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Abstract

By opposition to passive SETI, which
want to  detect extraterrestrid
civilizations, the goal of active SETI is
to establish a communication link with
those civilizations. Already difficult, this
task is complicated by the lack of
knowledge about the nearest civilization.
In addition, technical and astrophysical
considerations  severely  limit  the
communication bandwidth for radio
waves. The construction of a message,
which can be decoded by an extra
terrestrial civilization as been described
in details by the Dutch mathematician
Hans Freudenthal. Based on these
genera principles, Frank Drake created a
signal, which was sent from Arecibo.
However, it appears now that additional
steps are needed in a careful design to
facilitate its decoding.
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I ntroduction

Historicaly, in the study of problems
related to communication with extra-
terrestrial life little attention has been
paid to the noise in the communication
channel.

In general, the analysis is limited to the
calculation of the signal to noise ratio at
the receiver:
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where P is the radiated power by the
source, Ar is the collecting area of the
receiving antenna, R is the distance from
the source, W the bandwidth of the

sgna and T the noise temperature of
the system.

This equation has been applied to the
calculation of the maximum
communication range for a transmitter.
Most of the time, a signal to noise ratio
of one is assumed. This very low value
leads to optimistic range estimation.
However, a low signa to noise ratio has
other more rational benefices.



Indeed, a communication system has a
maximum error-free channel capacity
given by:
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Where W is the bandwidth, S is the
signal power and N the noise power™.

Obvioudy, wider the bandwidth more
efficient is the communication. This
leaded some authors to consider that
advanced civilizations may use wide
band signa to communicate with us’.
Unfortunately, such wideband signal
would be nearly impossble to
differentiate  from noise. Therefore,
narrow band signal is expected at least to
establish the first contact®”.

The other way to increase the
communication channd efficiency is to
reduce the signa to noise ratio.
However, lowering the signal to noise
ratio also increases the bit error rate. At
very low signal to noise ratio, the
message can be totally undecipherable.
Beyond the simple repetition of the
message ad infinitum®, there is other
ways of fighting the noise. In particular,
error-correcting scheme could be
imbedded in the message.

Interstellar scintillation handling

Over galactic distances, the interstellar
medium induces some scintillation and
modulation of electromagnetic signals.
This modulation is higher a lower
frequencies and is a function of the sky
direction. Over large distances, the depth
of the modulation can exceed 100%,
making the signa very difficult to
decode. Even if the modulation often

amplifies the sgnd, in average, it
attenuates it and reduces the probability
of detection. The only regime where the
gain could offset the loss is when the
sgnd is just below the detection
threshold®”.

The effects of the interstellar
scintillation can be aleviate in part by a
clever modulation strategy. Taking
advantage of the variation of the
interstellar scintillation with wavelength,
the signa can be sent on a frequency
comb in such way that each wavelength
experiences a different modulation®.

However, using more lines dilutes the
power density and, in consequence, the
possibility of detection. As pointed by
Cordes & Sullivan, the optima number
of lines increases with the signa to
detection threshold ratio, which is very
closely related to the signa to noise
ratio®.

However, using two lines cost nothing
when a frequency shift keying (aso
known has FM) is used. Since each of
the two lines is the complement of the
other, producing two observations of the
same signal for the price of one®.

Cordes & Sullivan neglected this fact
and under-estimated the performance of
the two lines modulation scheme. In
consequence, if we correct their result, it
can be shown that a two-lines signd
recovers most of the detection lost due to
the scintillation for all signal to detection
threshold ratio and still benefits from the
amplification effect for sub-threshold
events. Accordingly, utilization of two
lines and frequency shift keying appears
to be the best approach to dea with the
scintillation effect.



Nevertheless, there are additiona
benefits of choosing the multi-lines
transmission. First, it increases the signal
resistance to radio-frequency
interference and, if the receiver does not
cover al the radio bands
instantaneoudly, it increases  the
probability of detection.

Noise resistant format

The first and critical step to increase the
noise resistance is to insure that the
format will be easly detected and
interpreted by the reader. One format
approach  proposed for interstellar
messages was to use the product of two
prime numbers to construct an image.
Unfortunately, this method works only if
al the bits are present. As an example,
the message send by Frank Drake from
Arecibo in 1974 did not have any feature
to support some noise degradation’.
Even before its transmission, it was
already reported that if one bit was lost,
the message could become unreadable™®.

