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| ntroduction (CATT Reconmendation  X.25) which was
specifically designed for computer-to-
Packet radio on the HF bands is alive conputer communi cations. On the other
and well, and is steadily gaining in hand, it was certainly not designed for
popul arity. The HF links which have been use on the HF channel; its usual domain is
est abl i shed between  widespread packet the relatively benign environnent of the
bulletin board systens have becone a Public Switched Data Network.
wor khorse in noving error-free traffic
beyond the limts of the VHF UHF packet An i npor t ant aspect of protocol
net wor ks. These links will, of course, performance is t hroughput efficiency.
never be capable of handling huge vol unes AX. 25 does not fare too well in this area,
of traffic, i ke negabyte files: the due to the large anmobunt of overhead bits
bandwi dt h sinply isn't sufficient. (bits ot her t han information  bhits)
Satellites and expanded UHF/ mi crowave contained in every packet. The overhead
links must be developed to neet these anounts to 152 bits, of which 112 are
requirenents; but it is probably safe to callsign information, assunming a point-to-
say that HF will always have a role to point link wthout digipeaters. This is
play in amateur data communications, both not a serious penalty when naxi numlength
as a back-up to these higher-capacity (but packets (256*8 = 2048 information bits)
more vulnerable to failure) systens, and are transnitted. Unfortunately, on HF
for extending the network into renote channels the probability of receiving a
areas where setting up a satellite station packet without errors tends to fall off
may not be feasible. rapidly with increasing packet size, and
in practice, nmuch shorter packets nust
There is little doubt that HF packet normal |y be used. The overhead then
will play an inportant role in anmateur becomes an appreciable fraction of the
data comuni cations for many years to total packet length, and the throughput
cone. On the other hand, even its nost suffers accordingly. Another problem wth
enthusiastic devotees would likely admt AX. 25 is its inability to take good
that the performance of the present AX 25 advant age of | onger, mul tiple-frane
HF packet links is often disappointing. t ransm ssi ons, whi ch reduce the overhead
At times, they sail along so snoothly that due to turnaround time (transnit/receive
they are remniscent of VHF links (albeit switching and transm ssion of ACK
at a lower data rate). At other tines, packets). The linitation is a result of
for reasons which are often unclear to the the lack of a selective repeat capability
users, the links bog down with retries or in the protocol. The structure of the
fail conpletely, in spite of what appears AX. 25 protocol also does not lend itself
to be adequate propagation to support to the use of signal processing techniques
communi cati ons. (memory ARQ  forward error correction,
sof t -deci si on decoding) which allow error-
The reasons for this erratic free packets to be built up from several
performance can be broken down into three corrupted packets.
main areas:
These and other aspects of data link
(1) The wunsuitability, in some respects, protocol design for HF are treated in a
of the AX 25 protocol itself for the HF | onger version of this paper which has
envi ronment . been submitted to the ARRL for
publicati on. Space does pernit including
(2) Difficulties in applying the the discussion here; nor, | suspect, would
net wor ki ng concept of rruFtipI e-access the prospect of «creating Yet Another
(channel -sharing) to the HF environment. Packet Protocol (apologies to WA7MBL) be
greeted with widespread enthusiasm in the
(3) Problems with the nodul ati on schenes packet comunity! The renaminder of this
and reception techniques used to transmit paper will be confined to discussing
the AX. 25 frames over the HF channel. per f or mance i mprovenents whi ch are

applicable to AX 25 HF |inks.

In contrast to conventional RTTY and
AMTOR, AX. 25 is based upon a standard The next reason for poor performance of HF

