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Preface

As part of the Increasing concern to improve air traffic control
of oceanic regions, the Department of Transportation’s Transportation
Systems Center is Investi gating var ious methods to effect such improve-
ment. One such method involves the use of HF data transmi ss ions between
aircraft and ground stations.

The report presented herein was prepared by the Institute for
Telecomunication Sciences. It is one of two reports describing the
potential usefulness of HF data transmi ss ions for ocean ic ATC improve-
ment.

The report was completed under the direction of TSC Project Engineer ,
Leslie Klein.
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1. INTRODUCTION

1.1 PARAMETERIC VIEW OF SYSTEM ISSUES

In the worl d of HF systems two conclusions are inescapable. First ,
he HF conullunications medium is extremely complex. For digital signal
transmission , propagation , and reception , the channel characterization
involves many time-varying factors. If not used ~ptima l1y, the HF medium
can cause many dissatisfied data coni~unicati on users . Second , the
physical and statistical HF behavior has been studied by numerous re-
searchers. A long list of both theoretical and experimental studies is
reflected in the attached references. The scope of this short memorandum
does not permit us to sumarize the past HF work , exc ept i n a cursory way.
The interested reader is urged to turn to the availabl e wealth of litera-
ture to acquaint himself wi th the HF medium.

The rest of this section emphasizes a particular way of looking at
systems; this is the parametric approach and it is attempted throughout
this study. With this method one simply strives to represent everything
of significance systemwise in terms of measurable and meaningful param-
eters. Just like nomenclature , the parameter set is seldom unique. But
that is a mear nuisance , and not a substantial obstacle , to the study of
typical teleconiiiunication systems.

Wh en one recognizes certain parameters as crucial , choices between
different complex system versions may be made on the basis of numerical
values of said parameters. For the ATC (Air Traffic Control ) data system ,

for instance , one key parameter could be the probability of message block-
ing or that of intolerable delay. Another key parameter could very well
be the total installation , opera tion , and ma intenance cost. If these
were the only two cruicia l parameters , system i ssue s coul d be reso lved
through a relatively simple tradeoff process involving these two

parameters.

1.2 FROM BROAD CONCEPTS TO PRACT ICAL REALITY

Another principle of approach to systems is to start wi th relatively

broad concepts. This approach is taken here.

1
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One simply starts with a sufficiently broad premise, in order not to
overlook an obscure but promising alternative. One is , of course, cogni-
zant that sooner or later the system designer will encounter real life .
At that time the generality will be narrowed down to realistic dimensions ,
or the system concept will be abandoned .

An example is signal bandwidth , To start, system concepts could
permit bandwidths in MHz. But later facts of frequency band al location
may bring the bandwidth down to no more than 100 kHz. And , if one can-
not afford to part with existing 25 kHz transceivers , the bandwidth may
end up at 25 kHz or even the 3 kHz voiceband .

2
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2. THE COMMUNICATIONS CHANNELS

2. 1 PROPAGATION MEDIUM

The transatlantic ATC system has severa l single sideband (SSB) channel

assignments in the HF band. The ATC HF band transmitters /receivers are
tunable from 2.8 to 24 MHz , or equivalently from nearly 10 to 100 m in wave-

length. The SSB modems occupy a nomin al voiceband of 3 kHz .

The HF medium has been used exten sively for long distance data trans-

missions throughout the world. By long distance, one means 1000 km and
farther. The typically achieved data rates va ry from less than 100 b/s for

old-fashioned tel egraphy to severa l tho sand bi ts per second for more advanced

data links. Un fortunately, the hi gher the keying rate, the mo re the dat a
links are restricted in distance and are subject to unfavorable propagation

conditions.

The HF propagation medium is strongly associated with the ionosphere .

Both va ry with time in a fashion that is hard to predict. The phys ical and
sta ti st i cal cha racter i st i cs of the i onos ph ere an d the HF cha nnels have been
described by many (National Bureau of Standa rds , 1948; Grisda le , et al .,
1957; Davies, 1965; Go l dberg , 1966; Betts , 1975; Fi lte r, et al., 1978).
SevI’ra l workers have offered usefu l HF models (Watterson , et al., 1970;

Watterson and Minister , 1975; Zieme r, 1976; Bel lo and Goldfein , 1977 ) .
Others have placed emphasis on the data transmission effects of the medium ,

including signal design , modulation , cod ing, diversity , and so on (Bello ,

1965; Nesenbergs , 1967; McMana mon , et al., 1970; P ierce , et al ., 1970;

Brayer , 1971; Kuba and Lowry , 1971 ; de Lell i s and M i chel son , 1975; Harper ,

et a]., 1975 ; Foshee , 1977 ; Hi l l an  an d Gott , 1978; Kwo n an d Shehadeh , 1978).
The key features of HF can be summarized here . In absence of

other s i gnals or no i se , the ionos phe re causes sign al di sto rt i ons assoc i ate d

with wave propagation and rnul tipath conditions . Tw o p henomena are observed.

