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INEXPENSIVE RATE-1/6 CONVOLUTIONAL DECODER FOR
 INTEGRATION AND TEST PURPOSES

Edwin E. Mengel and Mark E. Simpson

ABSTRACT

The Near Earth Asteroid Rendezvous (NEAR) satellite will travel to the asteroid 433 Eros,
arriving there early in 1999, and orbit the asteroid for 1 year taking measurements that will
map the surface features and determine its elemental composition. NEAR is the first
satellite to use the rate-1/6 convolutional encoding on its telemetry downlink. Due to the
scarcity and complexity of full decoders, APL designed and built a less capable but
inexpensive version of the decoder for use in the integration, test, and prelaunch checkout
of the rate-1/6 encoder. This paper describes the rationale for the design, how it works,
and the features that are included.
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INTRODUCTION

The NEAR satellite will travel to the asteroid 433 Eros, arriving there in February 1999. It
will orbit the asteroid for 1 year, taking measurements that will map the surface features
and determine its elemental composition. Eros is 40 X 15 X 13 km and is a type S (silicate
rock) asteroid, which is believed to contain the elemental and mineralogical composition
representative of the inner planets when the solar system was created 4.5 billion years ago.
Because geological evolution has destroyed that environment on Earth and other planets,
studying Eros is a major step in understanding the origin of the solar system. The NEAR
mission will make the first quantitative and comprehensive measurements of an asteroid’s
composition and structure. The measurements have been identified by the National
Academy of Sciences as the most important scientific objectives in the exploration of
primitive bodies. Primary scientific goals of the NEAR mission are to measure the
following properties of Eros:



C Bulk: size, shape, volume, mass, gravity field, and spin state
C Surface: elemental and mineral composition, geology, morphology, and texture
C Internal: mass distribution and magnetic field.

NEAR was launched on February 17, 1996, and will follow the trajectory shown in
Figure 1. In June 1997, NEAR will pass within 1200 km of the asteroid Mathilde and may
gather data on that type C (composite) asteroid. Shortly after that encounter, NEAR will
perform a burn to change its trajectory so that it will fly by the Earth in January 1998. The
Earth flyby will change NEAR’s orbit plane and put it on a trajectory to intercept Eros in
February 1999. NEAR will orbit the asteroid for 1 year taking data from altitudes of 1000,
200, 50, and 35 km. The gravitational sphere of influence from Eros ranges from 400-640
km, and at 50 km the orbital period is 19.9 h. The onboard fuel for station keeping and
maneuvering will allow 1 year’s operation at the asteroid. For more detailed and timely
information on the NEAR project, visit the NEAR home page at
http://hurlbut.jhuapl.edu:80/NEAR/.

Figure 1. Trajectory of the NEAR Satellite



 PROGRAM MANAGEMENT

NEAR is the first of NASA’s Discovery series of satellites that are to be built according to
the philosophy of “smaller, cheaper, and better.” The Johns Hopkins University Applied
Physics Laboratory (APL) designed NEAR to use 80% solutions instead of grandiose
solutions that could take too long and cost too much. The satellite, shown in Figure 2, was
designed so that it has only a few moving parts. APL carefully designed the orbit trajectory
to ensure that the Earth and Sun would always be visible to the same side of the satellite
throughout the entire mission, eliminating the need for rotating solar panels or antennas.

Figure 2.  The NEAR Satellite

NASA allowed APL to be the manager for the entire project with the constraints that
launch must occur within a 2-week window beginning February 16, 1996, in order to reach
Eros, and it must cost less than $150 million. Missing the launch window would require
going to another asteroid or a 7-year delay in going to Eros. Missing the cost limit would
have terminated the project. APL estimated that it would cost $112 million (in FY92
dollars) to build, deliver, and prepare the satellite for launch. APL accomplished the
project at a cost of $108.4 million and returned the difference to NASA during a ceremony
to honor the NEAR team on April 15, 1996.



THE NEAR ENCODERS

Mission operations communicate with the spacecraft through the Jet Propulsion
Laboratory’s (JPL) Deep Space Network (DSN) using stations located in Goldstone,
California; Canberra, Australia; and Madrid, Spain. In order to achieve good
communication performance, NEAR included both rate-1/2, k = 7 and rate-1/6, k = 15
convolutional encoders. The rate-1/2 encoder is used routinely in space communications,
but the rate-1/6 is new to this community. NEAR is the first satellite to be launched with
this capability, which gives a 2.11-dB gain over the more conventional code.  However,1

there are no commercial decoders for this particular code, and the only decoders known,
located at JPL DSN test facility and the DSN stations, are called the Big Viterbi Decoders
(BVDs). These decoders are very complex, using trellis decoding to achieve the
maximum-likelihood error-correction performance.2

