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1.0 INTRODUCTION

This repart documents the results of a design and development

study for a Space Base D}gital Command System. The purpoée of
the command system is to serve as the primary control link
ketween ground'stations and a space base and EetWeen the space
basé‘and its associated satellites. Thus, the system must be
capable of accepting messages from the ground and'relaying them
either to a specified location within the space base or to the
appropriate subfid;ary satellite. It must also be able to
accept messages originating on the hase and to: multiplex them
in order of priority with those emanating f£rom the ground for

transmission to the associated satellites.
The system is subject to the following basic objectives:

a. The qommand'messages are to be so encoded that
the probability of an erroneous command does not

exceed 10718°

2

b. The system is'to_be capable of sending up to
1000 messages per second, each message consisting
of 18 bits of information plus redundancy sufficient

to achieve the necessary error immunity.

c. The equipment is to be designed so that failure
of any critical component does nct render the system
inoperative and so that a second failure of this

same component results in a fail-safe condition.

d. The design is to be sufficiently flexible to

allow future expansion with minimum modification.

S



in aqaitvion, slnce the command system 1s to be space-
borne,.power/qonéumption, weight, and volume are all critical
parameters and mus£ be képt to g minimum ‘consistent with the
system obkjectives. This is particularlf'true of that portion
cf the system which is to be included in each of the subsidiary

satellites.

The following sections of this report describe the pro-
posed system and discuss the considerations which lead to the
recommended configuration. Section 2 examines in greater
detail thg system requirements and outlines the overall system

organization.

Section 3 is concerned with the command controller;
i.e., the device for storing and routing the various command
messages in ‘order of their priority and for keeping track of

whether or not each message has been received at its-intended

location.

Section 4 then investigates a number of coding alternatives

and compares the complexities of the resulting decoders.

Section 5 examines the impact of micro-electronic

techniques on the system implementation.

Section 6 is concerned with methods for achieving the
desired system reliability. Finally, the major conclusions

of the study are summarized in Section 7.



2.0

2.1

SYSTEM REQUIREMENTS AND OVERALL ORGANIZATION

SYSTEM REQUIREMENTS

2.1.1 Priority Reguirements

The Apollo command link {up-data link) recognizes
three classes of commands: real-time commands {(RTC) to
turn equipment on and off; computer data transfer to read
data into the guidance computer; and central timing equip-
ment up-date instructions. Other satellite and deep-space
command systems have generally required only two classes
of commands, real-time commands and data transfer or

gquantitive commands. Although the space base will be a

considerably more complex system than any of its predecessors;

it seems reasonable to assume that the same two categories,
real-time commands and data-transfers (the latter category
also possibly including timing up-date instructions) will

adequately charsacterize the types of commands to be handled

by the space base command system.

Thus, at least two priority levels are clearly
called for: 1if real-time commands and data transfer
commands are both awaiting access to the command link,
the former should presumably be serviced first. The
extent to which other levels of priority are regquired
is less obvious. At minilmim, two additionsl priority
levels would be useful, one to distinguish between -
emergency and routine real-time commands, and one to

identify data which must be transferred relatively quickly.



Further refinements could conceivably also be useful
(é;g;{ a gata transfer level which takes precedence
over per£ain real-time commands). For purposes of

this study, however, only four priofity levels will be
considered for twoe reasons: (1) It is felt that the
bulk of the command link traffic {in terms of volume)
will be at level four priority and hence that near real-
time service should be available whenever it is needed
{see Section 2.2.3). (2) 2additional sub-levels of
priority could‘be added later within the present frame-~
work, should the need arise, so long as the basic

operational modes are not drastically changed.

2.1.2 Acknowledgement Delav

‘Sipce a command must he kept in standby storage
during the interval between its transmission and its
acknowledgement, the amount of this deléy has an obvious
bearing on the system design. It will be assumed here
that the maximum acknowledgement delay will not exceed
1/2 second. This represents the time'required for a
messade to travel half way around the earth via =
synchronous satellite and return by the same route, with.
some allowance made for decoding, and other processing
delays. It is conceivable that a link involving two
synchronous relay satellites might be required to connect
the space base to some'vehicle, in which case the acknow-
ledgement delay could be as much as one second. At worst,

such a possibility could double-the required storage



capacity. Since such links even if they do exist,

will presumably involve only a small fraction of the
total command system traffic, thelir effect 6n the
amount of storage needed for the system should be minor

in any event.

2.1.3 Traffic Regquirements

Both the ground to space base and space base to
subsgsidiary vehicle command links are to have & capacity
of 1000 real-time commands per second. A real-time
command will consist of a 4-bit vehicle =address, a
6-bit subsystem address, and an 8-bit instruction for a
total of 18 bits in all. (Presumably, the priority
assigned to a command can be deduced from the 8-bit
instruétion. Since this instruction certainly dis-
tinguishes between 3 real-time command and a data
transfer, at most one additional bit will be needed to,
distinguish hetween level one and two and between level
three and four priorities. For the present study, the
18 bit real-time command structure will be assumed
adequate to contain the necessary priority information
as well.) Since the command is to be encoded prior to
transmission, it will be most efficient to block all
command sequences into 18-bit segments or command words.
Because data transfers may.involve considerably more thar
18 bits, several command words may be required for

each data transfer.



On(the basis of prior space mission experience,
%

it seems unlikely that the rate at which real-time
commands must be transmitted will ever approach the
thousand word/second link capacity, even when the
vastly increased complexity of the space base system 1s
taken into account. Thus, the command system design
will be predicted on the assumption that real-time
commands, since they will be given special priority,

and since they are relatively rare, can in fact be

accommodated in near real-time.

2.1.4 Multiplexing Requirements

A multiplexing situation arises in the command
system due to the fact that commands to be transmitted
to remote vehicles can originate both on the ground and
in the space base itself. Similarly, since a'message
received from the ground can be destined either for the
space base or for one of its subsidiary vehicles, a
demultiplexing capability is also required. So far as
the command system multiplexer is concerned two situations
can be postulated: (1) The multiplexer is to be designed
to accept inputs from the up-link decodgr and from any of
several sources on the space base. (2} The multiplexer
has only three inputs, one from the up-link decoder, one
from the space base data bus through which all commands
originating on board must pass, and a third consisting of
unacknowledged commands which must be retransmitted.

Likewise, the demultiplexer could be designed: (1) to

g



direct commands either to the encoder or to any one of
several oh-board déstinationé; or (2) to route éommanﬂs
only to the encoder and to the data bus. In both cases,
option (2) will be postulated here. The reason for this
is tﬁat the resulting design will be more compatible
with the internal space base communication system, as

it presently appears to be evolving. Again, this assump-
tion while convenient, is not critical to the system
design, and could be changed at a later date should the
direct access approach prove more attractive. The only
condition which will be postulated here, then, {and

this condition is not absclutely necessary) is that the
data bus capacity be greater than that of the command
system by an amount sufficient to treat the bus as
nearly instantaneous (i.e., to intoduce delays not

exceeding one word period).

2.1.5 Postulsted Noise Environment

The signal-to-thermal-noise ratio will be assumed
to be such that the uncoded bit-error prokability, in the
absence of other types of interference, will be on the
order of 10“4. This assumption will be applied to bhoth
the up-link (from the ground) and the cross-link (to

subsidiary vehicles) channels.

Although the preliminary coding trade-offs will
be made on the basis of the above operating situation,
the coding schemes surviving this first screening will

then be evaluated in terms of their performance at much



lower signal-to-noise ratiecs. Since a link could be

e

either partially or totally blocked for any of a number
of reasons during a transmission it 'is clearly important
that .the error probzsbility remains low regardlesss of the

actual signal-~to-noise ratio.

Since one subject of considerable interest in
this study involves the extent to which erasures are
useful in achieving the desired error probability, a
modulation scheme must be postulated so that-the bit
error/erasure tradeoff can be determined. The most
likely candidate for a modulation scheme, in view both
of its performance and of its wide use in command and
other digital data links, is two-phase {(and possibly
four-phase) PSK modulation. This is the modulation

scheme which will be postulated here.

OVERALL SYSTEM ORGANIZATION

A Dblock diagram of a space-base command system is shown

in Figure 2.1. It should be emphasized that this is a concep-

tual design only, included here solely to facilitate the

subsequent discussion. The actual system to be evolved in the

following sections of this report will not necessarily resemble

that of Figure 2.1 in all its details.

2.2.1 Priority Structure

As discussed in Section 2.1.1, four privisuy
levels appear to be adequate, at least for preliminary

design purposes. A priority structure which is consistent

2-6
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#ith the requirements outlined in Section 2.1.1 is

summarizéd. in Table 2.1.

In view of the discussion in Section 2.1.1, the
only features of this structure which require further
justification a¥e the specifics of the various modes
of operation. Other emergency modes, in particular,
are obviously possible. &he system might be designed
to transmit the emergency command as every other (or
every third, etc.) command word, for example, rather
tﬁan repeatedly. This would allow other commands to
be transmitted without (necessarily) appreciably
increasing the delay in geﬁting an emergency command
to its destination. This would also allow simultaneous
transmission of two (or more) emergency mode commands.
On the other hand, it may well be that an emergency
mode is needed because the subsidiary vehicle is
vicolently out-of-control so that the command receiver
antenna is properly directed only on occasion. In this
case, transmitting the emergency command only every
other time could conceivably double the expected time
needed to get the command through. Because of this
possibility, because emergency commands should be rare
events, and in order not to complicate the system
unnecessarily, it was decided to take the simplest
approach which provided a means of successfully trans-

mitting a command in the minimum possible time.

2t



Priority
Level

TABLE 2.1 COMMAND SYSTEM PRIORITY LEVELS

Designation

Mode of Operation

Emergency

Emergency command is transmitted
repeatedly, to the exclusion of
all other commands, until its re-
ceipt is acknowledged. (Since a
number of emergency commands will
genarally be received before the
transmitter receives an acknowledge-
ment, the post-decoder logic mﬁst
be such that only the first of any
specific emergency mode command is
acted upon). The emergency mode is
interrupted only on receipt of an
acknowledgement or of a counter-

manding command.

Real -Time
. Commands

Level two commands are serviced
immediately, in order of receipt,
except when an emergency command

enters the system.

Urgent Date

Transfers

Level three commands are sent in
order of arrival but only when no
level one or level two commands are

awaiting transmission.

Routine Data
Transfers

R

Transmitted only when all level
one, two and three commands have

been sent and acknowledged.



Modes two and four are the ordinary modes ot
operationd and réquire 1i£t1e-explanation. Priority
four eommands are sent only when al} higher priori£y
commands have been acknéwledged. While this can
result in some "down~time", it would seem to be a
worthwhile feature in that it allows level four data
to be sent in comparatively large blocks without
frequent interruptions‘to-retransmit earlier unacknow-
ledged commands. It also assures that urgent data is
successfully transmitﬁed bafore any attempt is made to

transmit routine data.

2.2.2 Acknowledgemenit Procedure

The command acknowledgement routine must clearly

satisfy the following minimum requirements:

(L) It must be reliable
(2) It must be unambiguous; i.e., the transmitter
must be able to associate each acknowledgement

uniquely with some transmitted command.

In addition, it should be designed to minimize
the burden on the telemetry link. Presumably, part of
the telemetry channel capacity.is needed for purposes

other than acknowledging commands.

Of the several proceﬁures which were considered,
one, the "coherent acknowledgement" techniques, seems to
be by far the most attractive, at least at this point
in the study. This technique satisfies both of the

objectives listed above, places minimum burden on the

N



telemetry link, and in saaition proviaes a constant
indicatiqp.at the transmitéer of the status of each
of the potential command receivers.
‘ . N

The approach is as follows: Before any commands
are transmitted, the transmitter initiates an acguisition
procedure in which the receiver phasemlocﬁed loops
(assuming a coherent system) are brought into lock and
bit and word synchronization is established at each of
the potentisl receivers. (This, of course, is necessary
regardless of the acknowledgement scheme used.) After
- this i1s accomplished, the transmitter sends a command
in turn to each of the command receivers. The returned
acknowledgements then eétablishes the delay associated
with each receiver. Most of the acknowledgement proce-
dures considered involve an initial acquisition phase
of this sort. In the cocherent acknowledgement scheme,
however, the command receivers are reguired to écknow—
ledge every transmitted command. If a command decoder
recognizes its own address in the decoded command, it
it acknowledges the command with a "one”; if it does not
recognize its own address, or if it is unable to decode
the receéived sequence, it transmits a "zero". Thus;‘
simply by counting the number of received acknowledgements
from any particular recipient, the transmitter is able
to keep track of which commands is presently being

acknowledged.

. /'/
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The major advantage of this approach is that the
logic neeéed to keep track of the status of each potential
receiver is minimized and the sender receives positive
information, with minimum delay, as to whether or not a
given command reached its destination. The technique does
require each command receiver to transmit one bit of
information for every transmitted command, regardless of
‘the address of the commands. A possibkble alternative in
the case of the space-base/subsidiary vehicle links would
be to have a receiver acknowledge a command only if it
recognizes its own address. While this would possibly
decrease the average amount of data to be transmitted
over any one telemetry link, it would tend to increasse
the peak demand on these links since, in general, the
acknowledgement message would have to contain more
information in order to identify which command is being
acknowledged. This woﬁld not necessarily be true if Cthe
command system were kept informed, by other means, of
the relative locations of each of the receivers since
then it would be able to determine the expected delay
between a transmitted command and the receipt of an
acknowledgement. (Since one command word period cor-—
responds to a round-trip distance of approximately
93 miles, the precision needed for this purpose is not
extreme.) The disadvantage of this last method, of
course, is in the increased complexity of the logic

needed to associate acknowledgements with commands.



It is apparent that all of approaches are
compatiblé; the major differences have to do with the
logic néeded to identify which commaﬁd is being
acknowledged. Because the coherent acknowledgement
scheme appears to be the easiest to implement, and
becauge it has the additional advantage of providing
a constant check on the status of each potential
comménd receiver, it will be postulated for purposes
6f this study. Should it subsequently develop that
one of the other methods is preferable (e.g., 1if the
coherent ackq?wledgement procedure overburdens the
telemetry links) the necessary changes could be made,
most likely without undue effect on the rest of the

system.

2.2.3 Irattic Routing and Multiplexing Organization

The approach taken here, is as follows (cf.
Figure 2.1}: All wvalid real-time commands received-
from the ground are examined to see if they are
intended for the space base itself or are to be relayed
on to one of its subsidiary wvehicles. In the former
instance they are adapted to the data bus format and sent
over the data bus to their destinaticn; in the latter
case, tﬁey are transferred immediately to the real-tine

command buffer* to await encoding and transmission over

the cross-link channel.

*It is convenient for purposesg of this discussion to identify a
number of different buffers.. Actually the functions of many
of these buffers will be combined.



Data trgnsfer command words of either level
three or level four priority destined for a subsidiary
vehicle are placed in data buffer storage until the
buffer state detector indiéates that the two real-time

|
command buffers are empty. When this haﬁpens, urgent

data transfer words are retrieved from buffer storage

for encoding and transmission. If the verification

buffer is also empty (indicating all transmitted
commands have been acknowledged) routine data commands
are then encoded and transmitted, in order. of their
receipﬁ, Data transfers intended to remain on board
the spéce base are, of course, routed to their proper

destination wvia the data bus.

Real-time commands originating on board are
immediately sent over the data bus to the respective

commarnd buffer to await transmission. Data transfers

originating on board are treated in exactly the same
way as those received from the ground; the data words
are placed in data buffer storage from which they are
removed ‘for encoding and transmission in order of

receipt.

The multiplexer samples the two command buffers
and those outputs of the verification buffer corresponding
to tfansmitted commands which were not, but should have
been, acknowledged prior to the sampling instant. The
command word must be read into the encoder in less £ime

than it takes to transmit the encoded cdmmand, since some

ol '-"/"6/



time is needed to- compiete the encodingl “Thus, the multi-
Plexer will have sufficient time to check the verificatiocn
buffer and still f£ind another wvalid input before the next

1

command actuslly has to be read into the encoder.

To summarize, the rationale for the command system
organization outlined hére is based on the assumption
that a relatively small fraction of the command system
capécity is ever needed for. real-time commands alone,
so that the excess capacity is sufficient to accommodate
all data transfers without undue delay. (The priority
strﬁcture does make provisions for urgent data transfers,
however.)} This allows real-time commands to be serviced
in near real-time even though these commands can originate
from several sources. Moreover, only small buffers are
actually needed in multiplexing this data. The bulk of
the data, on the other hand, since it need not be handled
in real-time, can be held in buffer storage and called for
when other, more urgent, commands do not have to be
transmitted. Data transfer messages which do exceed
the buffer storage capacity are routed to temporary
storage via the data bus. Thesé words can later bhe

requested when the data buffer storage has been emptied.

2.3 SUMMARY

A conceptual design for the space base command system has
been presented (cf. Figure 2.1). The system and environmental
constraint leading to this design and postulated for the remainder

of this study are:

Sy



(1) The command link traffic can be divided into two
basic categories, realmtimé commands and data transfers.
Commands falling in the first category are assumed to

be relatively rare. (i.e., The propability is negligible
that the rate at which real-time commands enter the
system from all sources at any one instant exceads 1000

commands per second.)

(2) Four priority levels, two for real-time and two
for data transfers, are adeguate at least for system

design purposes.

(3) The time separating the transmission of a command

and its acknowledgement will not exceed 1/2 second.

(4) Internal communications within the space base

(via the data bus) will not involve appreciable delays

(i.e., delays exceeding 1 millisecond, the command

word period).

(5) Under ordinary conaitions Tne uncogea bit error
probabilities associated with both the up-link and th
cross-link will be on the order of 10_4. Command

messages are to be transmitted using PSK modulation.



3.0 COMMAND CONTROLLER

3.1 SYSTEM ORGANIZATION (Reference Figure 3.1)

The proposed system organization is based on the recommended
constraints of a four level priority system and a "coherent

acknowledgement" scheme.

Command words for satellite vehicles, whether f£rom the
ground via up-link or within the space base via the data bus,
are stored in a buffer memory until they can be fgrwarded to
the encoder for transmittal via cross-link. Command words
received via up-link for the space base are transferred directly

to the data bus input register.

Commands are stored in the buffer memory under executive
pProgram control according to priority. A word which is trans-
mitted is retained until a valid acknowledgement is received
from the addressed vehicle. Failure to receive a valid acknow-

ledgement will initiate a retransmission of the command.

3.1.1 Acknowledgement Verification

Under the proposed coherent acknowladgement scheme
the command receivers acknowledge every transmitted
command. A "“one" is returned when a receiving vehicle
decodes its own address and a "gero" returned when its
own address is not recognized. The command controller
contains a clock operating‘at the maximum transmittal
rate of 1000 comﬁands per second. The controller glso

utilizes a counter (modulo 512) for each of the 15

3-1
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possible receiving vehicles. An acknowlédgement
rgceived;vié the telemetrv link increments the counter

one. count.,
3.2 ACKNOWLEDGEMENT VERIFICATION IMPLEMENTATION

Two methods of implementing the acknowledgement verification

schenme aré candidates for use in the command controller. One

is based on the use of time-tags which. are stored élong with

a command word in the verification memory. This will be called
the "time-tag" verification method. The other scheme, called
the "time-location" verification method, stores the transmitted
command words in memory locations which correspond to a real~
time count at transmission time. Each of the two methods

will be examinéd in detail.

3.2.1 Time-Tag Verification Method

Each time a command is transmitted a verification
word (reference Figure 3.2), is assembled and stored in
the verification list. The 10 bits allocated for "N" will
contain the command clock at the time.a word is trans-
mitted. The portion of the verification word designated
“2N—ki‘+ 1" indicates the clock count when an acknow-~
ledgement is considered overdue. Here again N refers
to the clock count at transmittal time, while “ki” is the
contents of the ith acknowledgement counter at that time.

A count of 1 is added to allow for doppler affects.



FIGURE 3.2

VERIFICATION WORD FOR COMMANL wuxUS UF FRLORITY
LEVELS TWO AND THREE

LA ——

10 BITS 10 BITS 1.8 BITS
Count Tag for N = Local Word Command Word for a
Overdue Count Re-transmission
Acknowledgement
2N~ki + L

The system operates as follows:

A "1" acknowledgement from a particular receiving
vehicle causes an interrupt in the command controller.
The acknowledgement counter for the corresponding vehicle
is queried and the verification- list scanned for agree-
ment with the "N" contents for that vehicle .address.

When agreement exists, the verification word is cleared,
since this was a valid acknowledgement. Should no veri-
fication word with a value of N corresponding to the
eoneents of the acknowledgement counter be located, an
invelid verificatien will exist. An-alarm condition

is initiated and sent to the space base control center.

Overdue type "1" acknowledgements are discovered
by scanning the verification list once each millisecond
and comparing the present command clock contents with

the "2N—ki + 1" portion of the verification word.

3- 4




Agreement indicates that a command was not acknowiedged,
}
in which case the command word is retransmitted end 3

new veriﬁ}cation word assembled.
5 2

The acknowledgement verification sequence is
flow charted in Figure 3.2.1. This'sequence is divided
into two parts. Part I is initiated by g logic "1i*
acknowledgement from one of the fifteen receiving
vehicles via telemetry lines. Part II shows the check
made every millisecond for any acknowledgements which
might be overdue. The tag in the verification word,
ZN—ki + 1 = N + (N-ki) + 1 , is the command word
count, N, at the time a specific word is transmitted,
plus (N—ki). Here ki igs the contents of acknowledgement
counter, i, at the time the word is transmitted. Thus,
N—ki + 1 equals the round trip message and acknowledge-
ment delay for a particular receiving vehicle, plus one

count for doppler affect.

This approach to implementation of acknowledgement
verification requirements suggests the use of an asso-
ciative type memory. This type of memory organization

will next be examined.

3.2.1.1 Associative Type Memory System

The type of storage required for the
ﬁerification list can best be implemented with
an associative memory. Level two and three
verification words -are selected agcording to

content rather than by location. An associative

3-8
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memory can be addressed either by location or by
content. A block diagram of the proposed memory
system is shown in Figure 3.2.1.1. Basic opera-
tign of the system is as follows. The word which
is to be used for search or compare is loaded
into the interrogate register. BAll words in the
memory matrix are simultaneously requested to
form a comparison with the interrogate register,
but only for those bits which correspond to a
logic "1" in the mask register. Thus, by use of
the mask register, the search can be restricted
to desired bit positions. Each word‘in memory
has an interrogate output line which indicates

whether the data 'in that word matches the inter-

rogate word.

-~

The next step is to determine the address
of the compare word, then read cut that word onto
the output bus. If more than one compare word is
stored in memory, the search and address process

must be repeaﬁed sequentially.

The inﬁerrogate output line for each word
is sent to the detector matrix for division into X
ang Y address éomponents. These components are
stored in the X and Y multimatch resolvers and
priority given to esach resolver. Based on X and Y
configurations, a specific word driver is activated

for selection. The X and Y resolvers are sequential
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in operation eand the response selection continues
until the X and ¥ single match detectors detect

the end of the current search.

A detector matrix is shown in Figure 3.2.1.2
for a 128 word memory section. The matching signals
generated by each word-sense line of 128 words are
sent to the AND gates which are divided into 16
groups as shown in Figure 3.2.1.2. The signals
are then gated into the Y-multimatch resclving
circuits by the Y set pulse, and are gated into

the X-multimatch circuits by the X set pulse.

A logic diagram of the Y-multimatch resolving
circuit is shown in Figure 3.2.1.3. A word matching
Eignal in Group 1 will initially set FY-1 when Y
set pulse is enabled. Any other matching signals
in Groups 2 through 16 will set corresponding flip-
flops FY-2 through FY-16. The Y control in Figure
3.2.1.3 is normally at a "1" state. Thus the
priority in the order of Y1, Y2; Y3. . .Y1l6 is
established by the Y ceontrecl. If, for example,
at least one of the matching signals in Group 2
and Group 11 are provided, then FY-2 and FY-ll are
set, but only Y2 is in a "1" state for processing
When

the matching signals from M, through M

9 16°
the processing for Group 2 is over, Y control

temporarily becomes a "0O" state to reset FY-2 and -

29._C7
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the priority control moves down to FY-11l. There-~
fore, for the above example, when Y2 is in "1"
sé%te, the states of M9 through M e are stored

in flip-flops FX-1 through ¥X-8, respectively.
The states of eight matching signals in the one
group with the highest priority will be stored

in FX~1 through FX-8 by enabling X set pulse as
shown in Figure 3.2.1l.4. As an example, suppose
FX-3 and FX-8 are set by matching signals M

11

through M The states of FX-3 and FX-8 show

16°
the matching words in Group 2. The word clock in
Figure 3.2.1.4 establishes the priority in the
order of Xi, X2, X3,. . ., X8. The overall timing
diagram for the akove example is shown in Figure
"3.2.1.5. As shown in the aiagram, X3 becomes
active during the first word clock. Then the first
driving signal is generated by ¥2 and X3 in the
word driving matrix, selecting the first matching
word. Following the first word clock, FX-3 is
reset and the priority moves down to FX-8, enabling
X8. At the second clock time, the word driving
signal is generated by Y2 and X3 in the word
driving matrix to select a second matching word

in Group 2. When the selection of all matching
words in Group 2 is finished, Y control resets

Y2 and enables the next higher priority Y signsl,

such as Yll.
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The states of matching sighals_ﬂgl through
Mg@ are now stored in qulAthrough FX-8. Under the
X priority control the selection of matching words
of Mgoq through Mgg is then pérformed. The selection
process continues in the same manner under the X
and Y priority controls until X-sginglematch and

Y-singlematch detectors detect the end- of the

process.

The logic diagram of a Y-singlematch

detector is shown in Figure 3.2.1.6.

3.2.1.2 Verification List Search

This acknowledgéﬁent verification method
for level two and three command words redguires
that a search be conducted on the verification
list once each millisecond to detect overdue acknow-
ledgements. The search tag is the “2N—ki + 1"
portion of the verification word. The possibility
exists that an acknowledgement from more than one
of the addressed vehicles could be overdue at a
given time and therefore meet the search criteria.
It is for this reason that the multi-match resolving

logic as described in the example is required.

3.2.1.3 Memory Implementation
From a power reguirement standpoint an
association memory matrix fabricated using MOS

technology is highly desirable., A 1024 word
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by 38 bit memory matrix such as required for the
vérification list would require less than one
watt of power.- However, the type cf peripheral
circuits utilized will largely determine its total

power dissipation.

Other possible methods of implementing
the assoaiatidn memory involve the use of bipolar
semiconductor logic and plated wire bit steering
techniques. Memories using either of these tech-
nologies dissipate considerable more power than
does the MOS type memory. 2An advantage of the
plated wire system is that it is nonvolatile in
case of power loss. This disadvantage, shared
by the MOS and bipolar memories, ¢an be overcome
by the use of a rechargeable battery, provided

the power consgumption is not too great.

In the standby mode of operation, the
power required by a MOS memory matrix could be

held to milliwatts.

3.2.2 Time-Location Verification Method

As the priority level one, two and three command
words are transmitted, they are also stored in the veri-
fication memory. The location in memory is determined
by the count of the real-time counter at that time. I£f
the command word is priority level one, the word is

stored in the verification memory only for the first

3-17



. . ’ . . } 1
transmission. (Prlorlty lLevel one commands are trans-

mitted continually until verified.)

Everyhmillisecond, the contents of each telemetry
counter is transferred in turn to the verification memory
address register. Tﬁe command word at tﬁat location is
read into the "B" register where the vehicle address is
decoded. If-the vehicle address corresponds to the
telemetry counter from which the address was obtained,
then the last acknowledgement received at that counter
should have been a type "1" (valid acknowledgement). A
type "O" acknowledgement would indicate that the word

was not accepted and must be retransmitted.

When the vehicle address contained in the command
word dées not correspond to the telemetry counter, the
acknowledgement shouid be a type "0" since the command
was._ not meant for that vehicle. A type "l" acknowledge-
ment would be invalid, in which case the control cenfer

is notified wvia the data bus.

Each time an acknowledgement failure is determined
for a receiving vehicle, the acknowledgement failure
counter is incremented. The same counter is decremented
for each valid acknowledgement /if ¢ (counter) > 0/.
‘Three successive acknowledgement failures will cause the
two-stage counter to overflow, initiating an alarm

condition to the control center.

2-/¢



3.2.2.1 Verification Memory Timing Considerations

=&
-

The most active sequence -of controller
operation from a speed stahdpoint occurs during
the one miliisecond verification check for priority
one, two and three écknowledgements. During each
millisecond period the verification memory must
be accessed 15 times (once .for each telemetry
counter). TFor the worst case situation where all
15 acknowledgements received are failﬁres, the 15
words read from the verification memory must be
stored back in the proper section of buffer memory
f&r retransmission. - Reading each word from the
verification memory and checking vehicle address,
priority wversus acknowlé&é;ment received takes
approximately one memory cycle time. Transferring
the command word to the proper section of buffer
memory requires approximately two memory cycle

times.