First , the signal amplitude fades up and down at the receiver input , and ,

secon d, the recei ved signal tends to suffer time (delay spread) and fre-

quency (Doppler spread) distortions that tend to mutilate even strong

signals. Both amp litude fades and time-frequency distortions are caused
by multi path conditions in the ionosphere . These conditions can be less
severe at certain time s and in given locations , but the ir ove rall  effect
must be viewed as randomly time-variant .

3



The depth of fades can occasionally be in the 20-30 dB range . The

longer fades tend to last about 1-5 sec . They cause error bursts that are

of comparable duration. The multiplicative distortions , on the other hand ,

tend to cause more actual delay distortion than frequency spread. Delays

of 1-10 ms are not uncommon. The main feature of these delay distortions

is that they do not stay fi xed for very long. Associated wi th their rapid

var iat i on , frequency sprea ds and shi fts of the o rder of a her tz a re common.
Tech niques such as automatic adaptive equalization have not been success-

ful on HF channel s because of the rapidity and instability of channel -

response variations.

To commu ni ca te rel i a bly over HF , the above references show that a large

time-bandwidth product is needed in the digital signal design. For example ,

the keying rate in the modulator should be sufficiently low to avoid crip-

pling effects by the multipath spread. Bit or characte r interleaving of

an individual code word should extend over 20—30 sec to avoid a fadeout of

the word. Spreading over a bandwidth that exceeds the correlation band of

the distortion also helps protect the signals against multipaths. Mu ltip 1~
or M-ary Frequency Shift Keying (MFSKj techniques are perhaps the simplest

and most economic techniques to implement. They offer arbitrary bandwidth

expansion and phase distortion insensitive operation in a relatively simple

way.

2. 2 NOISE

Three types of noise are observed in any radio receiver. They are

th e thermal no i se , the atmosphe ri c no i se (CC IR , 1964) and man-made noise

(Spaulding and Middleton , 1977). With the improvement in low-noise receivers

and enhanced transmi tter power capability , the thermal (i.e., the familiar

Gauss i an ) no i se has apparentl y become t he leas t bothe rso me of the three
no i ses at HF. The othe r two no i ses , whether they are caused by lightning

in the atmospheric case , or by var ious emissions of electrical devices , are
quite spiky or impulsive in character. Their time duration tends to be

short. Thus thei r overall effect can be substantially reduced by proper

HF rece i ver f i l ters. Moreover , the spurious emissions from man-made sources

ca n be a l lev i ated by engi nee ri ng layouts of the HF rece i ve r stat i ons w i th
respect to their environs.

4



In summa ry, the HF radio noise effects appear insignificant when con-

trasted wi th the seri ous multipath distortions for the data channe is.

2.3 INTERFERENCES

In the absence of desired signal , the transoceanic HF bands tend to

contain undesired signals. These undesired sinnals seem to offer a far

more serious problem to data quality than does the previously mentioned

noise. The totality of undesired radio signals is call ed interference.

Interference to Atlantic ATC ground stations is apt to be generated by

worldwide (e.g. , Paci fic , European , etc.) ATC transmissions . Because of

unpredictable ionospheric propagation conditions , some far away (e.g.,

10,000 km) HF paths may encounter higher propagation gain than does

the desired HF line (e.g., 1 ,000 km).

The effects of similarly modulated co—cha nnel interference are far

from fully unders tood. One expects false frequency locks , clock acquisition

problems , plus general error probability deterioration. Depending on rela-

tive power levels and spectra l propertie~ , the effects could vary from

drastic to insignificant. The interference t rmat , s uch as CW or pulse d

waves, could also affect the system performance This has been reported in

unpublished reports (M. Nesenbergs , et al., OTM-89; Akima and Nesenbergs ,

OTM- 73-l23).

When desired and undesired signal waveforms are indistinquishable ,

the classical orthogonality properties cannot be used to elimi nate inter-

ference effects. However , additional bandwidth capability can be beneficial

to better capture the supposedly stronger desired 

signal. 5
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• 3. CONCEPTUAL SYSTEM OUTLINE

3.1 TIME AND BANDW IDTH SPREAD

As i nd i cate d i n the prece di ng sect i on , the HF signal suffers random
di stort i ons that , if severe enough , cause bi t and cha racte r errors in the
received data . Binary error rate (BER) in excess of lO~~ i s intolerab le
in many applic ations, and it should be avoided for ATC. Short of seeking
other commu nic at i o ns me di a , such as VHF or satel l it es , the re appea rs to be
onl y one HF remedy . Tha t remedy i s to ex pand suff i c ientl y the t ime an d
frequency product of the s ign al , and to process the received waveform .

To reduce the multipath delay distortion of individual keyed waveforms

(bauds), assume a wav eform durati on of 20 ms. This limits the keying rate

to 50 baud. To further lessen the impact of received phase fluctuation ,

assume a non-coherent receiver , i.e., a receiver that does not observe ,

track , or in any way use received phase information.

Assume , however , that the ground station HF receivers do track the

received carrier frequency . When done non-coherently, th i s i s equi valent
to ampl i tude or energy detection at certain spectra l lines . At the suggested

low key i ng rate , such operation appears possible with the Fast Fourier

Transform (FFT) spectra l analyzer (Chadwick and Springett , 1970; Ali , 1978).

