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ABSTRACT

This tutoria
of both.
data transm ssion,

exanple, is the "raised

article is about bits,
Lately a nunber of expressions have crept into amateur radio
creating both interest and puzzlenent.
cosi ne

about bandwi dth and about contro

What, for

modul ation" used on microsats

A0-16/18/197 And what is the RSM 8 on Rudak/A0-21? What PSK nodul ati on

does Fuji-20 use? Cone to that,

Let’s cone clean at the outset; "raised

cosine", RSM-8, PSK and DPSK are the sane
t hi ng. They're all forns of PSK - "phase
shi ft keying".

In the amateur environment we are usual ly
trying to send data as fast as possible
within a limted RF bandwi dth. This limt
may be set by the receiver alone, or it may
be due to sone statutory, aesthetic or
technical requirenent. So a very important
part of data transmission concerns the
data's spectrum

UNDERSTANDING PSK

Let's begin with a statement and explain
later:

PSK spectral considerations at RF can be
analysed by examining the characteristics
of an isolated bit at "DC' or baseband.

| have to start sonewhere, so I°11 make the
assunption that you have in your head an
imge that "data" is the sort of regular
signal you have running down a piece of
cabl e. On a 'scope it |ooks like random
highs and | ows spaced at regular intervals

Each of these elements is called a "bit",

and they flow at the "bit rate", described

what is PSK or BPSK? Read on

as 9600 bits/sec or sonetines “9600 baud”
depending on the context. See th
waveform "Data In" of fig. 1.

There are many ways to nodul ate this data
onto an RF carrier, for exanple OV OFF
keying, carrier FSK, two-tone AFSK and so
on. Here | am concerned with double
si deband modulation, DSB. That is, the
data signal drives a bal anced nodul at or
whose other input is the RF carrier. The
output then is sinply a frequency shifted
replica of the input data. (Remenber what
happens when the input is voice?)

Now binary data has only TWO states. It is
either a "1", represented by +1 volt say,
or a "0", represented by -1 volt. And that

DSB/PSK Out

Fig 1 Balanced
l1lele]lg]e]

Data In Nodulater
1 8 8§ 1 8

— 8 180 188 3 188
Carrier Phase

Fig 1. PSK is usually genecrated by a
DSB balanced modulator. So DC spectrum
is simply shifted to RF. Data "1's give
carrier phase 0o, data "0's give phase
1800.
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takes only TWO saeseither it has phase
0 degrees or 180 degrees. This i S because

compared With the +1 volt level, the -1
volt inverts the carrier. That neans a 180
degrees  phase  shift. Voi | a! Bi nary

Phase-Shift-Keying or BPSK. The term PSK,

often used, is actually inprecise as it
enbraces other shifts as well as 0/180
degrees. "Antipodal PSK" is correct but
| ong-wi nded.

50, if -we know the spectrum of the
"baseband" data signal, then the RF

spectrum IS just its replica above and
below the carrier frequency, because it's
DSB, doubl e sideband suppressed carrier.

[f in addition, the data signal has
amplitude  variations, then these will
transl ate into i denti cal anpl i tude

vari ations at RF.

This is a very important equival ence, and
it“s worth restating:

"Binary data nmodul ati ng an RF carrier®
and "bi nary phase shift keying (BPSK)" are
exactly the same thing. If we want to
control or analyse the RF spectrum
characteristics, we only need to control or
analyse the source data characteristics.

UNDERSTANDING DATA STREAMS AND ISOLATED
BI TS

We now make a reasonabl e assunption. The
data stream consists of random bits. | f
the data is random for the purposes of
analysis we don't then need to know
anything abut the content of the nessage
stream. Al we need to knowis the
properties of ONE | SOLATED BIT. Whatever
properties we can  discover about the
isolated bit will also apply to the average
summation of the random assortnent of them
that make up t he stream

so in sunmary, our problem of spectral
consi derations at RF can be analysed via
the relatively sinpler job of examning the

characteristics of an isolated bit at
source level, DC or "baseband".