Assuming fhg selection of a relatively
slow speed memory system (such as MOS technology).
a typical access time ié 1 microsecond and cycle
time is 3 microseccnds. The total number of
memory cycle times required in the above example
is 48. At 3 microseconds.per cycle, the total
time required is 144 microseconds. During this

millisecond total time period the controller must .

(8]
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also handle at least two input apd one output
" saquence. The remaining time of approximatély

850 microseconds 'is ample time for these sequences.

3.2.3 Time-Tag Method Versus Time-Locaticn Method,

]

Conclusions

The time-location method of implementing the
acknowledgement verification scheme has been selected,

based on the following advantages:

1. Less logic required for implementation.

2. Random access semiconductor memories are
presently available in both MSI and LSI
configurations, while associative type
memory units are available only in small
bit quantities per package.

3. Power requirements are less for the

available random access memnories.

While the associative organization enables the
search of an entire memory in a short time span, it was
shown in Section 3.2.2.1 that ample time is available

for utilization of the time-location method.

3.3 PRIORITY LEVEL FOUR DATA TRANSFER COMMANDS

Level four data commands are transmitted in blocks which
consist of a header word, a starting address word, data words
and an end of message word. The header word contains the
vehicle address and the subsystem address. All words following

-
S
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the starting address are treated as data by the receiving

vehicle until the end of message is received.
. . .
. Level four data commands are retained in buffer memory

following transmission until they are verified. The first
valid type "1" acknowledgement from the addressed vehicle
occurs when the contents of the telemetry acknowledgement
counter ki = N, the real-time clock count at the time the
first word was transmitted. If the ackrdowledgement for the
header word or starting address is a type "0", or non-verify
an interrupt is generated which restarts the transmission.
Each data word location is sequentially addressed as the
acknowledgement counter increments, and a tag bit written
into depending upon the type of écknowledgement. A type "1",
or verify, acknowledgement will cause a logic "1" to be written
into the tag‘bit at that location. 24 non-verify will cause
a logic "O" to be written into the tag bit. When the final
word of the data block has been acknowledged, a search for
unverified words is initiated, starting with the first data
word. A word containing the starting address is formulated
for each non-verified data wqrd or word segﬁence located.
This word and the header must be transmitted along with the

data word(s), all followed by an end of message word.

Verification of the retransmission is handled in =
manner similar to that for a normal transmission. This
process is repeated for any additional non-verified words
detected during the search. Should an epd of transmission

word not be verified, it is retransmitted as a priority one

2w
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command since the receiving vehicle would treat any other
command as data. When a command word of higher level
priority intefrupts a level four data transfer, an end of
message word is transmitted following completion of the
word in process. An interrupted search routine for non-
verified_ﬂoras in the level four data word buffer will
restart at the beginning of the data block when control

is returned.

3.4 CONTROLLER DETATLED SYSTEM DESIGN (reference Figure 3.4)

3.4.1 Buffer Memorv

The number of locations in buffer memory for the
four types of priority level command words have arbi-

trarily been assigned as follows:

Priority Level One Commands - 4 locations
Priority Level Two Commands - 64 locations

Priority Level Three Commands 64 locations

I

Pricrity Level ¥our Commands 1024 locations

Level four commands are allotted the greater
portion of the memory for two reasons. First, according
to present ground rules, level four commands cannot be
transmitted until all higher priority commands have
been transmitted and verified. Secondly, level four data
words are expected to form the major part of all trans-

missions.

-- o
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Storage is requlred for levels one, two and
three commands in the event the command processor is
weieing for a verification acknowledgement for a priority
one command which is being continuously transmitted.
The time interval before verification could be as long
as 1/2 second if the. receiving vehicle were the maximum
distance from the space base. Thus, as many &as 512 words
could be received during this time. Few of these words
are expected to be additional priority level one com-
mands. Should the capacity of the storare buffer be
exceeded, the additional words are transmitted via data

bus to temporary storage. -

3.4.2 Input Pointers, Output Pointers and Word Counters

~

Each section of the buffer memory assigned to
the four priority levels of command words has a corre-
sponding input pointer, output pointer and word counter.
These pointers and counters consist of unique locations
in the buffer memory. The counters always indicate the
number of words stored for each priority level. Counters
are incremented each time a word is stored and decremented

when a word is retrieved for transmission.

The input pointers indicate the location for
storing the next input word and are incremented following
each storage operation. In a similar manner, the output
pointers indicate the location from which the next word

is to be retrieved for transmission. Since the buffer



storage functions on a first in-first out basis, the
wogé éouﬁ%er must be checked before a.wora is stoéed
to detérmine if that buffer section is full. TIn this
cése the input pointer contains the same address as

does the output pointer, and if a word were to be

stored, the word at that location would bhe lost.

3.4.3 Telemetry Counters (Figure 3.4.3)

The comﬁand controller utilizes a counter
(modulo 512) for each of the 15 possible receiving
vehiéles. An acknowledgement, whether a "1" or "OY,
received via the telemetry link increments the counter

one count,

3.4.4 Real-Time Counter (Figure 3.4.4)

The command controller also contains a real-
time counter (modulo 512) operating at thé maximum
trapsmittal rate of 1000 commands per second. The
modulo 512 count is based on the maximum time from

transmission to acknowledgement of 500 milliseconds.

3.4.5 Verification Failure Counters

The command controller contains a two stage
verification failure counter for each satellite
vehicle. A successful verification decrements the
counter, while a verification fa@lure increments
the counter. Three successive failures £ill the
counter, initiating an alarm condition which signals
the control center via data bus.
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- et
e LA,

.



PIGURE 3.4.3

© MODULO 512 TELEMETRY COUNTER

Output 1
Stage 1 —Enable Stage 9
Input é
Q Q
'a Q1 , —
Reset

15 COUNTERS REQUIRED



" FIGURE 3.4.4
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3.4.6 Verification Memory

A%512 word random access mMemMOry serves as a
verification list for priority level one, two and
three command words. At the time one of these com-
mand.words is transmitted, the contents of the real-
time counter is transferred to the address ;egister
for the verification memory. The command word being

transmitted is then stored at that location.

3.4.7 Arithmetic Unit

A twelve bit arithmetic unit in the command
controller performs increment and decrement operations
on memory addresses, as well as equality and relative
magnitude operations which are mentioned in the

detailed description of operation.

A block diagram of the proposed ARU is shown
in Figure 3.4.7. The arithmetic operations are per-
formed on the contents of the accumulator and/or the
contents of the bus according to the function code
applied to the adder. The function code is decoded
within the adder logic to enable the desired operation.
The results of the arithmetic or logic operation are
stored in the accumulator from where it is gated onto

the bus when required.

3.4.8 Adder Implementation

The equivalent logic diagram for one bit of the

adder is shown in Figure 3.4.8. The specific adder
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function is selected by inputs S1-54 in conjunction
with mode control input, M. The adder operates in
the arithmetic mode when M is high and the logic mode,

where the carry-in has no effect, when M is low.

Substraction is performed by one's éomplement
addition with the one's complement of the subtrahend
generated internally. The output is A-B~1 which
requires a forced carry into the last significant

bit to provide A-B.

The proposed design for the adder unit employs
MOS type gates for the major part of the logic. Selec-
tion of MOS logic involves the trade-off of power and
speed. The low power consumption of the MOS logic
favors its use wherever the propagation delays can be

~

tolerated.

3.4.9 Accumulator

The accumulator register {(reference Figure 3.4.9)
is constructed with D-type flip-flops of MOS or low-
power TTL technolgoy. Gated clocks permit selected

data transfer.

3.4.10 ARU Speed

A true measurement of ARU speed is the maximum
clock rate at which the ARU may be operated. This time
inclu&es decoding of bus enable signals, adder trapsfer
time, carry ripple time (arithmetic operations), output

bus, and registef delays.
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Arithmetic Operations

Minimum clock period for sum of n bits:
T = Bus Enable + Ripple Generate + Ripple Propagate +

addder + Register Setup.

Using 70 ns/stage  MOS
10 ns/stage Bipolar

T

(150 + 140 +(20n) + 280 + 140)ns

T 710 + (20n)ns. {(For n = 12 bits, T = 950ns)

Logical Operations

Minimum clock pericd, independent of the number of bits:

T = Bus Enable + Adder + Register Setup

T (150 + 280 + 140)ns

T = 570ns

3.4.11 Counter and Register Implementation

- Pigures 3.4.11.1 through 3.4.11.3 are equivalent
logic diagrams of the proposed counters and registers in
the system. Specific device selection will depend largely

on functional speed requirements of each unit.

3.4.12 Control Section

Figure 3.4.12 is a block diagram of the control
section required to implement the command controller.
The operations performed by the control unit are deter-
mined by the contents of the microprogram control
memory. The use of the microprogram control memory

differs here from the common application where program

R 22
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information is stored separately at the macro level.
Thé macrofinstructions would then speeify certain
jocations in the microprogram memory from which the

control Functions would be generated.

&

In this application, the entire program required
for the command controller is coded at the micro level.
Both program changes and control function changes are

made by altering the microprogram MEmory.

Control -section operation for an input sequence

would be as follows:

The shift register full signal sets an
interrupt flip-flop which, at the proper
time, selects a specific location in the
program control memory. The control
fuhctions, such as transfer contents of
shift register to bufﬁer register, are
determined by the information bits
contained in the aﬁér@ssed Mamoxry
location. The timing-for the control
function is provided by ANDing a timing

generator cutput with the memory output.

A portién of the memory output (from 1 to 6 bits)
specifies the next memory location where additional
micro-control functions are stored. This location is
addressed when the present cycle is completed. The

next location could be that immediately following the
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present location, in which case the address‘register

is incremented. A conditional input signal such as

a ‘buffer memory full, could generate an address for the
next control cycle far removed from.the original

Joecation.

Approximately 70 control functions are needed to
implement the wvarious controller sequences. Table 3.4.12
lists most of the control functions required.. A program
memory of 64 words x 48 bits per word is conéidered to
be the approximate size required. Approximately 38 of
the 48 memory outputs are direct control functions, while
the remaining ten bits asre decoded to provide an addi-

tional 22 control functions.

Time pulses are generated by an oscillator,
sequencer and a 4-to-16 line decoder. The specific
width of control pulses will depend largely upon the

final logic selected for implementation of the command

controller.
3.5 BASIC OPERATION OF CONTROLLER SEQUENCES

The basic operation of the input sequence, output sequence
and acknowledgement verification sequences is described next

with the aid of flow charts, Figure 3.5.1.

3.5.1 Input Sequence (Up-Link Data) (Figure 3.5.1)

Data which is accepted by the decoder is
transferred to the input buffer register and a valid

acknowledgement transmitted via down-link telemetry.
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TABLE 3.4.12

CONTROL FUNCTIONS ‘(S, B. COMMAND SYSTEM)

C{Bus) ——p Buffer Memory

C(Bus) —- Verification Memory

C(Bus) — Address Register, (Buffer Memory)
C(Bus) -t Accumulastor

C{Bus) ——= B Register

C(Bus)—— Address Register, (Veriry Memory)

13
14
15
16
17
18
1%
20
21
22
23
24

25

C(Shift Register)—=Input Buffer

C(Input Buffer) —~ Bus

C(Data Bus Register)—sInput Buffer

C(Bus} ~s Data Bus Input Register

C(Tel. CTRﬂ #1)} ~—= Bus
c(ffel. CTR. #2) ~——> Bus
C(Tel. CTR. #3) ~——~ Bus
C(Tel. CTR. #4)} ~2 Bus
C(Tel. CTR. #5)}-~——s Bus
C(Tel. CTR. #6} —— Bus
C(Tel. CTR. #7) — Bus
C(Tel. CTR. #8) —s Bus
"C(Tel. CTR. #9) ~— Bus
C(Tel. CTR. #10) —o- Bus
C(T‘el., CTR. #11) —> Bus
C(Tel. CTR. #12) — Bus
C{Tel. CTR. #lé) = BUS
C{(Tel. CTR. #l5) ~—s= Bus
C(Tel. CTR. #16) -—a Bus



26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

53

TABLE 3.4.12
(Cont}:

C(B Registerjw-ﬂ-db'Bus

LS

C(Accumulator) —— Bus

Arith,
Arith.
Arith.

Arith.

Function
Function
Function

Function

——s= Increment

—~ Decrement

—» Comparison

—~ Relative Magnitude

C{Real-Time Counter) — Bus

C(Bus) —2 Output Buffer

C(Output Buffer) -+ Encoder

Jam Address - Prio.
Jam Address - Prio.
Jam Address ~ Prio.
Jam Address - Prio.
Jam\Address - Prio.
Jam Address - Prio.
Jam address - Prio.
Jam Address - Prio.
Jam Address - Prio.
Jam aAddress - Prio.
Jam Address - Prio.
jam Address - Prio.
J;m Address - Prio.
Jam‘Address - Prio.
Jam Address - Prio.
Jam Address - Prio.
Jam address - - -~ -

Write Buffer Memory

Read Buffer Memory

Qe i

1

1

Word Counter

Inpgt Pointer

Output Pointer

Word Counter

Input Pointer

Output Pointer

Word Counter

Input Pointer

OQutput Pointer
Verification Pointer
Acknowledgement Pointer
Word Counter

Input Pointer

Output Pointer
Verification Pointer
Acknowiedgement Pointer

Temporary Storage



54
56
57
58
59
60

61

(V8]

Write

Read .

TABLE 3,4.12
(Cont)

Verification Memory

Verification Meméry

Set B Register to 4

Set B Register to 64

Set B Register to 1000

Set B
Clear
Clear
Clear
Clear
Clear

Clear

Register to 3

Accumulator

B Register

Address Register (Buffer Memory)
Input Buffer

Output Buffer

Address Register (Verification Memory)

Read Micro-Program Memory

Increment Micro-Program Counter

Jam Flag Word to Data Bus

it O



FIGURE 3.5,1L
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If the data word is not accepted by the decoder, a
non-valid acknowledgement is initiated and the shift

register cleared.

The vehicle address and priority of the command
i
are obtained by decoding the proper bits of the data
in the input buffer. Data for the space base is

transferred to the data bus buffer register.

Data for external vehicles is transferred to a
section of the buffer memory according to priority.
If a8 section of buffer memory is full, any additional
words of that priority are transferred to external

storage via the data bus.

3.5.2 Output Sequence (Figures 3.5.2 and 3.5.3)

An output buffer empty signal initiates &
search of the buffer memory for data on the basis
of prioriﬁy level. Data in the buffer is indicated
by the contents of the corresponding word counter
being greater thsn zero. As words are stored in the
buffer,‘the word counter is incremented and when

words are removed, the counter is decremented.

Priority level four words cannct be transmitted
until all previously transmitted words have been acknow-
ledged and verified. The priority level one, two and
three words are also transferred to veri?ication memory
each time they are transferred from the output buffer to
the encoder. The location in verification memory is

determined by the real-time count at that time.
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FIGURE 3.5.2 OUTRPUT SEQUENCE
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FIGURE 3.5.3
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If a block of priority four data is being trans-
mittéa,éthe éeqﬁeﬁce will bé interrﬁpted whenever é.wora
of higher priority level is received. Before the new
word@ can be transmitted, an end of block word must be
transmitted and information stored which indicates where
in the data block to resume transmissicon. When the
first word of a data block is transmitted, the contents

of the resgl-time counter, N, must be stored to indicate

the time a valid acknowledgement is due.

3.5.3 Priority One, Two and Three Acknowledgement

Verification

The acknowledgement veéification sequence shown
in the flow chart (Figure 3.5.4) is repeated every
milliéecond. The contents of telemetry counter #1
is transferred to the verification memory address
register. The command word at that location is trans-
ferred to the accumulator where the vehicle address
and priority are determined. If the vehicle address
is #1, then the last acknowledgement received from
that vehicle should be a type "1". A type "O"
aaknowledgement indicates the word was not accepted,
in which case the command word is transferred to the

. proper section of buffer memory for retransmission.

If the vehicle address is not #1, then the
last acknowledgement received from vehicle #1 should

be a type "O" to indicate that its own address was

iy



FIGURE 3,5.4
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not decoded. The same operation is performed using
kthe conténts of each remaining telemetry counter as

an address for a word in the vearification memory.

3.5.4 Prioxity Four Acknowledgement Verification (Figure 3.5.53)

The first valid type "1i" acknowledgement is
received when the contents of the telemetry counter,
ke is equal to N, the real-time count st the time the
first word of the data block was transmitted. IL the
acknowledgement received for the first or second words
of the data block (header and starting address
respectively) is a type no", the entire block of data
is re-transmitted. A type "0" acknowledgement received
for any_of the following words, except for the last woxrd,
will cause a logic "O" tag bit to be written into the
corresponding location in buffer memory. The last
word which must be re-transmitted as priority 1 if

it is not acknowledged.

3.5.5 Retransmigsion of Won-Verified Priority Four

Words (Figure 3.5.6)

Following the elapse of sufficient time for the
First data word of the block o have been acknowledged,
a check of the tég Bits for each data word is started.
A tag bit of logic "0" indicates that the word must be
re-transmitted. The header word and new starting
address word must precede the data word transmiséion,

which is followed by an end of hlock word.



FIGURE 3.5,5 PRICRITY FOUR ACKNOWLEDGEMENT CHECK
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FIGURE 3.5.6
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3.6 DETAILED FLOW CHARTS OF CONTROLLER SEQUENCES

Figures 3.6.1 through 3.6.6 illustrate the detailed logic
and arithmetic operations reguired to perform each seguence

shown briefly in the previous flow charts.

3.6.1 Detailed Input Sedquence {(Pigures 3.6.1 ~ 3.6:3)

"mach time a word is received for external trans-
mission the word counter foxr the required section of
~ buffer memory 1s checked to determine if storage space
is available. If space is available, the input pointer
is queried to determine where the word is to be stored.
The address contained in the input pointer and the
contents of the word counter are then both incremented,

reflecting the addition of a word Lo memnory.

3.6.2 Detailed Output Sequence (Figure 3.6.4)

The segrch for words in each section of uffer
memory is performed by transferring the contents of
the respective word counter to the arithmetic unit
where it is tested for zero. If non-zero, the contents
of the output pointer is transferred to the buffer
memory address register and the word read from that
tocation to the output buffer register. The contents
of the output pointer is then incremented while the

contents of the word counter is decremented.
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FIGURE 3.6.,1 DETAILED INPUT SEQUENCE
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FIGURE 3,6,2 DETAILED INPUT SEQUENCE (CONT.)
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Figure 3.6.2 (continued)
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Figure 3.0.3
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IGURE 3,.6.4 DETAILED OUTPUT SEQUENCE
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3.6.3 Detailed Acknowledgement Verification-Sequence ~

ﬁiiority Four Data Words (Figure 3.6.5a)

This sequence shows how the verification pointer

is used to determine when the acknowledgemént is for

the header or starting address words. If the content

of the verification pointer is 1 or 2, the acknowledgement
is for the header word or starting address, réspéctively,
If either of these words is not acknowledged, the entire
block of data is re-transmitted. The verification pointer
is incremented after each acknowledgement is received

until end of block is reached.

3.6.4 Detasiled Verification Check - Priority Four (Figure 3.6.5]

. The verification status of words in the priority
four buffer section is started when the contents of thé
real-time counter is N + (N - ki) + 1 (or 2N - ki + 1),
where N = real-time count at the time the third word of
the data block was transmitted, and ki is the acknow-
ledgement count for the addressed wvehicle at that time.
This quantity is incremented by 1 as the verification
check progresses down the data block. The tag bit at
each location is examined to determine whether or not -
the word was properly acknowledged. The word is retrans-
mitted, along with the header, stagting address and end

of message words, when a "0" tag bit is detected.

A new block of priority level four data words is
accepted only after a previous block of data has been

transmitted, acknowledged and successfully verified.
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FIGURE -3,6,5 (a)
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3.6.5 Priority Four Retransmission Sequence (Figure 3.6.6)

o
»

This sequence shows how data transfer words

which were not acknowledged are retransmitted.

3.7 PROGRAM TIMING FOR THE COMMAND CONTROLLER

This section illustrates the program timing for the control
functions required to implement the detailed sequences which

were flow-charted in Section 3.5.

Each program cycle has been divided into siﬁteen basic
time interwvals. The duration of each interval will depend,
in the final analysis, upon the logic technoldgy and memory
systems selected. A time of one-half microsecond is consistent
with the utilization of MOS technology in both the logic and
memory secﬁions. In this case the totel program cycle time

(16 interval) is 8 microseconds.

If additional operations are required to complete a
sequence at the end of a program cycle, the program memory
is read during the last time interwval. The instruction
register is incremented prior to this time if the next program
address is secquentially located. If not, a new program address
_is loaded into the instruction register. When a sequence is
completed, a no-operation (NO-OP) control function inhibits

controller program operation until an interrupt is received.
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YIGURE 3,6.6
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FIGURE 3.7.1

INPUT SEQUENCE

(Controller Not In Priority @ Input Mode)
1'2 3 4 5 6 7T 8 9 10 11 12 13 14 15
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Set Priority 4 Input Flag X [if prilorijty 4]

Prog. Address Priority @ Input [if prijorifty éo HBuffer Empty]
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FIGURE 3.7.1l.1

INPUT SEQUENCE - DPRIORITY Q@

JAM Adress Priority 1 Word Counter
Read Memorv

C (Memory)-—>Accum.

Set B Reg, = 4

Compare C(B Reg.} with C(Accum)
Flag Data Bus

Increment.Accum 1

Write Memory

C (Accum. )=>Word Counter

Increment Inst. Reg.

Read Control Memory

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Xlx| x| x{pxlx|x|xix
x|{x|x
=
X
x| %
x [1£|B Regl = |pccun]
X
|z
41X |
X




{hs

&,

U“‘x

INPUT

JAM Address Priority L in-pointer
Read Memory

C(Input Pointer)—>»B Reg.

C¢{Input Pointer)}—> Accum,
Increment Accum, 1

Write Memory

C (Accum)—>Memory

C(B Reg.)—>Address Reg.

Write Memory

é(Input Buffer)—>»Memory

No-OP

SEQUENCE - PRIORITY 1 (con't)
112]3141l5]6]7 |8 }9li0oj11}12 (13|14 |15 116
X | x| ¥ |X -
x| x| x
X
X
X |x
X {x
X |x [x
X
X 1%
X|x | %
— X




FIGURE 3.7.1.2

JAM Address Priority 2 Word Counter

Read Memory

C {Memory)—> Accum.

Set "B Req." = 64

Compare C(B Reg.,) with C(Accum)
Flag Data Bus if B Reg. = Accum
Increment Accum 1

Write Memory

C{Accum)—>Word Counter
Increment Inst. Reg.

Read Control Memory

JAM Address Priority 2 Input Pointer
Read Memory

C{iInput Pointer)-3B Reg.

C(Input Pointer—sAccum.

Increment Accum 1

Write Memory

C{Accum)—a-Memory

C{B Reg, }-»Address Regq.

Write  Memory

C(Input Buffer)-»Memory

NC-.OP

INPUT SEQUENCE - FRIORITY 2

L 2 3 6_7_8 9 10 11 12 13 14 ¥5 16
X xX|x Xxlxi%|x
Xl %X
% .
pd
@
X {{Bdffer full)
X{X
% X
X | X
X
x -
XXX XTXTX X %
XXX
X
X | X
X{X X (Inpuy Poiptei)
X | X
X .
X |%
X
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FIGURE 3.7.1.3

INPUT SEQUENCE - PRICRITY 3

5 & 7 8 9 10 11 12 13 14 15 16

4
JAM Address Priority 3 Word Counter | ¥] X X X X XXX Y

Read Memory X

Holx ' lw

C (Mem)—-Accum

Set B Reg., = 64 S

Compare C(B Reg.) & (Accum) X1 X

Flag Data Bus if Equal X {Buffer Full)

Increment Accum 1 £ X

Write Memory X

C{Accum)—>Word Counter Xi{xX

Increment Inst. Reg. X

Read Control Memery X




£§7-¢&

INPUT SEQUENCE -

JAM Address Priority 3 Input Pointer
Read Memory

C(Input Pointer)— B Reg.

C(INput Pointer)—>Accum

Increment Accum 1

Write Memory

C({Accum)—> Memory

C(B Reg,)—> Address Regq,

Write Memary

C{Input Buffer)—> Memory

No-Op

PRIORITY 3 (con't)
1 2 3 4 5 6 7 8B 9 10 11 12 13 14 15 16
X %X X x x| x{ x|
X1 X1 X
X
X
Xl X
Xl %
X X % Input| Pointer)
X |x
X |%
Xxlx I|x
— X
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FIGURE 3.7.1.4

PRIORITY 4 INPUT SEQUENCE

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 .16
Priority @ Input Sequence ) ’

JAM Address - Prioritv 4 Word Counter FIEIXIXIXIXIX|IXIX

Read Memory XX

C (Mem}—rAccum

JAM B Reg, = 102« ‘ X

Compare C(Accum) with C(B Reg.) XX

C(Input Buffer)—yDATA BUS ' If| C{Acdum) | X

NO.ORP . = 1024

Increment C(Accum} 1

Write Memory

LR I I -

C(Accum)—>Memory X

Jam Address - Priority 4 Input Pointer X X

&

Read Memory X

C{Memory)—>Accum

il e
ol R - B

C(Memory)—>B Reg,

Increment Inst. Reg, . X

Read Prog Memory | < ]
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PRIORITY 4 INPUT SEQUENCE (con't)

Increment Accum.

JAM Address -~ Priority 4 Input Pointer
Write Memory

C(Accum) — Memory

Clear Address Reg.

C{B Reg.) —2Address Reg,

Address Memory

Write Memory

C{Input Buffer)-—Memory

NO-OP

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
x
x| x| %
X
X| %l x
X
X
XX | X
X | x
X|x Ix i




FIGURE 3.7.2
INPUT SEQUENCE

{(Controller in Priority 4 Mode)

Shift Feg. FullePriority 4 Input FJ]:agQSrai 4 5 6 7 8 9 10 11 12 13 14 15 16
C(Shift Reg.)—>Input Buffer X
C({Input Buffer}—Data Bus . X {{If| fol Extepnal Storage)
Reset Priority 4 Input Flag | % H(If] Eng of Mbsshge Word)
{‘t} NO-OP X KIf|foy Ektepnall Ftordge)
~! Read Prog. Address Priority @ Input ®

g - [



FIGURE 3.7.3

OUTPUT BUFFER EMPTY

JAM Address - Priority 1 Word Counter
Read Memory

C {Mem)—>Accum

Test C(Accum) for Zero

Prog. Address Priority @ Output Sequence

Prog., Address Priority @ Output Inter. Seq.

JAM Address - Priority @ Word Counter
Read Memory

C (Mem)—s Accum

Test Accum for Zero

Prog. Address Priority @ Output Sequence

Prog, Address Priority‘@)oﬁtput Inter Seq.

Increment Inst. Register

Read Prog. Mem,

|

i 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
X X 1X
XX
« ~
X
(IfF ci(Ackum|s PeFridrigy 4] Out. $eq.) X
(Tf Cl{Ackumi# D-Fricrity 4 Out. S$edq. X
¥ K K [K
X X X
(IF C{{Agcum|= D) X
X
(Tff Abcum #|0-Priority|4 Qut |Seqy) X
(Iif Alecum #} O0<Priority|4 Qut ISeql)
(If Ci{Agcum) = 0 X
X




SL-&

OUTPUT BUFFER EMPTY (con't)

1 2 3 4 5 6 7 v v L0 .11 12 13 14 15 16
JAM Address - Priority 3 Word Counter XX Ix ) |
Read Memory XX |X
C (Memory) —=Accum X
Test Accum For Zero . X
Prog. Address Priority 3 Out. Seq. (Iif Apcum #{0 4 Priopity 4]|Out| Sed,) X‘
Prog, Address -~ Priority 4 Inter Out Seq.| (I Abcuh #10 5 Priopity 4|Out| Seq,)
JAM Address -~ Priority 4 Word Counter - X X
Read Memory Pl (LF Acclm = 0 X 1%
C(Mem)~f>Accum | X
Test Accum for Zero - X X
Prog, Address Priority 4 Out Seq, IE Accunt # [0 = Verif, Completé o X

No-Op If Aocum =| 0 ¢ Verif Complets X




FIGURE 3.7.3.1

OUTPUT SEQUENCE PRIORITY 1

JAM Address Priority 1 Word Counter

Decrement Accum 1
Write Memory

C (Accum)—>Memory

JAM Address Priority 1 Out Pointer

Réad Memory
C {Mem)—>Accum

C{Mem}—B Reg.

Increment Accum 1

C (Accum)—> Memory
Write Memory

Increment Inst. Reg.

CI(B Reg)->» Address Reg,

Read Memory

C(Memorv}—>B Reg.
C{Memory)—>Output Buffer
C(Real-Time CTR)— Address Reg,
C(B Reg,}—>Verif. Mem.,

Write Mem. (Verif., Mem)

NO-OP

l234567‘891011121314'153..‘6.
X X
- :
X.
x| x|x "
XXX X X x
X1 X 4
X
X
X
X X
X P4
X
-
X 1 X
X
X
X {Verfif.] Mimoty)
X[xix
X1 X
X
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FIGURE 3.7.3.2

OUTPUT SEQUENCE -

JAM Address Priority 2 Word Counter
Decrement Accum 1

Write Memory

C (Accum)—>Memory

JAM Address - Priority @ Out - Pointer
Read Memory

C (Mem)— Accum

C (Mem)}—>B Reg.