Let the signal spectrum occupy a bandwidth not exceeding 3 kHz. For

50 baud keying, this is around 50 time s the minimum required bandwidth .

Thus , there is room for spectral spreading via signal desi gn. (Later , we
shall outline an MFSK approach for this signal design.) Note that the

3 kHz does not exceed the standard voiceband on terrestrial and other links.

Also, if a wider total band -- such as between 25 and 50 kHz -- were available
to ATC on international worldwide bases , it could be slotted and regionalized

into several voiceband strateg ies. Multiple access and reduced HF inter-

ference could be eng i neered accordingly.

The ATC messa ges may be divided into bit or character groupings , calle d

words . If detected and processed ir~dividual ly , these words could be badly

distorted or even entirely lost if they happened to fall into a deep fade.

To avoid this , assume that each data word is somehow expanded to span much

more than a fade duration. Such word expansion is conveniently done by

a process known as interleaving (Ramsey , 1970).

6
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Interleaving wi l l  be introduced in the next sections in conjunction
with block coding for error control purposes .

3 .2 ROLE OF ERROR CONTROL

As indicated above , data transmission over HF tends to suffer from

too many errors . This seems to be the case desp ite optimal signal design ,

the best state-of-the-art transmitter/receiver configurations that money

can buy , and the use of the latest propagation pred ictions for path and

frequency selection.
Nume ro u s workers have stu di ed HF a nd relate d med i a er ror stat i st i cs

an d have sought ways of reducing their impact on transmitted data messages
(Brayer and Cardinale , 1967; Cohn , et al., 1968; Crowley , 1969; McManamon ,
et al., 1970; Pierce, et al., 197 0; Reed an d B las bal g , 1970 ; Brayer , 1971 ;
Ch i en , 1 971; Juroshek , et al., 1971; Kuba and Lowry , 1971 ; Kirb y and Nesen bergs ,
1972; Prap inmo ngko l ka rn , et al., 1974 ; Chase , 1975 , Butman , et al., 1975; and
many others).

The following is a brief error control summa ry for ATC-type HF data

links. Forward error correction (FEC) does not appear to have any decided

advantage over automatic repeat request (ARQ) schemes , unless the feedback

l inks are either unavailabl e or extremely di fficult. (Note: For ATC one

can assume primary FEC responsibl i ty wi th optional and limited other channel

or hybrid ARQ backup.) For relatively short messages , convolutional or

concatenated codes appear unnecessary . This leaves block codes as a prima ry

candidate. Among block codes, the lon g codes are only slightly more effective

than shorter codes. Moreover, the longer the code , the more involved

its decoding process , especially when soft instead of hard decisions are

permitted. Long codes also do not fit the relatively short message

formats envisioned for ATC. The e rror contro l powe r of the shor ter b lock
codes over HF links can be significantly increased with the previously

mentioned i nterleaving.

Fo r the transocea ni c HF link s , given all their application constr~ints

and channel sta ti st i cs , one may consider a relatively short block code ,

heav ily i nterleaved , and working primari l y in the FEC mo de. Golay code
(23, 12) could be a reasonable fi rst example , followed by a modified (24, 12)

Golay code (Golay, 1949; Gal lager , 1 968; Peterson and Weldon , 1972). SincQ

in the (n,k) notation there are k information bits among n total bits per

7
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word , the modified code is exact ly rate 1/2 . The addit ional parity bit
( i .e. ,  the 24th bit ) offers several options of extra pari ty ver i f icat ion
for limited ARQ backup.

To ove rcome the deep and long f-IF signal fades , eac h Golay code wor d has
to be interleaved wi th other code words . The total span of an interleaved

code word should be considerably longer than the previously mentioned 5 sec .

In the more detailed system outline to follow , an interleaving span of 25-30

sec w i ll be i ll ust rate d

3.3 TRANSMITTER ABOARD AiRCRAFT

Th i s sect i on outl i nes a transm i tter sys tem aboa rd an a ir c raft. The
system is an exampl e embodiment of the issues and constraints faced. Us i ng
th is prototype system as a strawman , one is in a better position to under-

stand the tradeoffs and to make choices towards final izing system alterna-

tives .

An outl ine of the transmit terminal aboard an aircraft is gi ven in

Figure 1. The original data is generated as needed and stored in the air-

craft data source buffe r. There re e i ther automat ic or man ual ways of
i ni t i at i ng a message t ransm i ss ion.

When an order to send is given , the transmit contro l takes over. The
transmit control is scanned through a predetermined routine , perhaps

with the aid of a micro-processor and with various clocks , tr i ggers , and
mon i tor i ng elements .

One of the first tasks of the transmit control is to gate a message

out from the aircraft data source . As shown in Figure 1 , the uni t message
is assumed to consist of 240 bits. The 240-bit message is gated to the

interleaver and (24 , 12) encoder. The interleaver- encoder performs two
functions at once. It both encodes the 240 data bits into 20 codewords
and in terleaves the co de words so that no two bi ts of the same word are
closer than 20 spaces.