The encoder hardware for the constraint length 15, rate-1/6 convolutional code utilizes a
shift register to provide delayed samples of the input, modulo-2 summers to generate the
polynomials, and a multiplexer to sequence the six output symbols per data bit. The
generator polynomials are given by the following equations:

G  = x(1 + D  + D  + D  + D  + D  + D  )1
3  4  7  8  10  14

G  = x(1 + D  + D  + D  + D  + D  + D  + D  )2
2  5  7  9  10  11  14

G  = x(1 + D + D  + D  + D  + D  + D  + D  + D  )3
2  6  8  10  11  12  14

G  = x(1 + D + D  + D  + D  + D  + D  + D  + D  + D  + D  )4
4  5  6  7  9  10  12  13  14

G  = x(1 + D + D  + D  + D  + D  + D  + D  + D  + D  + D  + D  )5
2  4  5  7  9  10  11  12  13  14

G  = x(1 + D + D  + D  + D  + D  + D  + D  + D  + D  )6
2  3  4  6  8  11  13  14

where the G  is one of the six output symbols, x is the input data bit, and D is a unit delayi
operator. The G , G , and G  polynomials are inverted (symbol inversion) to provide bit1  3   5
changes when the input is constantly zero. The generator hardware block diagram is
shown in Figure 3 below.

 APL DECODER DESIGN

The decoder design was focused on two system conditions. First, the signal-to-noise ratio
would be very high in the integration and testing environments. Second, the telemetry
contains a 32-bit frame sync word for each 8832-bit frame. Since the probability of a bit
error was small, the probability of receiving an error-free encoded frame sync pattern was
very high. The symbol stream will vary from frame to frame until the first 15 bits of the
sync pattern have flushed the tail of the preceding frame out of the encoder. The next 17
bits of the frame sync pattern will generate 102 symbols (at rate-1/6) that are identical for
each frame. By detecting this pattern, a replica encoder can be synchronized to the
transmitting encoder.



Figure 3. Rate-1/6, k = 15 Convolutional Encoder Block Diagram

Once the replica encoder is in the same state as the transmitting encoder, the decoding
process proceeds in the following cycle. The replica encoder assumes that the next data bit
is a 0 and generates the corresponding six-bit symbol sequence. These six symbols are
compared to the next six received symbols. Because the generator polynomials all contain
the current value of the input, the symbol patterns for an incoming 1 and 0 are
complementary. If the comparison has four or more matches in the six samples, the
assumed 0 is accepted. If there are two or fewer matches, the assumed 0 is rejected and
the bit is stored as a 1. In the case of three matches, an arbitrary decision to accept or
reject the 0 is made. If a wrong selection is made, decoding errors will continue to be
produced until the next frame sync is detected. This cycle is repeated for each succeeding
six-symbol sequence. This simple decoding scheme provides the capability to detect and
correct up to two errors per six-symbol sequence and limits data loss to no more than one
frame in the case of three or more symbol errors once synchronization has been achieved.

Figure 4 shows a functional block diagram of the decoder that implements the algorithm
described in the preceding paragraph. The input data stream is checked for the encoded
frame sync pattern or its complement using a shift register and dual 102 symbol
comparators. A sync pulse is generated whenever the pattern matches. The input clock is
divided by 6 and synchronized to the detected frame sync. Each sequence of six input
symbols is then compared to the output of a replica encoder which assumes an input bit
of 0. The six-symbol comparator determines the number of matching bits between the two
sequences, and outputs a 0 if two or fewer mismatches occurs or a 1 if four or more
mismatches occur. If the case of three mismatches occurs, a 0 will be output. Note that if 0
is the correct bit, the decoder will continue without error, but if 1 was the correct bit, the
decoder will continue to output erroneous data until the next symbol sync pattern occurs.
Whenever 1, 2, 4, or 5 mismatches occur, the frame symbol error counter will be 



Figure 4. Simplified Rate-1/6, k = 15 Convolutional Decoder/Encoder Block Diagram

incremented by one (1 or 5 mismatches) or two (2 or 4 mismatches) counts and the pulse
generator will light the error indicator in yellow for ~0.4 s. Whenever a three-symbol
mismatch occurs, the pulse generator will light the error indicator in red for ~0.4 s, and the
uncorrectable error counter will be incremented. Four digits of the symbol error count and
uncorrectable error count are displayed on the front panel.