Increment Accum 1

C (Acoum)—>Memory

Write Memory

Increment Instruction Regq,

ci(B Reg.i~—>Address Reg.

Read Memory

C{Memory)—> B Reg.
C(Memdry%-50utput'Bﬁffer
C(Real-~Time Counter)—-Address Reg.
C(B Reg.)->Verif, Memory

Write Memory

PRIORITY (@ , ‘
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
X1 x| X
3
Xy X
o
X X
- X |X | X X X X X
X X
P
X
X X
X -K
X
X
A
x| X
X
X
X
X X 1X [Verif‘ Memory
X1{X
et — ] )
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FIGURE 3./.35.95

QUTFUT SEQUENCE . PRIORITY ®

JAM Address - Priority 3 Word Counter
Decrement Accum 1

Write Memory

C (Accum)—> Memory

JAM Address - Priority @ Out-Pointer

Read Memory

. C{Mem}—>Accum

C{Mem)—>»B Reag,

Increment Accum 1

© C(Accum)—>Memory

Write Memé)ry

Increment Instruction Reg.

C(B Reg.)—rAddress f{eg,

Read Memory ‘

C (Memory)—>B Reg,

C{Memory)—y Output Buffer
C{Real-Time Counteg‘)—""Address Regq.
C(B Reg,}—>»Verif. Memory

Write Memory (Verif, Memory)

NO..OP

1 2 3 4 5 6 7 8 9 10 11 12 13 14 }5 i6
X’ X1 X
X
X
X |X|x *
X 1X X X
XX X
X
X
b4
-
x-
- .
X
XXX
X
1X
X X lVerift Memory
x| x|
%
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FIGURE 3.7.3.4

OUTPUT SEQUENCE PRIORITY 4
l 2 3 4 5 6 7 8 9 10 11 12 13 14 15

JAM Address - ‘Priority 4 Word Counter x1 xix - o
Decrement Accum 1 X

Write Memory X1

C{Acéum) — Memory XIXix

JAM Address - Priority 4 Out-Pointer X [X[|X | X I X iIx X
Read Memory X|X | X

C (Mem) ~> Accum e

C(Mem} —»B Reqg,

Increment Accum 1

C{Accum)—=Menory

Write Memory 0

Increment Inst. Regq, : X r : . :




OUTPUT SEQUENCE - PRIORITY @ \con't)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 1S5 16

C(B Reg;)-—sAddress Regq, X

Read Memory XX X

. ™
C{Memory)—> Output Buffer X

C{Real Time Counter)—>Priority 4 Time Tag

JAM Address - Priority 4 Time Tag Loc, If|Fibst|Wokd x Ix |x

[ I

Write Memory ‘ ¥ 11X

NO~OP (TIf End of Message X

Increment Accum 1 ‘ X

JAM Address - Output Pointer X1X X

Write Memory | X

C(Accum) Memory = (Output Pointer XI1X 1%

NO-OP X




Read Memory

C (Memory) —» Accum
Decode Vehe.
Decrement Non-Ver Counter
Clear Qutput Buffer
Increment Inst. Red.

Read Prog. Mem,

Flag Control Center via Data Bus
Increment - Non-Ver. Counter

Flag Control Center Via Data Bus

JAM Address - Priority -~ Word Counter.
Read Memory (Buffer)

C {Mem) —~Accum
Set B Reg. = n {(n
Compare C(Accum) with B Reg.
Increment Accum 1

Write Memory

C {(Accum)—Memory

Prog. Address - Buffer Store Loc,
C(Accuﬁ)~—wbata Bus

FIGURE 3.7.4

ACKNOWLEDGEMENT CHECK -~ PRIORITY 1, 2, & 3
. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
c(Tel. CTR #1) —Address Reg X ]Ve*if;cation Co.
% < e } 4 L
¥ J
address . X
X1 IF Veh. o= TeI CIR - Bek E IJ
X | (I VEb.E ¢ Ack £ 1o Priotity [1)
(ff Tel|CTR #|16)] X
X
(xf Tel|CTR =|16] _ X
% (Tl v # 3 Tel.# ojack = 1)
(Ef V. 3# = |Teld¥#o|ack =| 0}
(£f ¢ (Npn-Ven|CTR) = 3
X|x|xix |X ] x | ¥ K
X | % | X
(Ff VH# £ TelF|sAdk O] X
= 4 or 64) « Non Vex) X
X )
X {If q(acculm) # n)
X K
X | X K
X
4 if C{accum) = C{B Reg) X | X




ACKNOWLEDGEMENT CHECK - PRIORITY 1,2,

& 3 {(con't)

JAM Address -~ Priority - Input Pointer
Read Memory
C(M?m)m—bAccum, B Reg
Increment Accum 1
Write Memory (Buffer)
C (Accum) —p-Input Pointer
C (B Reg.)—Address Red.
Read Verif., Memory
C(Verif. Mem) —sAccum
Write Buffer Memory
C (Accum) —> Memory
Prog. Address Seg. for next Tel. Counter

Seq, is repeated for each Tel Counter)

1 2 3 4 5 6.7 8 9 10 11 12 13 14_1516
X X X XX |XIX
X
X p
X
XX
XX
X XX
X X
XX | X




FIGURE 3.7.5

PRIORITY 4 ACKNOWLEDGEMENT CHECK

12 4 5 8 9 10 11 12 13 14 15 16

et o)
o] BN

JAM Address - Acknowledgement verif.Pointer | X | X XX

C (Mem)-—y Accum

3

X

Read Memory | X | XX
A

X

C{Mem)—B Reg.

Increment Accum + 1 X

C (Accum}—>Mamory p:d

Write Memory X 1X

Set Accum = 3 1 X

>

Compare C(B Reg.) with C{Accum)

Adk =| Type (] ‘ X

1A
T

Prog. Address - Priority 4 Out Seq. [If c|(B Reg)

[]
b

NO-OP [I:E C (3 REG)IZ3vack| =

Cc (B Reg.)—> Address Red. E‘Ef C{B Reg.)> 3] X [or B REg.<|3eAgk = i__l

Clear Accum X

Increment Accum [IZE C(B Reg.) > B« AcK = 1]

¢ {Accum)—s Memory . X X | X

Write Memory ¥ | X

Increment Inst. Rede. X

Read Prog. Memory . %




(A)
{

o)

PRIORITY 4 ACKNOWLEDGMENT CHECK (con't)

JAM Address - Priority 4 Output Pointer
Read Memory

¢ (Mem) —Accum.

JAM Address - ACKNOW. Pafnter

Read Memory

C(Memory)—*8 Reg.

Compare C (Accum) = C(B Reg.)

NO-OP (Until Next Tel. Ack.)

NO-OP -~ Sequence Complete

Prog. Address -~ End of Message Ack

(Next Acknowledgement)

1 2 3 4 5 6 7 8 9 10.11 12 13 .14 15 16
Xl x|x ‘ |
XXX
% "
XAIX| X
X X
X
X
§rf C(Accuﬁ) C|(B [Reg X
(£ ©(Akcuh) ci(B Rég X ﬂé:ibrit{ 4 'nt. [Flag
If (C {Apcunp) Cci(B Reg>}°??icrity 4 Int. Flag X




FIGURE 3.7.5.1

PRIORITY 4 ACKNOWLEDGEMENT CHECK - END~-OF-MESSAGE WORD

NO~OP

JAM Address Priority 1 Word Counter
Read Memory

C {(Memory) —> Accum

Set C(B Reqg) = 4

Compare C (Accum) « C(B Reg)
ﬁnd*of~Messagen%Data Bus
NO~OP

Increment Accum 1

C (Accum}—s Memory

Write Memory

Increment Insta‘Reg,

Read Prog. Mewory

6 7 8

15"

(1)

b

[]




g~
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SRIORITY 4 ACKNOWLEDGEMENT CHECK

JaM Address - Priority 1 Input Pointer
Read Memory

¢ (Mem)—yAccum ,

C (Mem)—3B Reg.

Increment Accum 1

C (Accum)—sMamory

Write Memory

C (B Reg.)—sAddress Red.
Eand-of-Message Word— Memory

Write Memory

NO-OP

END-OF ~MESSAGE WORD (con't)

1 2 3 4 5 6 7 8 9 10 11 12.13 14 15 16
XXX |X|X|X|X]X
XXX
»
=
X
b8
X X
X
< I
X | X
X




FIGURE 3.7.6

PRIORITY 4 VERIFICATION CHECK

Program Word 1

Jam Address - Priority 4 Time Tag
Read Memory

C (Memory ) —Accumulator

C(Tel. CTR ki)—B Reg.

Compare C(Accumulator) - C(B Reg.)
No--Op

Jam Address -.Verification Pointer
Read Memory
C(Memo§¥)—yAccumulator
C(Memé;y}—?B Reg.
C{Accumulator )— Address Reg.
Increment Inst. Reg

Read Prog. Memory

1 2 3 4 5 6 7 8 9 10 11 12 13 14 ls 16
XIx| X @
X1 X
X
X
¥ 1f (B|Reg. )| L C(Accum. )
X1 X 11X X
X [X| X
.
x -y
X
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PRIORITY 4 VERIFICATION CHECK (con't)

Program Word 2

Read Memory

C (Memory )—pAccumulator ‘

Check Accumulator .Tag Bit for "1"
Prog. Address Re-Trans. Seguence
Increment Inst. Reqg.

Read Prog. Memory

Prog. Address -~ Prio. 4 Non-Verif. Seq.

1 2 3 4 5 6 7 8 9 10 11 .12 13 14 15 16
ok
Xl ¥ X
X
X
iﬁ Tﬁg Bit| =] 1¢(- NonJVer%fy ﬁlag X
i l a\ " [ 1
if Tag Bit| =] 1 Hon-Verify (Flag
i it | =| O
1% T?g %1 )
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PRIORITY 4 VERIFICATION CHECK (con't]

Program Word 3

Jam Address -~ Starting Location
Read Memory .

C (Memory)—»rAccumulator.
Incremen£ 1
C{Accumulator ) —Memory

Write Memory

C{B Reg.)—sAccumulator
Increment Accumulator 1

Jam Address -~ Verification Pointer
Write Memory

C{accumulator )—>Memory
Increment Instruction Reg.

Read Prog.'Memory

5

12

1 2 3 4 6.7 8 9 10 11 13 14 .15 16 .
XX IX| XX XX 1 X
XX
X
XX
X XX
XX
X
X1 X
X X
X
X X X
X
X
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PRIORITY 4 VERIFICATION CHECK (con't)

Program Word 4

Jam Address - Ouéput Pointer
Read Memory

C (Memory)-—>Accunulator

Compare B Reg. with Accumulator
Set Buffer Empty Flag

No-0p

Jam Address -~ Priority 4 Time Tag
Read Memory
C{Memory)-vAccumulator
Increment Accumulator 1
C(Accumuiator)—¢Memory

Write Memory

Read Prog. Memory Word

2 5 6 7 8 9 10 11 12 13 14 15 16
X &
X
X | if ¢(B Reg.] =] C{Accum}
5 h Hi 3] " i
X X| X
XtX)| X
b4
X X
x |x |x
X X
X




48 -E

PRIORITY 4 VERIFICATION CHECK (con't)

Program Word 5

éeﬁ Non-Verify Flag

Jam Address - "No.of Words" Location
Read Memory
C(Memory)—vAccumulator

Increment Accumulator 1

C (Accunmulator) —Memory

Write Memory

C{(B Reg.) —pAccunulator

Increment Accumulator 1

Jam Address - Verification Pointer
Write Memory

C(Accumulator }—sMemory

Read Prog. Memory Word 4

5 8 9 10 11 12 13 14 15%16
X X X
X
X
X
XjiX
X X X
x X
pd X
X




7

Je

N\""

Program Word 6 =~ a

Jaﬁ 2ddress - Header Location
Read Memory

C(Memory)—»Output Buffer
Increment Instruction Req.
No-Op

Read Program Memory

FIGURE 3.7.6.1

PRIORITY 4 VERIFICATION CHECK

(RETRANSMISSION SEQUENCE)

kL

1 2 3 4 5 6 8 9 10 11 12 13 14 15 16
X1 Xl X
XX
-
X
(1f Buffer Empty) X




AL-E

Program Word © - b

Jam Address - Starting Address
Read Memory

C(Memory)-sOutput Buffer
Increment Instruction Reg.
No--0Op

Read Prog. Memory

PRIORITY 4 VERIFICATION CHECK

{RETRANSMISSION SEQUENCE) (con't)
1 2 3 4 5 6 10 131 12 13 14 15 16
XX
X
X
X
X
(if Buffer Empty) X




Coe

PRIORITY

4 VERIFICATION CHECK

(RETRANSMISSTON CHECK) {con't)

Program Word 6 -~ c

Jam Address - No. of Words Location
Read Memory

C (Memory )—=Output Buffer
C{Memory)—+B Reg.

Incremept Instruction Reg.

Jam Address - Retrans. Start Location
Read Memory

C (Memory }—-Accumulator

C (Accunmulator }~»aAddress Red.
Increment Instruction Reg.

No-0Op

Read Prog. Memory

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
X Ix|x
xix|x
b4
bl
: x
xixix|x|
X1 x| %
X
X
| x
(if Buffer Empty) X




Program Word 6. - d

Read Memory

C (Memory )—pOutput Buffer
C({B Reqg.)—-Accumulator
Decrement Accumulator

Check Accumulator for Zero
No~0Op

Read Program Word 1
C{Accumulator }—>B Reg.
C(Address Rég.)wﬁAccumulator
Increment Accumulator
C{Accumulator)-—+Address Reg.
No-Op

Read Program Word 6 - 4

PRIORITY 4 VERIFICATION CHECK

(RETRANSMISSION SEQUENCE)(con't)

12 456’78910111213141516
X1 X
X
X
X
1 If {Acpum} =0 X
{ x
X
X
x| X
X
X
(if Output Buffer Empty) X




4.0 CODING TECHNIQUES - IMPLEMENTATION COM?LEXITY Vs,
PERFORMANCE

4.1 INTRODUCTION

After some preliminary screening, four basic coding
techniques were selected for further, more detailed,
consideration; vis., BCH codes with algebraiL decoding;
projective and Buclidean geometry codes with threshold
decoding; concatenated algebraic codes; and convolutional
codes with Viterbi decoding. The following sections
summarize the results of these investigations.
4.2 ALGEBRAIC AND THRESHOLD DECODABLE CODES

4.2.1 Block Code Decoding Strategies

The most important technigues for decoding random-error-
correcting block* codes can be divided into four basic cate-
gories:

(1) Maximum-likelihood decoding

(2) Algebraic decoding

{3} Threshold decoding

(4) ©Probabilistic decoding
The first of these techniques is optimum, i.e. minimize the
probability of a decoding error, but is easily eliminated from
further consideration for the present application on the basis
of the complexity of the resulting decoder. The limited
applicability of the fourth decoding method combined with its
random decoding delay make i1t genexally unsuitable for the
command system application also. The other two methods,
however, both merit further copsideration. Both approaches
lead to decoders-which can be practically implemented, at
least for some codes.
* The present discussion is limited to block code decoding

methods. Convolutional coding schemes, and in particulax
the Viterbi decoding algorithm, will be examined subsequently.

- f._,,/



fhe codes which are most compatible with the algebralc decoding
nethod (in particular, the -BCH codes) and those which are best
sdapted to majority logic decoding (the projective and Euclidean
Jeometry codes) are too similar for practical block lengths

to allow us to eliminate one methed in favor of the other. (BCH
codes generally have a greater minimum distance for a given ﬁord
length and redundancy than do projective and Euclidéan geometry
codes. On the other hand, the threshold decoding algorithm,
anlike most algebraic algorithms, provides some error correction
capability beyond the minimum distance of the code, so these two
effects tend to cancel each other.)

Since it does not seem possible toO select in advance either
the algebraic or the threshold decoding method over the other,
therefore, both methods, and the codes associated with them, will
be considered here. The approach will be to determine the perfor-
mance attainable using two techniques, to select those codes
associated Qith the two methods which best meet the system objectives
(if such codes exist), and to compare the resulting decoders in

terms of their complexity,
The more information supplied to the decoder concerning

the identity of the successive channel symbols, the more
reliably it should be able to decode. Ideally,'ﬁﬁe input

to the decoder should be a segquence of real numbers, each
number corresponding-to the likelihood that a particular
channel symbol is a "one" or a tyero". Generally, a decoder
designed to exploit such information would be unacceptably
complex. (Several exceptions to this statement will be
discussed later.) A compromise between the desire to design

the decoder to utilize.-more information about the received



symbols 'and the desire to keep its complexity to a minimum
is afforded through the use of erasures. That is three
rather than two demodulator outputs are recognized, a "one'

a "zero", and an "erasure". The latter output occurs when
the received symbol is not sufficiently like a "one" or a

"zero" to be identified with either.

Both algebraic and threshold decoders are able to accommodate
erasures with little increase in complexity. Moreover, it is
possible, and potentially advantageous, to place thresholds (not
to be confused with the internal threshold decoder thresholds) on
the number of observed errors and erasures which are to be
tolerated before a decoded word is rejected as too unreliable.

To be more specific, suppose any two code words in an (n, k)

code dictionary (n=word length, k=number of information bits per
code word) are separated by a guaranteed minimum Hamming distance

d. Errors -only decoding algorithms are based on the fact that

if a received n-tuple is found to differ in n, bit positions

from a true code word, and if ng sﬁéé (the square brackets denoting
the integer part of the enclosed fraction}), then it must

differ in at least d—ne > ng positions from any other word., Since
one code word is therefore uniquely closest to the received

‘n-tuple it presumably represents the word most likely transmitted.
Similarly, in the case of erasures-and-errors-decoding, any code
word differing in[d—gx—ll or fewer positions from a recieved n-tuple

containing n erasures must clearly be uniguely closest

to that nutu;le. Since such a word again represents the best guess
as to the transmitted code word, the decoder uses this as the basis
for its decision. (If a received n-tuple contains d or more
erasures, generally no attempé is made to decode it.)

An obvious generalization on this strategy, useful when repeat
requests are possible, is to recognize the decoded n-tuple

as a valid code word only if this code word is sufficiently "close"



to the origingl n-tuple. That is, let do be defined as the error-
correction distance and dy as the erasure-correction distance. A
decoded word is now to be acéepted as valid only if the n-~tuple
which gave rise to it contains fewer than d1 erasures and only 1f the

number of unerased positions in which the two n-tuples (the received

n-tuple and the code word closest Lo it) differ is [d —nrml]

or less. When do=dl=d this modified strategy is equivalent to the
conventional erasure-and-error-correction decoding strategy. When
dozdlml, either an erasure or an error results in rejected code
word; i.e. the code is used as an error-and-erasure-detection code
Pnly, For intermediate values of d, and dl some error and erasure
patterns are corrected while others are considered too extensive for
reliable correction and a repeat transmission is regquested. This
added flexibility in the decoding strategy is achieved at little
cost in complexity provided a repeat request capability is already
available. Yet when, as here,a code word accepted in error is
immeasurabl§ more serious than a rejected'one, this additional
degree of freedom in the decoding strategy is clearly well worth
investigating. '

Section 4.2.3 of this report outlines a procedure for

bounding the performance of this generalized decoding strategy

as a function of the parameters do and 4. It is important to
note that for this purpose the threshold and algebraic algorithms
are essentially identical, Both can be designed to correct n
errors and n,. erasures so iong as nr<dl and n,s QQ:EL:}1With
neither do nor dl exceeding the guaranteed minimum code distance d.
‘The fact that threshold decoders can sometimes correct more than &
errors will have neglible effect on the results to be derived there
(which, in any event are only upper bounds on the actual errcr and

rejection probabilities). Refore these bounds can be develoned

however, it is neceesarv *+o discriminate between erasures and

non-erasures, This is the subject of the next sectton.



4.2.2 -Erasure Techrigues

As mentioned in the preceeding paragraphs, an important parameter
in examining the effectiveness of various coding schemes is the
erasure threshold. If a received bit is too enmeshed in noise to
be identified as either a zero or a one with any degree of reliabi-
lity, it may be advantageous to treat it as completely unknown,
that is, as an erasure. Most error-detecting and error correcting
decoding algorithms can handle erasures with virtually no increase
in complexity, a statement which does not generally apply it more
than three output symbols are recognized (i. e. if the output of
the bit detector is quantized into more than three levels.) Since
increas;ng the number of guantization levels from two to three can
‘be quite effective in reducing the probability of a rejected or
erroneously accepted command, therefore, the technigque is well
worth considering.

The question consequently arises as to the most effective
method for introducing erasures. Perhaps the most obvious
method is, imﬁlied above, simply to define a threshold vy
and test the bit detector output x against this threshold if
“x >Y accept the received bit as a‘oneg if x < - vy, accept it
as a zero; and if -Y £ < Y. call it an erasure. It will be noted
however, that this method is quite sensitive to the signal level.
If x is kept constant, for example, and the signal level drops,
the percentage of erasures could rise precipitously even when the
signal-to-noise ratio remains unaltered. For this reason, a se-
cond method was considered whose performance depends only on the
signal-to-noise ratio, not on the individual signal or noise level.
This method involves sampling the bit detector output several,
gay k, times during a bit period. If £ or more of these samples
are larger than the preceeding sample { or greater than zero in

the case of the first sample) the bit is called a one. If. £ or
more of the samples are less than their predecessors (or less than

zero for the first sample) it' is called a zero. Any other event
is identified as an erasure. {(This scheme, with k = 5, will be

-
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recognized as the method used in the Apollo command link.)

- After some consideration, it was concluded that the first
of those two methods is preferable. The reason is that the
major objection to the first approach, its signal-level depen-
dence, is almost completely nullified if the receiver has an
automatic gain control {(or even a hard-limiter)as will presumably
e the case. Moreover, the second'method, in effectively converting
each bit into a number of sub-bits, will result in signifi-
cantly less reliable decisions than the first. The mathema-
tical details supporting this conclusion follow,
4.2.2.1 The Threshold Method

Let y and -py be the expected outputs of the bit detector

when the received bit is a one and a zero, respectively, let
02 be the variances of this output, and let Y be the threshold,

as previously defined. Then, if the perturbing noise is
Gaussian,

p = pr (bit error) = pr(bit error | “one" transmitted) pr("one")
+ pr (bit error)"zero" transmitted)pr("zero")
Y 2 o .
1 X r - (X‘*! I_)_. +
= J & ol dx =3 lil--erf(-LL Y)] and (1a)
‘2n0 ~ oo 2o -
g = pribit erasure) '
i Y - (X—lzl) s
=R B 207 dx = ierf (ELi_JL)merf(E:i__)‘} (1b)
v ‘ {20 2o .

Both p and g are plotted in Figure 2.1, for several values of
v/\, as a function of R = u2/202 = E/N, the ratio of the bit
energy to the single-sided (white) noise spectral density. The
signal level dependence mentioned earlier is quite apparent here.
Suppose, for example y/p were originally equal to %, but that the
receiver amplitude gain dropped by a factor of two. Then if y were
kept constant, y/i would double, and essentially half of all re-
ceived bits would be erased at all signal-to-noise ratios of int-
erest. Thus, most practical decoding algorithms would result in the
rejection of nearly all received commands.

Ideally, Y/M should be kept constant so that the fraction
of erasures is not affected by a change in the signal level. This

~' L



Figure 4.1 Bit Error and Erasure Probabilities
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would entail a procedure for estimating the qurrent signal level
and adjusting the threshold accordingly. While this is not
-difficult to dg, it is in effect accomplished automatically if the
‘receiver is equipped with an automatic gain control (AGC).

An ideal AGC receiver has the property that the output power,
ug + 03, is kept constant regardless of the ihput signal and
noise power levels, uf, and oj. respectively. :Thus, the receiver

power gain is G = ( EC"~_~2) with ¢ a constant which, with no
: My + 04
loss in gensrality, will be set equal to 1. Then if the input

signal level is 1y the output level is
1
1

# _ 1
w= G = (1 + of/pg2) ]

and depends only on the signal-to-noise- ratio u%/oiz, not on the
signal itself, Thus, y/u will remain constant, independent of the
input signal or noise levels so long as the signal-to-noise
ratio R = pi/2qf stays fixed. The threshold will change slightly
with the signal-to-noise ratio, of course, but this will have a
-minimal effect. The ratio y/p at R =o¢°, for example, is smaller
than that at-R = 1 by a factor of only (2/3)1/2= The effect of this
change in threshold is that, as the signal~to-noise ratio decreases
the erasure probability decreases slightly faster, and the error
probability slightly slower, than they would otherwise. In many
cases this will actuallv be a desirable situation, but in any
event it 1s not verv significant.
4.2.2.2 The Sub-bit Decision Method

If each bit is divided into k sub-bits of egqual duration, the

probability of an erroneous decision concerning any one of these
sub-bits is
- =”%l}-erf($)%_ with R as previously defined. If a bit
<l

is interpreted as an erasure unless at least f >k/2 sub-bits are in

agreement, the probability of a bit error is

L) )

while the erasure probability is

ik-i
r

K-
p= F(k,ﬂ,r)’i-izl (2a)

q= 1-F(k, 2, r)-F(k, £ ,1-r) (2b)
It is apparent that k would have to be moderately large if a suf-
ficient error/erasure tradeoff is to exist. (e.g. If k = 3,
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£ must equal either 2 or 3. In the first case erasures could
never occur; in the second, they would occur with a generally un-
acceptably lazge probability.)

To assess the cost of making sub-bit decisions, consider the
error probability when k is odd and £ = E 5 l(no arasures.} Then,
when R is large

> e"'r/k
A mr/k k+ 1 (32)
e, T O (58
r x 4 Aok il (3b)
2

Thus, even for k = 5, the error prabability behaves asymptotically
as though the signal-to-noise ratio R were decreased by a factor
of 3/5, and this factor is a decreasing function of k. This
strongly suggests that a rather sizeable penalty would be paid, in
terms of the effective signal-to-noise ratio reduction were

the sub-bit decision procedure to be used. This fact, combined
with the fact that the threshold method is considerably easier

to implement, seems a sufficient reason for eliminating the sub-

bit decision scheme from further consideration.

4.2.3 Decoding Error Probabilities and Some Bounds

Let p be the probability that a binary code symbol is
received in error [i.e. p= Pr (1 received |0 +transmitted)
= Pr (0 received ;l transmittedﬂ and let o be the probability
that a received symbol is identified as an erasure. Then, if
d denotes the guaranteed minimum distance separating any two
n-symbol code words, and d., and d, the error and erasure
correction distances, respectively, as defined in the previous

section, the probability Pe of a decoding error is overbounded by
. . 3. dFi
G~ 1 [n L n - i _L?“ Clen=iy 4 n-i-j 1
s B (7)d G -7 pi ) (1)
i=o0 i=o0
4 ) e :
where r = p/{1-q) is the probability of an error given
that the symbol in question was not received as an erasure and
the square brackets denote the integer part of the enclosed

quantity. This bound follows because an error is committed only

- .
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if the number ir of erasures is less than d, and, at the‘samei
rime, the number of non-erased symbol errors exceeds*[d- §Q§_}'
in error may ndt result even if both of these events take place,
soﬁthis is indeed an upper bound on %3, Similarly, the proba-
bility P, + P. of either a word error or a rejected word is

I InY i n i[d_:iQ}J n-i i n-i-j
Pg + Pp = 1- \i)q (1-a)77" = ( j ) rd{1-x) (2)
= \ j=o
1 =0

since a word is correctly received if and only if**the number i
>f erasures is less than 81 and the number of errors does not
2xceed [(do ~i-1)/2] .

If bi-phase PSK modulation is used, as will be assumed here,
p and g are as defined in eguation (1) of the preceeding section

For present purposes these probabilities are most conveniently
expressed in the form

1 {1-—erf (\[F(l + e))}
5 { er (RT(L + ) -ers([FlL-0))

P
. (3)

d

where R denotes the ratio of the signal energy to the noise
spectral density and @ the erasure threshold {with 6 = 0
corresponding to no erasures and © = 1 to an erasure probability
of .}

A computer program has been written to evaluate
both Pe and Pr as a function of n, 4, do, dl, R'and ©. Since
these probabilities are functions of so many parameters, however,
it is clear that an evaluation of all possibilities would be a
formidable task even for a computer. It is therefore of interest
to develop bounds on both E, and P. which are analytically more
tractable. With the aid of such bounds, the optimum values of

* If i do’ this number of non-erased symbol errors need only

exceed d-i-1.

**The only if portion of this statement may not be true for
Some.threshold decoding algorithms, In this case this expression
provides an uppsr bound on Pe ¥ R
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these various parameters can 'at least be estimated, thereby
significantly reducing the number of cases t& be investigated
on the computed.
One method for bounding errvor probabilities which turns out

to be effective here is to use the so called Chernoff bound. This
pbound is based on the simple observation that

n n s{i-m)

Z fi s Z € fi (4a)

i=m i=20

for any set of non-negative summands fi and for any m, 0<msen,

and any s>0. Similarly, under the same conditions,

—t (i-m) ;
% f_j_ 3 % . tli-m e, (4b)

for any t=0.