126



packet links is nore a function of usage The HF Channel and Mbdem Design

than protocol design. Packet allows the
sharing of channels, by virtue of its CSMA A large part of the problemwith HF
(carrier-sense mul tiple access) packet rests with the design of the nodem
capability. This leads to a tendency for whi ch was adapted from the Bell 103
users to congregate on a small nunber of standard. Stated sinply, this nodem is not
channels, which is not in itself a bad capable of reliable comunications at 300
t hing; for | ow-densi ty traffic like bps under the variety of conditions
keyboard-to--keyboard chitchat, it can nake encountered on HF channels. Signalling
more efficient use of the limted HF using binary FSK at this rate produces a
spectrum available. Even for transm ssion symbol  length (bit duration) of 3.3 ns.
of larger anounts of data, such as file Unfortunately, the signal received at the
transfers, the lower throughput caused by far end of the Ilink does not usually
channel sharing may somet i mes be arrive by neans of a single ionospheric
acceptabl e. Unfortunately, rather than mode; instead, it is a superposition of
degrading gracefully, the throughput tends several replicas of the transmitted signal
to rapidly fall to zero as the number of whi ch have travelled by different routes
users on the channel increases. The (e.g., they nmay have undergone different
reason for this is that the collision nunbers of hops and/or reflected from
avoi dance mechani sm is i mperfect. different layers), and consequently arrive
Col l'isions can occur for many reasons; the at slightly different times. Thi s
colliding packet that zaps yours may cone phenonenon, known as mul tipath
froma "hidden" station in your skip zone, propagation, is virtually always present
or because a fade caused the carrier to sone degree; it results in noticeable
detect to fail nonentarily. Carrier distortion to voice signals, but its
detect circuits need a certain anount of effects can be nuch nore catastrophic for
time to respond; you and the other station data signals. It leads to a formof self-~
may have both started to transmt during interference call ed i ntersynbol
t hat response time "wi ndow"  (random interference, in which a bit can be
backoff for retries does help prevent denodul ated in error due to the del ayed
repeat ed col lisions of this type) . energy arriving from the previous bit(s).
Possibly the other station isn't detecting QRM is bad enough on the bands wi thout
you because its receiver is mstuned. doing it to yourself:!
\What ever the reason, col I'i sions in
mul tipl e-access channel s are a mjor The degree of multipath present in a
i rpedi ment to getting any sort of received signal is measured by a paraneter
reasonabl e throughput. called the nultipath spread. Its exact
definition need not concern us here; the
It also should be nentioned at this inPortant thing to know is that when the
poi nt that it is often uncl ear, mul tipath spread increases beyond a few
particularly to newconmers to the nobde, how per cent of the synbol time, the bit error
to set their TNC paraneters for best rate performance of the FSK system begins
erformance on HF. Some rules of thunb to deteriorate rapidly. When the
ave emerged, such as Kkeeping packets multipath spread exceeds about 10% of
short (80 characters or less) and sending symbol  tinme, it becones the dom nant
only one or two franmes per transm ssion, mechanismin controlling the bit error
but the optinmm paraneters will vary rate. In other words, if you are operating
wi del y with condi tions. There is in this region, imoroving the signal-to-
considerable latitude here for experienced noise ratio at the receiver (by increasing
operators to "fine tune" their paraneters transmtter power or antenna gain, for
as conditions change. The best bet for exanpl e) wi Il produce no significant
newconers is to check with some of the HF improvenent in error rate! Cbviously one
packet gurus and find out what has worked should attenpt to avoid this situation as
best for them Some aspects of HF much as possible.
propagation, such as the MJF for a given )
path, are fairly predi ct abl e. An Measured data on multipath spreads are
interesting open question for HF BBS not easy to come by, but the author has
operators 1n particular is the extent to made a nunber of observations on short-
wnich optimum TNC  paraneters can be range paths (60 - 1000 km) in connection
predicted and included in their forwardin with HF data system tests, and would
files, or per haps even adapte estimate the average spread to be in the
dynanmi cal | y. nei ghborhood of 1 ms, with values wup to 3
or 4 ms not uncommon. Sone data on
The balance of this paper will deal | onger - haul pat hs have been published
with the third topic nentioned above, the (Ref. 1). For exanple, neasurenments taken
nodens and associated RF systems used in over a four-year period on the 6000 km
HF AX. 25 systenms. First we need a bit of path between Wshington, D.C. and London
background on HF channel characteristics, show an average nultipath spread of about
and how they affect data communications. 1.3 ms. The observed spread was |less than

1 ms for only 30% of the tine, and it
exceeded 3 ns for 5% of the total period.
Simlar observations on the 9600 km path
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bet ween Tokyo and London yielded even

hi gher values: an average spread of about
2.4 ms, less than 1 ns for only 5% of the
time, and greater than 3 ns for a whopping
19% of the tine!