The decoder hardware was fabricated on a 6U high, two-slot wide VME wire-wrap circuit
board (see Figure 5). The board was designed to accommodate single-ended or differential
inputs and outputs via BNC connectors on the front panel or via the P2 VME bus
connector. A selection is available to invert the decoder input clock, decoder input symbol,
decoder output data, and encoder input clock streams, whereas the decoder output clock
has a selectable phase (one of six). The decoder input clock has a selectable delay of 0-7
Fsec. The encoder data output can be either NRZ-L or biphase-L encoded (switch
selectable). The decoder automatically detects an inverted sync pattern and reinverts the
input stream prior to decoding. The four-digit error counters have selectable reset options:
on frame sync, manual, VME bus RESET*, or VME bus access. A functional bypass
capability is provided to accommodate situations when the k = 15, rate-1/6 convolutional
code is not in operation. The bypass signal controls both the encoder and decoder 



Figure 5. Decoder/Encoder Board

operation. All front panel operator controls and displays are duplicated in VME bus
memory for software control. The VME bus interface is an A16:D08(O) slave, occupying
a selectable 64-byte block in the short address space.

A self-test capability with a Go/No Go indicator is implemented using a preprogrammed
data sequence stored in EPROM. This test will run after the power on reset, whenever the
front panel “TEST” switch is pushed, or when a self-test is initiated via VME bus access.
An encoder is used internally during the self-test and is available externally after the
self-test has finished. This encoder also allows external loop back testing and encoding of
an external data stream. The encoder operates over the range of 9 to 26,496 bps (11.29 to
30336 bps with Reed-Solomon encoding) corresponding to a symbol rate of 67.71 to
182,016 bps. The encoder input clock period is sampled to select one of eight frequency
ranges for the phase-locked loop which generates a clock at six times the input clock
frequency.

The decoding algorthm is implemented in an ACTEL A1280A Field Programmable Gate
Array (FPGA) using ACTEL® and Mentor Graphics® CAD software. Using the FPGA
saved development time because the majority of the onboard logic was validated via
simulation prior to fabrication, eliminating a significant portion of the checkout and
debugging time with the prototype unit. The current version of the algorthm uses a
hard-wired frame sync pattern. Future enhancements include the capability to enter the
unencoded frame sync with on-chip generation of the encoded sync pattern.



GROUND SYSTEM DESIGN

The NEAR team established specifications for two identical ground systems: one for use
by integration and test, and the other for mission operations. One manufacturer, Integral
Systems Inc., was selected to provide a common system, the ISI Epoch 2000, for both
phases of the project. After the satellite was launched, the set used by the integration and
test team was returned to APL for use as the backup mission operations system.

The purchased system is a networked, multiworkstation system that has a VME chassis
with unique interface functions. Our rate-1/6 decoder was designed to be installed into the
VME chassis and can be operated from switches on the front panel or from commands
sent out over the VME bus from the computer in the chassis. As explained in the following
section, designing the decoder for the VME chassis allowed one design to be applied in
the verification of three subsystems of the ground system.

VERIFYING GROUND SYSTEM EQUIPMENT

The ground system designers identified three customers for a rate-1/6 decoder board. The
radio frequency (RF) subsystem designers required a decoder board to verify that their
communication links were working, the command and data handling (C&DH) subsystem
designers required one to verify the operation of the rate-1/6 encoder hardware, and the
ground system required two boards for use during integration and test. These three
subsystems all use VME bus chassis, but run three different operating systems based on
two different microprocessor CPU boards. A hardware solution was selected over a
software solution so that one design could be used for all three subsystems.

Performance of the satellite RF subsystem using the rate-1/6 encoder at marginal signal
levels was verified during the design phase by the RF designers testing their systems at
JPL using the BVD. At the same time, they also verified the logic of our decoder by
comparing it to the BVD. Once the operation at marginal signal levels had been verified,
the RF subsystem could be operated in a high signal-to-noise environment during test and
integration.

The C&DH designers also needed to verify the flight hardware rate-1/6 encoder logic in a
benign environment. A rate-1/6 decoder board installed in the C&DH bench test
equipment suite also allowed the testing of the encoding selection commands.

The ground system designers needed to verify the correct operation of the rate-1/6 encoder
on the satellite during test and integration, environmental testing, and prelaunch testing 



without a BVD. The objective during these phases is to ensure that the satellite hardware
performs correctly as it is exposed to various environmental stresses and that nothing fails
prior to launch.

CONCLUSION

The development of a simplified decoding algorthm on a VME bus card allowed the
NEAR team to bench test subsystems and integrate the spacecraft in a timely and
cost-efficient manner. The simple decoding algorthm was robust enough (an 80% solution)
for the high signal-to-noise environments where it was used.
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