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Introduction

This paper describes a pseudo random (PN) communication system with an integral error
correcting code. The error codes are again based on maximal length sequences and
simultaneously provide coding gain with bandwidth expansion. A basic modem starting at
2400 bps data rate and expanded to a 5 Mbps chip rate is described. Theoretical and
hardware test results are presented to verify the concepts. Finally, synchronization of this
system is discussed. A PN range extension concept is developed which improves the
acquisition time with only a trivial increase in system complexity.

System Concept

Block orthogonal and simplex error codes give theoretically optimum performance in the
limit of large code constraint length. However, these codes are rarely employed in practice
since the required system bandwidth grows exponentially with the constraint length.
However, in a PN system a bandwidth expansion of 30 dB or more is required for reasons
of AJ protection alone. Thus, integrating a simplex block code as part of the required
bandwidth expansion provides the coding gain as a bonus to the system AJ margin.

The choice of a simplex code will be simply those which can be generated from a maximal
length shift register encoder. Figure 1 shows a simple 3-stage PN encoder. Depending on
the initial contents of the shift registers an information - code word relationship also shown
in the figure results. It is well known that code structure of this type form a simplex, and
that simplex codes are the optimal block codes. It is the cyclic nature of the codes which
leads to a particularly simple and unique decoding structure. If we take the code word
1110010 and lay it twice on end, then the fascinating structure of Figure 2 results. This
suggests that an optimum decoder could be implemented by a transversal filter twice the
length of one of the code words. As the received signal propagates down this filter, the
output is monitored on a clock by clock basis. Eventually, the received code word will be
aligned with the proper bit pattern which will produce the maximum correlation.
An alternate decoder based on digital matched filter is possible and (perhaps) more



practical. This is illustrated in Figure 3 which shows a common digital matched filter
structure. Hard decisions are made on the received code word and each resulting bit is
stored in the upper set of registers. The lower set initially contains the basic code word
1110010. In this position the correlator output is the decision variable associated with the
1110010 code word. Decoding proceeds in a simple straight-forward manner. The lower
register is shifted once to the right with the right-most bit re-inserted in the now vacated
leftmost position: i.e., a cyclic shift. The lower register now contains another member of
the code set and the correlator output is the appropriate decision variable. This procedure
is repeated until all rotations of the code word 1110010 have been exhausted.

It now remains to correlate the received signal with the all zero code word to complete the
decoding process. There are several ways of doing this. The first is to simply enter all
zeros into the lower shift register at the end of the cyclic decoding process. A second and
easier way is shown in Figure 3, where the presence of the AND gates is now explained.
When the command line to the AND gate is a logical 1 then the output of the gate to the
EO is the contents of the lower register. However, when the command line is a logical 0
then the output of the AND gates is a logical zero regardless of the contents of the lower
register. Consequently, while the cyclic decoding proceeds the command line is set to a
logical 1. When this is finished, the command line is set to a logical zero and the resulting
correlation is noted, thus completing the decoding process.

A third way of decoding the all zero word eliminates the AND gates. The basis is a
theorem stated as follows:

Theorem: Let (Z K) be the set of decision variables associated with decoding a
simplex code set. Then the following relation holds:

Proof: The decision variable ZK is by definition

where r(t) is the received code word and Sk(t) is the K’th member of the code set. Now

but



for a simplex code system QED.

Thus, if we denote by Zn the decision variable associated with the all zero code, then the
theorem states that:

when the R.H.S. contains only the decision variables associated with the cyclic decoding
procecure. A simple counter can be used to calculate the indicated sum as each Zj is
determined. At the end the value of the largest of the Zj is tested against the negative sum
to see if the all zero code word should be decoded.

Baseline System Description

To test out the above concept and other facets of PN systems, a baseline system was
chosen for actual implementation. A base band data rate of 2400 bps was chosen as the
information source with a final wide band chip rate of 5 Mbps. These are number typical
of current day systems. Figure 4 shows a schematic of the encoding circuitry. The error
correcting coder was chosen to have a K=8 constraint length with the resulting encoded
signal having a bit rate of 76.8 kHz. Each of the encoded bits is brought to the final chip
rate by direct sequence modulation with a 63 bit PN code with a 5 Mbps chip rate. The
resulting signal is then PSK modulated onto a suitable carrier for transmission.

The receiver demodulates the signal in reverse order of the modulation. The 63 bit PN
code was demodulated using a surface acoustic wave correlator operating at a standard 70
MHz IF. A hard decision is made on the correlator output. The received 255 bit code word
is now decoded via the concepts discussed in the last section. The actual decoder
implemented was a 255 bit digital matched filter employing standard TTL logic. The
output of the decoder is the estimates of the 8 information bits, thus completing the
decoding process.

To verify the performance of the hardware, a complete computer simulation of the system
was implemented. The results are shown in Fig. 5. As can be seen, the correspondence is
excellent with less than a 1 dB variance. Also shown in the figure is the 2 dB improvement
which is possible if soft decisions were made on the code bits.



Synchronization Considerations

As with any PN system, synchronization between the received code and the locally
generated replica must be established. The common procedure is a search followed by
track algorithm illustrated in Fig. 6. The normal tracking circuit is an early late gate type
discriminator and the search advances one chip at a time until synchronization is detected.

A very simple, yet effective improvement on this synchronization system is possible. If
there is an early and late signal, one can extend the concept and make use of “very” early
and “very” late signals which involve several chips of information at once. The basic idea
is shown in Figure 7 where the numbers in the circles indicate the weighting factor
associated with the appropriate signal. This choice of weighting function is particularly
convenient since the sum of the early and late channels provide a uniform and wide signal
which can be used for sync detection, while the difference signal gives the standard
discrimination tracking curve. The following analysis shows that this range extension
concept actually improves the synchronization time.

Let L be the number of uncertainty slots which must be searched out. An optimum sync
system would test each of these L positions by correlating the received signal with the
sync code. The largest of these correlations is identified as the sync position. The statistics
of these L decisions is equivalent to that of orthogonal block codes. Consequently, the
probability of sync error, in the union bound is given by

(1)

where

Es  =  Signal Energy

No  =  Noise Power Density

but

Es =  A2T

A2 =  Power

T   =  Integration Time

Thus, for fixed Pe, A, No, the time required per division is



(2)

The acquisition time is simply LT; or
(3)

Now if we derive an extended E + L signal which gives a window M position wide, two
things happen. First, the number of positions to be searched is reduced to L/M and second,
the signal/noise ratio is reduced by a factor of M. The probability of error for the extended
system is then given by:

(4)

or

(5)

The acquisition time is LT1/M so finally

(6)

Comparing (6) with (3) shows that the acquisition time is improved by the log of the range
extension.

Implementation of this concept was almost tried, a few resistors being used to provide the
weights. The concept was implemented and working only a few hours after the concept
was presented to the design engineer.



FIGURE 1



UNIQUE STRUCTURE OF A REPEATED 7 BIT MAXIMAL LENGTH SEQUENCE
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