Figure 1
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However, there is a simple trick to
protect the format of fax-like
transmission:  synchronization marks.
This may be as smple as taking a pause
between each line has proposed by H.
W. Nieman & C. Nieman in 1920". For
the Encounter 2001 project, we have
chosen to begin and end each line with a
“1" (represented by a black pixel, see
figure 1) In fact, the actua
synchronization sequence is “0110".
Since each line is 127 bits long (we used
a prime number more for its esthetic
value than its usefulness), we have
sacrificed 3.15% of our bandwidth only
to carry the format. Even in presence of
noise, this synchronization signa can be
easly detected by the presence of a
“piquet fence” pattern in the Fourier
gpectrum (Dirac comb) or by the
classical cryptographic Kappa test'**“.

In order to improve the logical structure
of the message, we have divided it in 23
pages of 127 lines (again prime number
were used for esthetic reason). Each
page has been delimited by a frame (see
figure 1). In addition, at the top of each
page, a header is placed with the page
number on each sides of an ideogram
describing the subject of the page.

However, this format is somewhat
restrictive. Indeed, to maximize the
usage of the bandwidth each page should
be as filled as possible. Unfortunately,
this is often impossible if one wants to
keep only one subject per page. In some
circumstance, we have been forced to do
not respect the logical order of idea to
use efficiently the available space. For
example, we have put the list of the
prime numbers on the page 1 even if the
exponential notation needed to write the
largest prime known is only explained
later. With the experience, it appears



now the page length should be variable
in order to maximize the overall
throughput of the transmission while
keeping the width constant.

In term of communication efficiency, the
Evpatoria transmission was far from
being optimal. Indeed, it was essentially
a monochromatic signal spiced with a
supplement of information. Over the 370
967 hits sent, 314 239 was “1” and 56
768 was “0" (5.54 times more “0” than
“1"). Since we used a frequency shift
keying modulation scheme most of the
time the signd will be on the *“0"
frequency. In addition, “0” tend to be
send in long stretch (white line). All of
this leads to a very small modulation.

In the frequency space this is trandated
as a concentration of the power near the
carrier. Indeed, for the band “0”, 57% of
the total power is concentrated within a
bandwidth of 0.01 Hz and 65.2% within
1 Hz. However, for the band “1”, the
vaue are 5.6% within 0.01 Hz and
26.3% within 1 Hz. The difference
between the two bands comes from
average shorter length of the black lines.

This concentration of energy in narrow
band eases the detection of the signal at
larger distance. Nevertheless, the
fractional with and black dots should be
nearer to 1:1, in order, to maximize the
utilization of the available bandwidth.
How it could be done simultaneoudy
with the conservation of the narrow
bandwidth characteristics needs to be
investigated further.

Orthogonal characters set

For a purely logical message as proposed
by Hans Freudenthal each element of the

logica proposition can be represented by
its own “tone”®,

For such purely logica message, basic
telecommunication theory shows that
those signals should be made of equa
blocks of bits, and each unique block is
represented by a different orthogonal
(uncorrelated) signal. This encoding
method maximizes the efficiency of the
communication link by alowing the
maximum rate of transmisson with the
minimum error rate®”’.

However, in practice such pure logic
message appears to be ruled out by most
experts. In place, a hybrid
communication scheme including logical
proposition and graphical representation
is preferred®®.  In  the hybrid
representation, the idea is to have a
character per proposition. In that
context, we shall speak of ideogram, not
characters.

It should be noted that choosing
ideograms instead of binary sequence
adready offers some improvement
against noise resistance. In fact in a fax-
like transmission, ideogram will be
gpread on many lines. This increases its
resistance against short burst of noise
like radio frequency interference or
interstellar scintillation.

The choice of the graphica
representation of the ideograms could be
arbitrary, since graphical representation
is strongly culturaly biased (synthetic
characters offer the additional advantage
of being culturally neutral). However, in
presence of noise, the dituation is
dightly different. Common sense and
basic communication theory tells you
that ideograms must be as different as
possible from each other.



It would be quite easy to generate
directly an arbitrary list of ideograms
from an orthogonal binary
representation.  Appropriate  binary
sequence could be generated by any
standard error correcting scheme®.
However, specific constrains of the
hybrid message coding forced us to find
another solution.

For example, it is necessary to assure the
orthogonality between ideograms
independently of the orientation (see
figure 2). This requirement comes from
the fact that the orientation changes the
meaning of some characters in natural
language (ex.: “()”, “<>" or “dbpqg”). In
order to avoid any misunderstanding
characters have to be orthogonal and this
whatever their orientation.

