CLOVER s a term you might have heard about in
"he past. If not, you certainly will be heanng about
it in the future. K9GWT and W7GHM give us a
rundown on this new form of HF data

transmission.

CLOVER

Fast Data on HF Radio

8Y BILL HENRY**, KOGWT, AND RAY PETIT*, W7GHM

lf you operate ATTY, AMTOR, or packet,
“-pu’ve probably seen a few references on
Jour sereen to something calied "CLOVER.”
“What is it and why do | needit?"" isthe us-
ual reaction. Yes, “clover” {little lelters)
is a plant, sometimes "wished over’ {and
sung about by Arthur Godfrey) But
“CLOVER" (big letters) is a new way 0
send data on HF radio that Ray Petit,
W7GHM, has invented. Thisis the story of
CLOVER, a project that continues to this
date.

What is CLOVER?

CLOVER had its beginnings about 15 years
ago when Ray and others were experi-
menting with very narrow bandwidth Morse
code. it's called **Caoherent CW."" When
packet radio came along, Ray tried packet
on VHF and then HF . As most of us have
found, HF packet radio leaves a lotto be
desired. The ionosgphere is just not very
~-kind to packet data, and often many re-
‘. peats are required to pass any data at all
on 20 meters. Uniike the rest of us, Ray
quickly realized that putting “'bandaids™ on
HF packet or AMTOR was just not going
to do the trick; what was needed was a new
approach. The new approach must be bas-
ed on a thorough analysis of the real HF
signal conditions and on technigues that
can compensate for these conditions.
Ray started by just listening to real radio
signals, observing their fades and phase
changes on typical HF paths and under
varying conditions; shortwave broadcast
signals made great "test signals.” Com-
bining information from signal observa-
tions, reading, and previous work on Co-
herert CW, Ray devised a new way tosend
data onHF radiowhich he called “Clover-
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teaf.” In.uly 1990 Ray published the first
paper describing the mode in QEX.? The
name "“Cloverleaf’’ came from the obser-
vation of a scope pattern while watching
the data: it was a perfect four-leaf clover,
As Ray'swork continued, the pretty scope
pattern was lost to technology. but the
shortened name “"CLOVER" remains.
Other amateurs had also been search-
ing for a way to cure the problems we were
having with sending data on HF . Bill Henry,
KOGWT, ang Jim Tolar, WBKOB, of HAL
nad also been working on the problem for
several years. Ray's paper was like a

breath of fresh air to us. Finally someone
had taken the pains to start at ground zefro
anddevise a modutation format that would
work on HF. Very quickly Ray and HAL
teamed up 1o continue work on his new
"“"CLOVER Modulation.”

Unique features of Cloverleafinclude (1)
muiti-level phase modulation, not FSK; (2)
use of sequential pulses whose state
changed only between pulses (notwhen a
carrier is on the air); (3) very lowbase data
rates (25 bps); and (4) very tightly con-
trolted frequency spectra with no side-
bands (100 Hz total bandwidthto - 60dB).
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Cloverleaf could pass error-correcled data
over a typical HF path about two to three
times faster than AMTOR or HF packet ra-
dio. Unfortunately, Cloverleaf also made
extreme demands on the HF radio equip-
ment. Radio frequency accuracy and sta-
bility had to be of the order of +0.1 Hz!
This is way beyond the capabilities of any
currently available commercial radio
equipment. Ray also designed a complete
transceiver to use Cloverteaf modulation.?

At the time when Ray and HAL first
teamed up, Ray had already started work
to include new DSP (Digital Signat Pro-
cessing) technology in his Cloverleaf mo-
dem. DSP offered many advantages over
the basically anatog Cloverleaf circuitry,
the major ones being (1) greatly reduced
radio stability and accuracy requirements
(to + 10 Hz), and(2) faster data throughput
{ta 750 bps) Ray and| soon decided toput
‘‘allour eggs in the DSPbasket.” The origi-
nal “Cloverleaf’” modem was repamed
“CLOVER-I"" and the new DSP version
dubbed "CLOVER-IL”

Ray and HAL worked on development
of CLOVER-I} all through the fall of 1990
and spring of 1991.* The first working
CLOVER-I modems were demonstrated at
the Dayton Hamvention in Aprii 1991.The
new madem had a bandwidth of 500 Hz(to
- 60 dB}, passed errorcorrected data at
rates up to 750 bps, and would work with
“normai’’ HF transmitters and receivers.
The Dayion demonstration equipment was
admitiedly “'primitive’” and there were
many details yet to be worked oul. How-
ever, Ray and | wanted o show itand see
if there were any other amateurs whowere
interested. We were convinced that we
had a marvelous machine, but the inven-
tor can easily fall in love with his gadget,
even if there is no market.

The results of the Dayton showing were
beyond our wildest dreams. Everyone who
saw CLOVER-l work was impressed—and
wanted one of two!

As a result of comments from those at
Dayton and from new ideas that developed
as CLOVER-Ii was prepared for the show,
we decided 1o build a new '‘universal”’
hargware base for development wotk,
quickly dubbed 'SUMMER CLOVER.”
HAL built a total of eight such units. Like
Ray's original DSP design, SUMMER
CLOVER units used Motorcla DSP56001
and 68B0S processors. We had hoped that
SUMMER CLOVER would meet ali of our
requirements and that we could build many
of these units for use in “beta-testing” of
the new mode.

Enter Murphy and his infamous faw!
First, SUMMER CLOVER hardware was
extremely expensive—aboul $3000 each.
We could not afford to build a iot of them
to be loaned out for “beta-testing.”” Sec-
ond, our "“brignht ideas" for features soeon
out-grew the capabilities of our hardware!
Ray’s scftware soon consumed the entire
capacity of the 6809. DSP performance

was aiso limited, since several "'routing”
processes had to be moved fromthe 6809
to the DSP56001.

In spite of these limitations, CLOVER-]
in SUMMER CLOVER hardware worked
very well. Ray devised an adaptive ARQ
mode inwhich the modulation parameters
are automatically adjusted to fitionosphere
conditions. We were able to put CLOVER
on the air and run several {ests. We aiso
ran extensive laboratory tests under a
number of different simulated conditions.
QOur avowed goal of increasing dataspeed
10 ten times faster than HF packet or AM-
TOR was easily met. As always happens
inanR&D project, we aiso founda number
of new areas 10 consider—and some
features that needed improvement.

In Novemnber and December 1981 we
went back to the drawing board. Ray and
| both knew that we needed more micro-
processor horsepower ta do all that we
wanted. We aiso realized that CLOVER
would never be a success if each unit had
to sell for $3000! What has evolved is still
another hardware and software version
whichwe call "PC-CLOVER."” Asthe name
implies, PC-CLOVER is a plug-in card for

IBM-compatible personal computers.
While we can't do much about the present
high cost of DSP technology, PC-CLOVER
does not need expensive cabinetry, power
supoly, and front-panel hardware, but does
include the much needed additional pro-
cessing power, primarily a 68000 IC in-
stead of the 6809. These changes have re-
duced the price dramatically.

As this article is being written {early Feb-
ruary 1992) PC-CLOVER development is
well underway. A number of very thorny
problems have already been licked. The
first public exhibition of PC-CLOVER wiil be
at the 1992 Dayton Hamvention.

How CLOVER Works

To adequately explain why we feel CLOVER
is such a breakthrough, we must first brief-
ly review the pluses and minuses of exist-
ing HF data modes—RTTY, AMTOR, and
HF packet radio.

RTTY of course led the way for “'auto-
matic’ receptionof characters or datavia
HF radio. RTTY hasbeen aroundsince the
1940s and is very reliable. The techniques
we use today tosend and receive RTTY are
much the same as those first used. We
have better equipment, but use the same
FSK modulation and Baudot or ASCH code.
RTTY is slow and does not offer error cor-
rection. RTTY speeds of 60 WPM (45 baud)
to 100 WPM (75 baud) are comimon. In-
creasing the RTTY speed increases the
probability of errors; we generally use 45
baud.

AMTOR evolved from an existing ship-
to-shore *'radio telex” mode, often called
“TOR" or "'SITOR" {CCIR 476 and CCIR
525). AMTOR introduced us to a new type

of data link—"*ARQ mode"’ (ARG stands
tfor Automatic Repeat Request).

AMTOR characters are coded so that
the receiving station can detect an error
in each character sent. The sending sla-
tion sends three characters, turns his
transmitter OFF, and listens for a one-
character response from the receiving sta-
tion. The response is either “'all OK, send
nextthree,” or “repeat last three charac-
ters.” By this means AMTOR offers efror
correction. However, like RTTY, it is also
“slow.” Under the best of conditions AM-
TOR canpass dataat anequivalent RTTY
rate of 50 baud {6.67 characters per se-
cond}). AMTOR is also limited to the same
character set as Baudot—all capital let-
ters and no ASCIlI control characters.

Because of the efforts of Vic Poor,
W5SMM, and his APlink network program,
AMTOR has seen aresurgence of interest
over the past three years. AMTCOR nets
have also pioneeredthe use of frequency
scanning radios to allow a butletin board
station{BBS)toserve many users at vary-
ing distances on different bands and
frequencies.

