A 56 KILOBAUD RF MODEM

Dale A Heatherington,

Abst r act

This paper describes a 56 kil obaud
synchr onous RF nmodem with a 70 KkHz
bandw dt h. The modulation is bandw dth

limted MSK generated by a digital state
machine driving two digital-to-anal og
converters, and two doubl e bal anced
modul at or s. The carrier phase is shifted
plus or mnus 90 degrees for each bit.
Denmodul ation is acconplished with a
standard quadrature detector chip but
various coherent nethods can be used for
operation at lower signal to noise
ratios. The design is relatively sinple
and easily reproduced.

Desi gn Philosophy and Goal s

This modem was designed so that
advanced Amateur radio experimenters can
duplicate it. Features include:

No exotic,
find parts.

expensive or hard to

Stable, easy to align design.

Operation on any band allowing
56 kBaud.

Synchronous design.
Since packet radio uses a synchronous
protocol, the modem was designed to be

synchronous also. Characteristics of
this synchronous modem are as follows:

Modem
clock.

supplies transmitter

Modem receiver recovers and
supplies clock and data.

Modem does NRZ-NRZI conversions.
Modem scrambles data prior to

transmission and descrambles it
after reception.

As a result, the synchronous serial
interface in the TNC doesn't need a baud
rate generator, clock recovery circuit,
or a NRZI to NRZ converter.
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To sinplify t he desi gn and
construction and to allow operation on
various bands, the nodem operates at |ow
power (1 mwW) in the 28-30 mHz range. The
final operating frequency and  power
out put are obtained by selecting an
appropriate transverter nodule. Good
performance has been obtained with the
M crowave Modul es MMTI 220/28s and
432/28s. These transverters provide 5 to
7 watts of output power in the 220 or 432
mHz band. These units require a snall
modi fication to i nprove their
transmt/receive switching tine. A
capacitor in the T/R switching circuit
nust be changed or renoved.

Modul ati on
Many different nodul ati on nethods

were tried in order to find one with the
nost desirable characteristics. BPSK was

not used primarily because it has large
anplitude variations (zero to full power)
and uses nore bandwidth than the chosen

net hod. Ampl i tude variations are a
probl em because they nust be passed un-
changed by the transmtter.  Any non-
li near amplifier stages wll cause
spreadi ng of t he spectrum and
interference to adjacent channels. Thi s
effect is the same as "flat topping" in
SSB transmtters.

FSK was not used because it cannot
be denodul ated with a coherent
dermodul ator and it is difficult to design
and build a stable frequency nodul at ed
oscillator capabl e of | arge |'i near
frequency shifts (28 kHz).

The chosen nethod is a bandw dth
limted form of mininmum shift keying
(MBK)y . It is slightly different from the
ordi nary textbook exanple of m ninun
shift Kkeying. M nimum shift keying is
basical ly SK with precise control of
several paraneters. The frequency shift
is exactly 1/4 the baud rate and the
phase of the carrier shifts exactly 90
degrees during each baud interval. The
anplitude is constant. Unfortunately. MSK
produces many unnecessary sidebands which
nmake the signal very wide. Wen MK is
filtered with a bandpass filter to



elimnate the unwanted sidebands,

carrier phase no

no | onger constant.

The nmet hod

renoves the unnecessary sidebands

| onger chang

the
es by

exactly 90 degrees and the anplitude is

used in this design
and

mai nt ai ns the 90 degree phase shift

during each baud
of about 3.5 dB of
Also, when the signal

interval at the expense

anplitude variation.

is detected using

any kind of FM denodul ator, the high
frequency conmponent s appear to be
boost ed. This necessitates the use of a

sinpl e de-enphasis network followi ng the
FM  denodul at or.

reduces hi gh

This network

frequency noise

al so
whi ch

results in i nproved per f or mance.
Bandwi dt h limted MK characteristics
i ncl ude:

26 dB bandwi dth
Uses slightly

BPSK.

Error rate vs carrier

is 1.25 Hz/Baud.

| ess bandwi dt h t han

ratio performance conparable

BPSK when a coherent

is used.

Has much

t han BPSK.

Can be

types of

denodul ated wth
det ect ors.

uadrature detector
i scrimnator

differential

Costas | oop

to noise
to
denodul at or

sever al

less anplitude fluctuation

phase detector

Modul ati on Hardware

Modul ation is acconplished with two
doubl e bal anced nodulator chips (type
1496) . One nodul ator is called the ™|
(in phase) modulator and the other is
call the "Q" (quadrature) nmodulator. (See
Fig. 1) . The carrier frequency is
generated by a crystal oscil | ator
operating in the 28 to 30 mHz range. The
carrier drives the | modulator directly
but is phase shifted by 90 degrees before
driving the Q modulator. Modul at i on
waveforms are stored in an EPROM chip.
These waveforns are read out by a digital
state machine into two digital to analog
converters (type DAGC 08). The anal og
waveforms are filtered with sinple three
pole active low pass filters to renpve
digital sanpling noise before being sent
to the | and Q nodul ators. The outputs of
the nmodulators are conbined, anplified,
and output to -the transverter nodule.
Signals genera-ted  this way are
unconditionally stable in ternms of phase
shift and frequency deviation.