Figure 2
Orthogonal character set properties

Another, but weaker, requirement is to
keep a uniform shape of the ideogram. In
many languages, small symbols have a
diacritic function and therefore a change
in size of the ideogram may create some
confusion. To keep the size constant
each ideogram has to keep at least one
bit in the “1” state along each extreme
column and line.

To generate those characters a brute
force method was applied. We simply
scanned all the possible characters and
kept only those fulfilling the previous
requirement for geometry. From this
subsample, we only kept those with a
minimal difference with any other
characters previoudy selected. This

technique is not optima however, and
we have discovered later that it was
much more efficient to randomly select
the character instead of scanning them
sequentidly.

This minimal difference between each
character is also known as Hamming
distance. And from the communication
theory, it is well known that a Hamming
distance of 2n+1 is necessary in order to
correct an error of n bits?’.

For the 1999 edition, the Hamming
distance has been fixed a 7 bhits.
Accordingly, an error of 3 bits could be
corrected. This is equivalent to a bit
error rate of 8.6%, a monstrous error rate
by telecommunication standard!  The
binary notation used for page numbering
IS even more robust, since its Hamming
distance is equa to 9 over 9 hits. In
theory, it should be able to handle a bit
error rate of 44%! At that point however,
it is not obvious that an intelligent
observer would attempt any decoding!

A caveat must be established, in SETI
applications, things are not that smple
since the receiver does not own the list
of correct codes like in the usua
communication applications. In
consequence, the receiver must build the
list by itself, even before starting the
actual decoding. To do so, it will have to
use some kind of cluster anaysis
agorithm?. In such circumstance, some
false characters might be created and
some good characters might be
undetected due to the action of noise
fluctuations. However, part of these
errors might be recoverable from the
analysis of the context.

Some might fear that the inclusion of the
noise resistance might come at the cost



of the reduction of the useful bandwidth.
However, this is not an issue for two
reasons. First, as we have shown
previoudly, fax like transmissions tend to
underuse the available bandwidth.
Second, using orthogonal coding scheme
is more efficient than repeating the

message.

For example, to produce a distance of 7
bits by a smple bit repetition, the binary
sequence would need to by recopied 7
times. Therefore, to encode 128
characters (a number similar to the one
used in the Evpatoria message in 1999)
with this Hamming distance someone
would need 49 bits (7x7) if it smply
recopies the bits. By contrast, the same
result can be achieved with an
orthogona coding scheme for a larger
number of ideograms with only 35 bits
(28.6% improvement) even if the
additional requirements we have added
might have increase the number of bits
needed. Further optimizations of the
algorithm can even improve this figure.

Further optimizations

Another argument against the used of
Reed-Solomon like algorithm is the non-
uniform probability distribution of word
in natura language. Indeed, in natural
language, letters, words, phoneme and
morphemes follow a power law
distribution®®.  This is also true for
dolphin  whistles and for DNA
sequences™®3. The universality of this
power law distribution appears to be a
direct consequence of the optimization
of language for efficient
communication™.

A datigtical analysis of the message sent
from Evpatoria in 1999 shows that it is
aso the case for an anti-cryptographic

message [the data are best fit by the
modified Zipf law n=493/(r+1)"0.99].
This is somewhat surprising due to the
highly mathematical nature of the

message.

From the knowledge of this statistical
behavior, we could, like in natural
language, adopt longer bit chain to code
rare words. Alternatively, we may
choose characters such as to maximize
the average distance between them.

We attempted to do such optimization.
However, our result appears modest
since we have only managed to increase
the average Hamming distance from
13.65 to 13.8 bits. This poor result is
somewhat decelving since the character
set has not been design with such
optimization scheme in mind. Therefore,
we are still optimist about the possibility
of creating an optimal generating
function that will efficiently use the
statistical properties of the message.

Further improvements can be imagined.
For example, the character set may also
be optimized in order to handle some
temporal resolution degradation of the
receiver end.

Conclusion

We have demonstrate that noise
resistance should be taken into account
in active SETI and than this can done
easlly with scarifying any bandwidth.
Since the requirements for such error
correction scheme comes directly from
the basic communication theory it is
likely to be known by any advance
civilization willing to communicate. By
symmetry, researchers involved in
passive SETI should evauate its impacts
on their detection scheme.



Further researches are needed to match
the coding scheme to satistica
properties of the Zipf law. One
possibility would be to used smaller
character for numbers than for others
ideograms. In addition, an end to end
simulation, including the decoding of the
message should be attempted in order to
test our coding scheme.
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