In addi ti on, t here are ot her
impairments which increase in severity
with decreasing synmbol tine. One exanpl e
is Doppler spreading, a phenomenon nost

preval ent on signals which traverse the

auroral zones; it results in the well-
known "Arctic flutter” effect.
Interference from other stations can also

be expected to be npbre severe as one

increases the bandwidth in order to
accormodate faster signalling rates. The
conclusion is clear: whether the path is
short or long, a conventional FSK nodem

running at 300 bps is not going to deliver
a useable error rate for a significant
proportion of the tine that the band is
open and providing an adequate signal

I evel . During these tinmes, increasing
transnmitter power or antenna gain wll NOT
help. It is nice to be able to run at 300

bps when the channel supports it, but one
should be prepared to fall back to a |ower
rate, say 75 or 100 bps, when it does not.

Better yet, the 300 bps nodem should be
designed to performjust as well as the
| ower - speed nodem

The nastiness of the HF channel |eads
one to ask the questi on, are all
nonanateur HF data systens restricted to
very low data rates? In fact, the vast
majority of them do operate at rates in
t he nei ghborhood of 100 bps. To %o hi gher,
one not only pays a price in bandw dth,

but the price of a suitable nodem tends to
rise exponentially wth bit rate. HF
nodens are certainly available for rates
up to at least 2400 bps, but the main
custoners are mlitary, to whom cost is
sel dom an overriding concern! However, the

increasing availability and decreasing
cost of digital si gnal processing
conponents should help to bring the

techni ques involved within reach of the
amateur fraternity. The probl em of
l[inmted bandwi dth available in the amateur
bands is a much nore serious linitation,
as the higher data rate signals would
occupy the equivalent of a voice channel.
The relatively wideband eni ssi ons
associated with the 1200 bps and higher-

speed modens woul d not be wel come
additions to the congested HF bands, and
should not really be necessary in the |ong
run as hi gh- speed satellite and
terrestrial links and the higher levels of
networking to support them becone
available. At the present time, it mght

be wiser to focus on the design of a high-
performance 300 bps nodem than to charge
off in a quest for higher data rates.

Paral l el Mdens
Commercial HF nodens operating at
medium and high bit rates (i.e., 300 bps
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can be roughly categorized as
Parallel nodenms sinply
stream into several

which are spaced

and up)
parallel or serial.

nmultiplex the data
| ow- speed subchannel s
just far enough apart in frequency to
avoid interfering with each other. A
prom nent (and very costly) exanple is the
nodem def i ned’ in the mlitary
specification MIL-STD-188C, which uses a
total of 16 subchannels spaced 170 Hz
apart, plus an additional tone used for
correction of tuning errors and Doppler

shift. Each subchannel has a basic synbol
length of 13.3 ns, which normally would
correspond to a rate of 75 bps per
subchannel;  however, the nodulation is

four-phase PSK, which allows two bits per
synbol to be transmitted, for a total data
rate of 2*75*16 = 2400 bps. In practice,
this nmodem is often wused in an "inband
frequency diversity" node in which the
same data bit is transnitted on two or
nore subchannels  simultaneously. This
ploy lowers the effective data rate but
increases the probability of denmpbdulating
the bit correctly (see discussion of
diversity reception below).

Application of the parallel nodem
concept to a 300 bps design would be
strai ghtforward. For example, consider
the 100 bps rate reconmended above for a
single FSK channel; for this rate, the
recommendations of the COR (Ref. 2) for
frequency shift and spaci ng between
adj acent channels are 80 to 85 Hz, and 170
Hz, respectively. Thus we mght have
three parallel 100 bps FSK subchannels
with center frequencies of 425, 595, and
765 Hz (these happen to be the first three
recomended center frequencies, but mny
other choices are possible). The three
subchannels could be easily constructed
from separate FSK "buil ding blocks"
simlar in design to those used presently
by anmateurs. The inputs to the three
subchannel s would be derived from a l-out-
of -3 data  nultiplexer, and the three
outputs sunmed before being applied to the
transmtter. An attractive alternative
woul d be to i mpl ement al three
subchannels with a single digital signal
processor (DSP) chip. A nmodem using one of
these devices would have the considerable
advantage of needing no tuning whatsoever
- it comes to life with all filters and
oscillators perfectI?/_ tuned and stays that

[

way! (sone anal og [tering is needed for
anti-aliasing and reconstruction in the
anal og-to-digital -to-anal og conversi on
processes, but this is relatively
noncritical and should never require
adj ust ment) . The cost of DSP devices and
their developnent tools has kept them out
of amateur applications, but it just a
matter of time before they will begin to
nmeke their presence felt; they are the
wave of the future in |owfrequency signal
processi ng.



