Even though the RACE system does not
take into account non-reciprocity in propagation or different noise and inter-
ference levels at both ends of the circuit, it did not appear to be a major
limitation in the performance of the system.




3. HF MESSAGE TERMINAL

A message terminal was developed at the Communications Research Centre 1n
Ottawa, Canada to increase the capabilities of existing HF radio systems by permit-
ting the transmission of text messages. The messagc terminal can be connected directly
to an existing system with a 600 ohm input/output ports. Coding and modulation tech-
niques are incorporated in the HF data protocol to enable data cormunications when
propagation conditions do not permit intelligible voice transmissions.

The system consists of a portable terminal with an alphanumeric keybeard, a
hard copy printer and a single line display. The user types in a message on the
keyboard which appears on the terminal display panel. The outgoing messages have
a 1280 character buffer memory which hold the prepared text prior to transmission.
The message can be corrected, updated or sent immediately. A typical messaae, about
four lines in length, can be transmitted and confirmed cn both sender and receiver
terminals in 40 seconds. The destination terminal receives the incominzy messaae
with out ooprator assistance. The outgoing and incoming messages are printed by
a small hard copy printer in a 80 character by 10 line page format with a ore irch
gap between pages.

The terminal has a 75 bps dual channel FSK modem. The modem 1s impemented
with a microprocessor and free from drift, aging and does not require high preci-
sion components. The modem uses frequency diversity for reliable operation of the
device during selective fading periods. The data transmission occuptes 300 iz of
the voice channel enabling more than one network to be operational in a 3kdz ban.d-
width.

The following types of calls are possible with the message terminal:

a) Selective Call: Each terminal can call any other terminal on the sanme
network, with ARQ protocol. This mode is very reliable for error free
messages.

b) Broadcast Call: All terminals recoanize the global address but do not
answer the call. The message is transmitted several times and the ter-
minals accept correct parts of the message. This mode is not as rel:iable
as the selective type of call.

[o]

Privacy Call: When this option is selected, the terminal asks for the
password which is used to start data randomization operation. The
destination terminal upon receipt of this type of message only displays
the calling stations call sign and "ENTER PASUWORD". The incorrect entry
of the password lets the operator try three times and then erases the com-
plete message. The correct entry of the password performs inverse of the
randomization operation and printing of the message.

The terminal has a RS-232 port for external equipment connection of the
following equipment;

a) CRT and printer
b) Telephone line or short haul modem for remote control
c) Mass storage facilities

The message terminal increases the capabilities of existing HF radio systems
to transmit short text messages. The terminal can be connected easily to most
conventional HF systems. Modulation and coding are built into the data link protocol
to allow data communications under conditions that do not permit intelligible voice
communications. The terminals allow for unattended reception of messages and option-
al communications privacy.
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This Bibliography with Abstracts has been prepared to support AGARD
Lecture Series No.127 by the Scientific and Technical Information Branch
of the US National Aeronautics and Space Administration. Washington,
D.C., in consultation with the Lecture Series director, Dr J.Aarons, of
Boston University, Boston, Massachusetts, USA.
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