Alnost  any nodul ation type can be
gener at ed with this har dwar e
configuration because the digital state
machine has conplete control of t he
anplitude and phase of the carrier. The
modul ation characteristics are defined by
the data stored in the EPROM The sane
EPROM al so contains the code to run the
state machine and NRZ to NRZI converter.

Data rates from 1 to about 120
ki | obaud are easily generated by
changing the baud rate crystal and/or the
divide ratio in the baud rate circuit.
Six resistors in the low pass filters
also need to be changed for different
data rates.
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Denodul ati on  Hardware

Several methods of denpdul ation can

be used. Since the carrier phase

changes

by exactly 90 degrees during each baud
interval, a Costas |oop denodul ator could

be used. The signal also has a fr
shift of 1/4 the baud rate which

equency
al | ows

conventional FM or FSK denodul ators to be

used.

Costas Loop

Costas loop is an

The
intelligent phase |ock |oop which

| ocks

an oscillator to the phase and frequency
of the received carrier even with the

presence  of phase nodul ation.
received signal is nultiplied

T h e

by the

locally generated carrier to recover the
original nodulation. The main advantage
of the Costas loop is its ability to

operate at low signal to noise

ratios.

The disadvantages are its conplexity and

slow lock-up tine. A Costas

| oop

denodul ator was built for this project
but tenporarily shelved because of its

60 ns lock time and large nunber of
parts. It did have a 5 @B S/N advant age
over the quadrature detector that wll be

described bel ow.

Quadrature Detector

In the interest of cost,
simplicity, and fast signal acquisition,
a conventional quadrature FM denodul at or
was used in this design (see fig. 2) .
The Mdtorola M23359 chip was chosen for

this task. It's more than just an FM
denodul at or. It al so i ncl udes an
oscillator, m xer, [imter, and several

other functions which were not used.

Recei ver Bandpmass Filter

The receiver bandpass filter
was a mjor stunbling block at t he

beginning of this project. It had to be
70 to 80 kHz wide with | ow group del ay
variations. No "off the shelf" filters
could be found at any price. Cust om

crystal filters had very long lead tinmes
and high prices. The solution was sinple
and cheap: a 3 section L-C bandpass
filter operating at 455 kHz. It consists
of three 50 uH slug tuned coils and 5

capaci tors. The cost is about $4.00.

Another filter was required for the 10.7
mHz | F stages. Since its nmmjor purpose
is imge rejection, the response shape
was not too critical. A Radio Shack FM
broadcast band receiver IF filter had the
desired characteristics. It's 280 kHz

wide, small, and cheap ($1.00).
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Data and C ock recovery

After derodul ation the signal
must be processed to recover the clock
and dat a. The data is detected with a
tracking data detector, then converted

from NRZI to NRZ format. It is then
descranbl ed and sent to the out put
connect or on the nodem Clock is

recovered with a sanpled-derivative phase
| ocked loop circuit. This circuit aligns
the active clock edges with the center of
the incomng data bits.

Tracking Data Detector

A data detector is basically a
anal og conparator. Its threshold is set
exactly halfway between the voltage |evel
of a"l"anda"0". It outputs a "1" if
the input is higher than the threshold
and a "o" if it's |ower. There is a
probl em when the carrier frequency of the
Incom ng signal changes. The vol tage
| evel s of the ones and zeros change so
the threshold is no longer exactly half-
way between them This causes an in-
crease in errors. One common  sol ution,
which doesn't work very well, is to AC
couple the output of the denmpdul ator to

the detector, This is fine if the short
and long term average of the nunber of
ones and zeros is equal. This ideal

condition cannot be guaranteed even if a
scranmbler is used. A rmuch better
solution is to put sone intelligence in
the detector so that it averages the
voltage level of the ones separately from
the average of the zeros then subtracts
the two averages to obtain the ideal
threshold |evel. This circuit doesn't
care about the ratio of ones to zeros as
long as there is a reasonable nunber of
each. A scranbler is used to make sure
there is a reasonable nunber of both ones
and zeros. The circuit will conpute the
correct threshold if the input signal
carrier frequency is anywhere within the
expected range of the ones and zeros, in
this case plus or mnus 14 KkHz. The
maxi mum frequency offset that can be
tolerated is actually limted by the
bandwi dth of the receiver filter. In
this inplementation the error rate starts
to increase slightly wth frequency
of fsets greater than 5 kHz.