Serial Modens

The second major category of modem is
the serial nodem which sinply means that
only one signal (normally a sinusoid
nmodul ated in frequency or phase) at a time
is transmtted. Most  tel ephone-type
modens, and al 1 nodems presently used bg
Amateurs, fall into this category. Eac
signal (synbol) may represent a single bit
of i nformati on, in which case the
nmodul ation technique is called binary (as
in the 300 bps and 1200 bps binary FSK
nodens now used for AX 25 data links); in
this case, the signal has two possible
states, comonly called mark and space.
Most 1200 bps and hi gher-rate nodens
produce signals with nore than two states
and thus carry nore than one bit of
information per symbol; otherwise, their
spectra would not fit within a standard
voice channel. Serial nmodens tend to have
mich shorter synbol lengths than parallel
nodens operating at the same bit rate, and

therefore they require a mre well-
conditioned channel in order to avoid
intersynbol interference. Mdst telephone-
line nodens include an equalizer in order

to condition the channel;.it consists of a
filter in front of the nodem which is
designed to flatten the anplitude and tine
del ay response of the channel and thereby
reduce the intersynbol interference and
other distortion that result in reduced
noise margins in the denmodulator. Sone
nodens, such as the very common 212A 1200
bps type, used a fixed equalizer design
based upon typi cal t el ephone  channel
characteristics. Mor e sophi sticated
hi gher - speed nmodens use an adaptive
strategy: at the beginning of the call, a
special "training sequence" is transmtted
from each end of the circuit which enables
t he receiving nodem to adjust the
paraneters of its equalizer for mninum
distortion of the received data signal.

The principle of adaptive
equal i zation also applies to HF nodens,
but successful inplementation is nuch nore
difficult. Since the response of the
channel is now tine-varying, the equalizer
paranmeters nust be frequently updated.
This generally neans that the training
sequence must be periodically reinserted
into the data stream to all ow re-
adapt ati on. Modems  whi ch employ the
tralning sequence technique are generally
known as "reference-directed" adaptive
nodens. QG her adaptation algorithms have
been devel oped which do not require

special sequences to be transmitted; for
exanple, the equalizer can be adjusted to
meximze the denodulator "eye pattern”
opening without know edge of the actual

data sequence transnitted. This node of
operation is known as "decision-directed",
and is of course nore desirable due to the
| ack of overhead involved. Qite a nunber
of attenpts, sone dating back to the mid-
sixties, have been nmmde to inplenent
adaptive serial HF nodens, mainly for the

2400 bps data rate. These desiyns share a
common characteristic: when the channel is
reasonabl y wel | - behaved (e.g., sl ow
fading), t hey tend to perform well,
sonetimes even spectacularly; when the
channel gets nasty, however, there always
comes a point when the rate of adaptation
is not sufficient to keep up with the
fluctuations in the channel, and the nodem
fails equally spectacul arly. In the
latter case, a parallel nodem may still
deliver a wusable error rate and therefore
work over a wider range of conditions. On
the other hand, the serial nodem may offer
higher overall throughput by virtue of
better performance during the najority of
the time, when the channel is not varying
too rapidly. One reason for this better
performance is the following: the serial

nodem transnits a single sinusoid at a
time, and thus produces a nore or |ess
“constant envel ope” signal; contrast this

with the parallel nodem output, which is a

sunmmat i on of several sinusoids. The
parallel nodem signal therefore has a
hi gher peak-t o-average ratio, and

yield an output signal

consequently will
power from a typical

with |ower average

peak power-limted transnitter (note that
the clipping and conpression techniques
often used to overcome a simlar problem
with voice signals wll not be well

tolerated by the data signal!). Al things
being equal, the serial nodem will then
have nore " sock" to cut through the noise
and QRM  when these are the prinary
limtations to comuni cating on the

channel. Considerakle effort continues to
be expended on adaptive serial designs,
and their performance should continue to
increase as the state of the art in
digital si gnal processing devi ces
advances.