The structure and operation of the interleaver-encoder are shown in

Figure 2. Here the interleaving or interlacing procedure differs from the

more familiar versions (Gallager , 1968; Ramsey , 1970). At each step ,
12 parallel bits are loaded into the 240-bit register. It takes 20 steps
to load the reg ister. After the 240-bit register is filled , the gated
parallel readout is stopped and the actual (24, 12) encoding commences .

8
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The encoder has two parts. First , the main registe’- has feedback

taps to form a parity polynomial ,

h(x ) = 1 + x + x2 + x 3 
+ x 4 + x 7 

+ x 1° + x 12
. (1)

As implemented , this arrangement encodes the standard (23, 12) Golay code

(Galla ger , 1968; Peterson and Weldon , 1972). A single, separate 20-stage
register at the l ower right of Figure 2 merely adds a 24th parity check to

each and every one of the 20 wor ds.
Note that each encoded word consists of 24 bits , an d the encode d messa ge

con tains a total of 480 bits . After the 480 bits have departed , the enco de r
registers are cleared and the gates are reset for the next parallel load.

If b i na ry mode ms were used , the interleaver-encoder output could pro-

ceed di rectly to message fo rmatter and to the modulator. However , Figure 1

assumes that some multi-frequency keying is used in accordance wi th band-

width spread considerations discussed earlier. It follows that in Figure 1

the 480 bi ts are f i rst converte d in to 160 octal characte rs.
Under the supervision of the transmi t contro l, the 160—character message

is organized according to a perman eitly stored message format. This incl udes

appropriate multi-frequency headers (for acquisit ion), character spacers (for
carrier reference and clocking), and end of message markers that must be

merged wi th the 160 message characters . Finally, the entire merge d

message proceeds to the MFSK modulator and subsequent RF power stages .

3.4 MFSK

This section descri bes a possible M-ary FSK (or MFSK ) fo rma t for the
HF data l inks. To start , assign a special frequency f0 for carrier acquisi-
t ion , reference and trac¼ing. Next , ass i gn ei ght d i st i nct frequenc ies f 1,

for the encoding of data characters. For what one has i n mi nd
here , the keying of f1, f2, ... , f8 could initially carry additional info r-

mation suitable for character clock acquisition and tracking.

To be spec i f i c , cons ider the MFSK message format of Figure 3. A total
of n i ne frequenc i es is i nd i cated~ f0 (carrier) puls f1 , f2, ... , f8 (M= 8
key ing frequencies for data). The message is started and ended by f0 tones
of du rat i ons TC + TD and T E, respectively. Relatively short carrier segments

10
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of duration T D are inserted between M-ary characters to provide frequency
drift or Doppler cor rect i on.

There are two types of M-ary characters shown in Figure 3, all of length
T c~ 

First , there are four header characters whose job is to enable initial

character and keying (baud) synchronization. (Subsequent so-called ‘bit-

sync ” i s ma in ta i ned w i th the a i d of Dopp ler s pacers T0 and baud ~‘eying
transitions.) Second , there are 160 data characters shown in the fi gure .

With the octal encoding of the half- rate (24,12) code , the MFSK message
shown con ta i ns exact ly

160 . 3 . 
~
- 240 b i ts , (2)

in a total t ime of

165 T C + 1 64T D + T E sec . (3)

Realistic numbers for these time segments appea r to be TC = 160 ins , TD 20 ms ,
and T E = 80 ms. Given these values , the total message durat ion adds up to
29.76 30 sec. Data , including TD s pace rs , occu py 28.80 sec ; namely,
96.8 percent.

The code word interl eaving span (i.e., the spac in g between a gi ve n
bit in Data Character 1 and the corresponding bit in Data Character 160)

is roughly 28.6 sec. This is deemed to offer adequate debursting to errors

for individual HF fades that last up to 5 sec.

The format of the header characters may be constructed to provide gradual

t imi ng ref i nement, end ing up in complete character and baud lock. Thus ,
one can use eight (8) key el ements, key i ng exactly one freq uency at each
time , during the Tc period of a header character. An exam ple of this is shown
in Table 1.

The format for the M-ary data characters must also be resolved. The re
are many alternatives. Perhaps the simp lest option would be to assign
one uni nterru pted TC = 160 ins tone to each of the M = 8 choices . These
tones , of cou rse , are orthogonal in the sense that they avoid el ement or

baud overlap. The features of such a simple keying — coding scheme are
known (Nuttall , 1962; Lindsey , 1965; Chadwick and Spri ngett , 1970; Butman ,
et al. , 1976). Also known is the obvious vulnerability of such a scheme to
steady CW or similarly constructed interference.

11
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TABLE 1. HEADER CHARACTERS

Header Eight-e lement frequency
Character keying sequence *

-- - - 

4 4 4 4 4 4 4 4

2 8 8 8 8  4 4 4 4

3 8 8 2 2 6 6 4 4

4 8 1 7 2  6 3 5 4

*Numbe r j denotes the index of ON-freq uency f~ .

TABLE 2. DATA CHARACTERS

Data Eight-element frequency
character ~~yj~~~se uepCe *

1 2 3 4  5 6 7 8

2 2 1 4 3  6 5 8 7

3 3 4 1 2 7 8 5 6

4 4 3 2 1  8 7 6 5

5 5 6 7 8  1 2 3 4

6 6 5 8 7  2 1 4 3

7 7 8 5 6  3 4 1 2

8 8 7 6 5  4 3 2 1

Number j  denotes the index of ON-frequency f~ .