HF packet radio is an oyt-growth of VHF
packet radio, pioneered by the Tucson Am-
ateur Packet Radio Corp. (TAPR). Like AM-
TOR, packet radio {AX.25) uses an ARQ-
type of format to automatically sense er-
rors and request repeats. However, pac-
ket radio supports the full 7-bit ASCH char-
acter set, including upper/lower-case let-
ters and control codes. VHF packet radio
works very well and has become the defac-
to VHF mode for data transmission.

Many aspects of packet radic, however,
conspire to make its performance on HF
very disappointing. The major problems
with HF packet radio are (1) the modula-
tion format (300 baud, 200 Hz shift FSK),
(2) the AX_25 protocol (long blocks with on-
ly CRC error detection and large amount
of overhead), and (3) the wide bandwidth
required in today's crowded HF bands (2
kHz). Under perfect ionospheric condi-
tions HF packet radio could send data at
up o 20 ASCH characlers-per-second.
However, what happens in fact is that typi-
cal HF packet dataispassed atonly a rate
of 4to 6charactersper-second{about the
same speed as AMTOR), anda HF packet
signal requires twice the bandwidth of an
AMTOR signal.

Since all VHF traffic networks now use
packet radio, HF packet radio networks
have evolved o provide long-distance sup-
port. Fioneering work has been done by HF
packet stations participatinginthe ARRL-
sponsored "*HF Packet STA" program.
These fellows have invested a lot of time,
money, and persistence in making HF pac-
ket work.

CLOVER intends to support the many
advantages of AMTOR and HF packet ra-
dio and "*fix’" the major problems of these
modes. The most serious limitation of
RTTY, AMTOR, and HF packet is datla
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throughput and how the data is used to
modulate the radio signal, The ionosphere
is nota “friendly” medium for data signals.
HF signals often arrive at the receivingan-
tenna by many different propagation paths;
two of more paths are common. Each sig-
nal path has its own time delay, amplitude,
and even different cenler frequency. The
receiving antenna does not discriminate;
it adds all signals and passes the compos-
ite onto the receiver, The amplitudes and
phases of the separate AC signals com-
bine algebraically to produce a widely vary-
ing receiver inpul. Deep selective fades
and time-smearing of data pulse transi-
tions are the usual result.

Once combined at the antenna, the indi-
vidual path signals are not easily separated.
H is usually impossible to compensate for
all of these ""multipath” effecls in the de-
moduiator. A good example of mubtipath
ionasphere distortion is the "'selective fad-
ing™ we hear when iistening to music from
a shortwave radio station. While annoying
when listening te music, this distortion can
be totally destructive to data transmissions.

A'major nonrecoverable parameter of
HF data is the time at which the data state
changes from MARK to SPACE, the data
transition time. I we lose this information,
the modem can no longer tell when one
data pulse ends and the next begins or if the
logic state shouldbe a 1" ora""0." When
two signals arrive with different propagation
time delays, the composite antenna output
signal is “smeared'’ and the transition
times overlap. Measurements by Ray and
many others showthat we canexpect this
time overlap fromdifferent paths tobe as
much as 3 to 5 milliseconds {ms). Typical
demodulators {and UARTSs) must receive
at least one half of each data pulse without
distortion to determine the MARK or
SPACE data state. Therefore, the narrow-
est data pulse which can be reliably de-
modulated is on the order of 6 to 10 ms,
corresponding to maximum data rates in
the range of 100 to 167 baud. Observation
shows that the 100 baud timit is more real-
istic and even it can be teo high for satis-
factory data transmission at times.

HF packe! radio uses a 300 baud data

“rate, a pulse width of 3.3 ms. Successful

HF packel transmissions are therefore
very unlikely if the signal is propagated by
multiple paths. HF packet works well only
when the operating frequency is close 10
the Maxirmum Usable Frequency (MUF)—
when there is only one propagation path.
Since this is the exceptionand not the rule,
long-term packet performance onasingle
fixed frequency is pretty peor, and many
repeats may be required to pass any data
at aifl.

HF packet radio, AMTOR, and RTTY all
use FSK modulation. One radio frequen-
cyissentforthe ""1"" of MARK puise state
and another for the "0 or SPACE state.
The transmitter carrier frequency is shifted
back and forth at the same rate as the data.

CLOVER uses different modutation tech-
niques. First, CLOVER shifts the phase and
not the frequency of the carrier, Second,
more than one bit of data can be sent per
phase state. For example, BPSK (binary
phase shift keying) has two phase states
{0 or 180 degrees) which can be used to
represent MARK and SPACE. QPSK
{Quadrature PSK) has four phase states (0,
90, 180, and 270 degrees). A single phase
change in QPSK represents the state of
two binary bits of data. Similarly, 8PSK can
send the state of 3 bits per phase change
and 16PSK can send 4 bit states per phase
change.

CLOVER also allows use of Amplitude
Shift Keying (ASK)in the 8PSK and 16PSK
modes. We call these modes "8P2A" (4
data bits per phase/amplitude change} and
"16P4A" (6 bils per phase/amplitude
change). Since all changes in phase or
amplitude occur at the fixed base rate of
31.25bps (an eguivalent pulse width of 32
ms), data errers due 1o multipath time
smeatring of data transitions are minimized.

The CLOVER modulation *'strategy’' is
to always send data at a very slow base
modulation rate and to use multi-level

changes in phase or amplitude to speed-
up data flow. One final twist 1o CLOVER-H
is that there are four separate transmitted
pulses, each separated by 125 Hz. Each
of the four pulses may be modulated by
BPSK through 16PSK plus 8P2A or 16P4A
medulation. This further multiplies the ef-
fective data throughput by a factor of four.
Putting it alt together, CLOVER can send
data atrates fromits base datarate(31.25
bps) to 24 times its base data rate {750
bps). Wow! It's almost like something for
nothing! Not so by a long shot. There are
still problems to be solved!

PSK modutationitself poses somepretty
serious problerns. H we modulate a contin-
uvous carrier using PSK, the frequency
spectrum we get is very bad for HF use,
as sidebands are strong and extend over
a wide spectra. CLOVER avoids this prob-
lemby twotechnigues: {1)eachof the four
tones is an ON/OFF amplitude pulse and
the phase is changed only when the pulse
is OF F: (2) the amplitude waveform of each
ONJQOFF pulseis carefully shaped to mini-
mize the resulting frequency spectra.
Combined, these techniques produce a
composite CLOVER spectra that is only
500 Hz wide down to — 60 dB. Thisis one
half the radio bandwidth required for AM-
TOR and one guarter that for HF packet

radio. A comparison of AMTOR, HF pac-
ket, and CLOVER spectra is showninfig. 1.

Detecting PSK is a lot more difficult than
detecting FSK. We need a very accurate
phase reference to determine which phase
state is being received. Analog phase de-
tection and PSK recovery circuits can be
very complicated and expensive. Fortu-
nately, the microprocessor and now DSP
have greatly simplified the task.

DSPis the key to making CLOVER mog-

ulation practical. Phase reference deter-
rination, phase detection, and pulse am-
plitude shaping are all tasks performed
very rapidly by the DSP. However, CLOVER
modulation is sensitive o phase inaccura-
cy(or “dispersion’}, To sense 16PSK lev-
els, we must be able to detect phase
changes of +22.5 degrees and be
synchronized to the transmitted signal to
within + 12.25 degrees. Since the iono-
sphere adds phase “'dispersion,’’ a good
stable signal-—and lots of DSP process-
ing—is required to make this measure-
ment. As CLOVER progresses from BPSK
to 16PSK to increase data throughpul., in-
creasingly better signals are required.
However, when signals are good, CLOVER
takes full advantage and really *'moves the
bits.”

CLOVER alsotakes a different approach
to error correction. AMTOR and packet ra-
dio both correct errors by sensing errors
at the receiver and thenrequesting repeat
transmigsions. When there are errorslo be
fixed, data throughput is slowed by the time
it takes to send the repeats. When condi-
tions are poor, packet radio ofien bogs
down, sending only repeats and no data;
AMTOR will siow-down considerably under
the same conditions.

CLOVER uses a Reed-Solomon error-
correction code® which allows the receiv-
er to actually fix a limited number of errors
without requiring repeat transmissions.
For a moderate number of errors, CLOVER
does not require repeats and data contin-
ues flowing at the no-error rate. To dis-
tinguish between the two schemes, we
classify AMTOR and packet radio as “er-
rof-detection” protocols and CLOVER as
an “error-correction’” protocol. inaddition,
like packet radio, CLOVERincludesaCRC
{Cyclic Redundancy Check sum}which is
usedwhen conditions are verybadand the
number of errors exceeds the capacity of |
the Reed-Sclomon error corrector.

CLOVERARQmode is also adaptive. As
a result of the DSP calculations necessary
to detect muiti-level PSK and ASK, the
CLOVER receiver already has information
which can be used to determine the signal-
to-noise ratio (S/N), phase dispersion, and
time dispersion of the received signal.
CLOVER has 8 different modulation
modes, 4 different error correction set-
tings, and 4 different data block lengths
which can be used—a total of 128 different
modulationfcode/block combinations.