To apply this bound to the present problem, let n, denote

the number of symbols of a code work received in error, and let
n. denote the number of erased symbols. Then

5 ’} (5a)
e € Prob 2ne > 2d-do-nr, nr < dl-
and
P + P -
e r < Prob {:2ne 2 do n.orn._ = dl;}
(5D)
Prcoh {Zne = do-nr} + Pr:ob{nr z dl}‘ dl<d0
< .
_Prob { Zne e do_nrz dlzdo
Using the Chernoff bound then yvields
t(d,-1) -s{28 - (a_ -1} ) ~ti 25 + 1
= e 1 e \ © n n ‘et.J-e st Jl??r(n =1i,n =7)
e = 0. = e i
i = =

(8)
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But Pr (ne=i,nr-—=j) =(I;) CIJ(l—q)n"J {n;j)rl(l_r)n"',j"}

with r as previously defiqed. Thus, it follows after some manipulatio

min ( a/ a -1 & -1’ |
that P €520, ¢, 20 exp 1~ntzs n- s( On Yt ( .ln ) --_)u(s,g,)_!} (7)
2s 5=t

where ufs,t) & log, (pe™ + ge + 1-p-q)

That Pe is bounded by the minimum over all non-negative s
and t of the expression on the right is obviously true since

it is overbounded by that expression for any specific non-negative
s and t. ‘ .

Similar manipulations establish that
p,*+ P.= P (a) + Pyla;,a)) (8)

where

P (a) = rsnig exp{«-n [sgg— - \)(s)]g

with v(s) = log, {peZS + ge® + l—p—q}'*
and
min exp } -n d _ . i
P (d,d) = | s20 { B ”(S)-} 4<%
1'%
0 dlzdo

with

- 5
¥(s) = log, ge”® + 1-q |

- ..f"‘.'/



The ultimate goal, of course, is to find the threshold 6
and the error and erasure distances which, for given values of
n, 4, and R, minimize P_ subject to the constraint that
P, s lO_l?. Since the above bounds are considerably more
tractable than the earlier expressions for Pe and P, the obvious
suggestion i§ to find the values of €,d ,and di,whidh minimize the
bound on P£1gubject to the condition that the bound on P_ not
exceed 10 . The Chernoff bounding method is known to yield
very tight error probability bounds, especially when, as here,
the quantities being bounded are small. Thus, the results
cbtained in this way should provide an excellent estimate of the

true optimum values for @, do, and dl,

Several approaches are possible at this point. Since the
bounds on Pe and Pr are to be minimized with respect to s,t,@,do,
and dl, the minimization could be carried out in any of several
orders. The generally most tractable approach seems to be first
to minimize the bound on Pe with respect to s and t. Doing this
vields )

P, = oxp {-:n |:(1- 5 4-%61) iog, 1-5 + 60;61

& & l-p-q (9}
§t8 5 2 51
+ -2 272 V4 sqlo
(5 5 )loge 5 51109, .
a -1 d -1
where ¢ = d/n, 8o = n 61= n rand the following inequali-
ties are assumed satisfied:
" &
(6 - —3 1.5 + S0 61
= 2
p l-p-q (10)
and §- 5o +%‘ 1- 35 + 8 5=b1
2
2 2 (o
P 1-p-q d
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{As a consequence, the inequality

q> =P
5-150 %

<

must also be satisfied,)

If these inequalities are not all satisfied the bound
is tightest either for t = 0 or for s = 0 (or boﬁh). Equating
t to zero is equivalent to bounding P_ without taking into
consideration the possibility that the number of erasures could

equal or exceed the erasure correction distance dl° In this
case, the bound becomes
. do_1 (11)
P = min exp (;n s(2d/n - ~2=t)_y(s)
e 5>0 L _ n 4

with v(s) as previously defined. In contrast, the bound resulting
when s = 0 is that which would obtain if word errors were prevented
only by the number of erasures equalling or exceeding dj. This
latter case is obviously not of interest. The best upper bound on
P, {ean.?) will clearly result either when the inequalities (10)

are satisfied or when t = 0. A computer program has also been
written to evaluate the exponent in equation{g)

as a function of 5,50,51, R} and 6, and to indicate the regions

of these parameters for which the solution is wvalid., It will be
noted that this approachrequires considerably less computer

time than does an evaluation of ther error probability expression (1)‘

over the same range of parameters. Moreover, these results

provide considerable insight into the optimum relationship between
the various parameters of concern.,

Even if the tightest bound on Pe does not occur when £ = 0, the
resulting bound (eguation 11) 1s nevertheless a valid one. When t = 0
and d,=d;, the bounds of interest are

o 2d ~d+ 1
P_<min P [s, ( o) )]
e S>>0 n (12)

: d
and P 4P i -2
" Fregip Flog™)

with P(s,x) = éxp{:-n'[sxuv(sﬂ}

and with y(s) as previously defined, (cf. equns, (8) and (11).
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Thus, under these conditions, both pounds are OL Tie Saue
form, and, infacf, reduce to the“form encountered for error-
and erasﬁre—correction—only decoding.* In contrast to the
situation earlier, it is convenient to minimize these bounds
first with respect to 6 and then with respect to s. Minimizing
Pls,x) over 8 is eguivalent to minimizing v(s), or more ‘con-

v(s) ] v (s)
veniently e over 6. But as is readily verified, e is
minimized with respect to 8 when é = g/4R'. Further, when both
p and g are small, as they must be here, they can be closely
approximated using the first two terms in the asymptotic expansion
of the error function: 5

-X

n,
erf x = 1 —e

xJﬁ‘

Using this approximation yields, % when 6 = s/4R '

" 2 .
cor, B e (RS R s 625 G

[ =

1 s < 4R'(3—2¢*Eh
Accordingly, since v({s) is constant for s< 4R! (3-2¢ 2), and
since its derivative with respect to s exceeds unity for s

s >4R’(3-2/§Y, Pls,x) is minimized for x< 1 when s = 4R' {3-2V2) ,

in which case P{s,x) assumes the especially convenient form

p _ . ~nx 4R'(3-2(2) ~.687k x RO
(sopt, x) e J__ 2 e X =\p(x) _(15)

A
where R = (n/k) R' is the ratio of the signal energy per

information bit to the noise spectral density.

G. D. Forney, Jr., "Generalized Minimum Distance Decoding",
IEEE Transactions on Information Theory, IT-12, p. 125, 1966
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In summary, we have established the following convenient

=

bounds: .
p & p(2d | do-ly
e n
(16)
<o do
Pe + Pru\P( n )

vhere .
P(x) = e_°687k x R

Since the two approximations used in arriving at this result, the
Chernoff bound and the asymptQtic expansion of the error function,
are both known to be quite accurate over the range of interest

here, these bounds should be quite tight provided.that the effect
of equating t to zero in equation(7) is not unduely restrictive.

In any event, equation (16) provides good, and extremely
convenient, bounds-on the word error and rejection probabilities.
These expressions will now be used to provide a preliminary

screening of the various error-correcting codes which appear

to merit further congideration.

4.2.4 Choice of codes and Their Performance

4.2.4.1 A Preliminary Screening

As-mentioned‘earlier, two block code decoding techniques,
algabraic decoding and threshold decoding; are being considered,
The best known class of algebraically decodable coedes are the
BCH codes; the hest known classes of threshold decodable codes
are the projective and Euclidean geometry codes. Codes in both
of these categories which have been selected for further consi-
deration are listed in Tables 4.1 and 4.2. The selection was
based on the following considerations: (1) Each code word should
represent an integer multiple of 18-bit command message, or
conversely, each command message should be encoded into an inte-
gral number of code words: i.e. the number k of information hits
per code word should either be an integral multiple or an inte-
gral divisor of 18. (2) Codes with rates k/n approaching 1/10

At



impose unreasonable bandwidth requirements on the command link
and should be considered only if the desired performance cannot
be achieved using higher-rate codes. (3} Code word lengths n
exceeding 127 would lead to overly complex decoders and should
therefore also be excluded from consideration, again unless the
desired performance cannot otherwise be attained.

No projective or Fuclidean geometry codes having word lengths
n < 32 are shown in Table 4.2, since all such codes are alsco ECH
codes and are inciuded in Table 4.1. If one of these codes were
to be chosen for the command system, either of the two decoding
algorithms might be used. The codes in these tables, incidentally
are in most cases shortened versions of a longer code. That is,
if there exists a code having the parameters n,k,d, there also
exists a shortened code having the parameters n-{ ,k-¢, d, for
any integer,f. The purpose of shortening, of course, is to

achieve a value of k satisfying condition (1).
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6.9

10.5
<18
<18

12

35
23

31

11
15
16

31
27

21
11
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23
31

k

18
18
18

18
36
18

54
36

TABLE 4.1 SELECTED (SHORTENED) BCH CODES

13

13
14
1%
23

24
28
29
31
32

62
62
63

63
123
124
127
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TABLE 4,2 SELECTED (SHORTENED) PROJ?CTIVE
AND EUCLIDEAN GEOMETRY CODES

n k a do L ulogloPr
33 18 X 2 x
57 36 "1 4 L.28
58 36 2 3 2.4
5% 18 15 2 3 1.31
60 18 16 4 2 2.48
60 54 3 pid 5 b4
62 36 4 1 4.8
64 36 10 5 1 5.6
70 54 6 1 2 1.5
79 18 22 6 1 2,92

ile6 18 31 6 3 1.89
117 18 32 8 2 2,53
124 54 15 10 4 B.6
125 54 16 12 3 8.7
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The other columns in Tables 4.1 and 4.2 indicate the
maximum error cérrection distance 4, which still results inlan
errér probabilily not exceeding 10—18 when R = 6.845 {so that
the uncoded error probabilify is 10_4)r the base 10 logarithm
of the rejection probability Pr for that value of do {cf.
equatioﬁ (16), Section 4.2.3)and a threshold decoding parameter
L. An x in the dp and -logy, Pr columns reflects the fact that
in these cases, the acceptable error probability is exceeded
regardless of the value of do. The parameter I denotes the
number of threshold stages needed in the threshold decoder.
Conseqguently, L is a measure of the decoder complexity, the
number of logic elements being approximately exponentially
proportional to L. {cf. Section 4;2.5.2)

Tables 4.1 and 4.2 immediately suggest several interesting
conclusions:\ (1) An acceptable word-error prokability may be
maintained provided the code word length n is sufficiently long;
possibly even for an n on the order of 60. (2} The attainability
of the desired performance is amazingly independent of the ratio
k/n, the code rate, {3) The rejection probability P. actually
decreases as the code rate k/n increases, ﬁfovided the rate is
not so high as to preclude the attainment of the required errox
rate. 1In short, acceptable performance secems to be relatively
easily attained (under the conditions postulated here) provided
the code wérd length is on the order of 60 or greater.

The guestion as to whether a‘block length of 60 is actually
sufficient to achieve the desired end still remains unresolved,
however. This is because the above conclusions were cobtained -

using only approximations to the error and rejection pfobabilities.
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Nevertheless, these results do provide a guide as to the more
promising code parameters for further investigation.- The
results of this ;ore detailed investigation follows.

4.2.4.2 Exact Results

Computer programs were written for evaluating the exact
expressions for the probability of a word error and a word
rejection (eguations (1) and (2) Section 4.2.3) and for
evaluating bounds on these values {equations (9) and (11)
and {(12) of the same section).

Selected portions of the print-out of these programs are
inciluded as an appendix to this report and the results of-
greatest interest are summarized in Table 4.3.

On the basis of these results one comes to the following
conclusions:

(1) Although it is possible to achieve the goal of a 10-18
word error probability when the signal-to-noise ratio is such
that the uncoded bit error probability p is 10"3, the length
n of a code word needed for this purpose must be on the order
of 127 or greater. However, when p = 10"3 and n=127, the word

rejection rate at the desired 10"l8

word error probability will
be unacceptably large regardless of the code and decision
criterion used, Thus, satisfactory results are attainable when
the uncoded bit error probability is 10"3 only when codes of a
word length ns= 255are used, a word length which would probably
entail unacceptably complex decodefs.

-4
(2} When the signal-to-noise ratio is such that p = 1.6x)5-4

cofes with word length nw= 63 are sufficient to achieve a 10"18
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Table 4.3

SELECTED ERROR PROBABILITLES AND BOUNDS

r
=S

(p=1.6 % 1074)

n .k a do=d o ﬁloglOPe bound 1 bound 2 "lOglOPr
63 i8 21 5 1/8 17.66 15.91 115. 30 0.46
63 36 11 3 1/8 17.73 15.94 14.98 1.46

1/6 1s.02 16.27 15,92 1.30

5 1/4 17.48 13.09 14.04 1.97

64 3 10 3 1/4 18.73 12.67 15.09 0.80
127 36 31 11 1/8 17.72 16.17 15.60 0.71
15 1/4 17.24 12.56 14.47 0.92

124 54 23 14 1/8 17.09 15.91 - 4.56
1/% 17.39 16.03 - 4.32

1/4 18.08 14.74 15.11 3.28
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word error probability but again only when the word rejection
probability is relatively large. (The (63,36) codes with

an error-~correcting distance do = 5 and erasure threshold
18

8 = % achieves an error probability of nearly 107

with
a word rejection probability of approximately 10"2. Thus,
only about one command in 100 would have to be retransmitted,
a generally tolerable situation.)

{3} In general the codes having a high information ratio
k/n outperform those having lower rates under the conditions
postulated here. Thus, several commands (2 or 3) will have to
be coded as one code word for best performance. The (127,54)

BCH code, for example, achieves the 10'18 error probability

with rejection probability of 10_3 or less,

(4) The word error probability bounds of equations (11)
and (9) section 4.2.3 (bounds 1 and 2, respective-
1y in Table 4.3) are sufficiently tight to be used for preli-
minary screening purposes., Although bound 2 is somestimes better
than bound 1, the difference is never dramatic, and the relative
simplicity of the latter bound, particularly when approximated
as in equation (15), makes it generally preferable for this
purpose. {(The blarks in the bound (2) oolumn of Table 4.3
correspond to cases in which the conditions of equation (10) are
violated and hence in which the bound is invalid.)

It will be noted that the approximate results listed in

tables 4.1 and 4.2 of the preceeding section are slightly optimistic.



4.2.5 Algebraic (BCH) and Threshold Decoding Algorithms

This sectio%'outlihes the algebraic:and threshold
decoding glgorithms in sufficient detail to al}ow an accurate
éstimate of the complexity of fhe required decoders. This
information .combined with the results of the previous section
will then provide the desired performance versus complexity

information needed to arrive at the most efficient sclution

to the problem at hand.

4,2.5.1 The BCH Decoding Algorithm and Its Implementation
The decoding algorithm presented here is the most efficient
known for BCH codés. It is ‘described in greater detail in the

recent book by Berlekamp,*

Let Cot Cprmens Ch1 represent the transmitted binary BCH
code word (ci = 0 or 1 all i) and define the polynominal
n-1 .
c(2) =z o, 2t
i
i=0
Then, by construction, there exists some Galois field element a
such that c(aJ) = 0 for all*j =1, 2,.., @ =1 (n, ¥ and 4 are as
previously defined). Further, let the received werd be represented
In the same way by the polynominal

n -1 . n -1 . n -1 -
r+(Z) = % r, 2t = % c; 2t 4 3 e, 7+
i =0 i =0 i =20
a R =1 i h
vhere e{z2) = ¥ e. 7
. A
i=20
represents the error vector, Then
_ a -1
. 2 .
n -1 .. 3
riad) =0 + 5 e. i & & Xx é S,
i=0 7 k=1 j
: .
A k o th | .
vhere Xk = e, g , with i. the %k integer i such that e, # 0,
ik x i

E. Berlkamp, "Algebraic Coding Theory", McGraw-Hill,
Ney York, N.¥,, 1968
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Finally} define

o1}
QJ‘
]
=

d-1

2%’
m {1 + XiZ) =
1

g (2)

ME
Q
[}
o

i=

=
1l
o}

where the o4 are the so-called elementary symmetric functions:

etc,

Then .the error-~correcting problem can be ldentifled with the

problem of finding the reciprocal roots X, of the polynominal

1
¢ {(2) . {(If o (% = 0, X = o’ for some i and e, = 1 indicating
an error in the gth recelved bit). This is the basis for the

decoding algoritnm described here.
The algorithm can be divided into three distinct modes:

(1} Determine the quantities Sj = r (aj), i =1, 2,....4 =1,
(2} Evaluate the polynominal o(2)

(3) PFind the reciprocal roots of o(2).



The logical operations to be performed in each of these modes is
discussed below. °

Mode 1 Determine Sj &= r(aj)

Step 1.1 The received bits are read serially into each of }
"R" registers of length m = log, (n + 1) and into one storage

" register of length n. (See Figure 4,1. If the code is a shortened
or non-primitive code m is the smallest integer such that all the
generator polynominal roots are in GF(q").) The 10 R register R,
i=1, 2, d-1, is wired so as to divide the received polynomlnal

by g, (x), the minimal polvnominal having the root a~. Since a7,

mzi, a4i,a81.,. are all roots of the same minimal polynominal, £

the number of distinct R - registers will generally be less than
d-1. (With the (63, 18 BCH code, for example £ = 8,d - 1 = 20.}.
The contents of Ri after the complete code word has been received
is m - 1

r; (x) = ;Ej r% o

j=0
where r (x) = 9, (x} g (%) tr, (x) represents the received word.
(i.e., the contents of the m storage celis of RT are rl ' rl tosay
m-1 me~2

r'  respectively.)

0’

Step 1.2 The contents of R,are read into the sEB oyEh 4 th g kh
" evssea, m-stage 5, registers. The jth S, - register Sai is so wired

that its contents are multiplied by the field element g whenever they
‘are shifted one position to the right. It is cycled j-1 times be-
tween each serial read—ln from R Thus, upon veceiving its-first in-
put r R it contalns r 1! aEter j-1 shiftg it contains r;_laj'l:

after the second input 1t contalns rl_l @j + rlﬂ ; after i-1 more shifts
it contains r~ _lazj"l + r zaJ 1; etc, After exactly (m-1)j + 1 clock
cycles, therefore, Saj contains a binary representation of the element

ri(aJ) where j=yi for some integer vzl. This completes mode 1.
Mode 2 Evaluate o (Z)
Step 2,1 Parallel. shift the contents of each 5, - register into

the corresponding m-stage Sb-register , and from the'oa

Y
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’ ; . .th

--register to the corresponding o, register. (Initially the i~

o, register o_  is Set to 1,0, 0,..., 021 for i = 1 and to O,
l -

O0,ee., O 4 4 for i # 1.) There are, in general, F+1] each of the

2
Sb ¢ Ot and Oy, registers, each register having m storage cells.

Step 2,2 Cycle each Sb register and the corresponding Oy, register

simultaneously, until each o

b register contains 1, 1f a Sy, registe
initially contains @, sel Lhe corresponding Sb register equal to g,

without cycling either register, The Sb - registers are wired to

count forward, and the oy, - registers to count backward, in the field

GF(2™). The result of this step, therefore,
tents of S

ig to multiply the con-
b by the contents of the corresponding 0.

Step 2.3 Add the contents of the Sb registers (on a term-by-term

modulo-two basis) and store in the accumulator. This is equivalent

to forming the sum g S over GF (2" .
i 7i -

- th ) t
Step 2.4 Parallel shift from the i—= to the (1+1)3% 1 register.

Initially the izh 7 register is set to 1 for i = 1 and @ for

1 > 1, The element f is read into the 1§E-T register at the time
of the shift, Aalso parallel shift the contents of each 7 - register

tc the corresponding Sb register. Tinally, shift the contents

of the accumulator to the accumulator register.

Step 2.5 Cycle each Sb register and the accumulator register until

the latter contains the element 1. If the accumulator register

initially contains ﬁ, do not cycle but rather read ﬁ intco all the
Sb registers, Since each Sy, register counts up and the accumulator
register counts down in GF (2™, this step results in the formation

of the products of the contents each of the Sh registers with the
contents of the accumulator register.

Step 2.6 Add f(term-by-term, modulo-two ) the contents of each

Oa register to the contents of thg corresponding Sh register and

Store the result in the Sb register,



Step 2.7 Ir the accumulator does not contain thé element p and if,
at the kth iteration of this mode 2 ‘sequence, the k + ;52 o, reg-
ister does'containéﬁ, proceed to step 5.9. If either of these
conditions is violated, go to step 2.8.

Step 2.8 Shift the contents of the 18 o the (i + 1)8E ¢ - register
as in step 2.4, Then go directly to step 2.12.

Step 2.9 Parallel shift the contents of the itﬁ to the (i + ZL)—S"E

Uy register, and shift g into the 18t G, register. Then parallel

=}
-shift the contents of each register to the corresponding oy register.
Finally,’shift the contents of the accumulator to the accumulator
register. -

Step 2.10 Cycle the contents of each O, register and the accumu-
lator register simultaneously until the latter contains the element 1.
Since the accumulator register and the 0, registers both count down

in GF(2™) the contents of the latter registers are divided by the
contents of the accumulator in this step.

Step 2.11 Parallel shift the contents of each Oy ~ register into the
corresponding T register.

Step 2,12 Parallel shift the contents of each Sy, = register-to

the corresponding o, register.

Step 2,13  Parallel shift from the (i + 2)2% to the i® s

register, all 'i. TIf this complete sequence (from step 2.1 to

2.13) has been completed g—g—lm

J times, procede to step 2.14.
Otherwise return to step 2.1.
Step 2.14 Shift the contents of each 55 register into the

corresponding Sa register and procede to Mode. 3.



This completes Mode 2. TFor proof that this proceﬁure actually

does result in the «formulation of the polynomial o(Z), the’

d-1
coefficients o5y 1 =1, 2/eess 2 . of which are now stored
in the first [?%l] S, - registers, see Berlekamp.* Since
each multiplication or division over GF (2 requi%es at most

m . . .
2 -1 clock cycles, since each iteration reguires a total of at

most 3 multiplications and divisions, since thefe are E%;%
iterations, and since the operations other than multiplication
and division are relatively insignificant so far as their time
éonsumption is concerned, the.total time reguired in Mode 2 is
proportional to approximately 34 gl

Mode 3 Find the reciprocal roots of ¢(Z),

Step 3.0 Skip to step 3.2.

h
Step 3.1 Cycle the jt S_ register j steps, [(Note: only the

a
18t P%%] S, registers are used here.)

Step-3.2 Add, (term-by-term , modulo-two) the contents of each

of these registers and store in the accumulator.

Step 3.3 TIf this sum is 1 (= 1,0,0,...,0) after the i=} repetition
of this step) add 1 (modulo-two) to the (n - i + l)St received bit
and read it cycl%cally back into the message storage register.

Step 3.4 Return to step 3.1. Stop after n iterations. The 1St

k bits in the message storage register, reading from right to left,

constitute the decoded message.

This rationale here is easily explained. The it}—1 received bit
is in error if and only if o™iy =1+ % cj—ij = 1. Cycling an
S ~ register once is equivalent to multiplying the contents of the
a

register by a. ‘Thus, after theith iteration, the content of the

accumulator is L 0. O 1o s4 d—(n—{ )j as desired. The time re-

J J 3 d-1
guired to complete this mode is approximately n 2 clock cycles.

* ibid. 4-320



Lo detect as well as corvect errors, it 12 only necessary
to count the number of times the accunulator rezfe I in mode 3. If
this number, (which‘equals the number of detectef errors) exceeds
EQ:E where do is th; error-correcting distance the message is reject.

. . .

ed.

Erasures are detected, of course, simply %7 counting the
number of times during the message reception that the detector outw
put does not exceed the threshold. If this number r exceeds di -1
the message is rejected, If r < dl -1l erasures zs well as the errcrs

will be corrected so long as the number of errors e < e(do,r) =

Z

[do*l - r/%] and detected so long as eld_,r) + lsec d - 1 - r-e{d_,r).

This can be accomplished with virtually no increase in decoder
complexity Simply by decoding the received message (at most) twice,

the first time with the r erasures all replaced by ones, the second,

by zéros° That this technique works follows from the observation
that the number of errors under one of the two situations will be

r/2 or less., Thus, if e + /2 <

(d,-1) /2, the resulting errors including
the erasure substitutions can be corrected. Similarly, if e >

e(do,r) and if e + rsd—l-e(do,r), at least e(do,r) + 1 errors
will be detected,

The decoding algorithm outlined abecve tacitly assumed that

up to Ed—l)/%] errors. were to be corrected. Vhen only Bdo“l)/z]

and 1 reg~

-

errors are to be corrected, the number of Sh+ Tyr Oy ¢
isters can all be reduced to Fdo + 1)/%} . To detect whether or
not more than d, errors actualiy occurred, it is only necessary to
read the corrected word back into thé R registers and to see whether
they all read @ at the conclusion. If this situation does not
obtain, the decoded word must be rejected. This procedure can be
raccomplished simply by recycling the corrected word back through

the decoder input as it is being corrected. If the decoded word

is error-free, it can then be retrieved from the decoder.n-bit

shift-register. “-3/



4,2.5.2 Majority Logic Deccding

A general £hr§shold decoder for-an L-step orthogonalizable.
code is shown in Fiéure 4,.2b. The boxes labeled 4/2 represent .(d-1)
input threshold devices; their outputs are zero if g-1 or fewer of
their inputs are zero and cgne otherwise, The L-l adaing circuits
determine the modolu-two sum of various subsets of their -inputsy
these sums then constitute the inputs to the succeeding threshold
devices. Since each threshold device requires d-1 disjoint inputs
which are themselves outputs, or combination of outputs, from the
threshold devices at the preceeding step, it is evident that the
number of threshold devices is an exponentially increasing function
of L, Specifically, the total number Nj of such devices is

Li-1 i
NT = (d—l)

1=0

This fact obviously limits consideration to threshold decodable
codes which can fe orthogonalized inla small number of steps.

Decoding is accomplished by reading the received word into
the n"-stage shift register, allowing sufficient time for the
threshold decisions to filter down through the various stages, and
observing the output from the final threshold device. This output
is the first information bit. The contents of the shift-register
are then cyclically shifted one bit position to the right and the
process repeated thereby producing the next information bit. After
k shifts the word has been decoded (i.e. all k information bits
have been determined).

The length of the shift register is indicated as n' since, if
the code is shortened cyclic code, the shift register length will
equal-the word length of the original unshortened code and hence will
exceed the actual word length. A modified version of this decoding
algorithm, incidentally would replace this n'-stage shift register by
two shift registers, one of length n-k and the second of -length k.
The (n-k)-stage shift register would be wired so as to divide the
received code word by the code generator polynomial thereby producing
its syndrome, The outputs of the last threshold device in this case

K52
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is not the successive information bits, but rather the error
bits; (i.e. thegoutput is a one if the éorresponding information
bit is in error and a zero otherwise. These error bits are then
added modulo-two to the information bits stored in the k-stage
shift regisfer. Which of these two methods results in the
simplest implementation depends on the particular code being

used.

Conceptually, the threshold decoder approach is
relatively simple. - It must be cautioned, however, that threshold
devices and the summing circuits can be rather complex, s¢ the
overall decoder can be more complex than it at first appears.

If a code is one-step orthogonalizable, the resulting decoder
will generally be less complex than any algebraic decoder. When
the number of steps needed to orthogonalize the code is greater
than one, however, the relative complexities tend to reverse.
The relative merits of the two decoding schemes can therefore

be assessed only after specific codes are selected.

4.2.5.3 BCH Decoder Implementation and Package Count

Three n-stage input buffer shift registers (ref.
Figure 4.2c¢c) are required to implement the BCH decoder, in

addition to logic functions shown in Figure 4.2a.

The first n-bit data word received is shifted into
both input buffers #1l and #2. An erasure bit is stored in
buffer #1 as a logic "0", while the same bit is stored in
buffer #2 as a logic "l". The number of erasure indications

are counted and the message is rejected when the count is = do”

o34
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when the complete'n—bit input word has been received, input
buffers 1 and 2€must be emptied before the first bit of the
following word 1s received. Input buffer 1 is shifted into
the decode register, while input buffer #2 is shifted into

input buffer #3.

The decode operations described in Section 4.,2.5.1
are now performed on the contents of the decode register. If
the received word with erasures represented by logic "0" is
rejected during decode bhecause of excessive errors, the con-
tents of input buffer #3 is shifted into the decode register

and the decode operation repeated.

The number of dual-in-line packages (D.I.P.'s) required
to implement the BCH decoding algorithm discussed earlier has

been estimated. These results are summarized below.

No package count was made for threshold decoders since
apparently no satisfactory L = 1 codes exist for any block
length n = 123 (cf. Tables 4.2 and 4.3). 2 preliminarf inves-
tigation revealed that L = 2 and I = 3 threshold decoders are

at least as complex as the analogous aldgebraic decoders.

TABLE 4.4

PACKAGE COUNTS FOR BCH DECODER CONFIGURATIONS

DECODER CONFIGURATION PACKAGE COUNT (DIP's)*
BCH #1, (n = 63, k = 36) 136
BCH #2, (n = 127, k = 54) . 243

*Lpproximately one-fourth of the packdges are 24 pin DIP's which
have nearly twice the length and width compared with the fourteen
and sixteen-pin DIP's.