As a communi cations theory asi de, .it. is
wort h noting t hat with efficient

communi cations, that data MUST in fact be
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random For if it were not, that would
i nply sonething systenatic about it. So
the data could actually be represented or
coded nore efficiently, resulting in |ess
transmtted bits, which would then have a

randomdistribution.
[Sm

y
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Fig 2. Rectangular bit, its eye and
spectrum. See text for details.

1

R Fc R R

-68

UNDERSTANDING BIT, EYE & RF SPECTRUM PLOTS

Now let's exam ne SOMe  representative
cases. Wat happens if we nodul ate the
carrier directly Wth unprocessed

rectangular bi t s?

shows three things a) isolated
rectangularbit, b)its RF spectrumand c)
what the data stream |ooks like on an
osci | | oscope. Of course the bit edges are
inreality alnost invisibly fast, so | have
enphasi sed them slightly.

Fig.2

The horizontal axis is
in eight bit
The vertical

a) lsolated Bit.
tire, and is marked off
intervals. (E ght are shown) .
I's voltage.

b) RF Spectrum. The horizontal axis is
frequency, and is marked off in units of
the bit rate R bps. For exanple, if the
data rate is 1200 bit/sec (R = 1200), the
vertical markers are at 1200 Hz spaci ng.
The md point of this spectrumis of course
the RF carrier frequency. The vertical is
marked off at 10 db intervals.



c) Oscilloscope diagram

1. The horizontal axis is tinme, and
spans a total of two bits; so it's expanded
x4 conpared with the isolated bit. The
vertical is voltage. You are to imagine
the "scope is triggered by a local bit-rate
clock. The resultant pile-up of bits is
what you see displayed. It is the sum of
many positive and negative isolated bits,
each displaced in time by one bit.

2. If this display is the received
waveform, it's what is sanpled by the data
detector to decide if a "1" or a "0" has
been received. Usual ly this decision is
taken at the md-time point of the received
bit by a sanpler. Above the horizontal
line is the regine of "1"s, bel ow "0"s.

3. This display is also universally
known as an "eye diagram™. It is a concise
representation of the quality of the
received signal. The | ess confused the
trace, the greater the distinction between
high and ow at the md-bit sanple point,
then the nore reliable (less error prone)
bit detection will be.

4 These traces show no channel noi se.
Thai is to say, the signal to noise ratio
is assumed high. If there were noise, the
traces woul d be blurred. If the noise were
nmonentarily | arge enough to cause the
waveform accidentally to cross the mddle

horizontal line, an erroneous detection
decision would be nade, leading to a
received bit error.

RECTANGULAR BIT

Returning to our rectangular bit shape.
Two things are clear from figure 2; first,
the extrenely high fidelity of the data
waveform and second, the price for this,
profligate use of bandw dth. The diagram
significant energy spreading well

shows
beyond 10 tines the data rate. Indeed, as
far anay as 30 R (R = bit rate), the

si del obes are still only -40 db down. As
sufferers from computer hash will know,
rectangul ar bits are effective noise
generators.

In sone applications (for exanple spread
spectrum comuni cations) this mght be the
desired result. In the amateur radio
envi ronment where we want to get as nuch
data through the limted bandw dth of our
receivers, more finesse is required

Qoviously we need to filter the data stream
before transm ssion, because this wll
attenuate those sidelobes, and constrain
the bandwi dt h.

SO the key issue, indeed perhaps the
central problem of all data transm ssion,
is “what formshould this filter take"?

PERFORMANCE OF A SIMPLE R-C NETWORK DATA
FILTER

W tentatively try a sinple filter. Let's
pass the data stream through an R-C network
with a -3db point equal to half the data
rate. The result is shown in figure 3.

Look at the spectrum while the nain lobe
is hardly changed, the sidel obes are
reduced by 10 db or more, which is what we
wanted. Look at the isolated bit; it has
become rounded. But note particularly that
its duration now exceeds one bit. |n fact
it's roughly two bits long.