Using real-lime signal analysis, the
CLOVER receiver will autoratically signal
the transmitting station to change modes
to match existing ionosphere conditions.
When propagation is very good, CLOVER
cansetitself to the highest speed and data
literally “'screams’’ down the path. When
conditions are not so great, the data speed
is slowed. As noted earlier, the CLOVER
characier throughput rate under typical
HF conditions is about ten limes faster
than AMTCR or HF packet. However,




when we get one of those "'perfect iono-
sphere”’ conditions, CLOVER will *shift
" -pars’’ and pags data at 50 to 100 times
e speed of AMTOR or HF packel radio.
In all cases, CLOVER automaticaity chang-
es speeds to give the maximum speed that
the ionosphere will allow.

Is CLOVER Legal
For Amateur Use?

We hear thig question often. The shortan-
swer is yes. The reasan lies in the defini-
tion of the CCIR Emission Designator®and
how that matches our FCC Part 97 Rules
and Regulations. As canbe seeninfig. 1,
CLOVER bandwidth is 500 Hz—no doubt
apout it! Since the CLOVER modulator
generates tones which drive an LSB trans-
mitter, the modulation mode is ''J2.”" One
possible point of confusion: While CLOVER
does use multiple tones and multiple mod-
ulation levels, SLOVER is not a multipiex

_emission: we are sending only one data
stream aver the air. The full CCiR emissicn
designator for CLOVER s "'S500HJ2DEN."
This all agrees with FCC Part 97 Rules and
Regulations.

Summary

This is the *‘promise” of CLOVER. The

mode has evoived from the need to pass
data via HF radio at a faster rate and from
an observation of the real-world propaga-
tion conditions. It answers a pressing need
to send data more reliably and faster than
can be done using AMTOR or HF packet
radio. CLOVER is admittedly a very compli-
cated mode that has only recently become
practical due to the advent of relatively
tow-cost DSP devices. CLOVER is also
very bandwidth efficient, requiring a small
fraction of the spectra of AMTOR (one half)
or HF packet radio (one quarier).

Although bandwidth efficiency may not at
present be high on the amateur’s list of
“must haves,” we must realize that while
amateur radio itseif is growing, our HF
frequency allocations are likely to remain
fixed. In the future, we must find ways to
cram more signals into our available HF
spectrum. Like SSB versus AM, CLOVER's
bandwidth reduction aliows us 1o make
more efficient use of the limited HF bands
we have. CLOVER is siill evolving as this
articie is being written.
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5. Reed-Solomon encoding modifies
transmitted data in a patiern that the re-
ceive modem uses to detect and correct
errors caused by ionospheric distortion.
Transmitting and receiving CLOVER mo-
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Bill Henry, K9GWT, and

Ray Petit, W7GHM

HAL Communications Corp.

HF RADIO DATA
COMMUNICATION

CW to CLOVER*

L mateur radio operators have been
engaged in data communications
since the first days of spark gap

transmitters. In fact, the first and ONLY
means of early radio communications re-
quired ON/OFF keying of the radio trans-
mitter using a digital code. That code was,
of course, the Morse code. With the inven-
tion of amplifiers and voice modulators,
some amateurs ‘‘strayed’” into nondigital
modes (AM, SSB, etc.}. However, amateur
radio has seen a resurgence of interest in
digital modulation, and there are now many
of us using RTTY, AMTOR, packet, and

CW. In this article, we'll discuss these pop-

ular digital modes, along with a new one

called “CLOVER.”

Digital modes
“*orse code

Morse code is the origina} data communi-
cations code used by amateur radio opera-
tors. Often abbreviated as CW (continuous
wave), Morse code is transmitted by
ON/OFF keying of the transmitter carrier.
Combinations of dots and dashes (short and
long key-down times) make up the character
codes. Morse code is unique among digital
codes in that the length of time required to
send each character varies with the charac- -
ter sent. For instance, E is one dot, while
zero is five dashes. An E is sent in 1/10th
the time required to send zero. Morse is a

*This article is an updatc of the paper, * Digitai Communications for HF
Radio—AMTOR & CLOVER."” Bill Henry, K9GWT, and Ray Peatit,

WIGHM, presented 1o the Amatcur Radio Digital Communications Sem-

inar. St. Louis, Missouri, October 26, 1991,

very efficient code for sending English lan-
guage text because the most frequently used
characters are assigned the shortest code
combinations (E, 1, §, T, A, N). Morse
code is relatively easy to learn, and requires
only a key and a skilled operator. It is de-
signed for manual operation.

However, the varying time length of each
Morse character and the ON/OFF carrier
keying used to send Morse code, make
automatic reception of Morse code by com-
puters a very difficult task. Automatic com-
puter Morse code decoders have been de-
signed, and Morse receive algorithms im-
prove with each generation. However, auto-
matic Morse decoding still is not equal to
the decoding skills of a good CW operator.

It must also be noted that the abbrevia-
tion CW in reference to Morse code trans-
mission has helped perpetuate a myth that
survives to this day: ““Morse code is the
most bandwidth-efficient mode of com-
munications,”* and “‘CW has no bandwidth
at all.”* As can be seen in Figure 1, this is by
no means the case! Figure I shows the fre-
quency spectra generated by a 60-WPM cw
transmitter using the ARRL-approved rise
and fall times (5 ms). Morse code is ob-
viously not a ‘‘zero-bandwidth’” emission!'

RITY

RTTY (radio teletype), the successor to
Morse code, was originally developed to
automate wire-line message communica-
tions. Very complicated teletype machines
allowed automation of message handling.
Some of us still use these ‘‘mechanical com-
puters.”” As a result of military require-
ments during World War 11, teletype ma-
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Figure 1. Morse code spectra.

chines were connected to radio transmitters
and RTTY came into being. Amateur
RTTY today still follows the general tech-
nigues first used in the 1940s (but with no-
table improvements in terminals and
modems).>*

Most amateur RTTY operators use the
original five-bit **Baudot” {or *‘Murray™’)
code. The five bit code length limits Baudot
to a maximum of 32 unique characters—not
enough to represent 26 letters, 10 numbers,
and punctuation. This problem is solved by
use of LTRS and FIGS case-shift charac-
ters; each code combination is used twice.
However, Baudot can't be used to send low-
er-case letters or an extensive set of control
characters.

in 1980, United States amateurs were al-
lowed to use the seven-bit computer ASCII
code as well.* This code is used in all mo-

«There is more than 2 little confusion as ta whether ASCII is a seven-bil
or eight-bit code. When sending ASCLE on HF at 110 baud, most term-
inals send scven data bits and one *‘parity’” bit. There are eight bits be-
1ween the Stant and Stop pulses. One-hundred and ten baud ASCL usual-
ly has one start bit, eight ""dass field bits,"” and twe stop bits, for a 10tal
length of 11 bit units. However, this is by no means siandard.” Some
systems send only seven data bits and no pulss where the parity bit i nor-
mally located. [f an eight-bit generator sets bit 8 to MARK, the serial
asynchronous ¢code will be compatibl¢ with receiving UARTS set for #ith-
er seven-bit of cight-bit codes (bit § set 1o “aiways MARK').

»sFor FSK RTTY. AMTOR, and packet radio, the baud raze isequal to t
divided by the timc width of one dats puise. For example, &0-WPM
RTTY has & data pulse widsh of 22 ms. Ets baud raic is 170.922 = 45.4%
baud, usually abbreviated as 45 baud. However, CLOVER has the capa-
bility of sending more than onc dats state per data pulse, by using multi-
ple phase and amplitude levels. Therefore, CLCVYER has one baud
1#1e—131.2% baud per tone pubw {123 baud composite)—but scveral
throughput rates— 18,75 bits-pes-second {bps) to 730 bps.

dern computers and allows unigue encoding
of 128 different letter, number, punctua-
tion, and control characters. Many of us ex-
perimented with ASCII, and soon learned
that it’s not very robust when used on HF.
Noise and QRM ““hits’’ often convert a
valid character into a control code that
wreaks havoc with our printers (farge/small
type, form-feeds, etc). Most RTTY ama-
teurs continue to use the Baudot code.

Baudot and ASCII are both **asynchro-
nous’’ codes. They have START and STOP
pulses that allow receive synchronization on
each character. Other data modes use codes
that are “‘synchronous.” They have no
START or STOP pulses.

Amateur RTTY can be used at many
“speeds,” but 45 baud (60 WPM) and 75
baud (100 WPM) are by far the most pop-
ular.** When ASCII is used on HF, it’s al-
most always sent at 110 baud (100 WPM).
These speeds correspond to a data “‘through-
put rate’” of 6 to 10 characters-per-second
{cps). RTTY modes offer no means to cor-
rect transmission errors.

HF RTTY is transmitted using Frequency
Shift Keying (FSK) of the transmitter radio
frequency. This can be done by either shift-
ing a transmitter oscillator directly, or by
driving an LSB transmitter with audio
tones. Most of the modern transceivers that
include an **FSK’’ mode reaily use an inter-
nal audio oscillator to drive LSB transmitter
circuits. The standard RTTY “SHIFT is
170 Hz—the difference between the MARK




‘and SPACE frequencies. Most HF RTTY
demodulators use audio tones at 2125
(MARK) and 2295 Hz (SPACE). RTTY de-
modulators come in many different shapes
and price ranges. High performance de-
modulators can be very complicated—and
expensive.*’

RTTY has proven to be a convenient and
popular mode for most of us. In addition to
its wide use for rag chewing and chasing
DX, RTTY made a new service possible—
“mailbox”’ store-and-forward message
handling (MSOs). However because neither
Baudot nor ASCII RTTY include error cor-
rection, other modes like AMTOR, packet,
and CLOVER are more suited for mailbox
use.