Al though adaptive serial nodens are

presently difficult and costly to design

and build, they should eventually find
their way into amateur applications.
Making one work well at 300 bps should be

considerably less difficult than at 2400
bps and higher. (concentration on the
higher data rates was stinulated in |arge
part by a strong mlitary interest in
secure digitized speech). One intriguing
possibility is the design of an adaptive
equalizer to work with the presently-used
200 Hz shift 300 bps nodens. Perhaps there
is a well-heeled experinenter out there
sonewhere who needs a chall enge!

Vari abl e-rate Mderns

concept which can be applied
and serial rmodens is that
of the wvariable-rate nodem The basic
idea here is that the channel capacity
(the maximum rate at which information can
be reliably transnmitted) of an HF link
with a given bandwidth s not fixed, but
time-varying. In order to keep the link
reliable, we should attenpt to adjust our
signalling rate to mtch the available

A useful
to both parallel
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capacity. In contrast to a fixed-rate
modem which is likely to collapse
conpletely in the face of worsening
conditions, the variable-rate nmodem allows
the throughput to degrade gracefully.

This concept is enbodied in the Packet

Adaptive Mdem described by Rinaldo (Ref.
3). A much nore sophisticated design, a
parall el modem utilizing DSP techniques to
provide six possible rates from 75 to 2400
bps, is described in Ref. 4.

Al though sinple in
vari able-rate modem i s
implement, the problem being to develop a
sultable algorithm to nmonitor the system
performance and carry out the necessary
adaptation automatically. Per f or mance
monitoring is not too difficult, but any
changes that ensue nmust be coordinated
between the two ends of the link. This
calls for a highly robust low speed |ink
pi ggybacked onto the main data link; such
alink is often ternmed an “"order wire".
Devel opnent of an effective variable-rate
nodem appears to be a worthwhile objective
for the amateur comunity; in particular,
a variable-rate serial adaptive npdem
would be less difficult to inplement than
a high-speed fixed-rate serial nodem with
adaptive equalizer, and it would avoid the

concept, the
tricky to

peak-power limtations of the parallel
mdem
HF Receiver Design

Some aspects of equipnment design for

operation, such as faster
times, are beginning to be
addressed by the manufacturers of amateur
radi o gear. Nevert hel ess, one suspects
that they are less than fully cognizant of

packet
t ur nar ound

the requirenents i nposed by  packet
operation, particularly in the area of HF
receiver design.

It is probably safe to say that the
nost inportant element of the HF receiver
used for packet operation is the IF
filter. This fact has been clearly
dermonstrated by Eric CQustafsen (Ref. 5) in
his conparative study of HF nopdens. He
also makes the inmportant point that an
audio filter, no matter how good, is not
an adequate substitute for a suitably
narrow IF filter. The crucial difference
is that the audio filter will not prevent
unwanted signals outside its passband from
reaching the AGC detector, resulting in
receiver desensitization and cross-
modul ation on the desired signal. The
optimum |F filter bandwi dth, of course,
depends upon the type of data signal being
received. For the 300 bps, 200 Hz shift
binary FSK em ssion in present use, a
study done in the wearly 70's (Ref. 6)
indicates the optimm bandw dth should be
about 360 Hz. This is a bit narrower than
Eric's recomrended range of 400 to 500 Hz.
One good reason to use a wder than
optinum filter at the present time is that
available IF filters tend to have severe
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nonl i near phase
this distortion is
t he passband.

delay distortion (i.e.,
characteristics), and
worst near the edges of

This is a consequence of designing the
filter for maxi mum possible rolloff rate
in the stopband. The variation in delay

over the passband of the filter can easily

be several mlliseconds, which can cause
consi derable intersynbol interference and
consequent higher error rates in the data
signal. This distortion could be reduced

suitable equalizer, but

by neans of a
becone unnecessary as

hopefully this will

filters with characteristics nore suited
to ~data transmission become commonly
avail abl e.