This neans that successive bits overlap.
In turn this brings a new potential design
probl em inter-symbol interference, o
3. Nowwe find that not only do we want
spectrum control, but we have to do it wth
the constraint that successive overlappir..

bits nmust sonmehow not interfere with each
ot her .
BIT, EYE & RF SPECTRNN Fig|3
RC Filter
(©1991 7 Killer \ =L
1 1 ) | 1 4 n i
1 -
+———t— -3
1 1 . 1 T T ‘b
[\\ JA -4

N I —— -60
Fig 3. Rectangular bit through R-C
filter has classic exponential rise amx
fall, amd RF sidebands are nreduced
slightly.
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Finally, look at the 'scope trace. The
line at the top corresponds to the sequence

111..., that at the bottom 000. . The
sweeps fromtop to bottom are caused by
..10.. and ..01.. transitions and so on.

You can al so see that the traces are not
confused; highs and |ows of successive bits
are separable, so there is no significant
inter-bitinterference.

INTER-SYMBOL INTERFERENCE REVEALED

In an attenpt to attenuate the sidelobes
more, let's now double the RC filters time
constant. That is, the -3db frequency is
now 1/4 the bit rate (R'4). See Figure 4.

T T T T T

BIT, EYE & RF SPECTRUM
RC Filter
I (01991 7 Mil ler T
. 1

T T
[ 1 /

Fig

D

| /)
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too much ill-designed
inter symbol

i

Fig 4. But
filtering gives
interference (1.5.1.).

Though t he sidelobes are reduced, the main
| obe is also rather pinched. But the real
casualty can be seen in the “scope trace.
Under certain conditions (for exanple the
sequence ..010..0or . ..101...) the voltage
barely gets half way up to the top line.
Sure, bits are still di stinct and
det ect abl e, but the noise nmarginis
drastically reduced by sonme 50%

Analytically, the reason for this is seen
in the isolated bit diagram of figure 4.

The bit starts off at T=0. At T=I it
reaches its peak. AtT=2, it hasn't fallen

back to zero again, but has a val ue
approximately 1/3rd peak. This aberration
is the sole cause of the inter-symbol
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interference apparent in the “scopetrace.
At T = 3,4cetc, the voltage is back to zero
again.

Fromthis observation we can formulate the
requirement for a bit shape that guarantees
no ISI. There should be a peak of unity at
T=0. Then at all other exact bit points
(T= -2, -1, +1, +2, etc) the isolated bit
waveform shoul d be exactly zero. mat
happens i n between doesn't matter.

Fig$

i/ ’ I S
1

Fig 5. Packet satellite FO-20's 3rd
Order Data filter 1is similar to this.
Waveshapes as figure 6.
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3rd Order Filter I

F' O 20' s DATAFILTER

An exanple of a bit shape that neets this
requirement 1S that transmtted by the
satellite Fuji-Oscar 20. The data filter
IS (I believe) a 3rd order Bessel type with
a -3db point at 0.532 tines the bit rate
(0.532 R). "Bessel" filters driven by
square waves have-a nice steady rise, and
negligible overshoot or  ringing. In
electrical circuit terms, the filter is
merely 3 resistors, 3 capacitors and an
op-amp. The filter is shown in figure 5.
BIT, EYE & RF SPECTRUN
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The spectrum IS quite  reasonably
control | ed; 99.9% of the energy is
contained within a bandwidth of 1.75 R (as
conpared with 15 R of the rectangul ar
pulse). Since the FO-20 bit rate is 1200
bps, this neans that nost of the signal
occupi es an effective RF bandwidth of the
order of 2.1 kHz, so it stands a fair
chance of passing through the SSB receiver
filters without significant distortion.

The isolated bit shape is zero at all T
mnts except at one, and this leads to a
nice 'scope trace. The origin of the term
"eye diagrant can be seen here, as the
trace is supposed to resenble a human eye.

Notice that as a consequence of negligible
inter-synbol overlap in the isolated bit,

t he “scope trace has perfect bi t
convergence at the sanple point.