AMTOR

AMTOR is an amateur adaptation by
G3PLX of a commercial RTTY mode first
devised in the fate 1950s for ship-to-shore
use. The commercial version is often called
TOR (Teleprinting Over Radio) or SITOR
(Simplex Teleprinting Over Radio). The
CCIR and FCC call it Direct Printing Ra-
diotelegraph. AMTOR specifications are
defined in CCIR 476-4 and CCIR 625. AM-
TOR adds one mode not described by the
CCIR—the **Monitor” or “‘Listen’’ mode.*?

Like RTTY, HF AMTOR uses simpie
FSK transmitter modulation with 170-Hz
shift. Commercial SITOR also uses 170-Hz
shift FSK modulation, but with reverse data
polarity. AMTOR signals are always sent at
a data rate of 100 baud.

AMTOR digital code has seven bits. The
AMTOR code is arranged so all characters
contain four MARXK and three SPACE data
pulses (calied “B’* and “*Y”’ pulses in
“AMTOR-speak™). The receiving code con-
verter examines each character for this 4/3
ratio and assumes that the character is in er-
ror if the ratio test fails. This is the error
detection algorithm of AMTOR.

AMTOR has two primary operating
modes: ARQ (Automatic Repeat reQuest)
and FEC (Forward Error Correction). In
AROQ mode, the sending station sends a
burst (or “chirp’’) of three characters and
turns its transmitter OFF. The receiving sta-
tion examines each character for the 4/3 bit
ratio. If all three characters have the correct
ratio, the receiving station sends a short
control signal that means “‘send next chirp.”
If any of the three characters fail the 4/3 ra-
tio test, the receiving station sends a differ-
ent controf code that means “‘repeat last
chirp.”

Note that in ARQ mode, both transmit-

ters chirp ON and OFF, but data is sent in
one direction only. The station sending data
is calied the 1SS {Information Sending Sta-
tion) and the station receiving text the IRS
(Information Receiving Station). Data al-
ways flows from the ISS to the IRS. How-
ever, a special OVER command reverses the
roles of the two stations so data may be
passed in either direction. ARQ mode only
works in a two-station network, Three or
more stations may not use ARQ mode with
full error correction. Additional stations
may, however, Monitor, but without error
correction.

ARQ stations are time synchronized so
the transmitting time of one corresponds to
the receiving time of the other. AMTOR is
also a “‘synchronous’’ rather than ‘“‘asynch-
ronous’® mode. AMTOR characters do not
include START and STOP pulses. Accurate
timing is important in AMTOR and, for
this reason, AMTOR controliers must be
considerably more sophisticated than RTTY
decoder devices. To assure correct timing, -
the station making the original call is named
the MASTER station. It sets the timing for
both stations for the duration of the ARQ
*‘link.” The station originally called is the
SLAVE station.

AMTOR ARQ mode uses station identifi-
er SELCAL characters (SELective CALI).
An ARQ mode link is initiated by the MAS-
TER station that sends the SELCAL of the
desired station. When a receiving station
recognizes its SELCAL code, it responds
with a chirp and the link is established.
Note that only the designated station will
respond, and many stations may fisten on
the same frequency. A CCIR-476 link re-
quires only the SEL.CAL of the destination
station; a CCIR-625 link exchanges the
SELCAL of both stations. The CCIR-625
SELCAL code is also longer—seven charac-
ters rather than four for CCIR-476. Both
CCIR-476 and CCIR-625 formats are legal
for U.8. amateur use, but most of us con-
tinue to use CCIR-476 SELCAL codes. A
special control END character is used to ter-
minate an AMTOR ARQ transmission.

AMTOR FEC transmissions are one-way
and may be received and printed by any
AMTOR-equipped station monitoring the
frequency. A SELCAL isn’t used in FEC
mode. Amateurs use FEC mode primarily
for calling CQ, but sometimes also for
round-table rag-chewing.

FEC mode is much like RTTY in that one
station sends his complete message and then
tutrns his transmitter OFF to receive the
other station{s). FEC mode does not use
three-character chirps or repeat/continue
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control signals from the receiving station.
FEC mode provides limited error correction
by sending every character twice. The repeat
of each character is spaced in time so a
character lost by a noise or interference
burst may be received correctly at a later
time. The receiving AMTOR controller ex-
amines the first received character for the
4/3 ratio and prints it when the ratio passes.
If the first transmission of a character fails
the test, the second transmission of that
character is examined and printed if it is
correct. If both transmissions of a character
fail, a blank space (or undertine) is printed
to indicate an uncorrectable transmission
error.

FEC mode isn’t as ‘‘robust” as ARQ
mode, and some errors can’t be corrected.
However, FEC mode does allow transmis-
sion to more than one other station with
some means of error correction.

Selective FEC (SEL FEC) is a third mode
used in commercial SITOR. This mode re-
quires a SELCAL code, much like ARQ
mode, and will only be received by stations
whose SEL-FEC SELCAL matches that
sent by the transmitting station. SEL-FEC
is commonly used by commercial land sta-
tions to restrict transmissions to ‘‘company
ships.” The ARQ SELCAL and SEL-FEC
SELCAL are usually different sets of cha-
racters. To date, most amateurs haven’t used
SEL-FEC mode.

AMTOR and SITOR enjoy widespread
use all over the world, and the benefits of
error detection and correction are greatly
appreciated. The APLink program devel-
oped by W5SMM is widely used to link HF
AMTOR to VHF packet message networks.
As will be discussed later, AMTOR is con-
siderably more reliable for HF data trans-
mission than packet radio.

However, AMTOR is not without its li-
mitations. AMTOR uses an error detection
code, but the code is not infallible. In fact,
a burst error can frequently change the
states of not only one but two data bits—re-
sulting in the printing of incorrect charac-
ters. This happens infrequently, but it does
happen.

Also, the AMTOR throughput speed is

oW 5SMM and GIPLX are now cxperimenting with an exiended AMTOR
code that supporis spper And lower case letters.

*+The spectra shown in Figare 215 2 plot of measured data 1aken from
the audio output of a HAL ST-2000 and ARQ- 1000 operating in ARQ
mode (170-Hz shify, tones = 212572295 Hz). The data has been numeric-
aliy shifted to show D Hz 25 the center frequency and 0 dB as the max-
imum peak ampiitude. The measurcment device was a Hewlett-Packard
Model HP-356t A Dynantic Signal Analyzer. The spectrd of a 60-WPM
{45 baud) F5K RTTY signal will be nmilar, but the MARK and SPACE
spectra will be slightly narrower.

very slow by modern data standards. If
there are no errors to be corrected in ARQ
mode, the maximum rate at which data can
be transmitted is 6.67 characters per second
(cps). This is about 66 WPM, or the equiva-
lent of 50-baud RTTY. When errors are de-
tected and must be corrected by retransmis-
sion, this rate slows down. AMTOR, there-
fore, is not a rapid way to send a lot of
data.

Finally, due to the unique 4/3 ratio en-
coding of the seven-bit characters, the AM-
TOR code supports a maximum of only 36
unique code combinations, including con-
trol signals. AMTOR uses the same al-
gorithm as Baudot, and each bit combina-
tion is used twice: once in LTRS case and
again in FIGS case. AMTOR, therefore,
suffers the same problems as Baudot for
transmission of lower-case letters and com-
puter codes. This isn’t normally a serious
limitation for ship-to-shore commercial use,
or in most amateur applications. However,
it is a big handicap if computer data is to be
sent.*

AMTOR, like RTTY and CW, is a fairly
narrow-bandwidth emission. The measured
spectrum of an AMTOR modulator
(ARQ-1000 and ST-8000) is shown in Figure
2.** This spectrum is also representative of
that produced by a RTTY station (45 baud
is slightly narrower). Due to sidebands and
demodulator filter bandwidths, AMTOR
stations can be operated with a minimum of
1 kHz spacing between signals if ali stations
use 500-Hz wide receiver filters.

PACTOR

PACTOR is a new development from
DLSMAA, DF4KV, DL1ZAM, and
DL3FCJ. At this time, only a few PAC-
TOR units have found their way into the
United States, and some features of the new
mode are still under development. PAC-
TOR is a modification of AMTOR that
provides moderate speed improvements
over AMTOR. PACTOR uses an ASCII
character set rather than Baudot, and error
detection is by means of a CRC (Cyclic Re-
dundancy Check) much like that used for
AX.25 packet radio. PACTOR also in-
cludes an optional data compression mode
that can further increase the data speed.
However, the compression algorithm (Huff-
man encoding) is language specific; it works
great on text in some languages, but won't
increase speed on nontext data transmis-
sions. Finally, PACTOR includes a speed-
change algorithm in which the bit rate of
the data may be increased from 100 baud to
200 baud when few errors are detected
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(good conditions). PACTOR is still experi-
mental and promises moderate gains in data
throughput on HF radio—two times if 200
baud car be used, and also up to two times
when Huffman data compression can be us-
ed. PACTOR, like AMTOR and RTTY,
uses 170-Hz shift FSX modulation.''?