C ock Recovery

For the |owest possible €rror
rate the clock recovery nust be Tast,
accurate, and have low jitter. The state
machine circuit used in nost TNCs today
has a large anount of phase jitter and_is
not suitable for this application. Its
main advantage is low parts count ( 2
chips). The circuit described here is a
sanpl ed-derivative phase |ocked I oop. J{
gets its phase information from the bi
centers, not the zero crossings |ike nost
circuits in comon use. does this by
taking the derivative (rate of change) of
the denodul ated dat a. This converts” the

dat a peaks (centers) to zero crossings.
This works because the rate of change is
zero at the peak of the data bit. This
signal is then further processed and
conpared to the phase of the VCO The
result is an error voltage which is then
integrated and applied to the VOO control
vol tage input. The VCO phase locks to
the centers of the incomng bits. Lock

tine is about 5 mlliseconds in this
i mpl ement ati on.
Carrier Detector
The carrier detector ~circuit

wor ks by nmeasuring the signal to noise
ratio of the signal. This is not an easy
task because the data resembles random
noise in nost aspects. This design
solves the problem by first taking the
derivative of the denodulated signal,
then sanpling only the zero crossings of
the derivative with the active clock
edge. Since the rate of change at the
bit centers should be zero, the output of
the circuit should be zero. Random noise
has random rates of change at t he
sanpling instants which  cause t he
circuit to output a random voltage. This
noise voltage is rectified, filtered, and
sent to a conparator. |If the noise
voltage is below a preset threshold, the
conparator turns on the «carrier detect
signal at the digital interface and also
turns on a data gate which allows the
received data to go out to the interface.
An unnodul ated signal wll also trigger
this circuit since there would be no
noise at the sanpling instants to inhibit
the conparator.

NRZI to NWZ Converter

NRZ is a data signaling format
in which =zeros are represented by a
certain voltage level and ones by
anot her. NRZI ~ is a signaling format in
which zeros are represented by a change
in voltage level while ones are indicated
by no change. NRZI coded data Is not
affected inverting the data voltage
levels or the mark/space frequencies in
the case of FSK. This nodem converts the
incomng NRZI data to NRZ data with a
sinple circuit consisting of a "p" Flip
Flop and XOR gate.

Descr ambl er

There are two good reasons a
data scranbler was used in this nodem
First, it nakes the data stream | ook Iike
a random stream of ones and zeros
regardless of the data being transmtted.
This characteristic makes the tracking
data detector and clock recovery circuits

work better. Second, it mkes the RF
spectrum |l ook and sound like band linmted
white noise. In other words, the RF

energy is spread evenly over the nodems
bandwi dth and shows no single frequency
l'ines regardless of the data being
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transmtted. Any potential interference
to near by channels is limted to an
increase in the noise floor instead of
squeaks, squawks, and other obnoxious
noi ses. This type of scrambling is also
commonly used in high speed syncronous
nodens for telephone use.

The hardware to inplenent t he
scranmbler and descranbler is very sinple
It consists of a 17 bit shift register
and two XOR gates. See Fig. 3. Each
transmitted bit is the result of the
exclusive ORing of the current data bit
with the bits transmitted 5 and 17 bits
times before. To descranble the data it
is only necessary to exclusive OR the

Per f or mance

There are several neasures of a
modem s per f or mance. One of the nost
Important Is its bhit error rate. Any
wel | designed nodem should not produce
any errors if the signal has no noise or
distortion in it. The true neasure of a
nodemis quality is its performance under
weak signal conditions when the signal to
noise ratio is low. These nodens were
tested to determine their error rate
performance at various signal |evels and
frequency offsets. The results are
summarized in the table bel ow

Errors per 1 nillion bits

current received bit with the previous . .

5th and 17th bits. If the data consist Ei/gnaldBrlneveI 0 Freq. off+55ets In ng

of all ones, the scranbler will produce

a pseudor?ndom i%qlue(r;% ofI bikts trat Wil

repeat after , cl ock pul ses or i

every 2.34 seconds at 56 kil obaud. -71 110 3620 43261 11280
.79 -109 2736 8490 3110

Sone peopl e may conpl ain t hat

scrambling violates “the  FCC rule .89 -108 843 4694 1510

concerning codes and ciphers. It does

not. The scrambling algorithm is 1.0 -107 129 1680 285

published here and is available to anyone

who wants it. For this reason it does 1.1 -106 29 536 77

not actually obscure the neaning of the

dat a. If all codes and ciphers were 1.2 -105 0 240 19

illegal we could not use Morse code,,

ASCI I, or NRzI! 1.4 -104 0 23 3
1.5 -103 0 0 0
1.7 -102 0 0 0
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Fig. 3
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The table shows that 1.5 mcrovolts of
signal are necessary to achieve an error
rate less than 1 per mllion over a plus
or mnus 5 kHz frequency range. It also
shows that the performance is degraded by
2 dB if the frequency is offset by 5 kHz.