The isolated bit has a duration of just 2
bits. This nmeans that there can be only
2°2 = 4 trajectories on the 'scope trace
(00,01,10, and 11). The 01s and 10s show
up as a very clean zero crossover. If the
RF bandwi dth were narrower then the
isolated bit would span nore than 2 bits,
so the 'scope trace zero crossings would
show di spersion.

AND NOW - "RAISED COSINE™

The term "raised cosine" means several
things, a fact which causes a | ot of
conf usi on. A raised cosine is just that.

A cosine function raised above its md

point. The fornula for a raised cosine is
(1 + Cos x)/2
Raised Cosine Shape
Fig 7a. A raised cosine shape. There’s

nothing mysterious about a raised
cosine. Just get out your calculator
ard plot y = (1 + O0S x)/2 for x = -180
to 180 degrees!

(1 + COS x )/2. Drawnasa graph, it’'s
merely a shape. But it has a nunber of

anal yti cal properties that make it
convenient to enpl oy. These are
sinplicity, left-right and upper-|ower
symetries.

A RAI SED COSINE BI T

"Rai sed cosine" can for exanple, describe

the shape of the isolated hit - see figure
[ Since the isolated bit is cosine
shaped, the 'scope trace is conposed
entirely of sine waves and straight |ines.
[ ndeed, the bit sequence . .10101010. .
actual ly creates a pure tone at a frequency
R'2 at baseband, or at RF, two frequencies
spaced by +/- R/ 2.

The isolated bit shape is very simlar to
FO 20' s, occupying 2 bits. Not
surprisingly the spectrumis very simlar
too. In fact 99.9% of the energy is
contai ned within 1.69 R (conpared with 1.75
Rfor FO-20). An inportant practical point
to renenber is that the shape of the bit ie
compl etely specified in tine. This means
that it can be precisely generated using
real finite hardware. The m crosats
AO-16/W0-18/L0-19 use a filter not unlike

this.
BIT, EYE & RF SPECTRWM Fig{?
Raised Cosine Pulse "
(C)1991 J Miller
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Fig 7. Raised cosine bit TIME shape
used (in principle) an FPacSats A0-16/
wWo-18/ LO-19.
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THE RAISED COSINE SPECTRUM

\lternatively "rai sed cosine" can al so be
used to describe the shape of the spectrum
This is illustrated in figure 8. It
doesn’t | ook nuch like a raised cosine
spectrum because of the logarithm c scale,
but the response is unity (0db) at f=0
0.5 (-6db) at f=R/Z and exactly zero at f =
R, the bit rate. 99.9% of the energy is
contained within 1.56 R

Because the spectrum is absolutely band
limted to +/- R the isolated bit shape
that gives rise to that spectrum has
inf inite tine duration. This neans that it
carmot  be synthesis& with real finit
har dwar e. On the other hand, as figure 8
shows, it has negligible anplitude beyond T
= +/- 2 bits, so that discarding the tails
has little effect other than to bring in
some VEry mnor spectral sidelobes. 5o
synthesis turns out to be highly practical .

You Will also notice that the isolated bit
al so has precisely the desired properties
for zero inter-symbol interference. |s

this fortuitous? Certainly not! In fact
it is a direct consequence of the two
symmetries of the cosine shape nenti oned

earlier. That's why the raised cosine
spectrum is widely used in data
transmissl ON Syst emdesign.
BIT, EYE & RF SPECTRUN Fig|8
Raised Cosine Spectrun
1991 3 Killer =L
1 4 1
I / -0
— —t—t \F +—t ] -3

-\<X -58

. I — =11
Fig 8. Raised Cosine SPECTRIM Shape.
There is a family of these shapes, with

the raised cosine part centred on the
middle of each side of the spectrum.

9600 BAUD PACKET RADIO & UOSAT 14 -A
NARROWBAND RAISED COSINE SPECTRUM

As a practical exanple of "raised cosine"
spectrum shaping consider figure 9. Here
only the mddle 3/8ths of each half of the
spectrumis given a raised cosine shape.
Fromf=0Oto 5/16 R the spectrum is fl at
(0db), fromb/16 Rto 11/16 Rit follows
the cosine shape, and from 11/16 R onwards
the spectrumis zero.