As with AMTOR ARQ mode, PACTOR
is an error detection and repeat mode,
rather than a true error correction mode
(without requiring repeats). At this time,
PACTOR is an interesting new mode that
holds good promise for modest im-
provements in HF data transmission over
that presently offered by AMTOR.

Packet radio

Packet radio has truly caused a revolu-
tion in amateur radio digital mode opera-
tions, thanks to pioneering work by TAPR
(Tucson Amateur Packet Radio group).
Packet radio uses a modification of the
ANSI X.25 protocol—AX.25.1¢7%°

Like AMTOR, packet data is sent in
bursts called “‘data packets.”” Unlike AM-
TOR, data is encoded in eight-bit **bytes,”
and the ASCI! code may be sent and received
directly (as well as eight-bit binary data). The
start of a packet includes calisign identifiers
and allows specification of repeater paths.
The data packet ends with a CRC check sum
number (Cyclic Redundancy Check). The
receiving station computes 2 CRC number
from the packet data it has received, com-
pares that to the CRC sent, and requests a

repeat if the two do not match. This is much
the same as AMTOR ARQ mode and, in
fact, packet radio is another form of the
generic ARQ class of data transmission
modes. Also like AMTOR, packet includes
station identifiers, and links only with
designated stations. However, these iden-
tifiers can be complete callsigns.

Unlike AMTOR, packets contain many
bytes or characters—32, 64, and 80 are com-
mon numbers in use—and may have up to
255 bytes per packet. Packet radio burst
transmissions aren’t evenly spaced in time;
packet transmissions are randomly spaced. At
present, packet radio uses CSMA, {Carrier
Sense, Multiple Access): the controlier listens
and does not transmit if other stations are
already sending. CSMA allows many packet
radio stations to share the same frequency—
each responding only to the station with
which it is linked. This feature was a large
boon to early development of VHF packet
radio, but has proven to be a major limita-
tion now that thousands of hams are using
the mode. If a lot of stations (10 or more) at-
tempt to use the same frequency, all traffic
slows and eventually bogs down completely.
On HF, it takes only three or four stations
to gridlock the channel.

Packet radio has become almost the ex-
clusive data mode used on VHF. Typical
2-meter VHF FM packet stations use
1200-baud, 1000-Hz shift AFSK modems
based on the Bell 202 modem standard
(1200/2200 Hz). A growing number of VHF




and UHF packet operations are now switch-
ing to 2400-baud PSK modulation. A few
UHF packet network relay stations operate
at very high data rates.

Packet radio has also been attempted on
high frequencies, using 300-baud, 200-Hz
shift FSK modulation. HF packet radic
hasn’t been a big success, and most of the
probiems may be traced to the modulation
format and to the AX.25 protocol itself.

The modulation format used for HF
packet is based on the Bell 103 300-baud
telephone line modem. While this format is
well suited for stable low-noise wire lines
(and VHF radio), it has serious problems
for HF use. First, use of simple FSK at a
300-baud data rate flies in the face of years
of evidence that ionospheric multipath dis-
tortion severely affects any modulation in
which the base modulation rate exceeds 100
to 150 baud. Multipath time “*smearing”’
often exceeds 3 to § milliseconds. Since the
width of a 300-baud data pulse is only 3.3
ms, time smearing irretrievably masks data
bits. Second, use of the 300 baud rate with
a very narrow FSK shift (200 Hz) creates a
spectrum that is not easily detected. In fact,
traditional in-band diversity from separate
filters for MARK and SPACE, like those
used for RTTY and AMTOR, is not pos-
sible. In retrospect, it can be stated that the
choice of narrow shift FSK and a 300-baud
data rate for HF packet was a poor en-
gineering decision.

The AX.25 protocol is excellent for wire-

line and VHF radio use. However, the very
features that make the protocol so useful on
VHF, counspire to create big problems for
HF use of AX.25. First, packets are loaded
with a lot of “‘overhead*‘—non data charac-
ters (callsigns and repeater fields, for exam-
ple). Second, packet radio is an error detec-
tion mode, not a direct error correction
mode. The CRC is computed for the entire
packet (including overhead). If the received
CRC doesn’t match that transmitted, the
entire packet must be repeated.

Packet lengths can be set as short as 32
characters, but this is very inefficient. Often
there are more overhead than data charac-
ters in a short packet. We would much rath-
er send longer packets (64, 80, or greater)
and improve the efficiency. Sending longer
packets increases the time the transmitter is
on the air and, more importantly, the time
over which the CRC is computed, and the
time during which completely accurate data
must be received.

HF ionosphere disturbances are often of
a “burst’’ nature—short, high intensity,
and widely spaced. One “‘burst”” within a
packet requires the repeat of the complete
packet. As the packet length is increased to
improve efficiency, the probability of dam-
age by a burst greatly increases to the state
that no data can be passed. We, therefore,
have the contradiction that short packets
should be used to combat burst interference
and noise, but that long packets give better
efficiency. The ultimate result in both con-
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ditions (long or short packets) adds up to
very slow transmission of data. HF packet
throughput can be as high as 15 to 20 char-
acters-per-second at 300 baud under ideal
conditions. However, what is actually ob-
served are throughputs on the order of two
to four characters-per-second-—less than
AMTOR, which operates at 1/ 3 the baud
rate and in a2 narrower bandwidth!

Further, the ““CSMA’’ concept doesn’t
work well on HF. It is easily tricked by
noise bursts and splatter from other HF
packet signals. Also, CSMA doesn’t prevent
simultaneous transmissions by multiple sta-
tions {collisions) due to propagation skip
zones-—the “‘hidden transmitter effect”
(that is, your station can’t hear the interfer-
ing station but your destination station
can}.

HF packet radio at 300 baud, 200 Hz
shift is very spectrum inefficient. Figure 3*
shows the measured spectrum of an HF
packet modulator (PK-232). The “‘gentle-
men’s agreement’’ is that all HF packet sta-
tions must be spaced by at least 2 kHz to
avoid mutual interference. This interference
is cansed by the wide bandwidth of the
modulation sidebands themselves and the
poor selectivity requirements forced on the
receive modem by the FSK modulation for-
mat (300 baud/200 Hz shift). Two AMTOR
stations can operate without interference in
the spectruim required for one HF packet
station. As we shall see, CLOVER allows
four stations to operate in the same band-
width as an HF packet signal.

In summary, we must commert that
while packet radio is 2 wonderful VHF and
UHF mode, it has very basic limitations for
HF use. Practically ail aspects of today’s
HF packet signal are wrong for the condi-
rions radio operators face daily on HF radio
circuits.

CLOVER

CLOVER is a new data mode invented by
Ray Petit, WIGHM. Ray’s work was in-
spired, first, by his earlier development and
experience with very narrow bandwidth
coherent CW and then by his observation of
the many HF packet radio problems we’ve
discussed. Rather than modifying existing
modes, the CLOVER design started with a
careful analysis of the unique problems of
sending data via HF radio. CLOVER is tail-
ored to overcome HF radio’s unique prob-
lems.?'**

There are two variations of CLOVER:
CLOVER-1 is a 100-Hz bandwidth mode;*
CLOVER-11is a 500-Hz bandwidth mode.
The CLOVER-1 waveform is a steady se-

et

quence of smoothly shaped pulses at a sin-
gle carrier frequency. Data is sent in the dif-
ference in the phase between successive
pulses. The base data rate of CLOVER-1is
25 bits per log, PSK level per second. Ray
uses shaping of the time pulse to reduce all
CLOVER sidebands to less than —60 dB
beyond the 100 Hz bandwidth. CLOVER-I
requires relatively simple analog circuits in
the modem, but it makes extreme require-
ments on the radio equipment, In CLOV-
ER-I, the radio frequency stability and tun-
ing accuracy must be maintained within *-
0.10 Hz! Because this is not achievable by
most commercial transmitters or receivers
presently available, part of the CLOVER-1
design includes the transceiver itseif.
CLOVER-1I is a much expanded version
of CLOVER-I.* This mode makes heavy
use of digital signal processing {DSP)
techniques. CLOVER-11 bandwidth is ex-
panded to 500 Hz to better match the “*nar-
row’’ filters commonly available for mod-
ern commercial transceivers. The CLOVER-
I1 **carrier”’ is a steady sequence of four
tone pulses at ascending audio frequencies.
Each pulse has a duration of 32 millisec-
onds; successive pulses reach their peaks at
instants 8 ms apart. The four tone pulses
are also spaced 125 Hz apart in frequency,
and carefully shaped in amplitude so that
their spectra don’t overlap. Data is carried
in the difference between phase and/or
amplitude of successive pulses at the same
frequency. These changes are made only at
the instants midway between the peaks of
two successive pulses when their amplitudes
are zero. As a consequence, the usual wide
bandwidth associated with phase modula-
tion is avoided. The composite signal is 500
Hz wide. The crosstalk between two
CLOVER signals spaced 500 Hz apart is
less than 50 dB. As with CLOVER-], vary-
ing levels of PSK and ASK modulation
are used on each tone pulse so data through-
puts as high as 750 bits-per-second are
achieved from a base modulation rate of
31.25 bits-per-log; (level)-per-second.
CLOVER-I! has a total of eight different
modulation formats that may be selected.
In order of increasing throughput, these
are: dual diversity BPSK (Binary PSK},
dual diversity FSK, BPSK, QPSK (4-level
PSK), 8PSK (8-level PSK), 16PSK {16-level

*The specira showsn In Figure 3 is a plot of measuced data taken from the
audio output of an AEA PX-232 operating n HF packet mode with 300
haud data and a shift of 300 Hz tiones = 21 10/2310 Hz). The data has
been numericaily shifted (o show G Hz as the center frequency and 0 dB
as the maximum peak amplitude. The measurement device was a Hewlett-
Packard Model HP-3$61 A Dynamic Signal Analyzer.