Anot her aspect of HF receiver design

that is ripe for further study is
optimzation of the AGC system for packet
t ransm ssi ons. There is |Ittle doubt that
the slowrelease type of AGC time constant
used for SSB reception is not very
suitable for reception of data, especially
when at nospheric noi se is severe.

However, it is not «clear that the faster
AGC characteristic comonly used for CW
reception is that nuch better, or whether
some ot her characteristic m ght be
substantially better. In any case, the
"optimunt is likely to be dependent on
band conditions. Several speakers at an
HF communications conference attended b

the author in 1985 nentioned the dearth o

know edge concerning optim zation of

receiver AGC for data transm ssion. One
stated that he had achieved better results
by disabling the AGC entirel and
carefully setting the RF gain manual P/y.

Diversity Reception

_ Diversity reception is a technique
which has found [little application in
amateur circles, in spite of the fact that

its benefits have been known since the
early days of radio. The reader is
referred to the article by Nagle (Ref. 7)
for a good overview of diversity
techniques and their history; here we
shall summarize them briefly and focus on
their application to packet-type data
conmuni cati ons.

Diversity reception mght be defined
as the processing of alternate versions of
the same transmtted information in order
to denodulate it nmore faithfully. The
alternate versions may be generated at the
transmit end by transmitting redundant
information (in which case the technique
bears nore than a passing resenblance to
error-correction coding!'), or they may be
generated solely at the receive end by
sampling the received signal in tw (or
more) different ways. The first category
includes frequency and time diversity, and
the second includes space and polarization
diversity. The key to success of the
technique is that the different versions
of the signal have encountered quite
different perturbations during their



travels through the ionosphere, or, in
mat hemat i cal arl ance, t hat they are
hi ghly uncorrel ated.

A straightforward and widely used (in

comercial HF links) application of the
diversity principle is frequency
diversity, in which the sane data is

transmtted sinmultaneously on two or nore

separate frequencies. By far the nost
conmon inplenentation is dual diversity,
with two subcarriers carrying the same
data (going to  higher orders of

duplication than two produces a state of
rapidly di mi ni shi ng returns). The
separation required between the subcarrier
signals to yield little or no correlation
varys consi derably with channel
conditions; it may be tens of kiloHertz
under extremely good, stable conditions,
and as little as 100 Hz or so when
conditions are very unstable. The nininum
separation for decorrelated signal depends
upon the nmultipath spread; a reasonably
good "rule of thum" holds that the
separation should be at |east one-half of
the reciprocal of the nultipath spread.
For example, when the spread is 1 nms, the
separation should be at least 500 Hz. In
most cases, the separation used is of the
order of 1 kHz; these inplenentations are
known as "inband" frequency diversity,
since the data subcarriers are contained
within the bandwidth of a single voice
channel . Such woul d probably be the case
with any amateur inplenentations as well.
Larger separations would provide better
per f or mance, but the t echni cal and
regul atory problenms become nore formi dable

as  well. Even relatively smal |
separations can give wor t hwhi | e
performance gains, however. One study
(Ref. 8) of inband frequency diversity

yi el ded an average inprovement in bit
error rate of about one order of magnitude

over single-channel operation. Such an
inprovenent could result in a dramatic
increase in system throughput. In this
particular case, the data rate was 75 bps
and the subcarrier frequency separation

was 1360 Hz.

Returning for a  rmonent to the
paral | el 300 bps nodem proposed above,
dual frequency diversity could be added in

straightforward fashion by adding three
mor e FSK  subcarriers. The fourth
subcarrier would carry the same data as
the first, and so on. The sinplest
subcarrier frequency assignment would be
to use the next three standard center
frequenci es, maintaining the 170 Hz

spacing. This gives a separation between
subcarriers carrying the same data of 510
Hz, which is considerably less than ideal;
nevert hel ess, diversity gain would be
available for a good deal of the tine, and
in particular when t he multipath is

severe. COther schemes are possible, such
as spacing the two groups of subcarriers
farther apart and creating a ‘"hole"

between them which could then be occupied

by other signals. However, special IF
filtering would then be needed in the
receiver to renove the unwanted signals in
the "hole"; otherwise, these signals could
reach the AGC detectcr and desensitize the
receiver.