14
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Fortunately, there exist various M-ary codes with desired frequency
agil i ty for CW interference reject i on , and yet with adequate cross-correl ation
properties (Reed and Solomon , 1960; Golomb , 1964 ; Berlekamp , 1968 ; Peterson
and Weldon , 1972). When more than one frequency is to be keyed and full
MFSK orthogonality is required , then there must be at least 8 keying ele-
ments per character.

In the fol lowing data char acter example , let there be 8 key slots or
elements. Then , as shown in Table 2 , one can construct 8 mutual ly
orthogona l MFSK sequences by a Hadamard-type array .

Each of the 8 frequencies keyed lasts exactly 20 ms. Since there is
a total of 8 keys per cha racte r, the character lasts fo r TC = 160 ins ,

as indicated before. The frequency foot-print (i.e., the incidence or

ON-frequency pattern ) of date character ~/3 is shown in Figure 4.

3.5 GROUND RECEIVER

The bas i c structure of the g roun d rece i ve r i s g i ven i n Fig ure 5 . S in ce
individual ai rcraft transmissions are 30 sec bursts tha t may occur at irre gular

t i mes , message acq u is iti on is an imp ortant facet. The functional nature

of the MFSK acquisition and carrier tracking stage (namely, the fi rst block

of Figure 5) is elaborated in Figure 6.

A frequency track i ng loo p locks onto the carr ier frequency f0 and
corrects in c id ental fre quency dr i fts cause d by both eq uipment i nsta bi l i ty
and propagation dynamics (Lindsey and Simon , 1973 and 1977). After the

in itial continual tracking that lasts for 180 ins, the loo p transfers to
a ti med (gated) and sampled mode. In the t imed mode , f0 is observed for
20 ins out of a 180 ins period.

The MFSK character timing progresses through six consecutive stages.

They are (see Figure 6):

All 0 correlat i on ,
4444 4444 II

8888 4444 “

8822 6544 “

81 72 6354 “

MFSK Keying “
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The first five correlators (namely, from All 0 to 8172 6354) are active

during the initial preamble only. The sixth correlator (namely, the MFSK

key ing tracker) is active throug hout the message duration. Combined with

counters and clocks , it controls gates for data output , as wel l as for 
—

Doppler drift sampling.

After acquisition of the character waveform sequence (it consists of

160 cha racters), the characters are individually detected in the Octal

Character Detector (see Figure 5). There are several issues here . The
first problem concerns the so-called hard versus soft decision (Harper , 1974;
Chase , 1975; Jewett and Cole, 1978). Several decibels of signal -to-noise

(SNR) improvement may be gained by using soft decisions. However , hard

decision detectors are simpler to implement. Most present-day systems employ

hard decision devices , but this may change in the future.

The second concern deals wi th the functional structure of the coherent

vs. partly coherent vs. non-coherent MISK receiver. It turn s out that the

auto- and cross—correlation properties of the eight (unknown to the receiver)

random phase processes in the eight frequency slots influence the functional

structure for the non-coherent ‘IFSK receiver (Glenn , 1966; Filipows ky , 1969;

Nesenbergs , 1971; Kwon and Shehadeh , 1975).
On the worst case basis , one may envision the eight random phases a~

wildly fluctuating and wi th no visible or useful cross-correlation properties .

This may suggest the spectral energy (Lindsey and Simon , 1973; Zieme r , 1976)

or envelope (Glenn , 1966) type of receiver. On the other hand , i f the phases
stay relatively constant over the 20 ms baud interval and displ ay some

mutual cross-correlation , then quadrature integration followed by weighted

sums of square and linear terms may be preferable (Nesenbergs , 1971).

After detection (Figure 5), the 160 octal characters are co nve rte d

back to 480 bits. These bi ts , in turn , must be un-interl ea ved before
decoding. Figure 7 shows a standard matrix -type un-interleaver (also called
de-scrambler). When the 480 bi ts exit from the un -interl ea ver , individual
24-bit codewords have been reassembl ed in 24-bit packages .

Next, the decoding of the (24, 12) code takes place , one codeword at
a time . Perhaps the simpl est of decoders for the (24, 12) code is shown
in Fi gure 8. This decoder is of the syndrome matching type , as described

19
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in an unpublished report (Gallager and Nesenbergs , ERL TM- ITS 233). As

seen in Figure 8, the implementat ion circuitry is not excessive.

There i s no speed p roblem i n the decoder e i the r. The fastest of dev ices
in Figure 8 is the Fast Counter (FC). It executes 24 x 24 = 576 steps per
codeword . Augmented with less than one hundred overhead control bits for

i nput , output , and sundry housekeeping, one ca n safely ass ume that 1000
steps per codeword is quite sufficient for the FC. But each codeword can

occupy a time slot of the order of 28.6/20 sec, wh i ch i s more than one
second. Thus , wh i le the p resent technology can eas i ly p rocess mega bi t per
second rates, the suggested decoder requi res only a ki lo bi t rate of the
decoder log ic. The re i s p lenty of real t ime to modi fy an d to slow down the
processes , if there is some system design reason for such modification.