CLOVER-II THROUGHPUT

Binary Daia Through-put {Bits-per-second)

Modhlation 4 x BPSK 2x"FSK” BPFSK QPSK 8PSK 16PSK SPSK/ZASK 16PSKMASK

Base Rate 3125 325 125.00 250.00 375.00 500.00 500.00 750,00

MODE "BDIV" “FDiv" i "4P “RF “16F “8P2ZA” “16P4A"
RS [ | ] [ I I | ]
CODE  EFF ! | j [ | | | |
60" 60% 1875 1875 75.00 150.00 225.00 300.00 300,00 450.00
—I5 5% 2344 23.44 93.75 187.50 281.25 375.00 375.00 562.50
o 0% 2813 813 112.50 22500 33750 450,00 450.06 675.00
100 HO% 11235 3125 125.00 250.00 375.00 50000 500.00 150,00

COMFARISON HF DATA MODES

[- HF Data Throughput -}

Usable MAXIMUM TYPICAL  ERROR
RATE COMMON NAME DataBis  CPS/bps CPS/hps  CORRECT HF SUITABRLITY
45BD  "60 WPM"RTTY 5 bus /30 . None GOOD, Few Errors
75BD  "100 WPM" RTTY S bits 10/50 . None GOOD, Some Errors
108D "100 WPM™ ASCHH 7 bits Ly * Mone FAIR, Many Errors
I00BD 300 BAUD ASCH 7 bis 3210 * Mone VERY BAD, All Errors
100 B "AMTORSITOR" Sbis  6.67/50 6430 Yes VERY GOOD, No Errors
300 BD "HF PACKET & bits 20/160 2/16 - 4/32 Yes POOCR, Many Repeats
1200 BD "VHF PACKET B bits 80/640 114 Yes VERY BAD, No Data

T = Noerror correetion, reception of good or bad data is at constant rate
CPS = Characters-Per-Second Deta Throughput
bps = Bits-Per-Second Data Throughput

Table 1. Typical data throughput rates of the various combinations of CLOVER modes and codes.

PSK), 8PSK/ASK (8PSK plus 2-level ASK), of the various combinations of CLOVER

and 16PSK/4ASK (16PSK plus 4-level modes and codes are shown in Tabie 1.

ASK). As might be expected, the data CLOVER-II also includes self-adapting
throughput increases with the complexity of  software that can adjust for frequency drift

the modulation, and much better iono- and tuning inaccuracies. CLOVER-II re-

sphere conditions are required for the com- quires frequency resolution of +10 Hz and

plex modes. Typical data throughput rates will track variations up to +25 Hz, achiev-
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able in most modern HF transceivers. The
CLOVER-II frequency spectra is shown in
Figure 4.*

CLOVER ARQ mode is also automatical-
ly adaptive. lonospheric conditions are
measured and the data mode of the sending
station is adjusted to produce the highest
throughput possible at the current condi-
tions. As previously noted, CLOVER has
eight modulation modes, four Reed-Solo-
mon encoder modes and four data block
lengths—a total of 128 different and unique
combinations. These combinations provide
great freedom for adaptive adjustment in
small increments, The CLOVER demodula-
tion system dynamically and continuously
measures key received signal-to-noise ratio
(S/N), frequency dispersion, and time dis-
persion. Thus, the adaptive protocol can de-
termine with a great deal of accuracy which
parameter should be changed to optimize
data transmission.

Another unique feature of CLOVER-1I is
Reed-Solomon error correction encoding.
This differs notably from that used for AM-
TOR ARQ and packet radio. AMTOR uses
parity coding (4/3 bit ratio) and packet a
check-sum (CRC) so the receiving station
can detect errors and request repeats.
CLOVER's Reed- Solomon encoding allows
the receiving station to fix errors without re-
quiring repeat transmissions. This greatly
increases the efficiency of CLOVER com-
pared to AMTOR or packet. Of course,
there are limits to the capability of in-code
error correction and CLOVER will also re-
vert to requesting repeats (ARQ-style) when
its error correction system is overloaded.

One of the variable parameters in CLOV-
ER-!1 modulation is the length of the block
of data sent. This is analogous to packet
length. However, in this case, block length
and the number of Reed-Solomon correct-
able errors are proportional—longer blocks
can correct more errors without requiring
repeat transmissions. As noted in the packet
radio discussion, longer block transmissions
lead to higher ef ficiencies—higher data
throughput. Thus CLOVER, unlike packet,
includes an algorithm that is compatible
with sending long blocks of data at high ef-
ficiency. Of course, if interference, QRN,
or ionosphere distortion is high, the error
correction ability of the Reed-Solomon en-
coding can become “overloaded”” and re-
peats are necessary. Also, if bursts occur
frequently, a long block may contain sever-
al and also overload the error corrector.
Four different Reed-Solomon block lengths
are available {17, 51, 85, and 255 8-bit
bytes) so the different conditions of burst

interference/distortion can be tolerated. Ef-
ficiency is, of course, inversely related to
block length, and the shorter block lengths
will result in lower data throughput (as in
packet).

The number of errors which the Reed-
Solomon coder can correct is adjustable.
For each block length, there are three set-
tings corresponding to a maximum of 20,
12, and 5 percent of the bytes in the block
that can be in error without loss of the
block. Of course, higher error-correcting
capacity requires higher coding overhead.
The percentage of the bytesina block that
are DATA bytes (‘‘coder efficiency”’) for
the choices named are 60, 75, and 90 per-
cent, respectively. When conditions are ex-
ceptionally good and error correction isn’t
required, the Reed-Solomon error correc-
tion algorithm can be completely bypassed—
increasing the efficiency to 100 percent (all
bits sent are data bits).

For those who may be wondering how
this complex modulation fits Part 97 of the
FCC Rules and Regulations, let us assure
you that all CLOVER modes are indeed in
conformance with existing rules. CLOVER
passes only one data stream and is therefore
not a *“‘multiplex” modulation format. The
CLOVER modulation output is audio tones
that are used to drive the input to an SSB
transmitter. This is CCIR mode **J2,”
which is allowed. The CLOVER base data
rate is 31.25 bits-per-second—well within
the 300-baud maximum HF limitation. The
CCIR emission designator for CLOVER-II
is “*300HJ2DEN.”

CLOVER places no restrictions on the
alphabet used for sending the data.
CLOVER accepts any sequence of bytes for
transmission and presents the bytes un-
modified at the receiver. This avoids the
code-specific problems noted for RTTY and
AMTOR.

Like AMTOR, CLOVER-II has two pri-
mary modes of operation: ARQ and FEC.
Also like AMTOR, CLOVER ARQ mode
uses rigorous timing of the data transmis-
sions by the two stations. We call CLOVER
ARQ transmissions *‘twitters.”” ARQ mode
is a two-station link requiring SELCAL
(full call sign) exchange when linking. CLO-
VER FEC mode is a “‘broadcast’” format
receivable by many stations.

*The spectra shown in Figure 43 a plot of measured dasa taken from the
audio output of a HAL “CLOVER-TE"” Modem, 1 developmenial moded.
The ensemble outpat was centered at 1000 Hr with individual tone cener
frequencies 6f 812.5, 937.5, 1062.5, and 1187.5 Hz. The datas has been
numerically shifted to show 0 Hz as the center (requency and 0 d8 as the
maximum peak amplitude. The measurement device was 2 Hewlett-Pack-
ard Model HP-3561 A Dynamic Signal Anajyzer.




As we write this, the CLOVER mode is
still under development and working pro-
totypes are now being tested. To date, on-
the-air results have confirmed the theoreti-
cal work. On typical HF links, CLOVER
passes error-free data at rates 10 times
faster than either AMTOR or HF packet.
Average HF data throughput on the order
of 200 to 300 bps is realistic. When condi-
tions are good, the throughput can be as
high as 500 to 600 bps.

Mode comparison

We have discussed a total of six unique
modes that may be used for transmission of
HF data {CW, RTTY, AMTOR, PACTOR,
PACKET, and CLOVER). In the sections
that follow, we’ll compare the performance
of these modes.

Data throughpat

Table 1 shows typical data rates and char-
acter throughout that can be expected from
the various HF data modes.

Typical amateur CW speeds are 20 WPM
or slower—a throughput of about 2 charac-
ters-per-second. Some operators can send
and receive code at speeds of 60 WPM and
higher, but this is the exception. Also, CwW
generally requires manual decoding and
there is no “‘automatic’’ error correction.