X I . T ne

BIT, EYE & RF SPECTRUM ! Fig
Raised Cosine Spectrum
N (1991 J Miller
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Fig 9. UQGAT 14 has almost “rectangular"
raised cosine spectrum (see text). The
narrow single main spectrum lobe
implies a bit that is same 8 bit periods
long. There is no 1.5.1.

This is used in the baseband filtering of
UOSAT-3/ Oscar - 14 which uses t he G3RUH 9600
baud Packet Radio modem [1]. The isol ated
bit shape spans sone eight bit periods.
Thati S tosay abittransmtted "now' wll
actual |y have an influence on up to eight
other bits, four before and four after
"‘now' . Note also that the isolated bit has

t he desired form for minimising
inter-symbolinterference. A peak at T=0,
zero at all other T points. So the

received "eye" shows good convergence at

the sanpl e point.

The spectrum | S  almost  rectangul ar
("brick-wall") and sidelobe free. 99.9%of
the spectral energy is contained within 1.2
R or +/- 5.6 kHz at 9600 bps.



The zero-crossing dispersion is a direct
consequence of the narrow bandw dth, and
great care is needed in the design of the
receiver bit-clock recovery circuits that
performtime bit detection. You can see
that sampling only 1/8th bit away from the
convergence poi nt neans bit detection half
way down to the zero threshold, and so the
i nstant aneous noise tolerance would be
reduced by 6db. Narrow bandwi dth bit-clock
recovery circuits are essential. For
i npl ementation details see [1].

The actual signal transmtted by U0-14 is
slightly different to that shown; it is
pre-distorted (in tine) so that when it
passes through a real bandwidth limted
receiver the final "eye" is as illustrated.

In t he G3RUH/PacComm/Kantronics/Tasco
Ter el eader enbodi nent of this nodem
transmt bit-shape is |ooked up from a

table of values in an Eprom and passed to a
DAC. This data filter is known as an
F.I.R  for Finite Inpul se Response. U0-14
uses a tapped digital delay line (shift
regi ster) and summ ng op-amp; Eprons do not

travel wel | in spacecraft. Thi s
mechanisation of an F.1.R is called a
Transversal Filter.

In U0-14 the signal also EM nodul ates the

carrier (as opposed to PSK). FMis sinple
to generate, rmuch sinpler to process on
receive in the presence of mstuning such

as doppler shift, and is very robust. But

FM does require slightly stronger signals,
6-8 db perhaps.

Finally note that this preci si on data shape
could trivially generate precision BPSK via
a DSB balanced modulator. Such PSK woul d
have all the narrow band and non-1S1
attributes det ai | ed above.

TRANSMITTER AND RECEIVER FILTERING IN
SERIES

So far discussion has nostly been about
spectra and bit shapes in association with
transmtters. It was inplicit that the
receiver was infinitely w deband. For
anal ytic purposes, if there were any RX
filtering it could be assuned to be nerged
with the transmit filtering.

In many amateur applications this is indeed
t he case. For exanple, the current flock
of PSK packet satellites confine their bit
rates to that which can be passed through a
typical SSB receiver. RTTY users assune
the sane thing.

W now ask the inmportant question; if the
overall filtering were to be deliberately
split between transmtter and receiver,
what should the formof the filters be?

ki nd of
But how

t he above what
required.

Ve know from all
overall response is
should we partition it?

iiiiK
S15pF

1,099nF

Fig 10. Data filter used in RUDAK-Z "RSM" transmitter. This comprises three
cascaded sections; a 3rd order Cauer, a 3rd order Butterworth and an all-pass

(refer to text).

This transmit filter is used in association with an almost

identical filter at the receiver. These filters are thus "matched”. For

spectrum and bit shapes see figure 11.
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Qoviously, the overall response can be
apportioned in any ratio whatsoever.
{owever one can prove that in the presence
of random noi se the optinmumsplit, so as to
maximise detector signal-to-noiseratio, is
that with exactly half the frequency

sponse in the transmtter, and the other
half in the receiver. These are known as a
"matched filter pair".