The next mmjor category of diversity
operation is time diversity. Here the sane
data is transmitted two or nore tinmes,
with a tinme separation between the
transm ssi ons chosen  such  that the
Ferturbations undergone by the signal are
argely uncorrelated from one transm ssion
to the next. Time separations of at |east
one or tw seconds are generally required
for this <condition to hold. There are a
nunber of practical problems in
inmplementing a scheme of this type. In
any case, it can be argued that a system
whi ch enploys an ARQ protocol already has
what amounts to tine diversity built into
it, and the interval between repetitions
of a block of a data will alnmost certainly
be sufficient to guarantee uncorrelated

condi tions. Furthkrnore, the system
tends to adapt to the channel conditions,
since t he rate of repeats wll be
inversely related to the severity of the
di st ur bances. Wen the channel 1s good,
repeats will be few, and thus it wll not
sutfer the penalty inposed by the fixed
amount of redundancy in a sinple tine

diversity schene.

diversity reception
space diversity, has
possibilities. Space
si nul t aneous
denodul ation of
nore physically

The next form of
we shall discuss,
some intriguing
diversity i nvol ves the
reception and subsequent
the signal from two or
separated antennas. Once again, the aimis
to derive uncorrelated versions of the
signal, in this case by denpdulating
signal s whi ch have followed slightly
different ﬂat hs through the ionosphere and
hence ave under gone di fferent
perturbations. Here again, we have a
technique which has been widely used in
comercial HF aBpI ications for many years,
and yet has een largely ignored b
amat eurs. Grant ed, t he physi ca
constraints i nposed by many amat eur
installations may preclude the wuse of
space diversity; nevert hel ess, the
technique is within the grasp of mny
amateurs. Space diversity has one mgjor
advantage  over frequency and time
diversity: it does not involve the
addition of redundant information to the
transmtted signal . Since only the
receiving set-up is changed, the technique
could be applied immediately to existing
data transmssion techniques as well as
future ones, and no regulatory hurdles
need be overcone.

And now for the bad news (as usual,
there's no free lunch!). In addition to
two antennas (the use of dual diversity is
assumed hereafter), you Wwll need tw

receivers and t wo denodul at or s.
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Duplication of the denmobdulator portion of
the HF nodemis not a najor problem but
not everyone has two good-quality HF
receivers in the shack. For those who do
have the requisite receiving equipnent,
t he next mej or consideration is the
ant ennas. Other than being reasonably
simlar in gain properties, the prinary
requirenment is that they be spaced far
enough apart to yield a worthwhile
diversity gain. How far apart is enough?
Qpinions vary, and actual nmeasured data
are scarce. Mst texthooks state that the
spacing should be nine or ten wavel engths;
another (Ref. 9) states the mninum useful
spacing to be four wavel engths. The 1985
ARRL Handbook, inexplicably, gives a value
of only 3/8 of a wavelength as providing
useful gain. The latter value is a bit
hard to swallow, although Nagle (Ref. 7)
does claim that good results have been
obtained with a spacing of around one
wavel engt h. In addition to reducing the
potential diversity gain, however, very
cl ose spacing may cause problens with the
mat ching of the antennas due to mutual
coupling effects. The only thing that is
certain is that you cannot have too nuch
spacing, and should try for the naxinmm
that is practical.

An interesting possibility to get
around the constraints of small city lots
and the need to own two sets of receiving
equipnent is to nake an arrangenent with a
nearby buddy to use his station as a
renote receiving site, and bringing the
received audio back to your QIH via a
t el ephone hook-up or |ow power UHF |ink.
The major stunbling block here is the need
for sonme type of remote control of
receiver tuning, but receivers with this
capability are becom ng i ncreasingly
common these days. Anot her solution to
the antenna spacing problem of space
diversity reception is to use a rel ated
technique, polarization diversity. A good
deal of the fading experienced on the HF
bands results from polarization msnatch
between the receiving antenna and the
signal, whichf 1s an turn caused by
pol ari zati on rotation of the signal as it
passes through the ionosphere. Conbining
the outputs of tw co-located antennas,
one having vertical polarization, and the
other horizontal, can produce a marked
decrease in fading and consequent |ower
error rate.