RTTY is typically run at 45 baud (60
WPM), but some MSOs operate at 75 baud
{100 WPM). At best, RTTY throughput is
10 characters-per-second. None of the
RTTY modes offer error correction.

AMTOR, at best, has a throughput of
6.67 characters-per-second, and slows as ef-
rors and repeats increase. AMTOR does in-
clude error detection, and most receive er-
rors can be corrected and fixed by repeat
transmissions. AMTOR ARQ throughput
of 5 cps is probably the “‘typical”’ condi-
tion.

PACTOR offers some improvements
over AMTOR: up to 13 cps with 200-baud
data rate, and even twice that when data
compression is fully active. However, as
noted earlier, sending data at 200 baud us-
ing simple FSK on HF is risky business and
the data compression algorithm will gener-
ally not produce a full 2 times speed in-
crease. PACTOR remains to be tested, but
the *“‘typical’’ throughput may be on the or-
der of 10 cps.

As we've noted, HF packet has many
problems. As it is now used, the fong-time
average data throughput of 20-meter HF
packet stations is on the order of 4 charac-
ters-per-second—often, even less.

Like PACTOR, CLOVER is an experi-
mental mode., Early tests have produced er-
ror corrected data throughput at 50 cps in
typical conditions, and higher levels in good
conditions. To date, CLOVER promises at
least a 10 times increase in data throughput
over AMTOR or HF Packet.

Error processing

Neither CW nor RTTY has any provision
for automatic error detection and/or cor-
rection. The human mind is a great “‘inter-
preter,”” and often we can ““fill in the
blanks.’’ This is fine for chit-chat, but is
totally useless for transmitting nontextual
data.

AMTOR ARQ mode offers error detec-
tion and correction by means of repeat
transmissions. However the seven-bit “*pari-
ty’’ detection scheme isn’t infallible, and
AMTOR can print incorrect characters.
AMTOR FEC mode also offers limited er-
ror correction by sending each character
twice. However, if both characters are flaw-
ed, errors won’t be correcied. FEC suffers
the same problem with printed undetectable
errors as ARQ mode.

PACTOR, like packet, uses a CRC block
error detection system. Like AMTOR, er-
rors can only be detected and then corrected
by repeat transmissions. The CRC algo-
rithm is quite robust and the chances of
passing an incorrect block are very small.

HF Packet also uses a block CRC calcu-
lation to detect received errors which then
must be fixed by repeat transmissions. As
noted for PACTOR, the CRC aigorithm is
very robust. HF packet is, however, very
susceptible to transmission errors. This gen-
erally results in a time-consuming process of
sending repeats.

CLOVER is the only mode that includes
error correction in its data encoding. The
receiving station can correct a limited num-
ber of errors without requiring repeat trans-
missions. If the correctable error limit of
the CLOVER mode is exceeded, repeat
transmissions are used in ARQ mode. The
Reed-Solomon algorithm is also very robust
and the chances for undetected errors is
very small.

Bandwidth and bandwidth efficiency

Signal bandwidth and its uses are very
misunderstood parameters of a radio data
signal, Often, the bandwidth of a mode is
specified as that range of frequencies be-
tween the —3 dB or —~ 6 dB pointson a
spectral plot of the signal. A more realistic
measurement of bandwidth is to determine
how closely in frequency two signals can be
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Figure 5. CLOYER/AMTOR/packet spectra.

placed without mutnal interference. Because
the signal strengths of two adjacent HF
signals often vary by 30 to 50 dB, and all
data modes {except CLOVER) have wide
sidebands, minimum channel spacing is a
much higher number than might be in-
dicated by the —3 or — 6 dB spectrum

Figure 1 shows the bandwidth of a CW
transmitter sending code at 60 WPM. The
— 50 dB bandwidth of this signal is ap-
proximately 800 Hz (+400 Hz). You can’t
have two 60-WPM CW stations closer than
800 Hz to each other without potential mu-
tual interference. This bandwidth scales

-

bandwidth. with speed—a minimum spacing of 267 Hz
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for 200WPM signals. Here, the receiver se-
lectivity becomes the controlling point. If
all stations have a S00-Hz receiver filter, the
minimum signal spacing is at least 500 Hz,
regardless of CW speed. Note also that the
500 Hz"’ receiver filter bandwidth specifi-
cation is almost always the —6 dB band-
widih, not the — 50 dB bandwidth. Auto-
matic CW reception is, therefore, probably
limited to a minimum CW signal spacing of
1 kHz or more. The human brain is adap-
tive and interpretative, and we can indeed
“‘copy through the QRM."" A good CW op-
erator can often decipher CW signals spac-
ed as closely as 100 Hz, but only if the two
signal strengths are similar.

Figure 2 shows the measured spectrum of
an AMTOR signal. While this is a 170-Hz
shift, 100-baud FSK signal, the curve can be
taken as representative of all RTTY and
AMTOR modes (45-baud RTTY will be
slightly narrower, but not by much). Note
that the — 50 dB bandwidth of this curve is
approximately 1200 Hz. Practical obser-
vation has shown that, if all stations use
500-Hz receiver filters, AMTOR stations
can be spaced as closely as | kHz apart with
little or no mutual interference. However, if
either station in an ARQ link uses his
2.4-kHz SSB filter, the spacing must be in-
creased to 1.5 or even 2.0 kHz. The same
arguments apply to RTTY signals.

* The data piegted in Figares 5,6, 7, and K are the same data shown i
Flgurea 2,3, and 4.

Figure 3 shows the measured spectrum of
an HF packet signal (300 baud, 200 Hz
shift). Its — 50 dB bandwidth is greater than
2 kHz! A minimum spacing of 2 kHz is, in
fact, the practical limit based upon on-the-
air experiences, Some HF packet stations
use a 300-Hz receiver fiiter. This may help
reduce interference in some cases, but the
interference sidebands of an adjacent HF
packet signal will still fall within the re-
ceiver filter’s passband. Also, narrowing the
receiver bandwidth to 500 Hz may intro-
duce data distortion that compounds the al-
ready poor performance of packet radio on

Figure 4 shows the measured bandwidth
of a CLOVER-II signal. CLOVER-II sig-
nals are designed to eliminate sidebands.
The —3, ~6, and — 50 dB bandwidths of
CLOVER are the same—500 Hz. The
CLOVER-H demodulator uses receiving
filters that have passbands identical to the
CLOVER-II spectrum. Therefore,
CLOVER receivers are very resistant to in-
terference from nearby signals—CW,
RTTY, AMTOR, packet, even another
CLOVER signal. CLOVER signals may be
placed exactly “‘edge-to-edge™ at 500 Hz
spacing with no mutual interference; a
“guard-band”’ is not required. Laboratory
tests have shown that the co-channel inter-
ference rejection of CLOVER receivers is
greater than 50 dB.

Figure 5* shows a combined plot of the
spectrum of AMTOR, HF packet, and
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Figare 8. Minimum spaced CLOVER.

CLOVER signals. The wide sideband nature
of AMTOR and HF packet is readily appar-
ent, as is the very compact and concentrated
spectrum of CLOVER.

Figures 6, 7, and 8 show how much band-
width is required to support five minimally
spaced HF Packet, AMTOR, and CLOVER
signals, respectively (see the footnote for
Figure 5). Five HF packet signals require 10
xHz of an HF band, five AMTOR signals
require S kHz, and five CLOVER signals
require 2.5 kHz of the band. Put another
way, four CLOVER signals will fit in the
same bandwidth required for one HF pack-
et signal, and the data throughput is ten
times higher on each CLOVER signal.

Summary

There are presently four different modu-
jation and protocol formats used to send
amateur data via HF radio: CW, RTTY,
AMTOR, and packet. Two new modes have
been developed that promise increases in the
data speed: PACTOR and CLOVER. The
six modes differ considerably in perfor-
mance, each with its own advantages. CW
requires minimum additional equipment to
send and receive (key and good operator); -
RTTY equipment is relatively simple and
easy to use. AMTOR of fers erTor correction
atr modest data rates and is very robust for
HF use. HF packet can send ASCII data at
good speed when conditions are perfect, but
quickly falls apart in typical HF conditions.

PACTOR promises modest speed improve-
ment and ASCI! coding over AMTOR.
CLOVER promises much higher data
speeds, error correction, and efficient use of
our radio spectrum. No one mode com-
pletely satisfies all aspects of the others.

Amateur radio experimentation with data
modulation techniques is in the midst of a
new explosion. This renewed interest comes
as a result of the rapid growth of amateur
data message systems by VHF packet radio
and the emerging new DSP technology. The
need and desire to send data more accurate-
iy and faster via HF radio would not exist
without the growth of the packet radio traf-
fic network. New modulation techniques
like CLOVER would not be possible with-
out DSP technology. Although we have
concentrated only on the modulation and
modem aspects of modern radio data trans-
mission, it must also be recognized that the
next “level” —inter-station communications
protocol—is also undergoing rapid advance-
ments that wouldn’t have been possible
without low-cost and readily available high-
performance personal computers. It can
truly be said that amateur radio is not
“standing still.”’ Amateur radio continues
to lead the technology.
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More on CLOVER

~ The first CLOVER product available to
amateurs will be a plug-in card for **IBM-
compatible’® PCs, manufactured by HAL
Communications Corp. It will be called
“PC-CLOVER," the “PCI-4000.” PC-
CLOVER was demonstrated first at the
1992 Dayton Hamvention® and targeted
for delivery soon thereafter. Patents have
been applied for CLOVER, CLOVER-I,
and CLOVER-I] technology by Ray Petit
and HAL Communications. CLOVER,
CLOVER-I1, and CLOVER-II are registered
trademarks. HAL plans to license CLOVER
technology as freely and inexpensively as
possible to ail amateurs and amateur
manufacturers.