4.3 CONCATENATED CODES

4.3.1. The Concatenated Code Concept

o

Since it does not appear possible to achieve satisfactory
results without going to felafively long codes an alternative
algebraic c¢coding schemes was explored. The main advantage of
this scheme, called concatenated coding, is that the effective
code length can be increased without a corresponding increase
in the decoder complexity. Briefly, the scheme involves two
{or more} stages of encoding; the first, or outer, code is
(generally) a cyclic'(nz,kz)code defined over some field
aF (251) while the second, cor inner, code is a binary (nl'kl)
code, The data stream is first grouped into blécks of kl bits
each, with each block defining a symbol in GF(Zkl). These
symbols are Fhen grouped into blocks of k2 2kl—ary symbols and
encoded using the (nz,kz) code over GF(21), Finally, each of
the symbpls in the resulting code word is encoded using an
(nl’kl) binary code. The composite code thus uses nim, code
bits to represent klkz data bits. The advantage in doing this

is that the decoding operation is separated into two stages,

the first decoder decoding the (nﬂkl) inner code and the

second the (nz,kz) outer code. The two decoders will usually
be significantly less complex than a single decoder operating
on a code having word length SRL Moreover, if the codes are

properly selected, the resulting performance can be comperable

to that using an (nlnz’klk2) code.

e 357



In order for the concatenated scheme to be effective, the

|
inner code should be such that that probability that one of its

3

words is erroneously decoded as some other word is (approximately)
independent of the two words involved. (i.e. All code words
should be roughly equal distance from all othen code words.,)

When this is the case, the outer code can be evaluated in terms

of the minimum Hamming distance separating any two of its code

words.,

After some preliminary screening, two codes, the (7,4)
Hamming code hawing minimum distanced = 3 and the (8,4) biortho-
gonal code having minimum distance d = 4, were selected as possible
inner codes, and the Reed-Solomon (15,5), 4 = 11, and (15,9), & = 7

codes were chosen for the outer codes. In order to minimize the

resulting decoder complexity it was stipulated that the outer

~

code decoder should not attempt to correct errors; rather it coulé
only detect errors (dO = 1) although it could both correct and
detect erasures (dl% 1), The erasures, of course correspond to
those inner code words rejected by the inner deccder. These

erasures are induced as before by imposing thresholds on both the

acceptable number of erasures and on the acceptable number of errors.

Of the four possible combinations, only the (8,4) combined

18

with the“(is,g) achieved the desired 107" word error probability

Pe (with p=:1.6 x 10"4)under the imposed conditions (See the

appendix to this report)., The word rejection probability P,

- .. ~-19
in this case was 10 2 (more precisely, Pe = 1.41 x 10 ,
2)

P=1.006 x 10"“}. This was accomplished by setting the inner

code erasure threshold 6 to %, and Both.its error and erasure

Y35



correcting distances to 3. The outer code then is required to
correct ?p to 2 erasures but to reject any word found to contain
any errors or mo;e than 2 erasures.

This coding scheme lends itself to particularly simple
implementation. Several highly efficient technigues are known
for decoding the (8,4) inner code, which, because it has such a
short word length, is not difficult to decode in any event. In

addition, since the (15,9) outer code is required only to detect

errors and to correct only up to two erasures, its decoder can

also be guite simple (cf. Section 4.3.3).

<59



.3.2

Detailed Error and Rejection Probability Estimates

4.3.2.1 <Word Error and Rejéctioﬁ Probabilities for

Concatenated Codes vs., Signal-to-Noise Ratio

and Erasure Procbability

The word error and rejection probabilities
associated with the concatenated coding approach discussed
in preceeding paragraphs (i.e. the concatenation of (15,9)
Reed-Solomon code with an (8,4) biorthoconal code) are here
examined in more detail. Table 4.5 shows the word error
and rejection probabilities as a function of the ratio R
of the recejved singal-energy per information bit to the

noise spectral density, and of the normalized erasure

‘ +
threshold 6 = 5z, Y representing the actual threshold and.

4 the received signal level.

Note thét as R~ 0, the (unnormalized) erasure
threshold y also approaches zero for fixed 8. If +he
receiver is equipped with an automatic gain control (AGC)
as it presumable will be (see Section 4.2.2), the output
sigﬁal level will actually be a function of the signal-to-
noise ratio:

o = 1
(L + 7%2)1/2 (1)

with A the product of the AGC bandwidth and the bit period.
Thus, 6 will actually vary with R

o = (1L + ap)t/? (2)

4-40
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and the erésure probability will: increase more rapidly
withfdgcreasihg R than‘it would we?e 0 fixed. This effec? is
shown in Table 4.6a wﬁere thé word error and rejection
probabilities are again tabulated but this time as a function
ofﬁ'with @ as given by equation (2} (and with A = 1/25).,

Table 4.6a thus takes into account the effect of the
AGC on the error probability. But these results too must be
qualified when the signal or noise levels change suddenly.
This is because the AGC time constant will presumable be
long compared to a word time. (Were this not true, the
) threshold would in fact vary during a word period). Conseguently.
if iﬁitially R = 6,B45 (so that the uncoded error probability
is 1094) and if the signal amplitude suddenly drops, the receiver

gain will temporarily remain constant and € will temporarily change

‘ 6.845] 172

from 8 =Y to g = Y[‘H {3}

This new threshold will gradually decrease back to the
8 defined in equation (29 due to the action of the AGC. In the
interim, however, the thresﬁold will be essentially that
defined in equation (3). The resulting error probability is
tabulated in Table 4.6b, as a function of R = R' and X.

It is seen upon comparing Tables 4.6a and 4.6b, tha? a
sudden change in signal level is actually less deleterious
then a gradual change. The possibility therefore suggesté itself of
forcing the threshold & to behave as described in equation (3)
even when the signal change is gradual. This scheme would
probably be toc difficult to imp}emenﬁ, however, to make it
practical. A more reasonablef and conventional, approach would

be to place a threshold on the signal-to-noise ratio, and to cease any

{2



attempt to decode a message received at a sub-threshold
signaléto»noiie ratio. A convenient device for estimating
the éignal—to~noise ratio is the AGC itself. Regardless of
how this estimate is made, however, there will inevitably

be a short time delay between any sudden signal level change
and the reliable determination of this event. The results
tabulated in Table 4.6b fortunately apply to precisely this
situation. The few words received between the time the
signal drops and the time the decoder is instructed to stop

decoding, therefore, are much less likely to be erroneously

decoded than would be expected from Tables 4.5 and 4.6a.
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Table 4.6a

0.000000

845000
1,280000
2 HLEDOE
3,380000
4,805000
5:445000
66845900
8,405000

0000000

8465000
1,280000
2045000

3+380008-

4,805000
5445000
6,845000
8,405000

0000000
845000
1,280000
2,0645000
3.380000
b BH50.00
S5.445000
6.845000
Bo&05000

G+060600
T 845000
1,280000
2.645¢00
3,380000
4.805000
B 46450040
6,845000
B.405000

Concatenated Code Error and Rejection

Probabilities

(¥ fixed)

P
€

FOR GAMMA =
7.02633%60~01
j.0371950bL~02
3.,11514520~03
4. 28013240206
3.88847240=08
1,483112820=12
1.19389830=14
2.42B2347TU=19
1.1879819U~24

FOR UAMMA =

6.79226130=01
6.0416845U=03
1.72866130~03
2s0322940L~06

b
r

150000

2:9736604D=-01
G.8961555p~01
G,96170060~0]}
BL30136990D=01
5.31775680-01
1.04903890=01
4onTe495370=02
hol936238D=03
3,20017670-04

200000

3.20073870=01
9,93950980=01
9,277%2150=01
8.54385350=01

lréaabgbzum%8m~5w678}2030“01

4,63262950=-13
3.2158296D-15
4,60063T740=£0
1.47661%50~25

FOR GAMMA =

6.57665210~01
3.,5851647T70=03
Q,63936000=-04
2,76324730~p7
7.1168305L~-09
lebéaéabsu“%3
1005784460“15
l.25744150=20
3.,3704728L=206

POR GAMMA =

6353632 70=01 -
2905331770—03
G,.20699040-00
4.41921170-07
2.9736946U~U9
£.11104160-14

BT 51O 0LLE -

64e10323590-41
1,03393220-26

1,1829734D-01
bot2860500=02
6.60179320=03
3.06175800=04

250000

3:4p33479D=01
Q.96443650=01
9,98708510«01
B,77255580=01
6.09087950~01
Lot T7T20=01
HeTeT734570-02
6:1413256D-03
4,14633120-04

0300000

B e64636T30=01
90.,9794370D=0}
§.99256260=01
9,00777430=01
6:60730650=01
1.80293%9D0=01
8o 0433117D=02
1.05208650-02
8,83785500=0%

,ff~’”’””#’€G;};,\

3
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Probabilities

(¥ = fle.845/R) 1)

R

0,000000

0845000
1.280000
2.648000
3.380000
& BO5000
5.445000
6,845000
B,405000

00000700

eB@EOﬂO
1.280000
2645000
3,380000
4.,B05000
8. 4W3TJ0
6865000
B 405000

0000000
T oBHBUTT
1280000
20663000
3.380000
4 805000
5:445000

685000

B 405060

0000000

<B865000
1280000
20645000
3.38¢0000
48035000
5,445000
6,865000

B34 0S000

P

e
PR SR A -

4,9¥9137330~07
4451756 =~g4
2.BT0RBBQD-G
1:1249320D=06
163192444008

42561 9%U=13

7.23448780~15
2.44859700=19
2.9507°5420424

FUw vaMMA =

124801080-17
4o47249?5U~0%
&, 4224925005
3.,10063R884D-n7
3&98144440"09
2.,10476200=13

1862573015 "

4063967230~29
3,08830050.25

FUOR UvAMMA =

Qn83284120“20
2.18942040-05
34746§3?3U_06
631807640~ 8
1.0149002D=09
6,39587779.14
5.57016610-16

125879530420 "

6,.57927550.25
Fue vadMmh =

304972738028
4 oB94T75460-08
1.3923&580L,7
8.3375298U=09
1.89962610<19
[0?709394Dn14
1.7188144L=16
4,14252570+21

Table 4.€Db Concatenated Code Error and Rejection

P
X

+150660
9,9999953D=0]
2,99543930~y]
?.9955708p=0]
B,728648190-01
5.77655230=01
1.71866560-01
$,23327579=3¢
4,19328320~0:
3,4087693D=04

-200009

1.00000000%0C
3,99965080=01
9.,99935170=01
2.107n2B6D=91
6.4265775D01
1,34200320=«01
5.06202540=0¢
459703280~ 02
3,01138020<04

250000

10000000000
9.99997730=-01
8,9998555D0.01
9.48591970=~01
7530675270=01
1,78016320-01
De91795380=2
5:12395237=03

3,38801650=0%

300000

1.000300000%0(
9,990989950=0]

T2T99998550< 0]

G.780g07120=0]
4$,31810860=0]
2.6349766D=01)
1.09662790~01
1,04602630=02

ZUTETSS50=26 3. 34 TRETEU= 0%

fﬁayﬁf
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-4,3.2,2, Improved Error and Rejection Probability Estimates
Based on Code Word Weight Distributions

Agctually,, the’erroxr probability figures listed here are
undoubtedly guite conserva?i&e. It has been consistantly
‘assumed in determining these probabilitiés that a word‘error
would automatically result if there were more than some initial
number hc of symbol errors. In actuality, most error patterns'
containing more than n, errors will, in the situations of interest

here, still result in non-decodable words which will be rejected.

This is particularly true in the case of the (15,9) Reed-
Solomon code designed to correct only up to two erasures and
only to detect errors. To demonstrate this, it is necessary
to know the weight distribution of the words in the code in

- question. Fortunately, the weight distfibution for Reed-
Solomon codes is indeed known. Specifically*, the number of
code words of weight w = 7 in the (15,9) Reed-Solomon code

over GF(24) is

1 _ . ~ .

See, for example, Berlekamp, Algebraic Coding Theorv,
McGraw-Hill Book Co., New. York, 1968, p. 429,




The aecoding algorithm under consideration involves no
error correction and at most two erasure corfections,\‘consem
quently, if theréiafe'no erasurés{'the error pattern must it-
self be a non-zero code word to cause a decoding errcor., Thus,

of the

15 a
Be = ( e) %5 (5)
error patterns involving e errors, only the fraction

A l-e e-7 : \ '

e ile-l) . 4(e-7-5 -6

5 = 15 'zj (-1) (\ )2 (e-7 L)q$ 15 (allex= 7) (g)
e i=0 i

of these patterns will cause a decoding error.

Similarly, if an error/erasure pattern involving e errors
and 1 erasure is to cause a decoding error, it must either be
a code word of weight e with one erased zero or a code word of

weight e + 1 with one non-zero symbol erased.

c =(15;e) (15)156 (71
e
1 e

Thus, of the

such patterns, only

15...e) (e + 1)
D :(
e 1 Ae + 1 Ae + 1 (8]

can cause a decoding error. Finally, of the

15.e 15 ‘
E ;( ) ( ) 15e
e o o 91

error/erasure patterns of weight e and containing two erasures,

only F o= (15-e) A+ (lS*e-']) (e -+ 1)A +(e + 2) 2
e 5 e 1 1 Te+ 1 ) e + 2 (10)

such patterns will cause a decoding failure.



Since

A 6 S s E .
-£€ = 157, £ 1577, ana _© . 157F
B * D ‘

e : e F

regardless of the value of e (ex5), we conciuce Tnat Tne

conditional probability of a decoding error, ﬁiven that the

number of guaranteed correctable and detectable errors has

been exceeded, is at most of the order of
1574 %2 x 107°

Accordingly, a more reasonable estimate of the actual probabi-
1lity incurred using the concatenated ccding approach results
upon multiplying the figures quoted in Tables 4.5 and 4.6
the factor 2 x 10"5. The fact that most error patterns of
greater than the critical weight are still not code words does
indeed make a significant difference in this particular case.

Since the (8,4) inner code is a more nearly “closed—packedJ
code than the (15,%) Reed-Sclomon code, the change in the error
probability estimate incurred by taking its weight distribution
into account is considerably less dramatic. Nevertheless, since
this effect is also easily determined, it is worthwhile to do so.
Tet Pé(i,j} denote the probability of a decoding error (as opposed
to an erasure) given that the received word contains i erroneous
bits and j erased bits. In the preceding investigation it was
assumed that Pe(i,j) =1 for all i > 3, i = 0, 1, and for all
iz 2,3 =2, But, as is easily verified, the actual values of

P.(i,j) are as listed in the following matrix

Pgs -‘;f"r?



2 0 0 1/5 |2/5

NV ol v o2 {34 |5 {6 | 7|8

.o !:) o o |1 sl o 1] o1
1 o | ol o |3 Jrs|oe o 1] -

o751 0 |3 - | -

{(Recall that the (8,4) code contains exactly one word

of weight zero, 14 words of weight four, and one word

of weight B.)

The computer program was modified to use these

values of P(i,j). The results are included in the

Appendix and summarized in Table 4-.-6c.

It will be noted that

the rejection probabilities are actually somewhat

decreased in most cases of interest when this refinement

is taken into account, but, as expected, the change is

minor, {In order to facilitate comparison with earlier

results, Table 4.6¢c does not reflect the above-mentioned

reductions in the error probability estimates resulting

from consideration of the Reed-Solcomon code structure.

Thus, these error probahilities should actually be reduced

by a factoxr of apprdkimately 2 x lb“

Ao G

5
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Table 4,6¢
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d!%ﬁ?d5*b“"ﬁ?
£e201831au—-y2
1el6%lu5u=y2
5.,299580bBU=05
Qa0 I ;=07

YeT9T2] 40wy ]
Y TTsTTT20=01
ER DRIV S |
T URAERE72D=01
e 90ahhug=01

14900503chU=11
3431980y~
4eB20238 U~k
2087165 1L-20

Do 2Lu9)T73)-02
3.80uh1bbD—0d
T34 1mLo=0d

1eDe B83yn0w3

8 = 0.15

24P T8548p-1p
len774]18pwyl
D.89344 (g
ba40b4a9bnbie,7
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e 31 la33001~

YeTof21a5u=01
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128734320y
Teu50b242U~2A
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227N -y

3. TH4R584)=(2
Jeba?TH191=y3
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= 0,20

G 702140 0=-3]

6,?646345umua
139314 3%u~a
Lot5293730-y7
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[e71P%40baL=1"
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F.993513190=p1
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ha3n13939% s

Fe Q903466 0=01]
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9=95ﬁ9&20”“31
BeYIra5330my g
8,94752160ug)
B.500880 010
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Talud3n8juag?
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YLD

0000000
cB&SO0D

1.280000

2:645000

—3:380000

4.,805000
5.445000
6,845000
8.405u00

04000000

«84hu00
1280000
2.645000
3,380000

—4,805000.

5.4465000
6,845000
80405000

0.000000

«845000
1.280000
2.645000
3,38p000
4,805000

I4
6.845¢00
8.405000

0.000000

845000

1.,280000
2.645000
3.380000
4.805000,
S.445000

6845000

0000000
2845000
1,280000
2,045000
34380000
4.805000
5.445000
6.84%5y00

Refined Concatenated (ode Error and
Rejection Probabilities (dg = L, 47 = 3, 9 fixed)



Also included in Table 4.6c (and the appendix) is the
case 8 = 0; i.e. the case in which no erasureé are pr&duded
at the demod%lator output. Wwhile the decader performance
in this case is marginally"acceptable,‘it is clearly inferior
to that attainabie using a non-zero threshold. This fact,
combined with the advantage of having a threshold in the
event of a sudden drop in signal level (see section 4.3.2.1)
strongly suggest that a non-zero threshold is worth the
slight increase in demodulator complexity. Neverthless,
is is comforting to note that, should a threshold prove
inconvenient (or should it for some reason malfunction)

satisfactory performance could still be achieved.

L&/



4.3.3. Encoder and Decoder. Descriptions

Detailed logic diagrams of the encoders and
decoders £§r both the inner (8,4) and outer {15,9) codes
are shown in Figures 4.3 through 4.6. The raticnale for
these designs is explained in this section.

4.3.3.1 The Outer Encoder

The outer code encoder (figure 4.3}
encodeé two 18-bit commands into one éode word.
rwo code words are loaded in parallel into the

36 encoder shift-register. The contents of the

‘register are then shifted as indicated at a rate

of one shift every 2/15th millisecond. After each

15 shifts, a new péir of commands is again loaded

into the shift-register and the process begins anew.

The feedbacl logic is determined ry the
Reed~5olomon generator polynomial
2 - s 6 8 5 7 2 6

i
hix) =17 (x+0¢7) =%xX +0 X +0 X +0 x +
i=1

P 11
611 x5 + 0x4 + 02 x3 + x 4+ 0 xn+1 (1)

with ¢ a primitive element in GF(24)=*

Thus, the encoder is entirely analogous to the

more familiar binary shift-register enaoders,

The only difference is that in this case the code
"symbols" are elements in GF(24) rather than in the
binary field., Consequently, four binary digits

are required to define each code symbol,.and the
arithmetic operations are performed on these groups

"of four digits rather than on the digits individually.

¥ gee, for example, Berlekamp; op.cit.
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Figure 4.3 Outer Code Encoder



4,3.3.2 The Inner Encoder

The heart of the inner%code encoder (figure 4.4)
is: a ripple-counter operating at a 60 Khz rate; i.e.
the outputs of the three ripple-counter stages are,

respectively
L. ..

+* L3 .
[]

01 01
.+ . 00 00 1. ..

00 11 1. .. {1
ccuring every 1/60th of a

p

01
11
. e s 00
with a change of state occ
millisecond. The 4 right-most cells of the outer
code decoder serve as inputs to the inner code encoder,
controlling the logical combination of the code
generators, (1) used to generate a given word. After
8 shifts of the ripple-counter, the outer code shift-
register is shifted once and the next set of four bits
in encoded. Note that the four right-hand cells

_of the outer encoder shift-register are duplicated; this

is so that the last four outer code bits can be
encoded at the time that the next pair of commands
is being read into the outer code shift-register.
Tt will also be noted that the forth input to final
"exclusive~or" consists of a logical combination

of the code generators. An alternative and simpler
method would be to add the forth outer code bit
modulo-two to the exclusive-or output. The first
method, however, results in a systeratic code (the
first, second, third, and fifth code bits can be
identified uniguely with the bits which were uncoded)
while the second does not. As a result the decoder

is somewhat less complex using the first method.

4-54
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4.3.35.3" The Inner Decoder
_The inner code decoder philosophy is based
on the following observations:
(1) The (8,4) orthogonal code- (as represented here)
can be looked at as a 7,4 Hamming code augmented
by an overall parity-check bit (the last bit in
each word.) Thus, to correct one error, the
decoder need only determine the three-bit Hamming
code syndrome (plp2p3) from the first 7 code word
bits. If the syndrome is the all zeros syndrome
(000) either no errors have occurred, or, if the code word
contains an odd number of “"one", the overall parity bit is
in error (excluding, of course, the possiﬁility of
three of more errors). In either even, the informa-
tion bits (bits 1,2,3, and 5) can be assumed to be
correct.
If the syndrome is other than the all zeros syndrome,
it-will uniquely identify the location of the error
{again provided only one error has occurred). A
logical combination of the syndrome bits can then be used

as the error corrector. (If the error is not in an

information bit, of course, no correction is reguired.)
If only one error has occurred, the code word must
contain an odd number of "ones". Accordingly, if an
error is detected and éhe parity is even, the word must
contain at least twe errors, and, under the proposed
decoding rule, the cods word will be rejected and the

corresponding outer code symbol treated as an erasure,



(2)

If the %Ord contalins either one or two erasures these
erasures are to be corrected, under the proposed

decoding rule, unless the code is also found to contain
an error. Thus, such a word can be decoded by first
decoding it with the erasures represented by "zerod

and, then, if the first attempt is unsuccessful, decoding
it with the erasures represented by “ones", If the code
word is found to contain either no errors or one error
under either decoding attempt, and in the latter case, if
the observed error is in an erased bit, the corrected
word satisfies the desired condiditons and the code word
can be accepted as correct. Under any other set of condi-
tions the code word must be rejected and the corresponding

outer code symbol represented as an erasure.

4-5°7



(3} Finally, the code word is to be rejected if it

contains three or more erasures.

The inner code decoder is shown in Figure 4.5. The received
code bits produced at the output of the
demodulator are read serially into the lower éhift-register and the
erasure indicators are read into the upper register (a “one"
inddicating an erasure). If a bit is erased, it is represented
by a zero in the lower register., As the bits are read in their
rarity is determined and the number éf erasures is counted.
After the 8 bits comprising one code word have been read in the
syndrome (pip2p3) is determined and the approriate logical com~
bination of this syndrome used to generate the propar correction
bit. If an error is found, the correc?}on is carried out unless
the word.parity was found to be even indicating an eéeven number
of errors. If either one or two erasures are observed, and if
the first decoding was not successful; the erasure indicator bits
are shifted into the. corresponding erased bit positions and the
word is again decoded. (If there is only one erasure, this changes
the code worf parity, so the state of the parity indicator is also
changed under this condition.,) Note that if there is an erasure
the decoded word is accepﬁed only if either no errors are observed
of if the single observed erraor occurs in an erased bit.) If
neither decoding is successful, of 1f the erasure counter counts
three or more erasures, the decoder output‘is represented by the

all-zeros word and a "one" is outputted from the erasure indicator,
A total of 1/60th millisecond is available for carrying out the

{(at most) two steps needed to decode each of the inner code words,

G
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These decoded words then constitute ﬁhe four—#it "symbols"

- . .ot i
of the outer code. These symbols are shifted serially

in groups of 15.to the outer code decoder shiftwredister;

4.3.3‘4. The Outer Decoder
The generally most efficient decoding aigoritnm

for Reed-Solomon codes is essentially thaé described
earlier for binary BCH codes. (Since Reed~Solomon codes
are defined over larger fields than the binary field, an
additicnal step is regquired; after the errors are located,
their valué must also be determined.) In thé situation
of interest here, however, only erasures are +to be
corrected. Consequently, the decoder can be considerably
simplified. This is especially true, when, as hexe, at
most two erasures are to be corrected.

) The key to the decoding algorithm is the
observation that, when the code word contains at most two
erasures, it is always possible to shift the code word
cfclically until one erasure appears at either the 4th
oxr the 9th symbol position and the second at the 1oth,
llth, lzth, l3th, or léth position. In the absence of
either erasures or errors, any nine consecutive symbols of
a (15;9) Reed~Solomon code define the. following symbol (see
figure 4.3), If one of these nine symbols is an erasure,
the tenth symbol then uniquely determines what these

symbols must be, But this is precisely the situation when

the code word is cyclically shifted as described above.

A~bof



(The reason for requiring the one erased symbol to appear
in either the fourth or the ninth symbol position is to
;iﬁplify thie decoding logic, as will become apparent
shortly.) In particular, suppose the erased symbol

appears at position four. Then from equation (1),

11 2 11 2 U5 ‘
s, = Spg + 0 "8, + 8§55 + 0 s3+0 s5+ 0 sg + 5%

N )
038+s9 g (3)

with S5 denoting the symbol in the jth shift-register

-+

>

position. (Note that syp = s and thét, since the symbols
are defined over-a field of characteristic 2, s; = —si.)
Thus, it is only necessary to shift orlq into the erased
position to "correct" it. Similarly, if the erased symbol
is in position nine, it can be corrected by reading

Goq = g into that position. The second erasure can then

be corrected by cycling éhe code until it appears at either
position four or nine and again reading in the corrected
symbols. If the code word contains errors as well as
erasures, of course, these "corrections" may be in error.
However, if the number of efasu?es plus errors is six

ox less, the distance properties of the code gﬁarantee that
the resulting corrected word will not be a code word and
hence that some of the parity-checks must fail. This event can
therefore be detected by shifting the code cyclically
fifteen times {i.e. fifteen one-symbol shifts) and checking
each time to see whether or not all the parity-check

relationships are satisfied. (Actwally, only six shifts

o2



are reguired, but is is convenient to return the code
-to its original position,)

Thf; is the algorithm implemented by the decoder
shown in figure 4.6. The heart of the decoder is a shift-
registgr essentially identical to that of the encoder
(figure 4.6b). The erased positions are indicated by
"ones" in a second shift-register. (figure 4.6d) The
15 code-word symbols from the inner code are first read
into the decoder shift-register and the erased position
indicators into the erasure shift-register. The local
c¢lock then replaces the symbol clock as the shift signal
(figure 4.6e). At the same time, the decoder'shiftmregister
input is switched from the inner decoder to its own output
so that the code word can be cyvcled (figure 4.6c). When
the erased positions are properly located as described
above, the corrected symbol is read into the erased position
(see figure 4.6b and 4.6d)). (Note that the erased symbol
is represented by 6 = 0000 so it does not affect the formu~-
lation of g.) The second erasure is similarly corrected
(1f there is a second erasure)., Both erased symbols will
thﬁs certainly be replaced in this manner by the time two
complete cycles (30 shifts) have been completed. After two
complete cycles, then, the corrected word is shifted
fifteen more times. If any of the parity-checks fail
during this last step, (or if,more than two erasures were
observed; see figure 4.6d), the reject flip-flop (fiqure 4.6a)
is set and the decoded word rejected. Otherwise it is
accepted as a valid word. This completes the decoding

operation,

(3
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It will be obseréed that the required 45 shifts
ﬁeeded to decode‘a word must be accompliéhéd in the
2/15th millisecond separating -the appearance of the
last symbol of one code word from the first symbol of
the next word. This leaves approximétely 3 msecs for
each shift. Since such a shift-register éan operate
at microsecond rates, this does not appear to pose
any problems. Once the decoding has been completed,
the decoded pair of command words can be read out
serially (or on a 4-bit byte basis) from the 9th "column®
of the shift-register, This can be done while the first
nine symbols of the next code word are being read in,

leaving as much at 6/5 millisecond for this purpose.

4.3.3.5 Parts Count for Decoder, Encoder & Command
Controlier

" mable 4.7 contain a parts count for the decoders
and encoders described in the preceeding paragraphs. .
The parts count is in terms of Dual~in-Line Packages

{pIPs) which could be used for a breadboard implementation.
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Table 4.7 - Parts Count for Decoder,

Encoder & Command Controller

Unit Figure # No. of DIPs
Inner Code Decoder 4.5 20
Timing Generator for Inner Code Dec. 4.5b 4
Decoder Shift Register 4.6b 23
Input Selector & Erasure Correctox 4.6¢ 4
Erasure Locators 4.6d 9
Timing Generator 4.6e 5
Total,Decoder 65
Outer Code Encoder 4.3 15
Inner Code Encoder 4.4 4
Total, Encoder 19
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4.3.4 Concatenated Coding Using a "Green Machine".
Decoder )

The: concatenated coding scheme described in the pre- -
ceding section used an (8,4) biorthogonal code as the inner
code, This code was decoded algebfaically following a bif-
by-bit detector, An obviously superior method would be for
the detector to detect on a word-by-word basis; that is, for the
detector to determine which of the 16 possible words was the
one most likely received, fhis in effect involves correlating
each received noise-corrupted code word with all sixteen
contenders and selecéing the word correspondiné the largest
of these correlations,

The obvious method for implementing the task just outlined
is generally much too complex to be seriously considered for the
application of concern here, A technigque is known, however,
whereby the complexity of such detectors can be significantly
reduced when the code in guestion is of a certain class (the
Kroenecker product codes) which, fortuitously, includes the
(8,4) code.