One should stress that the decoder has two outputs. The fir st ou tput ,

called “Data Out ” at the upper rig ht co rner of F i gure 8, produces the

nom inal decoded 12-bit outpu~ data word. The second output , called “Er ror

Detect (del ayed)” in Figure 8, gives a warning that the output word is

li kel y to conta in some erro rs. Such an eve nt ar i ses , for i nstance , whe n
the received word is the same Hamming distance (e.g., i n t hi s case the
shortest equi-distance is 4) from two or more nearest codewords . The entire

error correctio n function then deteriorates to a coin tossing equivalent.

When one or more of the 20 error detect ion bit s per message i ndi cate
tro uble , the system is considered to be in the Alarm Status (see Figure 5).

It can st ill out put the 240 data bits to the i r dest i nat i on . It can also
append the data wi th appropriate symbols identifying the Alarm Status.

Or it can disable the afflicted bits from the output. Finally, of course ,

the ground receiver can seek ARQ remed i es i f the necessa ry feedback l i nk i s

provided.

3.6 MULTIPLE ACCESS

If many users des ir e to seek the serv i ces fo the same HF channel , and
if their service times cannot be planned or controlled , mult i ple access
problems arise. Contention for channel time takes place when messages

overlap.

22
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Multiple access issues can be introduced with the slotted-ALOHA

exam p le of Fi gure 9. As is known (Kleinrock , 1976 ; Schwartz , 1 977),

completely random or untimed ALOHA leads to throughput difficulties. Better

operational efficiencies are realized by quantizing or slotting of time .

Transmissions can commence only at certain specified times. If so , then

messages fit i nto prescribed ti me slots or cells.
In Figure 9, the model i s augmente d to permi t j, instea d of one , fre-

quency slots or channels. As shown , i f a message overla p occ urs i n frequency
slot i , a certain time gap is necessary before the involved transmitting

parties can be apprised of the message conflict. After that , the par ti es
are permi tted to repea t the i r transm ission , but acco rd ing to some p resc rib ed
regime .

Th is regime specifies the frequency slot (1 , 2, . .. , j) and a new
degree of freedom , the delay of the time slot (1 , 2, . .  ., k), i nto wh i ch the
retransmissions may take pl ace. One regime can be a jk-ary random trial ,

where each of the jk—ce ll s is picked independently and at random. The n ,

of course , secondary overlaps can occur wi th probability l/jk and multiple

repeats are a possibility .

For a sing le frequency slot , slotted-ALOHA , the effect of k i s to
i ncrease the system through put. This phenomenon is illustrated in Figure

10, together with the expected average message delay T.

One notes tha t, as a function of tota l channel traffic (i.e., throughput

plus unsuccessfu l attemtps), the maximum slotted-ALOHA throughput occurs

when the re i s ap prox imatel y one packet on the a i r per cel l, on the avera ge.
Th i s throughput canno t exceed l/e = 0.368, wh i ch i s twi ce super ior to the
pure ALOHA. The optima l average delay is nearly T = 50 for both of the
ALOHA ’ s.

If in Figure 9, the gap and time cel l duration is the same 30 sec ,

then for j = 1 the optimal average delay results in

1500 (1 + 
~

-) sec > 25 m m .  (4)

Such dela ys of half-hour duration may or may not be acceptabl e for the oceanic

ATC app l i cat i on . Th i s i ssue , together with an in-depth look at the multiple

access system , remains to be resolved .
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L j ,  OPERATIONAL ISSUES AND PERF ORMANCE REQUIREMENTS

4.1 DATA THROUGHPUT

One of the foremost data system requirements concerns its ability to
deliver the required volumes of data in specified time inter vals. This is

a question of system throughput. In Section 3, both under signal format

design and mu lti p le ac cess , certain throughput efficiences were indicated .

It remait ’ -~ to be ascertained whether such throughputs are or are not

adequate for transoceanic ATC HF system uses .

4.2 ERROR RATE PERFORMANCE

The q ua lit- u t receiv”d data stream is often expressed in terms of

Binary Error Ratr (BER). For nany system applications , perhaps including

ATC , a real ist ic BER Th1 ” t t i ve may well be < io 6 .
In the MI S~ sy ’ - ’ ri i,lrr~ ,1 here , one encounters octal characters

or words. The ~, r d  Error Rat ’ (WER) objective is approximately < 2 . lO s .
Si nce , as i’*-ntioned bet~ ,’*’ , the HF ’ channel h~s often imp lied BER lQ~~,

it is in it ia1l ~’ somewhat un cert ain w?u- t~1er t~~- WER < 2 . 10
56 

goal can or

cannot be met with the coded MISK oii f iq ur a tion . It will be shown next
that , even under certain worst-case channel conditions , - - a id ~- rror  rate

objective can be met it  t ’ e  a v e r i l ’  receiver input signal-to-noise ratio

(SNR ) expressed as ratio of powers , does not fall unde r 35 dB. The rest

of this section shows how the WER perfo rmance is -i - sessed and how the

35 dB requirement is arrived at for the assumed coded MI SK system.