Conceptually, one can first inagine a
desired overall frequency response dictated
by inter-symbcli nterference requirements,
spectral constraints and inplenentation
ease. Then as it were, you take the
“square root" of this, and put the
resulting filter into bothtransmtter and
receiver.

AO-21/RUDAK-2  "RSM" Bl T SHAPING

A very good exanple of this is the bit
shaping scheme used on one of the RUDAK-2
links of AO-21721. Wnningly dubbed "R3M"
Rectangular Spectrum Modul ation by its

filters. Thisbitshape is used to phase
modulate (BPSK) the RF carrier. Bit rate
is Ra 9600bps.

99. 9% of the spectral energy IS contained
within a bandwidth of 1.5 R  which is
consistent with the isolated bit span of
about 3 hits. This means that there are
about 2°3 = 8 trajectories in the “scope
trace, which can be seen quite clearly. It
is notable that this isolated bit shape is
created using analogue filtering rather
than more accurate and repeatable digital
synt hesi s.

The transmt filter (fig. 10y  has 3
sections, conprising a) a Cauer Chebyschef f
type CC0315/41 which is flat up to a
frequency f = R'2, and then plunges down to
the zero at f = R But above this there is
arisetoonly -15 db. So part b)is a 3rd
order Butterworth that's smocth to the -3db

point at f = R/2, and then -18db at f= R
and -36 db at f = 2R; ¢) an "all - pass”
network that has a dead flat frequency
responss but a tapered phase

characteristic which is used to flatten out

creator, its transmit filter properties are (
showninfig. 11 (left). Both transmtter the filter delay vs. frequency curve. This
and receiver have essentially identical makes the transmit  bit shape become
BIT, EYE & RF SPECTRUM Fig|11 BIT, EYE & RF SPECTRUN
RSM-8 TX only " RSM-8 TX + RX
(C)1991 J Miller 1 i (C)1991 7 Miller -
L 1 1 1 | T T T T . T
s -2. - p—
[
! Il i 1 l . l | 1 Il e —
L "N A -38 I v e v
db
-4
-58
/ \
/ \ -68

Fig 11. Berformance of RUHEAK-2's

passing through complementary “matched” TX + RX filters (R).
at the detection point, and regardless of neighbours,

wide as  possible

"RGM" TX filter (L) and signal after

The eye is as

all bits have the same amplitude at this instant. (i.e. mo 1.5.1.)
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left-right symretric. This filter is not
driven directly by the rectangular bit
stream but by short + or - pul ses of
polarity corresponding to the data bits”
polarity.

When cascaded with an identical analogue
filter in the receiver, the overall
response i S as per figure 11 (right). The
overall isolated bit shape is alnost
perfect, spanning sone 5 bits wth
remar kabl e symmetry. The  'scope trace
shows an excellent eye. The sanple point
convergence has about +/- 8% scatter due to
the slight non-zero values of the isolated
bit shape at T =-2 and T = +2.

THE FUTURE?

The 9600 baud RSM PSK inplenmentation is
near optimal in performance, probably
wthin 1 db of the theoretical limt.
[ approx. 20 Log (1 - 8/100) )

It is flying on RUDAK-2/A0-21 sO AMSAT
experinenters (i.e. YOU) can evaluate the
effectiveness of high speed PSK with or
wi t hout coding [3] fromthe associ ated
on-board Harris RTX2000 Rl SC processor.
This will help determ ne what is practical
and realistic for amateur spacecraft and
other digital links of the future.

The G3RUH 9600 baud FM systemis not only
in daily use by many satellite stations on
U0-14, but also hundreds of terrestrial
packet radio links world wde. It
represents a design that pushes the fastest
possible binary data through a basic M

radi o. 9600 bps throughput is astonishing
to behold, especially on a full duplex
satellite link.

Wio will predict that one day even our
voice transponder links will be entirely
digital. Amateur 1SDN? Now there's a
chal | enge!

cernorntrem and hit chanoe o Fiotire 11
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