The resulting detector, which has come to be called the
"Green Machine" after its inventor, R. R. Green, is described
below. The following subsection discusses the error and
rejection probabilities attainable using the same concatenated
coding scheme discussed in the preceding section, but with
the inner decoder replaced with a Green Machine. The last
subsection then examines in de#ail the logic needed to im-

plement an (8,4) Green Machine decoder.
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4,3.4,1. The Green Machine

The discussion here will He.iimlted to the

) . 1
Green Machine associated with the (8,4) biorthogonal

%

code. Half of this code (with zeros represented by
+ and ones by -) is shown in Figure 4,7. The second
half is identical to the first half but with the +'s

interchanged.

+ o+ o+ o+

+ 4+ o+ 4+ 4+ o+ o+

- F e -t o+
R s T
T

~igure 4 v Orthogonal half of an (8,4) Biorthogonal Code
Now let (yl, Yo ,ou,ya) represent the 8 matched filter

outpufé corrasponding to one code word, (Note that the yi's

represent real numbers, not binary numbers.) The ideal

‘detector forms the eight correlations

- g . N
¢y = izg i Si(j)Yi . j=1,2,...,8 (1) -

where-si(j) is the sign represented by the jith element in the
matrix in Figure 4.7. If ICQ l>[cjl for all j #9, and if

c&}QO, it is concluded that the xds! word was transmitted;

if ,chcjf, all j #Y , and if c;< 0, it is concluded that the
complement of the y B yora (i.e. the (Vv + 8)th word was
transmitted. (Actually, since the outer code decoder'is designed

to recognize erasures, this decision scheme will be altered here

so that a word is accepted only if max cj'> € for some threshold

8. If max lcj] < 6, the received word will bhe t{reated

4s an erasure.
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This has no effect on the following discussion, however.)

A déﬁ;ce for accomplishing this, the Green Maéhine; is
sﬁéﬁn in Figure 4 3.  Its operation is as follows:

Upon receipt of the first input y; the switches labeled "1"
in Figure 4.8 are in the "up" position. (The top and bottom
of each pair of switches are always switched simultapeously.)
Thus ¥y is read into the top of the pair of registers labeled
1. (Note that in practice the '¥; will be gquantitized and
represented by an ! -bit binary number., Thus, the cell in
the first register actually representsﬁ.ﬁinary storage cells
and, since the contents of the successive registers are sums of
éhe contents of their predecessors, the cells in the second
and third registers each represent A+ 1 and £+ 2 storage
cells respectively.)

Next, switch 1 is switched and Yo is read into the lower
registgr. This switching continues with each Vyr i odd, read
into the upper register and each ¥;: 1 even,into the lowér
register,

In the meantime, the switchegﬁlabeled with a 2 are
switched, and the registers labeled 2 are strobed in such a
way that V1 + Yor and Y] - ¥V, are successively read into the
top register, and yg t Y4 and Yq = ¥y into the bottom, etc.

Similarly, the switches and registers labeled with a 3

are svwitched and strobed so as to read, successively,
Y1+Y2+Y3+Y4 IY1+Y2"Y3‘Y4rY1”Y2+Y3“Y4r
Yy = ¥y ~ V3t ¥y into the top register and Y5 * Y T vyt Vg

+ y8.into

Y5+Y6"“Y7“‘Y81 Y5~Y6+Y7—Y8' Y5-y6-y7
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Figure 4.8 The Green Machine
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the bottom register.

.Finally, the contents of theseniast two
registérs are shifted out.and the contents of each
lower-cell alternately added and .subtracted from
the contents of Ehe corresponding stage in the
upper register. Thus, the first such output
isy+ y + y + y + yv + yv+ y+ y , the

1 2 3 4 5 8
gsecond y+y+yty-~y-—y-y-yv -y, the

1 2 3 4 5 5 6 7 8
thirdy +y -y-y +y +v =~y -y, etc.
1 2 3 4 5 6 ~7 B8

It is easily verified that these successive outputs
are, indeed, precisely the correlation coefficients
of equation (l1). Thus, it remains only to deter-
mine which of these outputs has the greatest
magn}tude, whether this magnitude exceeds some pre-
set threshold, and, if so, what its sign is, to
complete the decoding.

(As an aid in verifying that the desired
correlation are in fact successfully formulated, see
the timing diagram shown in Figure 4.9. A short
arrow there represents an instant at which the switch
in Figure 4.8 bearing the indicated label is switched;
its direction indicating whether it is switched to
the upper or lower position., Similarly, ; long arrow
represents a strobing signal to the indicated register,

the direction of this arrow denoting whether the upper

or lower register is to be strobed.)
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4.3.4.2 ‘Detaiiea Green Machine Implementation

Figures 4.10 through 4717 illustfate the
detailed logic %equired to implement a “Ggeen
Machine" inﬁer decoder., The decoder accepts the
demodulator output which is in the form of digi-
tiéed information representing a received code bit.
The logic design in this example is_based on a two-bit
digitized input (two bits represent one received
undecoded méssage bit).

Table 4.8 defines the seguence of operations
performed by the "Green Machine" in generating a four-
bit output code "symbol" from eight received input bits.
Registers specified in the sequences are illustrated
in Figures 4.10 through 4.13.

Addition and subtraction operations are
performed in two's complement representation of
-8igned binary numbers. The arithmetic unit performs
a subtraction by internally complementing the 1
lower output and adding a forced carry-in to the least
significant bit. Sign and overflow indications are
retained throughout the siccessive addition and sub-
traction operations by providing both a sign bit and
overflow bit for the sum and difference. The most
significant bit represents the sign, with a "1"
indicating a negative number. The second most signi-

ficant bit represents an overflow or underflow condition.
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A "1" here Ior a positive word indicates overflow,
while a ;0“ for a negatifé word indiéates uﬁderflow.
;ﬁput'A% of‘arithmetic unit number 1 (Figure 4.10)
is forced to a logic "1" vwhen a subtraction is

performed.,

bt



.Figure 4,10

Input Registers 1 and 2

2 A-Uppex 2 B-Upper

& 2a-u l::}
o o
' b1 |
7;>_. Je—— Arithmetiqg o J
From 1 Unit =

Ly Out 4-U

>out 3-U

omd
i
i~
’_J
1
o
o
o}
)
H
=

:§>“ —»0ut 2-U
pemod. S ‘ .. T -
H DL D e
- L- o} et 1
+ ¢ -

—1 — B2 Shift Rdset 2 B-Upper

Reset 1 U Ao Reset 2A- Upper A

11 - 2 A-Lower 2 B-Upper
}} s Out 4-L

T o D!
R T B

——+ Out 3-L

}‘—2 _t:; Reset 1 Lowgr

— Out 2-L

_LE}‘ — Out 1-L

Reset shift Reset 2 B-L
2 A-T, 2 ~Lower

Ule

2a-

4-BIT ADDER

out 4-U—>[Bs
out 4-L—3Aa a—
Out 3-Tial, >
Out 2~-U., B? —
Out 2-L—3AYy

out 1-U—rp,

Out 1~L——’~"13
A
Cimj i

Control (Add-Subtract)
#2 Arithmetic Unit

277



TABLE 4.8

gUﬁNCE FOR GENERATION OF A 4-BIT CUTPUT CODE "SYMBOL'" FROM 8 RECEIVED BITS

3. add, @U-}-@E, Sum%@A-Upper = (1+ 2)
4, (@) (Z)A-U>2)B-U = (1+ 2)

(b) Sub., (DU - (U L, Diff.—@)A -U = (1 - 2)
5. Bit 3—{)U

6. Bit 4—{1)L
7. Add, @U+@L Sum—2)A - L = (3 + 4)
8. (a) (DA -L—=3@)B-L-=.(3+ 4)
(b)) Sub., (DU - @L, DifE.—>@A-L = (3 -4)
9. (a) Bit 5=V
(b) Bl:.t 6-5(1) L
10. Aqd,(@ﬁ_u+ 2(®@-1L), sum—B3)- 10 = (1L + 2) + (3 + 4)
1t. () (G 10—(3)- 20 = (L + 2) + (3 + 4)
(b) Sub., ( B -U) - (@ B-1L), Diffr>3) - 1U = (1 + 2) - (3 +4)
12, (). (A -U—@Q)B-U = (1-2)

(b) @A,L—;@B-L = {3 - 4)

13, 248, 1 U + 1 1L, Sum—-—%@A-—U

(5 + 6)
4. (a) (@) - 20=3)- 30 = (L + 2) + (3 + 4)
() @ -1wsB)-20 = (1+2) - (3+ 4)
(¢) add, (@DB-0) + (@B -1), sums@)- 10 = (1 - 2) -+ (3 + 4)
15. (a) () - 3u—(3) - 4v |
() (3) - 20—(3) - 3v
() (@ - 10—=3)- 2v (1 ~2) ¥ (3 -4)
(@) sub., (@B -U) - (BB -1L), Diff=33) - 1U = (1 - 2) — (3 - 4)
16. (a) @A-—Uw—}@B—-U = (5 4 6)

(b) sub., (DU - (DL, Diff+>2)A -U = (5 - 6)

1

(L +2) + (3 + 4)

fl

(L + 2) - (3 + 4)

C AL T o



17.
is.

19,

21.

22.

23,

24.

(c)
25.

26.

27.

28.

TARLE 4.8
{Cont.)

2dd, QU + (ML, sm@2a-L = (7+8),

(a) @& -L>2)B -1 = (7 + 8) |

(b) Sub., YU - (UYL, Diff.—x2)A - L (7 - 8)

2ad, @2)B -U + (@B - L, sum—3)- 1L = [15.+ 6) + (7 + 8)7

() @ -1L—@)-21 = {5+ 6) + (7 + 8)/

(b) sub., (B -U) - (B -1L), DIEESEIL-U = /15 + 6) - (7+8Y
(a) @a-v>2)B-U = (5~ 6)

() D2ar-L3Z)B-L = (7 - 8)

(@) (- 2u—-G)-3L = /15 +6) + (7 + 8)7

(b) (@) - 1L—B)- 2L = /15 +6) - (7 + 8)7

add, ((2)B'-U) + (1) B - L), sum—{3) - 1L - (5 -6) + (1 - 8]/
(a) @)-3w—>@)-4. = /I5+86) + (7 +8)7

B @) - 2=3G)-3L = /[(5+6) - (7T +8)

() @-1n—3B)-2L = /(5 - 6) + (7 - 8)7

(d) sub., (DB -v) - ((2)B - L), Diff= - 1L = /15 - 6) - (7 -8
2ad, ()~ 4U) + ((3)-4L), Sum = (L + 2+ 3.+ 4) + (5+ 6 + 7 + 8)
Sub., ((3) - 4U) — ((3) - 4L), Diff.

(L 4+ 2+ 3+ 4) -« (5 4+ 64+ 7+ 8)

Compare magnitude of sum with threshold (#) in B reg. (Ref. Fig.4.12)
If sum is larger:

i, = 000.

(a) Transfer to B Reg. output code bits i 3

17 12,
(i4 depends upon sign bit). Ref. Fig. 4.13

(b) Difference magnitude is compdﬁed with new contents of
B Reg. ( = Sum}..- If difference is >-suﬁ, transfer

Diff-»B Reg., output code now: il' iz, i3 = 001,

(i, depends upon sign bit).

Al C'/'



TABLE 4. 8
{(Cont: )

-22. If sum (step 28 (a)) is less than O-, Diff. is compared with
6. -If Diff.>®, Diff. is transferred to B.Reg. Thus,
~based on sum, Diff. and sign of each, output code could be

one of following:

1 2 3 4
0 0 C 0
0 0] 0 1
0 0 1 0
0 0 1 1

30. (3)- 3U—3(3)-4U = (1 + (3 + 4)/
3) - 3L~ﬁ(§)— 4L = /(5 + 6) -~ (7 + 8)/
3)- 20-5(3)- 30 = /11 - 2) + (3 - 4)7
G- 2w—B)- 3L = /(5 -6)+ (7 -8)7
G-1w=G)-20 = (1 -2) - (3-4)
3~ 1L—=3G)- 2L = [(5 - 6) - (7 - 8))

[\
e
i

31. Repeat steps. 27, 28, and 29 for new contents of (:)— 4U and

C) -4L. Output code can now be one of following:

i, 1, ig 1,
0 1 0 0
0 1 0 1
0 1 i 0
0 1 1 1

32. () -3U=3)- 40 = /T - 2) + (3 - 4)7
(3) - 3L—=3)- 4L = /(5 - 6) + (7 - 8)7
(3 - 2v—=(3)- 3u = /Tl - 2) - (3 - 4)7
@ - 2t—=@)- 36 = /{5 -6) - (7 -8)7

l



TARLE 4.8
(Cont.)

33. Repeat steps 27, 28, and 29 for new contents of (:)— 47

and (:)— 41,, COutput code can now be one of the following:

i 12 13 i

1 4
1 0 0 0
1 0 0 1
1 0 1 0
1 0 1 1

3a. (@) - 3U—=(3)- 4U
@) - 3—B)- 4

35. Repeat steps 27, 28 and 29 for new contents of C) - 4U and

C) ~ 4L. Output code can now be one of the following:

i i i i

1 2 3 4
1 1 0 0
1 1 0 1
1 1 1 0
1 1 1 1

The greatest magnitude of sum or difference transferred to
the B register thus determines the output code symbols, il’

i_ and i3 while the sign determines i If no sum or difference

2 4-
was found to be greater than threshold, €, then the output
code is held at 0000 and discrete signal}erasure (Fig. 4.12

remains at a logic "1%.

This completes the sequence for generation of a 4-bit “symbol®
code from 8 received input bits. The process is repeated for

the next 8 received input bits.

. -
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The two bits of original information réceived from the
demodulator has.expanded to six bits at the outputs of the
5 bit adder agd subtractor (Figufé 4,11.). aAn overflow bit
is added at each arithmetic uﬁit, while an additional bit for
sign was also added at the first arithmetic stage. The mag-
nitude comparisons are made only on five of the six bit sum

and differences.

If the sign of the difference is negative (mést significant
bit = 1), the remaining f£ive bits are complemented and
incremented by one to restore the number from two's complement
signed representation. The resulting number is then used for

magnitude comparison.

4.3.4.2.1. Timing and Control

A four bit output code "symbol" is
geﬂerated for each group of eicght received input code
bits. This interval constitutes 2/15 of a millisescond
time span. The interval between received input code
bits (1/60th of a millisecond) is divided into 16
equal time pulses for basic logic operations
‘(Figure 4.14). The combination of the time counter
outputs to generate required control signals is illustrated
in Figure 4.15 through 4.17. It should be pointed out
that the decoder operation described in the preceeding
paragraphs in approximately 42 microseconds. This allows
10 microseconds for a simultaneous addition and sub-
traction, then a compare and possible transfer of each
to the B regisfer. These operations can be performed with

existing medium speed logic,

e



Figure 4.14
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Figure 4.17
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£.3.4.2.2 Logic Packaging

The number of logic units required to
implement the inner code decodér described hag been
determined to be approximately 51 dual-in packages.
This compares with 24 packages reguired to implement
the inner code decoder portion of the concatenated code
decoder described in Section 4.3.3.3. Tne
number of logic packages required to imglement the
"Green Machine" inner code decoder for
received input code bits digitized to the number of
bits, ¥, equal 4, 6 and 8 have alsoc been determined.

The numbers are as follows:

2 bits -- 51 packages
A

A?: 6 bits —— 65 packages

4 bits -~ 56 packages

)€= 8 bits -~ 74 packages

Based on the packaging methods proposed
for the breadboard version of the digital command
controller and various types of decoders, the following
table 4.9 has been prepared. This table compares
the complete decoder packaging requirements for the
different lengths,.f , of digitized input bits, versus
the previous concatenated decoder. It also compares

the logic board regquirements for the same configurations.’

TABLE 4:9
Previous Decoder with "Green Machine'inner Decoder
Decoder| £ = 2 Bits f = 4 Bits }é-_- 6 Bits £= 8 Bits
LMo of Packsges | e | oz |91 | sos | _ms
2. No. of Logic Boards 2 2 2 2 2
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4.3.4.3. BError and Rejection Probabilities Using
' a Green Machine Decoder

zih the following discuséion it is assumed
théi the input samples-to the 'Green Machine decoder are
unquantitized (i.e. that the number 2% of guantiza-
tion levels is infinite.) In pracfice, of course,
A will be finite, although experimental evidence
indicates that for .{ 2 8 the gquantization effect
is entirely negligaEle. In any event, the error
probabilities derived below will provide a bound
on the regults actaully attainable.

Let R denote the ratio of the signal enexrgy
perinformation bit to the noise spectral density and

k
let R* =—=2 log m, with k and n denoting the
R 2 rs rs

n
rs

dimension and word length of the Reed-Solomon outer

code and m the number of words in the biorthogonal
inner code, (In the case of interest here, n,., = 15,
krs = 9, and m = 16.) Then, if a word is identified as

an erasure unless the magnitude of the largést output

of the Green Machine exceeds 0jR*, the erasure probability
. m- 1

1 g = [erfle [R)] 2
y [ect [ 1+ 0) [ - exsl(-0) RO ()

as is readily verified. Similarly, and under the

same conditions, the probability of an error is
2 m-1

_ 1 77, 2 (3)
p = 1l-g- ___“_f . NE
Ji7 u=(1-8) J§¥'e Lerf(z<+ R*q dz

Equations (2) and {3) have been evaluated on a digital

computer for various values of R and 0. The resulting
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The results are presented in Tables 4.11 and §.12.
The first table lists the results when the Reed-
Solomon outerrdecoder is designed only to detect
errof% and erasures; the second when it is designed,
in additién, to correct up to two erasures.

It should be emphasized that these results do
not take into account the effects of guantizing
the Green Machine lnputs to a finite number of levels.
Past experience indicates that 4 to 6 bit quantization
(16 fo 64 levels) has a negligible effect on the
decoder performance, Coarser quantization (2 to 4 bits)
would undoubtedly have a deleteriocus effect on the
system performance although, in terms of the probhabi-
lity of a correct decisgsion, the Green Machine should
perform at least as well as the algebraic inner decoder
discussed previously. (Notglmhowever, that the func-
tions of the threshold 6 is different in the two
cases, so the two sets of results will not in

general show the same dependence on this parameter.)
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A compariéon of the results tabulated in Tables

4.10 and 4.11 with previous reasnlie using an algebraic

rather than a Green Machine decoder (cf. Tablg

to the following conclusions: * (1) The Gréen Machine

4.5) leads

decoder does generally result In superior rerformance mea-
sured in terms of the probability of a correct decision.

(2) On the other hand, the algebraic inner decoder is

more versatile in its ability to convert potential errors
into rejections. At low signal-to-noise ratios, in fact,

the error probability using the Green Machine is actually
laréer than that using the algebralc approach under the same
conditions. (The Creen Machine rejection probability is;

of course, smaller than that of its competitor in thig case,
but that is small consclation.} (3} The performance of the
Green Machine concatenated decoder is esgsentially independent
of whether the outer decoder is designed to correct up to two
erasures or whether it is designed only to detect erasures.
(Compare Tables 4.10 and 4.11), (It is also guite ingensitive

to the threshold 6 at least for 6« 1/2.)

* Hote: The refinemant of +he error rro-alility estimates
discussed in Section 4.3.2 has not been taken
into account in the tabulations in Tables 4.10 and
4.11 in order to facilitate comparison with the
"earlier results. The actual error probability will
be smaller than those listed in Table 4.10 by a
factor of approximately 107 and smaller than those
listed %n Table 4.11 by a factor of approximately
2 x 10—9,
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This last obs%rvation obviously suggests simplifyiné the

outer decoderiso that it only detects erasures. This

reduce; its gate count somewhat, partially compensating

for the increase in the complexity of the Green Machine
vis-a-vis the algebraic inner decoder. It has been determined
that the simplified outer decoder could be implemented with 21
fewer dual-in-line packages than needed for the 5uter

decoder described in section 4.3.3.4. Tgking this

into account modifies slightly the comparison between the
concatenated decoder complexities as shown in Table 4.13

(cf. Table 4.9).

Table 4.13

Previous Decoder with "Green Machine®

Decoder decoder and erasure detecting
outer decodex

P=2|4=4|4=56|L= 8
65 71 76 85 94

No. of Logic Boards 2 2

No. Qf Packages

2 2 2

&l fOD



In conclusion, it appears that the advantage offered
by the Green Machine approach is marginal, but then so is
the increase in complexity of the associated eguip-
ment. One consideration which might tip the %cales in
favor of one of these two approaches is the relationship
between the error prokability and the signal-to-~noise
ratio R when the threshold 6 is allowed to vary with R.
?his relationship has already been inveséigated when the
inner code is algebraically decoded (cf, Section 4.3.2),
Tables 4.,6a and 4.6b). Analogous results using a Green
Machine inner decoder are presented in Tables 4.14 and 4.15.
Comparing these two sets of tables leads onlv to the cnnn]ngigﬁ
that, in general, a larger value of y is needed to achieve
the same result using a Green Machine. On the basis of the
evidence thus far developed, therefore, to it appears that the
choice as to whether to use a Green Machine or an algebraic
inner decoder can be made almost arbitrarily. Both offer

essentially the same performance for the same complexity.
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Table 4.14 Green Machine Error and Erasure Probabilities
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Table 4.15 Green Machine Error and Erasure Probalilities
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4.4 CONVOLUTICNAL CODES

A number of aigorithmé for.decodihé convolutional codes
have been explored. Until recently, the variousrsequential
déboding algorithﬁs have a;ousea the greatest interest; lately,
the maximum-likelihood, or Viterbi decoding algorithm has re-
ceived considerable attention. Sequential decoders are generally
too complex and, because of their variable decoding rate, too
difficult to interface with to be considered for the application
of interest here. Viterbi decoders, however, are potentially
applicable if acceptable error probabilities can be attained
with moderately short constraint length codes. Investigation
of this possibility is the subject of the next several sections
of this report. The next section briefly describes the decoding
'algorithm is t?anslated into hardware and the number of packages
needed to implement such a decoder is determined as a function of
the -constraint length, the information rate, and the number of
receiver guantization levels, Finally, in Section 4.4.3 the
error probabilities attainable using this approach are estimated
as a function of these same parameters.

4.4,1 The Viterbi Algorithm

The principle of.the Viterbi decoding algorithm
is to test the received sequence against all possible code
sequences, rejecting a particular sequence only when its
associated likelihood is guaranteed to be, and to remain,
at least as small as some étill contending sequence. It is
easily verified that this can be done by retaini£g only

Zk"l sequences in contention at any time, where K is the code

Ao



. |
sequences in contention at any time, where K is the code

i

constraint length measured in information bits.

A flow diagram of this algorithm is shownrin Figure
4.18. The /A\S; terms are monotone functions of the
correlations between the V successive channel symbols
repfesen%}ng an information bit (code rate = 1/V) and each

of the 2 binary V-tuples which could possibly have been

transmitted. ({e.q. Asi =X 4+ X+ X 4 ...+X with X
1 2 3 v i
a quantized 4?—tuple representing a channel symbol and
X; its complement.) The terms SR and A represent the jtll
J ]

5K bit shift-register and the 3Eh" accumulator, respectively,
and Bj and Sj their respective contents. The expressions Bjo
and le indicate the contents of Bj augmented by adjoining,
respectively, a zero and a one on the right of Bj‘ Finally,
£ represents the number of bits used to represent each
channel symbol; i.e. the detector output is quantized to
25 levels.

W;th these definitions, the flow diagram of figure
4,18 should be self-explanatory. (The parenthétical word
“later" included at varicus steps in the algorithm referg
to the fact that the new contents of a shift register or
an accumulator are not to be read in until the present
contents aré no longer needed. This delayed read-in is
accompliéhed in practice by Quplicéting all or part of the

J
always refer to the contents of the associated registers

associated registers. In any event, the terms B, and Sj

at the beginning of the current iteration.)
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It is not difficult to verify that the algorithm thus
represented does indeed rejeét only those segquences
determined tc be less likely than at least one retainec

reference.
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4.,4,2 Implementation of the Maximum Likelihood Concolutional
Decoding Algorithm

4.4.2.1 General Description
< . -
Figure 4.19 is the block diagram for the maximum

liklihood convolutional decoding algorithm implementation.

The decoder input consists of V.£ ~bit b%nary numbers

representing a received code bit fromlthe guantizer

where the term V refers to the number of input channels.
‘The As generator receives the guantized information

. K . . .
bits and converts them to 2  arithmetic-sum increments,AS

{cf section 4.4.1). Starting with i = 1, the Axsq_

and A'S  outputs are presented to adders 1 and éfl o
respect%illy. These numbers are added to sums S and Si + 1
which are stored in accumulation memories Ax-oddland aven.

Accumulation memories Ax-odd and even and Ay-odd and even
are four separate memories with individual address selection.

Dotted lines indicate that memory utilization alternates

with each cycle of decoder operation, a cycle ending with

. . . . . K-1 .
the generation of .an information bit (i = 2 V. Memories
Ax~o0dd and Ay-odd contain odd locations one through i - 1,

while memories Ax-even and Ay-even contain even locations
K-1
two through i; max i = 2 .
A comparison in performed on the outputs of the two
adders and the lesser sum is stored in memory Ay-odd,
location 2i =~ 1, and the least sum register (L.S.R.).

At this time the contents of output memory locations.

B and B, ) are read into shift registers 1 and 2
i i+

e



Block Diagram Maximum Likelihood

Figure 4,19
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respectfully, and shifted one place to the left. If the

As + 8 sum is lesser, a logic "o® ig-loaded into
26 71 i X
the least significant bit position, and the contents re-

turned to location B .
i
If the AS + 8 sum is lesser, the contents
2i i+ 1 )
of shift register 2 are shifted left one place, a logic

0 loaded into the least significant bit position, and the

contents written into location B

i
The seguence now repeats for i = 2. a As term
2i - 1
is addea to accumulated sum S , while AS is added to
i-1 2i°

S and the resulting sums compared. The lesser sum is stored
Cod
in memory Ay-odd location 2i - 1, and is compared with the

contents of the L.8.R. If the sum is less than the contents

of the L.S.R., the sum is loaded into the L.S.R. Contents

—

of output word memory location Bz, are read into shift

register 2 if §,, _ | ¥ Si -1 is lesser sum. A logic

"1" is loaded into the least significant bit of shift re-
gister 1 and the contents written into location B,. _ .

When A8 + 8 is the lesser sum, the contents of
21 i
B are read into shift register 1. A logic "1" is
2i - 1 )
loaded into the least significant bit position of shift

register 2 and the contents written into location B2‘ l.
i -
4.4.2,1.1 Output Rit Determination'
The above sequence is repeated until i = 2K—l
at which time the output-word memory locations correspond-
ing to the least sum is read into shift recister 1. The

most significant bit of the register represents the infor-

mation bit.

e /]



A new cycle is now started. for g§neration of the
next information bit. During this cycie, the accumu-
lated sup terms, S, are read from memories Ay-odd
and even, and the new sums stored in memories Ax-odd
and even. It should be pointed out that new sums are
always stored in odd locations (one tthugh i-1)
first, then even locations (two through 1i).
4.4.2.1.2 BAccumulated Sum Normalization

To prevent overflow during the successive
addition operations, ithe new sums are normalized when
the most significant bit in each sum generated during
a cylce is a logic 1, When this condition is detected,
the most significant bit if each S term read from Ax
or Ay during the following cycle is set to a logic "0".
4.4.2,2 Detailed Seguence Operation

Table 4.16 defines the detailed seguence of
operations required to generate one bit of information

from quantized input bits, with K = 3 (cf. figure 4.,19.)