Having derived a pair of diversity
signals by some neans, it remains to
conbine them to produce a single output
data stream To begin with, each signal
shoul d be separately denodulated up to,
but not including, the point at which a
hard decision is nmade as to which data
symbol was transmtted. The corresponding
signal is that which is often observed in
nmodem testing as an "eye pattern" (so-
called due to the appearance of the signal
when observed with an oscilloscope ose
timebase is synchronized to the synbol
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timng of the received data signal). The
"eye" signals from the separate diversity
paths can be conbined by neans of one of
three basic techniques: linear, selection,
or maxinmal-ratio conbining.

The three combining techniques have
their theoretical pros and cons, but
performance on the HF channel does not
al ways subscribe to the theories! Linear
conbining is the easiest to inplenent, as
the diversity signals are sinply added
together (typically with an op anmp summ ng
circuit) before being presented to the
conparator or whatever circuit produces
the binary output data. This sinple schene
can work surprisingly well, but is not
recommended for situations in which .a
diversity channel tends to produce a high
noi se output when the signal fades in that
channel . This situation prevails, for
exanple, in FSK denodulators using hard
limters, or in separate-receiver systens
in which the receivers each have an
i ndependent AGC.

The next step up in conplexity is
selection combining, in which only one
diversity channel is connected to the
output decision circuit at any given tinme.
An attenpt is made to continuously nonitor
the signal strength in each diversity path
and to rapidly switch to whichever is
strongest. In practice, some hysteresis
is built into the selection circuit in
order to prevent excessive "hunting" back
and forth between channels. Selection is
clearly suboptimal in that potentially
usef ul contributions to the decision
process from the unused channel(s) are
thrown away.

The third technique, naximal-ratio
combining, in a sense conbines the best
features of the first two. The diversity
signals are summed as in |inear conbining,
but before summation the anplitudes of the
signals are adjusted by nultiplying them
by a wei ghting fact or which is
proportional to the signal power in the
corresponding channel. This approach makes
the best possible use of all of the
recei ved si gnal i nformati on, but its
t heoreti cal advant ages may not always
materialize on real-wrld channels, and
the conmplexity of the circuitry is
consi der abl e conpared to the ot her
met hods.  Nevert hel ess, the design of a

maxi nal -ratio conbi ner i's quite
straightforward, and experience has shown
that it wll generally outperform the

other nethods by a small margin on the HF
bands.

There has been a recent trend towards
bui I di ng nor e "intelligence" into
di versity conbining systens. A basic
problem with nost conbiners is that the
circuits which measure signal power to
provi de t he basi s for selection or
mexi mal -ratio combi ni ng are usual 'y
"dumb"; that is, they cannot distinguish



the desired si gnal from noise and
interference since they sinply neasure the
total energy within a certain passband.
This causes errors in selection or
weighting to occur which can seriously
degrade the performance of the diversity
system The key to overcoming this
problem is to make the circuitry which
assesses the diversity channels sensitive
to certain known attributes of the desired

signal . For exanple, a 100 bps "eye
pattern" signal can be fed to a circuit
which generates a fixed-length pulse for
each zero-crossing of the signal. If the

data signal is strong, the pulses wll
occur at 10 nms intervals, or integral
mul tiples of 10 ns. The frequency
spectrum of the pulse train will then tend
to have its energy concentrated around 100
Hz and its harnonics. If the signal is
donminated by noise and interference, on
the other hand, the pulses will be nore
randomy distributed In tine and the
spectrum will not exhi bi t the same
concentration of energy. A circuit
consisting of tw narrow bandpass filters
centered on 100 Hz, followed by rectifers,

lowpass snoot hi ng filters, and a
comparator can be used to distinguish
between the two conditions. The output of
such a circuit makes a nmore reliable
signal quality assessor than a sinple
energy detector. Additional details on
bui I di ng intelligence into diversity

systens are contained in Ref. 10.

Concl usi ons

The performance of HF packet systens
can and should be inmproved. Considerable
inprovenent in the performance of the
present AX 25 system is possible through

the design of better nodems, inproved HF
receivers, and the use of diversity
reception techniques. It is hoped that
some of the techniques nmentioned in this

article will help point the way.
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