As a sta rting reference, consider the M-ary , M [SK, WER performance for
non- fading signa . and Gaussian noise. Figure 11 shows such an ideal per-

formance for severa signal design and receiver cases . The curves are

based on previous , reh- ly familiar studies (Turin , 1959 ; Glenn , 1 966;

Filipow sky , 1969; Nesenbe . 1971; Lindsey and Simon , 1973). The ordinate

in Fi gure 11 is the Word E~ r Rate (WER). The abscissa is the so-
called normalized signal -to-noise ratio Eh/N~

, where E b is the signa l

energy per information bit and N0 is the noise power density per unit band-

width , one-sided spectrum.

Four curves are shown in Fi gure 11 . The two coherent detection curves

are included primarily for reference. One notes that , while antipodal

bit detection is superior to orthogonal wa veform s , this advantage is more

then lost when viewed within the poss ibilities of M-ary framework . Two

26 
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non-coherent curves are shown . T~o orthuq i wi v o~ u - i cust ’  appe ai~ to

offer at l east a 2 dB advantage ov i’ r orth ogonal coding. However , due to
instabil i ties of the M phase process es , the system imp lenientution may ‘ r nv€ ’ nt
al l  its  benefits. Then non-coherent reception coitibined with orthogonal

ON-OFF coding may turn Out to be more descriptive ~t what is achieved.

In the remainder of this section , we shall assume the non—coherent ,

or thogo nall y coded WER performance.

Figure 12 shows what happens to the WER performance when the si gnal

fades. It is assumed that the fading is sufficiently slow (in title ) and
fla t (spectrally), so that it does not distort individua l character wave-

forms. Only the instantaneous received signal powe r , or it ’~ envelope ,

is going up and down in a random fashion.
This non— distort ive signal fading mechanism is further assumed to

consist of several mi rror-like specular signal components , plus an undeter-

mined portion of scattered signal energy . When all of the signal energy is

due to sca tter , one has the typical Rayleigh fading case. This is shown in

the middle of Figure 12. Better performance than Rayleigh can be obta ined

when , for i nstance , one specular component dominates the scatter . ro

the limi t, when the scatter disappears altogether , the remaining single

specular component implies a non-fading situation. This best possible

case WER curve is shown in Figure 12.

Unfortunately, digital fading channe l HF perform ance can be even worse

than for Rayleigh fading (Nesenbergs , 1967). This may arise when there are

two nearly equal specular terms , plus lesser scatter. In what follows

we shall assume this worst case specular-scatter fading characteristic.

In Fi gure 13, the model is rendered more realistic (Watterson and Minister ,

1 975) by introducing two elements. First , the Gaussiar - noise model is replaced

by atmospheric, man-made , and other more impulsive noise models (see

Section 2.2). Second , the fading process is made di st rtive by permitting

intersymbol interference. The degree of inte rsymbol interference is shown to he

equivalent to noise power that amounts to 10 dB mar gir for nonfadin g or 30 dB

marg in for Rayleigh fading performance (see Fi gure 12). This can be t rans-

lated into a non-reducible WER leve l of 10~~, as seen in Figure 13.

A lO ’
~ non-reducible WER or BER level is not atypica l for long

MFSK or binary FSK , HF paths. It cannot be e f fec t i ve ly  reduced by further
increases in signa l power or by lowering the receiver front-end noise
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temperature . Mo d em refi nenients are possib le , but they tend to become
more and mor” com plex wi th  q uest ionable benef i ts .

The onl y a l te rnat ive  le f t  seems to be erro r-contro l coding. Figure 14
shows the WER performance gains expected from the (24 , 12 ) Golay code
discussed ear l ier in Sect ion 3.2 . There are two coding curves , one for
hard decision of eaoh octal character , and another for soft (8- level )  deci —
sion for the entire 8—character  codeword. The numbers are based on Ire-

d ic t ions and observat ions made by numerous workers (Brayer and Cardinale ,
1967; Cohn , et a l . ,  1 160; McManamon , ot a l . ,  1970; Pierce , et al . , 1970;
Pra 1e r , 1 -171 ; Chien , 1971; t u l a and Lowry , 1971; Harper , 1974; Chase,  1975;

i rt ’e r , et a l .  , 1975; Zie mer , 1 - 7 6 ;  Chase and Bel lo,  1977; Jewett and Cole ,
1978).

One notes f r o’ Figure 14 that there is no apparent coding gain fur
ave r - lu  normalize d HF uno~r 20 dB. L- ’ - SNR above 20 dB , the coding gain
is a va r ab le ~~i~ tion of 

~b/N o , increasing from 10-1 HER reduction at 30 dB
to lO~~ W ER reduction at > 60 dB.

The soft decis ion advant age is -
~~ St no ’ iceab le  between 30 and 60 dB SNR ,

where ; t  is equ iva lent  to no -
~~ than 1/2 of error rate , or 2—3 dB of SNR.