A1 2



Table -4.16

‘Detailed Seguence of Operation, K = 3
&
i =1

1. (a) Form ZSSl and AS, (Ref. Fig. 4.18)

2

(b) Read C(Memory Ax-odd location, 1) = Sl

{(c) Read C(Memory Ax-even, location 2) = Sy

2. (a) Add: AS; + 8,
(b) Add: AS, + 8,

() Read C(Oufput Memory location 1) = Bl—yShift Register 1

(d) Set Shift Register 1 LSB = 0

(e} Read C(Output'Memory, location 2) = B2—>Shi£t Register 2

‘(f) Set Shift Register 2 LSB = 0

3.Cmmm:A%+ﬁlmdA%+%*

(a) Tf As + 5, = As, + s,
lel + 8 —>Ay~odd, location 1
—> L.S., Register
Increment Most Significant Bit Counter {(MSBCTR) if MSB = 1
c(Shift Register 1) = Bl 0—Output Memory location 1
Set Least Sum Address (L.S.A.) =1
(b) If A +38 <A +58,
A8y + 8 —3 Ay-odd, location 1
—> L.S. Register
Increment MSB CTR 1f MSB = 1
c{(Shiff REgister 2) = B ' 0—=-0Output Memory location L

2
Set L.S.A. =1



(b)
(c)

5. (a)

(b)

Form{S3 andAs4
Read c{Ax-odd,location 1) = Sl

Read c(Ax—-even, location 2) = S2

Add: As3 + sl

Add: A sS4 + 82

6. Compare/\S3 + S1 and AS4 + 52;

(a)

(b)

If 83 + Sl < S4 + 82;
AsS3 + s1— Ay-odd, location 3

Increment MSBCTR if MSB = 1

i

¢ (Output Memory Location 3) B3—>y8hift Register 2

Set Shift Register 1 L.S.B. = 1

c{Shift Register 1) = B 1—> Output Memory Location 3
CompareAS3 + S1 and c(L.S.Register)

I£fAS3 + 81 < c(L.S.Register); 1583 + Sl—-—}L.S, Register
Set L.S,A, = 3

If As 4+ s < As + 8
4 2 3 1

As4 + 32 —3% Ay-odd,,location 3
Increment MSBCTR if MSB = 1.
c(Output Memory Location 3) = B3--—>Shift Register 1
c(Shift Register 2) = B2l— Output Memory Location 3
Compare 1384 + 82 and c{LS Reg.)

IfZ§S4 + S < c(L.S. Register); As 4+ 8 - L.S.Reqg.

2

&y | 4



g.

(a)
(b)
(o)

{a)
(b)

(e)

(a)

A JAV:
Form 55 and 96

Read @g{Ax-~odd, location 3) = 5

3

Read c(Ax-even, location 4) = S4
add: As. + 8§

5 3
adda: ASG + 8,
c (Output Memory Location 4) = B4—>Shift Register 2

Compare ZSSS + 53 with 1356 + 5,
IfASS + S5 < A5, + 8y
KSSS + §,—> Ay-even, location 2

(b}

Increment MSBCTR if MSB = 1

Selt Shift Register 1 L.S.B. = 0

c(Shift Register 1) = B3 0—> Output Memory ,Location 2
Compare ﬁlss + S3 and ¢(L.S.Register)

:EfASS + 53 < c(L.S. Register); _/.B.s5 + §,—>L.S. Reg.

Set L.S,A, = 2

IfA86 + 5431385 o+ 83

£XS6 + SA —> Ay-even, location 2

Tnecrement MSBCTR if MSB = 1

Set Shift Register 2 L.S.B. = 0

c(Shift Register 2) = B, 0-—— Output Memory, Location 2
Compare 1386 + 8, and c(L.5.Register )

—=>1,.5. Registexr

IfASs--l- S < c{L.S.Register}; As6 + 54

4
Set L.S.2. = 2



10.

11.

12,

(a)
(b)
{c)

{a)
(b)

Form/\ 8 . and s

8
Read © {Ax~-odd, location 3) = 8

3
Read c(Ax-even, location 4) = 84

adaad: As7 + 53

Add: Asg + 54

Compare/A S, + S, andA Sg + 8,

(a)

(b)

7 3

IfAs7 + s3~_<.ﬁ358 + 5,

AS7 + 83——9Ay—even, Location 4

Increment MSBCTR if MSB = 1

Set Shift Register 1 LSB = 1

cEShift Register 1) = B31——>Output Memory, Location 4
Compare£587 + S3 and q(L.S. Register) ‘

If‘lﬁs7 + 8, < c(L.S. Register); Ass7 + 8, — L.S.Register
Set LSA = 4

IfASS + 8, < As./, + 83

A Sg + § —> Ay-even, location 4

4
Increment MSBCTR if MSB = 1

Set Shift Register 2 LSB = 1

¢{Shift Register 2) = B4l-———> Output Memory,Location 4
Compare ASS + 8, and c(L.S. Register)
IfA S8 + 8, < c{L.S.Register) ;4L g * S4-._>L.S. Register

Set L.S.A =4

S~/ 1 £



13.

¢ (Output Memory, Location = L.S.A.)—Shift Reégister 1

. Output MSB of Shift Register 1 = Information Bit

14, Read c(MSBCTER)
If c(MSBCTR) = 4; Set Normalize Flag.

(Next cycle, MSB of S terms from Ay-odd and
even will be set to logic "0" as they are
read out of memory.)
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4.4.2.3 Logic Implementation

The proposed ;mplepentation‘orvtpe algorithm 1is
éssentiaily a serial coﬁfigﬁration, with a small degree
of parallel hardware for certain functions. A serial
implementation greatly reduces the total logic
requirements compared with a tofally parallel confi-
guration, but reduces the overall decoder speed of
'operationg '

The incremental sums,[&é, ére generated two at a
time to allow two new sums to be formed at the same time.
This operation also reguires duplicate adders and two
memories, Ax-odd and Ax-even, for the S terms. An addi-
tional set of memories, Ay-odd and Ay-even, are utilized
to allow the storagé of new sums without buffering or
serialized recad-write operatiéns. The use of semi-

- conductor memories which provide up to 256 bits of
storage in one dual-in-line package is an important
factor in reducing the total logic requirements.

The configuration illustrated in the block diagram
of Figure 4.19 can be utilized for values of K up to and
including 9. The output memory is paralleled for the K = 10
configuration to save time required for storing contents of
some locations in "gpare" locations for later use.

The logic which will be described here was selected
to implement a decoder for illustrative purposes with K ='3,
v o= 2, and £ = 3,

4.4.2.3.1 A S Generator
Figure 4.20 is an example of the logic

required to implement the two termsZSSZi_l and ﬁlSZifor a two

o 1 1 E



Figure 4.20
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channel input (V = 2) with three bits per chamnel -({ = 3).
Chaﬂnel‘i%and é info;ﬁatioﬁ is received in ihput fégistefs
1 and 2 respectively, then transferred to the input buffer
from which the A S terms are formed. Input buffers are
required since the channel 1 and channgl 2 inputs are
supplied sequentially rather together; both words must he

present for generation of the AS terms.

The true and inverted functions are both supplied
to the 4-bit adders to allow the generation of A + B,
A+ B', A' + Bor A' + B type terms, as required by the

algorithm described in Section 2 of this report.
4.2.3.2 S + S Adders and Comparator

The AS + S adders are comprised of a 4-~bit adder
and a 2-bit adder connected together to form a 6~bit adder
{ Figure 4.21).. It can be shown that a decoder implemented
for € = 3, V_= 2 and L = 3 requires 6 stages for the

AS + S sum to ensure no overflow before normalization.
The normalization procedure, as mentioned in 4.4.2.1
consists of a check on the most significant bit (MSB) of
each stored sum. When the MSB of each sum (A S + S) stored
during a cycle is a logic "1", then each MSB is changed
to a logic "0" during the next cycle prior to addition
with a AS term.

4.4.2.3.3 BAccumulation Memories (Reference Figure 4.22)

Four separate memories are utilized for storing

the accumulated sums {S) during the decoding process.

Y



Figure 4.21
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Figure

4.22
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The memories, Ax-odd, Ax-~even, Ay-0dd and Ay-even each
*consisf of 2 word X 6 bif units.. For the general case
the memory size required is 2K"l/2 words by.ﬁ + 3 bits.
The savings in logic over the use of registers becomes
appréﬁiable as the value of K increases. As an example,
for K = 8, 8 memory D.I.P.s (each 64 words x 4 bits) are
sufficient to implement £he accumulation memories. Using
registers (8 bits per D.I.P.) the requirement would be

K1, or 128 p.I.P.s.

A memory access time of approximately 10 nanoseconds
is required for the decoder configuration with K =-10.
Memory packages are avallable in this speed range using
current mode logic for address logic and storage cells.
These units are available only in the 16 woéd x 4 bit
configuration, however, requiring a relatively greater

number of packages.
4.4.2.3.4 Least Sum Address Generation

The least sum address logic (Figure 4.23) provides
a means of recording the accumulated sum address which
contains the smallest sum. This same address is then
uéed to select the location in output memory from which

the output bit (most significant bit) is read.

As each sum is stored and compared with the contents
of the least sum register (LS Reg.), the inputs to the
encoder are sequentially enabled (via control). The

encoder generates a 3-bit code which is applied to the

L) -/25



Figure 4.23
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3-bit storage register only if the signal SUM < c(LS Reg.)
is present. Thus the last least-sum address is stored in
the regis€er from which it can be used to address the

output memory.

The particular configuration shown is capable of
addressing 0—? locations. Duplicating the logic provides

addressing for 0-64 locations.

4.4.2.3.5 Output Memory and Shift Registers (Figure 4.24)

A 5(K) bit semiconductor memory, in connection with
two 5(K) bit shift registers, is utilized for the infor-
mation output-bit generation. The specific word size for
K = 3 is 4 words. The general case requires a memory

. - K-l K-3 .
word size of 2 + 2 , the latter term supplying
intermediate storage locations necessary when K is > 3.

During each cycle the contents of certain locations must

be retained for later utilization.

Data is read from memory into either shift register
Where it is shifted one pulse to the left. A logic O or 1,
according to the algorithm, is loaded into the least
significant bit position before the data is written back

into memory.

The time available for reading data from locations
and placing in temporary storage is insufficiént when
K = 10. For this configurétion, two output memories are
required.. Data is read frou one memory and stored in the
other during a given cycle; the operation being reversed

during the fellowing cycle.
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4.4.2,3.6 Timing and Control

The decoder cycle repeats every 1/18th millisec
{456 usec) which is the time between information bits
for a transmission rate of one 18-bit message each
millisecond. PFigure 4.25° shows a 1.14 MHz clock rate
counted down by stages A through F to provide the
56 usec interval. 2n additional stage, G, 18 required
to select the Ax, Ay memory read-write functions which

alternate each cycle.

TABLE 4.17

TIMING REQUIREMENTS

K
2 3 4 5 6 7 8 9 10
CLOCK FREQ. 5701 1.14 | 2.28 | a.56 | 9.12 | 18.24 | 36.48 | 72.96 | 114
{MH=z)
BASIC TIME 1750 875 437 218 109 55 28 14 7
INTERVAL = 1/f )

{nano-sec.)

A 4 to 16 line decoder provides the basic time
pulses TL through T16 for control functions. Table 4.17
defines the clock rates and basic time pulse duration for
valueg of K from 2 through 10. High speed TTL logic is
required for time-pulse generation with K = 7 and 8. For
K = 9 and 10, current mode logic, such as MECL II, is
required for parts of the time-pulse generator.

Figure 4.26 shows a typical timing diagram for K = S.

& -/



Time Pulse Generation for Decoderx
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§4.4.2.3.7 Packaging Requirements

Table 4.18 iists the number of logic
packages (D.I.P.s) required to implement the decoder
for various values of K, V and_f. This is the type
of breadboard implementation which was proposed for

the command controller and the previous decoders.

TABLE 4.18

PACKAGE REQUIREMENTS FOR VARIOUS DECODER CONFIGURATIONS

X

v 2 3 4 5 : 6 7 8 9 10
2 40 43 50 56 61 77 94 136 285
3 42 45 52 58 63 - 79 Q6 138 287
4 44 47 5 60 65 81 o8 140 289
2 41 44 51 57 62 78 S8 144 300
3 44 47 54 60 65 81 101 147 303
4 46 49 56 62 67 83 103 149 305
2 46 49 56 62 67 83 103 149 305
3 50 53 60 66 71 87 107 153 309
4 52 55 62 68 73 89 - 109 155 311
2 46 49 56 62 67 82 103 149 305
52 55 62 68 73 89 109 155 311
56 59 66 72 77 93 113 159 315

,Q# P

f i




4.4.3 Error and Reijection Probabilities for Maximum
Likelihood Decoding of Convolutional Codes

Most of the known results concerning the probability
of an error in decoding c&nvolutional'codes using the
Viterbi algorithm have been obtained by simulation.

While these results are universally concerned with errox
probabilities consideiably larger than those of interest
here, they are easily extrapolated down to the range of
interest. Doing so, one immediately concludes that
ordinary Viterbi decoding does not achieve the desired
error probability at the signal-to-noise ratios operative
here for any constraint length K < 10. Yet the complexity
of equipment needed to decode codes having constraint
lengths greater than 10 clearly precludes theixr further
congideration, at least for spaceborne applications

(see Section 4 4.2),

It is possible to decrease the probability of an error,
however, by rejecting those decoded bits which do not appear
to be sufficiently reliable. (This, of course, was the
technique used to reduce the word erroxr probability asso-
ciated with the block codes studied earlier.) The Vitexbi
algorithm for decoding convolutional codes involves the

calculation of a number for each of the 21{"'l

currently
most likely code sequences. This number is a monotonically
decreasing function of this likelihood of its associated

sequence. An obvious rejection technigue in this case,

therefore, is to compare the two smallest of these numbers.
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If these numbers are sufficiently different, it can be
concluded that tﬂé seguence corresponding to the smallest
number is siéﬁificantly nore likély than any other sequence
and hence can safely be accepted as the, correct sequence.
As soon as this difference drops below some Fhreshold
value, however, this conclusion no longer hoids, and

no sequence should be accepted as correct. 1In tpis case.,
the decoded bits will be rejected, and will continue to
be rejected until this difference again exceeds the re-
jection threshold. (Another advantage of this rejection
approach over some of its potential competitors is that

it represents only & small increment in the amount of
hardware needed to implement the decoder; an increase by
about four DIP's in the package counts of the previous
section should be sufficient.)

To judge the effectiveness of incoporating a rejection
criterion in the decoding algorithm consider the following
situation. Suppose the decoded sequence is the correct
sequence up until some time t_ and that the {eventual)
decoded sequence and the correct sequence diverge at that
point. Then at time tb + SKTb(with Tb the information bit
period) the decodex output will be in error (assuming the
decoder registers are 5K bits long) unless it is rejected by the
rejection criterion. The sequence of bits received over
the interval (to,tO + BKT

b
a word from a block code of woxrd length n = 5KV.

) can conseguently be regarded as

Thus the probability of an error and of a rejection can

be estimated using the techniques of section 4.2.3

Al ) 3]
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To apply those results to the present situation

consider first the case in whichvg= 1 (the notation is as

———— s X - - — -~

iﬁnéhe sections of 4.4.£ and 4,4.2}‘ané i;-whgchna
decoded bit is accepted-if, and only if, the differen..
gez—el) (with e, the Hamming distance separating the
received n-bit (n = 5K V) séquence from ithe nearest com-—
petitor to the decoded sequence, and with e the distance
separating the received and decoded seguences) is less
than or egual to d—(do—l). Here d is the minimum Hamming
separating any tﬁo n-bit "words", and dj is an integer in
the range 1 g do < d. A correct acceptance of a decoded
bit will:certainly be made, using the rejection criteriou
described, if e, < {do—l)/z since then €5 €y must exceed
the specified threshold, Similarly, e must exceed
d-(d,/2) \in order to cause an error. Thus, with Po and P,
the error and rejection probabilities respectively, we have

d=1 -
Pe + Pr o Pr { el> g lf 1 {la)

P apr Je, >-o-d0 I,€= 1 (1b)
e L 2 .

wguations (la)and (1b) can be approximated using the

approach detailed in section 4.2.3 leading to the bounds

2d~-d,t 1
Po £ Pl—ro ) (2a)

n

and

d
Pe + Pl’.’ _gP(-ﬁO) (2b)

-~ (nRx}/2
where P(x) = e

Lff D



Here R denotes the ratio of the signal energy per channel
-symbol to the{noise speétral density and n is as pré~
viously defined. The-cpnstant .687 in the exponent of the
P(x) defined in the section 4.2.3 is reélaced‘hgre by

1/2 since, when,g= 1, erasures are not acknowledged. A
retracing of the argument presented in that section guickly
establishes that the correct constant should indeed be 1/2
when no erasures are allowed.

At the other ext;eme, when { = =, a similar argument

leads to the conclusion that *

4d-24_*t2
P, &2 P(—m—"—) (32)
f = w
and P. + P P {g—i—o-) ' (3b)

with P{(x) as previously defined.
"It remains only to find eppropriate wvalues of 4 to
complete the desired bounds. But this is easily accom-

plished upon observing that, for convolutional codes,

d 5“115;11 d [(h + K—l)v,h] (4)

* ¢f., G. D. Forney, Jr.,"Generalized Minimum Distance
Decoding," IEEE Transactions on Information Theory,
IT-12, p. 125, 1966. :
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where d(n,;K) 1S the MaXiMuUm MiNIMUM GlSTapce attalnapie Witn
' : - | :
an (n,k) block code anédh ranges over all non-negative

inteqers. ‘iThisgbound follows immediately upon’noting

that the minimum weight of a convolutional code word
generated by an information seguence, the ﬁirst and last bits
of which are separated by a distance of h + K -1 or less,

‘is thus boﬁnded, and that convolutional codes are linear.)

Using the Griesmer bound on d(n,K) then establishes the

bounds of Table 4.19.



Table 4.9

Bounde on the Maximum Minimum (free)
Distance d Attainable with Constraint Length
K, Information Rate 1/V, Convolutional Codes

N 2 3 4
2 4 6 8
4 6 10 12
6 8 13 18
8 11 16 22

10 12 20 27




While these results are bounds on d, they seem to
be attainable, or nearly so, for all values of K and V
of interest here.

Table 4.20 reflects the bounds of equations (2a)
(2b), {3a) and (3b) when RV = 6.845 (corresponding to an
uncoded error probability of 10"4) and when the distances
d are as listed in Table 4.19. The numbers listed show the
bduﬁas on the rejection probability P, when 4  is chosen

18. The bound

to yield an error probability bound of 107
denoted “"upper" refers to the bound eof eguation (2b) with

d, so chosen that the bound of equation (2a) is at most

,10-18. Similarly, the "lower" bound refers to the bound of

equation (3b) with d, so chosen that the bound of equation

. ~18 . . R
{3a) is at most 10 1 . The dashed entries indicate values of

K and V for which even the lower bound on P, exceeds 10—18
regardless of the value of d,.

Not surprisingly, the differences between the upper
and lower bounds indicated is Table 4,l%are large. Nevertheless,
it does_seem apparent from these results that a V of 3 or 4
and a K of at least 6 and more likely of 8 or 10 is needed
to achieve the desired error probability with a sufficiently
small rejection probabil;ty, Furthermore, these Qounds refer
to the probability of the first error and first réjection.
Cleariy, when a bit error or rejection does occur it will with
high probability be followed bf a sequences ©f errors and
rejections. Since a data word will- have to be fejeéted
whenever any one of its bits is rejected (and is in error

whenever one or more of its bits are in error), each "first"

é"—/:‘?:"‘



Table 4.20

Rejection Probability Bounds

N 2 3 4
~Logig Po —Loglo P. —Loglo Pr
Lower |Upper Lower| Upper | Lower |Upper
2 - - - -~ - -
4 - - 1.9¢6 0 - -
6 5.88 0 7.84 0 8.82 0
8 |14.7 0 13.72 0 14.7 0
10 {17.64 0 21.56 | 2.94|22.05 |2.35

/377




error or rejection will generally give rise to a
sequence of several data word errors or rejections.
Thus, a K as?large as 10 may indeed be required to

achieve the desired performance.

4-73F



4.5 WORD SYNCHRONIZATION

The most g%faigﬁtférward, and, in the case of-the command
system, the most appropriate method for ipitially establishing
synchronization between the transmitter and receivers is to
transmit a synchronization prefix., This would consist of a-
pure tone of sufficient duration t6 bring the receiver
phase-locked loop into lock, followed by a sequence of phase
reversals to allow the receiver to establish bit synchronization,
followed in turn by a known bit sequence for esfablishing
word synchronization. The demodulated signal would be routed to the
decodexr only after ithe wordé sync sequence -has been positively ’
identified. TFinally, no output from the décoder woulé be
recognized as a code word until a predetermined command is
received and decoded. This event would then initiate an
acknowledgement establishing the coherent acknowledgement
link needed for the command system to operate properly.

Ciearly, éuch an acquisition procedure can be made to be
extremely reliable. Decoding begins only when all sync devices,
phase~locked loop, bit synchronizer, and word synchronizer,
ﬁave identified specific events, and then only after a preécribed
command is received. A ﬁoteptially mﬁch more vulnerable
situation arises, however, if an initially synchronized system
should somehow loose synchronism withcout detecting this event.
Since the‘received signal may still be strong, the demodulator
could continue to operate and the decoder would receive and
attempt to decode a signal which appears to be valid but

when decoded bears little resemblance to the transmitted messagde.
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enabling the decoder to recognize that a loss of synchronisﬁ
has indeeé occurred.

* The (8,4)£inner code is rendered.reasonably invulnera-
ble to mis-~synchronism by adding almostlany random binary
8-tuple to each code word. One good choice'ig the 8-tuple
00001101. (This sequence can be generated using only two dual=-
in-line packages. Thus neilther the encoder nor the decoder com-
plexity is significantly affected by this modification.)
It has been shown*that any overlap of two words from the resulting
code is quite unlikely to be a true code word. More specifically,
suppose the decoder is ocut-of-sync by one bit (i.e., the decoder
begins decoding either one bit early or one bit late).
Then, in the absence of transmission errors, it will never see a
true code word. Half the words it sees, on the average, will in
fact differ ﬁrom the nearest code word bit one bit and half by
two bits. An identical statement holds when the decoder is
out-of-sync by two bits, When it is three bits out-of-sync,
an oveflap word can be identical to a code word, but this
happens only 1/16 th of the time on the average. Half the time
the overlap word will differ from the nearest trug word -by one

bit, and 7/16 0

of the time by two bits. Fianlly, when the
decoder is four bits out-of-sync, all overlap words differ by
exactly two bits from the nearest code word.

It is therefore clear that when a sync error does occur

the inner decoder will see a bit seguence which bears little

resemblance to a sequence of true code words, and will hence

* F. D. Natali, "Synchronization Properties of a Near-Comma-Free

(8,4) Code", IEEE Transactions on Communication Technology,
Vol. COM-~17, p. 500, Aug. 1969.
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'reject a large percentage of these overlap words as undecodable
The outer decoder will then witﬂ high probability see more

than two erasuges in a given woﬁd,'and, consequently, it too
will reject thé sequence as ﬁndétodable. Accordinély, virtually
all words transmitted to the mis-synchronized decoder will

be rejected. The command system will be informed of this fact
via the acknowledgement link and will be forced to re-enter the
acquition mode in order to bring the errant decoder back into
synchronism.

To be more guantitive about the probabilities involved,
suppose the decoder is one bit out of synchronism and, for the
moment, that the received signal—to—noisefratio is infinite.
Then, with probability 1/2, the .inner decoder will see a word
.coﬁtaining two errrors and hence will treat it as an erasure.
With probability p, ¥ 1-3 x 10"3, the outer decoder will see
more than two erasures in any l5-symbol word and will therefore
not attempt to decode it. Even if the input to the outer
decoder contains fewer than three erasures, the non-erasured
" symbols will in effect appear to be a complexity random symbol
sequence and will with probability pzﬂs 1-1/6 x 10,4 or greater
differ by at least one symbol from anf Reed-Sclomon code word.
Thus, the probability of such a mis-synchronized word nof being
rejected is on the order of 5 x 10_8 or less. At finite signal-
to~noise ratios when the probability of an erasure is no longer
zero, the rejection probability Py should actually increase
considerably. This is because even words containing one error
are rejéected, using the prescribed decoding algorithm, if such a word
also containg one or more erasures. -Hence, the probability tﬂat the

outer decoder finds its input sequence decodable should actually
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ke considerably less than 5 x 10"8. In any event, to arrive

at the probability of an error due to mis-synchronization

this probability must be multiplied by the probability of an
undetected loss of synchronism. The undgtected loss-0f~
synchronism probability will be extremely small at the signal-
to-noise ratios of interest here so long as the bit synchronizer
is properly designed. Thus, the possibility of an error due

to mis-synchronism does not seem to pose a serious threat

here if adequate measures are taken in the system design.
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4.6 SUMMARY AND CONCLUSIONS

Four different coding schemes have been examined in some
detail: BCH é%ding and algebraic-decoding; projeétive and
Euclidean geometry codes and threshold decoding; Reed-Solomon
outer, biorthogonal inner codes, and concatenated decoding,
and convolutional codes with Viterbi decoding! Investigation
of the second of these schemes did not proceed as far as a
detailed decoder package count since, for the errér probabilities
of interest here, the resulting decoders were almost certain to
be at least as complex as those of the first scheme. The
complexities (measured in DIP's) of the decoders required to
achieve minimum performance (defined here as Py £ 10"18,
wailn_z) are listed in Table 4.21l. The associated error and

rejection probabilities at R = 6.845 so that p(uncoded) = 16~

are also summarized in Table 4.21.
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Table 4.21

Decoder Packége Reqguirements vs., FP_ ana ¥
Type of Package Pe P References
Decoder Count T -
) 17 -2 Tables 4.3,
BCH* 136 3 x 10 10 4.4.A
{(63,16)
BCH* 17 -4
(127,54) 243 2.5 x 10 2 x 10 Tables 4.3,
o 4,44
Concatenated
w. Algebraic =20 -3 Tables 4.5,
Decoder 65 4.6 x 10 4.5 x 10 4.6
Concatenated 76 -21 -3
w. Green W= 4) 2.7 % 10 4.9 x 10 Tables 4.11,
Machine 4.12
- -3
Convolutional + 111 10 18 10 Tables 4.18,
(K = 8, V = 3) (f= 3} 4.19
w. Viterbi
Decoder

an R of 6.55
estimates .

{ef.

(p =1.6 x 10

The BCH error and rejection

43

probabilities correspond to

The convolutional code error and rejection probabilities are rough

The package count of Table 4.1% is here increased
by four to provide the necessary bit rejection capability

section 4.4.3)
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It sﬁou}d be‘recailed that the Pe‘ﬁigures l%sfed in this table
were .all more or lesg based on the assumption that anﬁerrorh
pattérn inyolging more than d-(d_ -1)/2 symbol errors.automatically
'causes a decoding error. Actually this:is true only for close-packed
codes, and then only if d0=d. In all cases of interest here
d, is considerably less than d. The result is that many events
identified as errors in the preceeding analyses would actuaily
result in rejections, not errors, This statement was supported
quantitatively in section 4.3.2 for the concatenated code case;
it also applies (although not to the same deéree) to the
other coding schemes as well.

It might be argued that as a result the coding schemes
investigated here are more powerful than they‘really need to
be to achieve .the desired performance. Actualiy, this added
-margin is extremely valuable to have, for example, when the
possibility of deep fades is taken into account. For then
the probability of an error pattern of greater than critical
weighflgan become significantly larger than the design value
of lOF (cf. Tables 4.7, 4.8). The fact that only one out
of, say, 107 such patterns actually result in decoding erfor is
extremely desirable for precisely these eventualities. In any
event, the advantage of the concatenated approach vis-a-vis
the other methods seems apparant from Table 4.21. The choice
between the Green Machine and algebraic inner code decoders,
however, is less obvious; the latter is recommended here, for
lack of a more compelling reason, simply on the basis of its

slightly smaller package count.
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5.0 MICRO-ELECTRONIC DEVELOPMENT PROGRESS

The complexity of éhe MSIT énd LSI logic arrays which can
be successfully produced and interconnected continues to grow.
Activity in the micro-electronic field at Raytheon is concen-
tr%ted on the development and utilization of devices in the

gold beam lead configuration.
5.1 BEAM LEAD 3YSTEM

The beam lead system is a packaging technique which
totally eliminates wire bonding along with the cost and
reliability problems associated with wire bonding. This is
accomplished by making the lead an integrél part of the chipf
These beam shaped contacts are electroformed on the device
and extend‘over the periphery for ease in mounting (Figure 5.1).
The beams alsc serve as mechaﬁical and electrcial interconnec-
tions. This approach offers many advantages over conventional
wiré bond and wire weld presently used to attach the circuit
element in hybrid applications. The conventional approach has
been to use gold wire in conjunction with thermal-compression
bonding techniques (Figure 5.1}, resulting in as many as thirty-
two bonqs for sixteen lead devices. Sixteen tail-pull operations
are also reguired to make electrical and mechanical intercon-
nections between the chip and hybrid substrate patterns. This
results in a tctal of 48 operations in order to insert a six-
teen lead integrated circuit into a hybrid circuit for each
such element used. Each such bond is a potential area of failure

due to misplaced bonds, shorting of the bhall bonds placed too
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BIGURE S5%d BEAM LEAD INTEGRATED CIRCUIT FABRICATED AT RAYTHEON
: SEMICONDUCTOR OPERATION

o
€

Kuf FIGURE 5.2 COMPARISON OF BEAM LEAD BONDING AND WIRE BONDING
TECHNIQUES. BEAM LEAD BONDING DEVELOPED TO ACHIEVE
BETTER RELIABILITY AND REDUCED COST.




close together,'incqmplete welds due to insufficient bonding
pressure or teo low a bonding tehperaéure, and failure due to
weék bonds tearing ll&sg during tail pull. It is advisable
for hybird circuit applications that the amount-of bonéé
necessary'to insert any circuit element be kept to a minimum
in order to increase yields and final reliability of the

finished hybrid system.