PC-CLOVER will include a simple, sin-
gle-operator application PC program to get
you started. However, HAL would like to
encourage all “network®’ software authors
to write drivers to allow their programs to
take advantage of the increased perform-
ance of CLOVER. The PCI-4000 hardware
interface is specifically designed to work in
neiwork and ‘“‘windowed'’ PC environ-
ments. An interface protocol definition doc-
ument is being prepared for all who are
interested.

Reprinted from the Spring 1992 issue of Communications Quarterly, with permission.
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CLOVER MODEM FOR HF DATA COMMUNICATION

PC-CLOVER is a hardware and software implementation of CLOVER modulation (patent pending). The modem provides
bandwidth-efficient and high data rate transmission of error-corrected data in a format that is specifically tailored to meet the.
challenges of HF radio propagation. In ARQ modes, CLOVER modulation format is adaptively adjusted to maximize data
throughput.

* HIGH THROUGHPUT AND BANDWIDTH EFFICIENT: Data pulses are amplitude shaped to produce a data signal that
has a -50 dB bandwidth of 500 Hz. Error-corrected data throughput as high as 500 bpsisavailable. The CCIR emission designator
for all CLOVER modes is * S00HJ2DEN" .

* MODULATION FORMATS: The four CLOVER tone pulses are modutated using BPSK, QPSK, 8PSK, 16PSK, and up to

" 4-level ASK. Modulation modes may be manually or automatically selected via adaptive control {ARQ modes only).

* ERROR-CORRECTION: In addition to checksum protection of each data transmission, CLOVER uses Reed-Solomoen
encoding which permits repair of most data errors without requiring a repeat transmission. CLOVER uses a true * error-
correction” protocol rather than an * error-detect and repeat™ protocol (AMTOR and packet).

* ADAPTIVE TRANSMISSION: In ARQ mode, modulation, block length, and coder efficiency are adaptively chosen to
produce the highest data throughput that can be supported by existing ionospheric conditions. A total of 128 unique combinations
may be selected. CLLOVER data throughput varies from § characters-per-second (cps) under poor conditions to 80 cps in very
good conditions. Typical HF * speed” is approximately ten times that of AMTOR/SITOR or HF packet.

* DATA TRANSMISSION MODES: CLOVER may be used in FEC mode to send data to multiple stations and ARQ mode
for linked adaptive communications between two stations. Monitor mode allows listening by unconnected stations.

* HARDWARE: PC-CLOVER is a plug-in circuit board that can be used in any * IBM-compatible™ PC-286 or higher level
PC. PC-CLOVER does not require use of any PC Serial or Parallel I/O port. Convenient rear panel jacks provide direct
connection betwesn PC-CLOVER and radio equipment. Split-screen, menu-driven PC application software is fumished with
each PC-CLOVER unit.
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PCI-4000/ PC-CLOVER
SPECIFICATIONS

SIGNAL FORMAT:

Each 32 mSec data frame consists of 4 Dolph-Chebychev pulses
interlesved in time and frequency. Eachpulscis32 mSeclongandis
displaced intime from the preceeding pulse by 8 mSec. The first pulse
in 2 frame iscentered at an odd multipie 0f 62,5 Hz and the remaining
3 pulses are centered at the next three bigher odd multiplesof62.5 Hz,
respectively. Each puise oceupizsabandwidth of {25 Hz, messured
at the -60 dB points. The composite -50dB bandwidih of s CLOVER
emission is 500 Hz. The crest factor of CLOVER modulationis 2.0,

MODULATION FORMATS:

All moduiation formats convey data inthe differences between phase
andfor amplitude of successive pulses at each of the 4 pulse frequen-
cies.

BDIV: 4-Pulse diversity, Binary phase, 31.25 bits/sec

BPSK: 4-Pulse Binary Phase. 125 bits/sec

QPSK: 4-Pulse Quad Phase, 250 bits/sec

8PSK: 4-Pulse Eight Phase, 375 bits/sec

16PSK: 4-Pulse Sixicen Phase, 300 bits/sec

8P2A: 4-Pulse Eight Phase, Two Amplitude, 300 bits/sec:
Similar to 8PSK except that 8-dB amplitude shifts
also occur. providing one more bit of data per pulse.

16P4A: 4-Pulse Sixteen Phase, 4 Amplitude, 750 bits/sec:
Similar 1o 16PSK except that amplitude shifts 1o one
of four values (4 dB per step) provide 2 extra bits per
pulse.

ECC FORMATS:

Reed-Solomon codes on GF(2e8) are generated and decoded with
fast transform methods. The Massey-Berlekamp Algorithm synthe-
sizes the fecdback shift register which correctsthe errors. Block sizes
of §7.51,85, and 255 bytwes with code rates of 0%, 75%,90%. and
100 % are used.

DATA FORMAT:

CLOVER modulationisbittransparent. Datasupplied viathe PCbus
is demodulated at the receiving siation in exactly the same bit order.
Data compression and/or encryption may be used in PC-based
application software.

DATA TRANSMISSION MODES:

FEC mode is used to send data from one station lo one or more
CLOVER-equipped stations. Modulation. block size, and coder rale
are set manually by the transmitting station. Adaptive mede control
is not available in FEC mode.

ARQ mode connects one CLOVER stationto a second siation. Data

flow may be in cither direction without the use of an * OVER™
command. This is the radio analog of * full duplex™ and maximizes
data flow onthe radio channel when large amounts of data must flow

in both directions simuitancously. Automatic adaplive control of

CLOVER modulation is provided in ARQ mode.

MONITOR mode allows any unconniecied station with a CLOVER
modemto listento FEC and AR(Q) radiotransmissions. Errorcormec-
tion is limited to the capacity of the Reed-Solomon encoder and code
rate chosen by the sending station(s). Adaplive modechangesbythe
sending station will be followed asclosely as possible by the monitos-
ing modem. but adaptive feedback to the sending station(s) is not
availabie in this mode.

HAL COMMUNICATIONS CORP.

1201 W. Kenvon Road

P.G. Box 365

Urbana, Hinois 61801-0365

Phone: {217} 367-7373 FAX (217) 367-1701

MODEM SIGNAL PROCESSING:

DSP56001 DSP 24-bit processor, 8Kx24 bit RAM; software down-
loaded from host processor.

HOST AND PROTOCOL PROCESSOR:

S8ECOCC 16-bit processor, 32Kx16 bit RAM, [6Kx16 bit ROM;:
software downloaded from PC bus.

PC INTERFACE:

16-bitinterfaceta“ PC-AT" bus; FIFO dsa buffers foralltransmit and
receive data. PC interface may be set via option jumpers to use 'O
Address mapped, poll-select access ortouse PC VO Interrupt aceess.
CLOVER operating softwsre is downloaded via the PC-bus.

RADIO INTERFACE:

16-hil Sigma-Delta A/D converter for received data; dynamic range
exceeds 90dB. Auvdioinputis 10K ohms, 6010 +10dBm ((TmV w0
2.8 V rms). 16-bit D/A converier generates transmit modulation:
spurious signals arc at least 60 dB below peak output. Audio oulput
is 600 ohms. adjustable from-4010 0dBm (7T mV 10.7 V rms). Push-
To-Talk (PTT) relay output (4 50V, 100 ma). NPN open-collector
SEL-CALocutput (+ 50V, 100 ma), Tuning Indicatoroutput (+ 1 ma).
Alt rear panct connectors are 1/4” * stereo™ jacks (AF IN. AF OUT.
PTT & SEL-CAL. TUNING).

RADIO REQUIREMENTS:

Radio ¢quipment must be lwunable in 13 Hz steps and be sufficiently
stable to remain within +25 Hz of the operating frequency while in
communications.

FURNISHED ACCESSORIES:

Three 1/4™ *stereo™ plugs and tuning meter with cable and plug:
Operator”s Manual, HAL PC-CLOVER software diskette.

SOFTWARE:

HAL PC-CLOVER SOFTWARE: PC compatible software on one
5.25* diskeite. Software features include split-screen, menu-driven
commands, save-lo-disk. send disk files, edit in transmit buffer, set
CLOVER configuration. MYCALL entry and storage, HERE 1S
programmable messages.

THIRD-PARTY SOFTWARE: All retwork software authors are
encouragedto wriie drivers for PC-CLOVER. A complete command
protocol definition document is available free of charge to interested
authors. Information regarding available * third-party”™ software will
be provided to ail CLOVER customers.

A written copy of the applicable warranty may be oblained free of charge
upon request. Specifications subject to change without aotice.