For unlimited s igna l - t o -no ise  ratio , WER can at bes t be 10-6 .
To summarize: For t ’ i i ’  M SK sys t ’~ assu red here , the normal ized SNR

is :

f t . 
T~w 

(5)
i ~

where P is si gnal t ower , N is noise power , T C is character duration , and

W is I .e ,
~~fi c tive ~F ~:-~ 1 r’l~ i , 1 t b used. As discussed earlier in Section 3.4,

= 160 ms and ;-~ 3 kHz may be realistic numbers. Then , for this case ,

= + 22 (dB). (6)

° ‘t o r n ing to the statement made in the early parts of this section , one sees

that WER 2 . 10 56 requir? s an Eb/N O level of 57 dB for coded s of t -dec is ion
operat ion . Hence , P/N should be 35 dB.

Further WER r i-Ito t ion appears very d if f i cu l t , if not impo ssible , for
the ordinary , badly behaved HF data channels.
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5. CONCLUS IONS

5.1 SUMMARY
This short study has tried to assess potential use of HF data transmis-

sions for t ransat lant ic ATC appl icat ions and service improvement. Because
of the imposed time and resource constraints , this stud y was brief and
lipi ted in several  respects .

It was necessary to delete such important topics as present and
future trends in t ransa t la rt i c  air t ra f f ic , the ant ici pated ATC messag e mixes
and volume s ta t i s t i cs , the role of HF vs.  VHF , the character is t ics of
ex is t ing and proposed SSB modems , as wel l as the overal l  ATC ob ject ives for
HF channels (when contrasted in part icular wi th ava i lab le  sa te l l i te  op t ions) .

In absence of specific performance requirements , operational perfo rmance

issues such as general grade of s-~rvice (i.e., traffi c eng ineering for prob-

ability of bl ocking and desired delay statistics), as ~el1 as incorporation

of mandatory and prevailing ATC system practices , were not covered. Related

performance issues on data th ’-oughput and mult iple access requirement s were
treated in a very cursory fashion.

The approach taken here emphasized several i tems :

1) HF is an extremely compl icated medium for data communications ;
2) there are many system approaches , known and proposed ;
3) ATC object ives nay benefit from a parametric approach that proceeds

from a broad conceptional base to speci f ic system def in i t ions ;  and
4) the ut i l i ty of this approach was demonstrated by def ining and

discussing a specific coded MFSK ,;o 11’ un ic ation system.

To ascertain whether HF is appropriate for transatlantic ATC objectives .

one must be aware of HF l imi tat ions.  The se l im i ta t ions can be both messy
and severe (see Figures 11 through 14 ).  It is well Inown that HF can

do jus t so much and no more. To see exactl y bow much and in what respect , one

mus t address specif ic object ive issues . That is the tot ic of the next and
final sect ion.

5.2 ISSUES: RESOLVED, PARTLY RESOLVED , AND U’J PESO LVED

From the discussion given above , it appears that there are many issues

th at require discussion , review, and even~~.rl resolution . The issues can be

divided into several categories . FirY , t~ or~ are general administrative
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issues including organizational responsibi l i ty , policy , and future roles .
Secon d , there are user-oriented or service issues that depict the s y s t e m

as seen by someone on the outs ide. Finally, there are the many issues

that concern the intrasystem elements and their roles. The latter are

typically technical and system-oriented .

A brief summary of the HF data transmission issues for transatlantic

ATC application is given in Tables 3 and 4. Table 3 lists the general and

service-oriented i ss ues. Table 4 lists the technical and system-oriented

issues. They all require resolution , albeit to quite different degrees .

34 

-~~~ ‘ S -



~~~~ -.:~~i ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- - - - S  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

‘ — ‘  —‘ .5 -’— ‘. —-.-=-,-.----‘ -‘ - .-. -------—

TABLE 3. GENERAL AND SERVICE ORIENTED ISSUES

1. International Policies and Agreements

2. Geographic Responsibilities

3. Present and Future Roles of HF

4. Interfaces with Other Systems

5. Constraints of Practice and Cost

6. Serv i ce Re qui rements :

Traffic Scenarios

Traf f ic  Demands
Grade of Serv i ce Object i ves
Delay Objectives

Availability and Integrity

7. Serv i ce  Orient ”d Test Programs

8. Eventual Implementation and Growth
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TABLE 4. TECHNICAL AND SYSTEM ORIENTED ISSUES

1. HF Band (2.8 - 24 MHz) Allocations

2. Time-Varying Channel Cha racter ist ics

3. Voiceband Compatibil ity

4. A i rborne vs. Ground Terminal Simplicity

5. Integrity Assurance : ACK , ARQ, Monitoring and
Backup Systems

6. Multiple/Random Access Schemes

7 . Severity of Co-Channel Interference

8. System Requirements :

Aircraf t  Terminal Interfaces
Ground Termi na ’! Interfaces
Required Functions

Distribution of Control

Memory and buffers
Offer ed Loads
Data Rates

Protocols and ACK ’s

Error Controls (FEC , ARQ, Hybrid)

Coded Non-Coherent MFSK

Time-Bandwidth Profile

9. Modem and Codec Strategies:

Frequency Agility vs. Interference

Baud Stretch vs. Delay Distortion

Interleaving vs. Deep Fades

Extra Par ity vs. Outages
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