This data was obtained using a MVl 432/28
transverter without a GASFET preanp. The
published noise figure for this unit is 3
dB. Adding a pre-anp should inprove the
perf or mance.

Anot her i nport ant performance
paranmeter is t he del ay time from
transmtter turn-on to valid data at the
receiver. This nodem requires a 10 to 13
mllisecond delay after the transmtter
is keyed before data can be transmtted.
5 to 7 ms of this time is required for
the crystal oscillator to start and
stabilize. The remaining 5 to 6 ns
allows the distant receiving nodem tine
to phase lock its clock to the _1ncomng
signal and detect the carrier. This tinme
delay is not as low as it should be and
work is being done to reduce it. If the
delay were zero a 256 byte packet shoul d
take 36.5 ns to transmt. This nodem
takes up to 50 ns of transnmission time or
36% over head. This overhead percentage
could be reduced by transmtting |onger
packets.

Appli cations

So, what do you do with a 56,000
baud RF nodenf One obvious application
which has received much press lately is

network backbones. One popul ar  opi ni on
seens to be that high speed nmodens will
solve network congestion problens. This
assunes t hat current firmuare and

software wll run at 56 Kkilobaud. It
doesn' t! One of the nmjor problens of
this project was getting packet software
to operate at this speed. No TNC running
AX. 25 will operate at 56 kil obaud. | BM
PCS running at 8 mHz can only handle
serial port data at 38.4 kilobaud or I|ess
wit hout dropping characters. To conduct
on the air tests it was necessary nake
mpjor nodifications to a Z-80 assenbly
| anguage program called KISS-TNC witten
by K3MC. This programresides in an
EPROM in the TNC. Its main job is to
convert SYNC frames to AsSyYNC franes and
send themto the serial port on a PC A
program running in the PC is responsible
for doing the protocol, in this case
NET. EXE by xa9Q, which inplenents TCP/IP.
Al t hough KISS-TNC  was successful ly
modified for 56 kilobaud, NET.EXE woul d
not run any faster than 19.2 kil obaud.
The result was that the PC to TNC
interface ran at 19,200 baud while the
TNC to RF nodem interface ran at 56,000
baud. Needless to say, NET.EXE could not
keep the channel busy. This nmay not be a
probl em because the channel is a shared
resource and should not be hogged by one
user anyway.

Digital Voice

This modem is fast enough to
carry real tinme digitized speech. Two
net hods of converting speech to digital
format are popular. The phone conpany
uses Pulse Code Mdulation (PCM) at a 64
kil obaud data rate. Unfortunatly soneone
set the upper linit for amateur digital
conmuni cation at only 56 Kkilobaud thus
preventing the use of many cheap CODEC
chips in the market today. They only
work at 64 KBPS. One good alterative to
PCM is continuously variable slope delta
modul ati on (CVSD). Distorted but intel-
ligible speech can be transmitted at
speeds as low as 9600 BPS with CVSD. At
56 KBPS it sounds as good as typical
communi cations quality FM  The CVSD chip
used in the experiments with this nodem
is the Mtorola MZ34115. Its price is in
the $2.00 range. CVSD also works well in
the presence of data errors. Digitized
speech can be understood with more than
10% bit errors. It's quite noisy at that
error rate and sounds like a weak FM
signal .

Digital Video

Video franme grabbers are avail-
able which digitize and store pictures
from a NTSC video source in conputer
menory. | mages stored in this nanner can
be transmtted digitally. A video frane
consisting of 256 by 256 pixels with 64
shades of gray can be transmtted in 7
seconds at 56 kil obaud. The sane inage
would take nore than 5 minutes to send
with the current 1200 baud standard.

Concl usi on

Bandwidth limted MSK is a power

efficient nodul ation nethod with reason-
abl e bandwi dth requirements and | ow
anplitude fluctuations. The hardware

required for generation and denodul ation
is sinple and reliable. A wide variety
of denodul ators can be used depending on
the cost/performance tradeoffs. It is an
|e_xcliallent choice for high speed RF data
i nks.
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Modul ation wavef or s Signal constellation

Top trace : | nmodul ation Transmtter X Y display

| ower trace ¢+ Q nodul ation X axis I nodul ation
Q nodul ation

Y axis

i D Bandwidth limted MK spectrum
Iggndkvmgtdr; vI [ ?110tr§d MBK spectrum 50 khz/div. horz,
10 dB/div. vert. 10 dB/div. vert.
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56 kil obaud EYE

Top trace :
Lower trace

Receiver EYE pattern

recovered clock

56 kil obaud EYE

Top trace :

weak signa

EYE pattern

RF signal level is about 1.4 uv
: recovered clock

| ower trace
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