The beam leads an as integral part of the integrated
circuit are ideally suited for hybrid applications. All leads
lie in the same place and are welded in s single operation,
reducing failure modes which results in increased reliability
of the hybrid circuit. The semiconductor chip is encapsulated
in i£s oﬁn hermetic package with only the gold beams exposed.
This enéapsulation protects the metal interconnects from

corrosion and degradation due to scratching from handling.

It can be stated then, in conclusion, that beam lead
chipg will greatly alter electronic éystems over the next
few years. They presently offer the only practical approach
vet devised for putting a large number of leads on a relativey
small chip and successfully bonding these leads to a sub-

strate without damage to the chip.

5.2 EXISTING DEVICES

5.2.1 Logic Arravs

Three families of NAND Gate Arrays ére available.
These are the 24, 40, and 60-Gate Arrays. All are

fabricated on the standard 101 x 144 mil chip which



enploys a single layer of metallization%for intercon-
nections.; Crossovers of the.intercoﬁnect'pattern are
accémplished by using conducting pads that were diffused
into the semiconductor during fabriéation of the array.
In 1971 these underpasses in the semicon%uctor will

be discontinued and two layer metallization will be
used on the chip. The NAND Gate Arrays are available

in a 50 pin format in a gold-beam lead configuration.

A total cf 7 NaND Gate Arrays are available.

These are:

1) RAl03 —— 24-CGate Array
Contains 24 high level gates

2) RAlO4 —- 40-Gate Array -- Low Power
Contains 40 high level gates

3) RAl05 ~- 40-Gate Array -- Medium Speed/Powe:
Contains 40 high level gates

4) RALO6 -~ 40-Gate Array -- High Speed
Contains 4C 'high level gates

5) RaAlO7 -~ 60-Gate Array -- Low Power
Contains 20 high level gates and
40 expander gates

6) RALO8 -- 60-Gate Array -- Medium Speed/Powe;
Contains 20 high level gates and
40 expander gates :

7) RAl09 -~ 60-Gate Array —-- High Speed
Contains 20 high level gates and
40 expander gates

5.2.2 Universal 24-Gate Array RA103

The 24-Gate- Array is a universal logic array
consisting of 24 four-input high level TTL NAND gates.

The 24-Gate Array is a high speed, low density array

5#



that is suitable for implementing irregular 10gi¢
circuits that require gateutompin'ratio of 0.2 to 0.5.
The gates of this array were designed using RAY II
design techniques in order to obtaiﬁ high speed TTL
logic. Since the various components of the gate cir-
cuit, or cell, are not connected until the metalli-
zation layer is applied, this circuit provides the
designer with the capability of wire-OR'ing gates

or increasing the Fan-in.

Up to 6 gates can be wire-OR'ed with a speed
legradation of less than 1 ns per wire-OR. Similarly,
-he Fan-in can be increased to 8 inputs. All metal-
.ization which would interconnect unused components

Ls omitted.

5.2.3 Universal 40-~Gate Array, RA104, 105, and 106

The 40-Gate Array is a universal logic array
ronsisting of 40 five-input high level TTL NAND gates.
fhe 40-Gate Array is a family of medium density that
Lg suitable for circuits that require a gate-to-pin
-atio of 0.5 to 1.0. The gate structure employs Ray III
colerances (0.1 mil). These tight tolerances were
1ecessary to achieve the desired density without any
sacrifice in speed. The three members of this family
atilize identical ¢ell arrangement and I/0 contract
>lacement. They differ only in cell circuitry and -

structure to provide a choice in the spesed/power trade



(8]

off. ere—OR‘lng up to 6 gates and 1ncrea51ng the
Fan- 1n Lo 10 inputs are implemented as £or the 24-

Gate Array. Figure 5.3 is a photograph of a completed

40-Gate Array with beam leads.

5.2.4 Universal 60-Gate Array, RA107, 108 and 109

Tﬁe 60-Gate Array is a universal logic array
congisting of 20 fi%e—input high level TTL NAND gates
and 40 four-input TTL expander NAND gates. A total of
40 gates are provided primarily for use as a wire-OR
extender or to increase the Fan-in of a high level NAND
gate. . fhese gates may also be used as NAND gates, but
the fan-out is limited to 2. Since two of these gates
cén be accommodated in the same space necessary for one
éctivespull up gate, a considerable increase in ovérall
gate density is obtained. The 60-Gate Array is a family

of high density that is suitable for circuits that

" require a gate-to-pin ratio of more than 1. The gate

structure was designed with RAY IIT tolerances (0.1 mil).
These tight tolerances allow the desired density with

no sacrifice of speéd. As with the 40-Gate Array. the
members of this family employ slightly differing cell

circuitr& and structure, but identical I/0 contacts

’ﬁhich allows the designer freedom of c¢hoice in the speed/

power trade off.

DEVICES IN DEVELOPMENT STAGE

The Bedford Microelectronics Department has presently under

development 3 low powef, low speed bipolar array. Power
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dissipation per ‘gate is less than 2 milliwatts and propagation
delay time approximétes 50 nanosecondé. A proprietary method
of fabricating diodes on the chip prOmises‘gate densities of
from 160 to 180 per chip {144 mils sqguare)}. This array appears

attractive for use in the digital command system.

Standard LSI logic arrays of both bipolar and MOS tech-
nology will soon be available on the market. Functions expected
to be available first are 8-bit look-ahead/carry adders, a dual
6-bit shift register and a 5-stage Johnson counter, all of
approximately 100 gate complexity. A standard/custom flexi-
bility will be offered by storing wafers containing oniy diffused
components and no metalization. Mask sets for a customized
array are then made up according to regquirements and final

metallization applied.

5.3.1 -Complimentary MOS (C-MOS) Technoclogy

C-MOS logic with very low power consumption,
good noise immunity and medium speed capabilities make
it a strong contender for future digital systems.
Other features of the C-MOS logic are high fan-out
capabilities and the ability to accept a wide range

of power supply voltages.

Complimentary circuits differ from their
polarity counterparts (P-MOS or N-MOS) in a variety
df ways. In the more common P-channel transistor,
the P+ source and drain regions are diffused into
a crystal of N—tgpe'silicon. In complimentary MOS

the basic builiding block is not a single transistor,



but two transistors in series; one P—ch%nnel and one
N-channels; Becasuse they have two transistors in

series complimentary circuits consume very little
quiescent power. In either logic séate, one transistor
or the other is off, therefore, the only%power dis-
sipated is leakage current. Power required during
switching operations is somewhat greater since load
capacities must be charged through the P-channel
transistor as the output switches high. This energy
must later be dissipated through the N-channel transis-
tor during the transition to a low signal level. Power

dissipation during switching is equal to COV 2f, where

DD

CO is the output and load capacitance, V is the supply

DD

voltage, and f is operating frequency in Hertz. For a
sample power dissipation calculation, a load capacity
C, of 10 pf {equivalent to an input loading of 20 C-MOS

dates on an array), V D of 10 volts, and fequency of

=127, 102 % 10° =

D
1 Megahertz is assumed. P = 10 x 10

1 milliwatt. The static (non-switching) power is in

the region of 1 x 10"6 watts.

Another characteristic of C-MOS circuits is their
ability to operate with unregulated power supplies. The
circults can maintain a logical 0 of OV and a logical 1

of Vo volts with a supply voltage ranging from 6 to 15V.

Figure 5.3.1 shows the voltage transfer character-
istics for a typical inverter using three different power

supplies. The noise immunity shown on the curve (about



5V for both the 1 and 0 state) for a 10V supply voltage
iliustraté% the high noise immunity. It should be noted
that neither logic level begins to change until the
change in input voltage equals the threshold voltage

of the off transistor.

Packaging desities attainable with C-MOS tech-
nology are approximately 25% greatér than for low power
bipolar. A function containing 775 MOS transistors in
a C-MOS configuration on a 146 x 155 mil chip has been

gsuccessfully manufactured.
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RADIATION SUSCEPTABILITY

C-MOS transistor configurations exhibit a change
in threshold voltage when subjected to a strong gamma
radiation environment, & change not evident with bipolar

circuits. The response to radiation over an extended
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period of time is still under investigation. It is
known, hoWwever, that a dose rate of from 1000 to 2060
rads/sec (a rate much éreater than humans can withstand)
causes a threshold voltage shift of approxi@ately one-

tenth volt.

" The radiation effect on the digital command
system will depend upon the radiation environment and
normal shielding provided by structural metal within the

space base.
5.4 HYBRID INTERCONNECTION TECHNIQUES

The Bedford Microelectronics Department dévelops the
technologies required to build a bridge between device capa-
bilities and system requirements. This includes the development
of thick and thin film multi-chip interconnection modules.
Typical devices developed so far are an 8-chip thin film module,
and a 6-chip thick film module (see Figures 5.4.1 and 5.4.2).
The interconnection module shown in Figure 5.4.2 called a
Raypak, is a 1.15 inch square ceramic substrate with 5 mil
interconnect lines on 10 mil centers. The module 1/0 leads,

20 per side, are on 50 mil centers. A hermetically sealed

protective cover completes the package (Figure 5.4.3).

The square package configuration with leads extending from
two sides allows heat sinks and interconnecting lines to be run
under the other two sidés. A .75 inch square "mini" Raypak of
similar construction is also being developed at the Bedford

Microelectronics Department.
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A wide variety of semiconductor devices, both bipolar and

MOS, can be interconnected on the Raypaks. The equivalent of
300 logic gates have been successfully interconnected on one
standard Raypak. MOS memory chips are presently available with
256 bits on a 140 x 140 mil chip. Eight of these chips, along
with one bipolar chip for address decode, can be mounted on a

Raypak to produce a 2048 bit random access memory package.

Another hybrid technique being developed at Raytheon
involves the use of a silicon inner substrate. Logic chips
are mounted on the silicon substrate which provides inter-

connections of two layer metallization. I/0 connections are

~made from the inner substrate to the outer substrate (plastic

or ceramic). Two advantages of this hybrid technique are the
compatibility of the logic chip and silicon inner substrate,
and the greater density of interconnections possible using

thin film metallization methods.
5.5 LSI MODULE DEVELOPMENT

Two LSI module configurations are presently being
developed at Raytheon. One, the Advanced Functional (AF) LSI
module, carries four mini Raypaks, while the other, the type

"B" LSI module, carries six standard Raypaks.

5.5.1 Advanced Functional LSI Module (Reference Figure 5.5)

The AF is an 80 pin module with overall
dimensions of approximately 2.6 inches by 2.1 inches
by 0.5 inches. This particular module is designed for

air cooling, having heat fins across the top length.
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The height of the module could be reduéed to 1.6 inches
by removing these fins and allowing heat conduction

through each end to a liquid-cooled surface.

The module carries four mini Raypaks of 0.75
inches by 0.75 inches mounted on two subétrates. Two
40-pin connectors are soldered to the substrates using
a PC board and feed-thru to connect the back row of
pins to the front of the substrates. The assemblies
are bonded to a cast or machined header and a flex strip
soldered to each end of the substrates to provide inter

substrate connections (reference Figure 5.5).

A thermal analysis shows that the module if
capable of dissipating 4 to 5 watts of power while
maintaining normal semiconductor operating temperatures

in the Raypaks.

5.5.2 Type B LSI Module (Reference Figure 5.6)

The type B LSI module configuration measures
6.4 inches wide by 3.6 inches high by 0.3 inches
thick and utilizes a one hundred and twelve pin interface
connector. Up to six standard Raypak logic units
(reference Section 5.4), can be mounted on the
module, with a maximum power dissipation of fifteen
watts. Logic units are mounted on a multilayer board
which consists of a ground plane, power plane, two

signal planes and a top-pad plane.
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5.5.3 Gate Density Per Module
&

The number of gates per module is & variable
which depends on pin qﬁantity, heat dissipation and
electrical function desired (interconnect érea). Of
these, the heat dissipation is the nearest fixed.
Assuming the use of low power bipolar chips with an
average gate dissipation of 2 milliwatts, then the

number of gates available is approximately 2000.

5.5.4 Interconnect Area

As previously noted in Section 2.4, a logic
function comprised of 300 gates has been interconnected
on a 1.15 inch square substraté, therefore, 200 gates
should be possible on a .75 inch square Raypak. Since
there are four Raypaks per AF module, a total gate

density of 800 on a module is feasible.
5.6 COMMAND CONTROLLER LOGIC PACKAGING

The logic gate requirements for implementing the proposed
command controller is estimated at 2500, less memory.' Using
the figure of 800 gates per module estimated in Section 5.5.1,
the number of modules required is 4. Since one of thé modules
is only partially utilized, the read-only program memory could
be mounted on it. The program memory capacity, including a
possiblie self-test, is estimated at 75 words by 48 bits, for
a total of 3600 bits. This can be ﬁackaged in two of ﬁhe

mini~Raypaks.



STORAGE MEMORY

15 Sectidn Sm4 the proposed memory packaging density was
2048 bits per Raypak. The estimated requirement for the
command controller storage memory is 2048 words by 48 bits,
at most, or 40,960 bits. A total of 20 Raypgks, or 5 modules

are, therefore, required to implement the memory section.

TOTAL MODULE REQUIREMENT

The total command controller module requirement is
4 + 5 = 9 LSI modules, requiring a package of approximately

4.75 inches by 2 inches by 3 inches.

5.6.1 Power Reguirements

The power requirements for the command controller
are estimated for implementation with low power bipolar

and C-MOS technology.

Bipolar Implementation

Using low power bipolar gates of 2 milliwatts
dissipation, the logic power dissipation is equal to

2500 x 2 = 5000 milliwatts or 5 watts.

C~-MOS Implementation

The power dissipation of C-MOS logic gates
even when switching at maximum rate is approximately
1 milliwatt (reference Section 5.3.1). Therefore,
the power dissipation of the équivalent C-M0OS logic

is one-half that for bipolar logic, equaling 2.5 watts.



Memory Power Dissipation

C—Moé technology only will be considered for
the command controller storage memory sinée bipolar
memory cells being produced or in development are of
high speed and relatively high power types. Suffi-
cient access speeds are obtainable with C-MOS memory
cells and a low-power bipolar chip (1 per Raypak) for
address decode. The power dissipation is determined
from available figures for a 106 bit C-MOS memory
which requires 50 watts. A memory capacity of 40,00(

bits, then, dissipates approximateély

4
iJ&-%Q— x 50 = 2 watts.

10 T

Total Command Controller Power Dissipstion

7 watts

i1

1. Bipolar Logic and C-MOS memory = 5 + 2

2. C-MOS Logic and C-MOS memory = 2.5 + 2 4.5 watts

The power, volume and weight requirements for the commard

controllers are summarized in Table 5.6.

TABLE 5.6

POWER, VOLUME AND WEIGHT SUMMARY

POWER VOLUME WEIGHT
CONFIGURATION (watts) (1n3) (1lbs.)
Bipolar (Low Power) Logic 7 28.5 3.6
and C-MOS Memory
C-MOS Logic and 4.5 28.5 3.6

C--MOS Memory

“ A/
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5:7 ENCODER LSI LOGIC PACKAGING
5.7.1  Concatenated Encoder (Ref. Sections 4.3.3.1 and 4.3.3.2).

Module Requirements

Number of logic gates = 285
Numbzsr of Modules @ 800 gates/module = 1

Power Requirements

1. Bipolar (Low Power) implementatiqn
= 285 gates x 2 milliwatts/gate = 0.57 watts

2, C-MOS Implementation

= 255 x 1 milliwatt/gate = 0.29 watts
Volﬁme
Packaging volume for one module = 0.5 % 2 % 3 = 3in3
Weight
Weight (one module} = approximately 0.4 pounds

including supporting hardware.

5.7.2 BCH Encoder #1 (63, 36, 11)

Module Requirement

Number of logic gates = 205
Number of modules @ 800 gates/module = 1

Power Reguirements

1. Bipolar (Low Power) Implementation
= 205 gates x 2 milliwatts/gate = 0.41 watts

2. C-MOS Implementation

205 x 1 'milliwatt/gate = 0.2 watts

Voiume

Packaging'volume {one module) = 3:i.n3
Weight

Weight (one module) = 0.4 pounds
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5.7.3 BCH Encoder #2 (127, 54, 23)

‘Module Reguirement
G '
Number of gates = 290

Number of modules @ 800/module = 1

Power Reguirements

1. Bipolar (Low Power) Llmplementation
= 200 gates x 2 milliwatts/gate = 0.58 watts

2. C-MOS Implementation

= 290 x 1 milliwatt/gate = 0.29 watts
Volume
Packaging volume {(one module) = 31n3
Weight

Weight (one module) = 0.4 pounds

5.7.4 Convolutional Encoder (K =8, V = 3)

Includes an 18-bit input buffer.

Module Requirement

Number of logic gates = 200
Number of modules @ 800 gates/module = 1

Power Recquirements

1. Bipolar (Low Power) Implementation
= 200 gates » 2 milliwatts/gate = 0.4 watts

2. C-MOS Implementation

= 200 x 1 milliwatt/gate = 0.2 watts
Volume
Packaging volume (oﬁe module) = 3 ihB
Height |
Weight (one module} = 0.4 pounds .

F -2 3



5.8 DECODER LSI LOGIC PACKAGING
5.8.1 ’Sthndard Concatenated Decoder (Ref._Téble 4.7)

Module Requirement

Number cf gates = 975
Number of modules @ 800 gates/module = 2

Power Reguirements

1. Bipolar (Low Power) Implementation
= 975 gates x 2 milliwatts/gate = 1.95 watts
2. .C~MOS Implementation
= 975 x 1 milliwatt/gate = 0.98 watts
volume
Packaging volume. for two modules = 2 X 3in3/module =
6in3.
Weight
Weight (two modules) = 2 X U.4 lbs/moaule =

0.8 pounds.

5.8.2 Concatenated Decoder with "Green Machine" Inner
Decoder &Q= 4) Ref. Table 4.14

Module Requirement

Number of logic gates = 1140
Number of modules @ 800 gates/module = 2

Power Reguirements

1. Bipolar (Low Power) Implementation

= 1140 gates x 2 milliwatts/gate 2.28 watts
2., C-MOS Implementation

= 1140 % 1 milliwatt/gate = 1.14 watts.



Volume

. Packaging volume for two modules = Gin3
Weight
Weight for two modules = 0.8 pounds
5.8.3 BCH Decoder #1 (63, 36, 11) Ref. Table 4.4
Module Recuirement
Number of logic gates = 2720
Number of modunles ® 800 gates/module = 4
Power Requirements
1. Bipolar {Low Power) Implementation
= 2720 gates x 2 milliwatts/gate = 5.4 watts
2. C-MOS Implementation
e 2720 x 1 milliwatt/gate = 2.7 watts
- Volume
Packaging volume for four modules =
4 x Bin3/module = 12in3
Weight
Weight (four modules) = 4 x 0.4 lbs/module =
1.6 pounds
5.8.4 BCH Decoder #2 (127, 54, 23) Ref. Table 4.4
Module Requirement
Number of gates = 4860
Number of modules @ 800 gates/module = 7
Power Requirements. -
1. Bipolar {(Low Power) Implementation
= 4860 gates x 2 milliwatts/gate = 9.7 watts
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2. C-MOS Implementation

N

= 4860 x 1 milliwatt/gate = 4.9 watts
Volume

Packaging volume for seven modules =

7 x 3in3/module = Zlin3

Weight
Weight (seven modules) = 7 x 0.4 lbs/module =
2.8 pounds

5.8.5 Viterbi Decoder

Table 5.8.1 compares the estimated module and
volume requirements of decoders implemented with LSI
logic for K = 2 through 10. Packaging densities of
800 gates per module and 2048 memory bits per Raypak
(4 Raypaks/module)} are obtained from Section 5.5.1 and .

5.4, respectively.

The module reguirements for K = 7, 8, 9, and 10
are based on a maximum power dissipation of 5 watts/
module. This limit is exceeded when requirements are
based on logic, due to the greater power consumption
of the high speed logic, particularly in the memory
ares. Volume is based on use of the 80 pin LSTI module

described in Section 5.5.

TABLE 5.8.1
K (V=3 4=2)

2 3| 4] 5] s 7 8 9 10 |
NUMBER OF MODULES | 2 | 2 | 2| 2 | 3 | #=4 | #6 | %9 | =16
VOLUME, Tn> 6| 6| 6| 6| 9o | 12 | 18 | 27 48

*Based on maximum power dissipation of 5 watts/module.

g2 37 3




Power Reguirements

rower reguitsueusts wue wue decoder range from
very iZW-for the configurations which do not requife
high speed logic, to relatively high for values of K
which fequire implementation with high speed TTL and
MECL 1T logic. Table 5.8.2 lists the estimated powe

requirements for the different configurations, based

on the following logic dissipation:

LOGIC TYPE POWER DISSIPATION, MILLIWATTS/PACKAGE
CMOS (MST) 10

LOW~-POWER TTL  (MSI) 20

STANDARD TTL (MsT) 200

MECL II | (MST) 250

MECL II (5SI) 100
HIGH-SPEED TTL (SS5I) 80

STANDARD TTL (sSI) 40

LOW-POWER TTL  (SSI) 4

MEMORY TYPE POWER, MILLIWATTS/BLT
CMOS 0.5

HYBRID; BIPOLAR - MOS 1.0

BIPOLAR 2.0

CURRENT MODE LOGIC 5.0

(For Accumulation Memories, K = lo,

Either CMOS or low power TTL logic can be utilized
"for K = 2 through 5, standard TTL for K = 6, 7 and 8, while
a combination of high-speed TTL and MECL logic is required

for K = 9 and 10.
o2y



TABLE 5.8.2

POWER REQUIREMENTS, WATTS

K
LOGIC TYPE 2 3 4 5 & 7 8 9 10
CMOS 0.6 0.65 .75 .87 *6.8 *7.5 N/A | N/A N/ &
LOW-POWER 1.3 1.4 1.5 1.7 k%7 6 *kg 1 N/A | N/a | N/a

PTLL

STANDARD TTL 9.2 a,7 10.6 12.0 14.0 18.0 26,0 | N/A | N/2
HIGH SPEED
TTL & MECL IT —_— — —_— —_— —— —— — 44 70

*Combination of CMOS (Output Memory, 1/2 of Logic) and Standard TTL.

**Combination of Low Power TTL (Output Memory, 1/2 of Logic) and
Standard TTL.

5.8.6 Summary of Logic Packaging for Various Decoder

Configurations

The power, volume and weight requirements for two
configurations each of the BCH, concatenated, and viterbi

decoders are summarized an Table 5.8.3. Logic density

iz based on the estimated 800 gates per module figure

from Section 5.5.1, except for the wviterbi decoder where

power dissipstion requires a lower gate density.




DECODER POWER, VOLUME AND WEIGHT SUMMARY

TABLE 5.8.3

POWER (WATTS) | VOLUME WEIGHT *
SYSTEM CONFIGURATION BIPCLAR C-MOS (In3) {1bs.)
BCH #1 (63, 36, 11} 5.4 2.7 12 1.6
" opeH #2 (127, 54, 23) 9.7 4.9 21 2.8
CONCATENATED:
1. Standard 1.85 0.97 &6 0.8
2. GQGreen Machine 2.28 1.14. 1) 0.8
2= )
VITERBI: (V = 3, = 3}
1. K=8 "~ 26.0 N/A 18 2.4
2. K =10 70.0 N/A 48 6.4

*Based on estimated module weight (with supporting hardware)

of 0.4 pounds.
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6.0 RELIABILITY CONSIDERATIONS:

. ¢ .
This section is concerned with techniques for increasing

the reliability of the commandf§¥stem and, in particular, for
satisfying the postulated fail—éperationai/fail—safe requirement.

To this end, section 6.1 examines, from a guite general point of
view, the potential gain in reliability to be realized from .
various redundant system configurations. These considerations

"are then specialized to the space base command system in section 6.2
Finally, as a point of reference, the mean-time-to-failure of the
LSI implemented (non-redundant) command controller and that of

the concatencated coder/decoder are estimated in section 6.3.
6.1 RELATIVE EFFECTIVENESS OF VARIOUS RELIABILITY CONFIGURATION

Most techniques for increasing the reliability of a system

fall into one of four categories:

(1} Error masking techniques (e.g. triple modular redundancy)
(2) External testing (e.g. supervisory computers)
{3) Self-testing hardware,

(4) Self-_testing software

Table 6.1 was derived as a first step in assessing the relative
effectiveness of these various technigues both singly and in
combination. The basic system configuration postulated consists
of m identical units, all of which must operate if the system as
a whole is to operate; configuration 1 represents this basic

system. The remaining configurations considered are as follows:
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2~ {m + 1} identical units, one of which sequentially

4

10~

monitobs each of the others - The system shuts down
whenever the monitor and the unit being tested dis-
agres. '

m identical units, each of which has been augmented
to provide a self-test capability - Tﬂe system shuts
down whenever one unit fails. (The equipment com-
plexity has increased in the process by a factor of
8/a. Typically, g/a will be on the order of 1.l or
less (e.g. only two additional bits are needed to
detect a single error in an 18 hit adder, so, in this
case, B/aq = -;:—O% 1,11},

m units plus one self-testing monitor - Whenever the
monltor detects a failure, either within itself or in
one of the units, that unit is replaced. The system
continues to opesrate without further monitoring.

m self-testing units plus a non-self-testing spare.
The first unit to fail is replaced by a spare.

(m + 2) identical units, one of which serves as a
monitor and the second as a spars. When a filrst
failure is detected the spare is used to determine
whether it is in the monitor or in the unit being
taested; it then replaces the defective unit. The
system then continues to operate as in configuration
2,

Same as 6, except that the spare alsoc helps monitor

-the other units and hence is kept running.

(m + 1) identical self-testing units, one of which
serves as a sparae,

Same as 8 except that the spare is kept operating
avaen when it is not nesded,

{m + 3) identical units, including one monitor and
two spares. Operates as in mode 6, except that now
two replacements ars possible, so thrse fallures are
neaeded to shut down the system,

&L~3



13- Same as 10 except one of the spares is also
‘ kept in operation.
12— (m 4+ 2) identical self-testing units including two’
spares. First two detected failures result in a
% replacement, the third in a shutdown.
13~ Same as 12 except that both spares are kept
l operating.

It will be noted that configurations 2 and 3 are fail-
safe (FS), 4 and 5 fail operational (¥FD), 6 through 9 fail
operational/ fail safe (FO/FS), and 10 through 13 fail operation/
fail operational/fail safe (FO/FO/FS). The remainder of the
columns in Table 6.1 are self-explanatory. The regults were
derived under the usual assumption of exponentially time-
dependent fallure probabilities. '

Note that for purposes of an anlysis of this sort, the

_ four categories list above degenerate, into only two distinct
tategories., Categories (1) and (2) differ only in the action
taken when an error is detected. In category (1) the erroneous
unit is ignored because of the masking logic; in category (2},
it is switched out of the system. (The relative merits of the
two approaches will be discussed in greater detail presently.)
Similérly, categories (3) and (4) differ only in that one me-
thod requires additional eguipment to be associated with each
subunit while the second requires more time. (In the latter
case, g/¢ is essentially unity.)

Table 6.1 immediately suggests tﬁe following conclusionss:
If the system is to tolerate.( failures with the last failure
leading to a fail-safe condition (& situation requiring either
£ additional non-self-testing or (f-1) additional self-testing
units) the mean-time-to-failure will be roughly £ times that
associated with the basic system, and the short-term failure

gth

probability proporticnal to the power of the basic system

failure probability.

* Configurations 7,9,11 and 13 were included,in part, to
guage the advant age in keeping some of the units shut down -~
until they are actually needed.

i



{(If the last failure leads to a fail-pperational mode, the
mean-time-to-failure and the short-term failure probability
are altered as before, but with X replaced by £+ 1.) These
general trends, however, are modified by the parameter m, the
number of identical units in the basic system. .Perhaps the
most surprising observation is that the mean-time-to-failure
and the short-term failure probability are,respectively, in
nearly every configuration, monotonically increasing and
monotonically decreasing functions of m. Moreover, the percen-
tage of the total system complexity represented by monotoring
or self-test equipment is obviously a monotonically decreasing
function of-m; Evidently, whenever it is possible to subdivide
a system into a number of essentizlly equivalent subunits, it
is advantageous to do so before applying any of the above-
mentioned reliability techniques.® .

(This statement would be obvious were the added hardware kept
constant, independent of the number of subunits as, for example,
vwhen each subunit is triplicated. It is less obvious, however,
when, .as here, the amount of peripheral monotoring equipment
decreases as the number of units is increased.)

Table 6.2 illustrates the effect of m on the mean-time-to-
failure, the short-term failure probability, and the percentage
increase in equipment complexity associated with the various
configurations of Table 6.1, Scanning this table, one concludes
that when m is large a self-test capability is of questionable
merit. Essentially the same performance results with less in-
crease in equipment complexity without this capability. (Com-
pare, for example, configurations 6 and 8 or 10 and 12. When
m is small, however, the advantages of a self-test capability
are readily apparent. (Again, compare configurations 6 and 8
or 10 and 12, this time with m = 1).

* This conclusion does redguire qualification, however; see below.
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In some cases (e.g. configuration 7} the added redundancy
acLually decreases the mean-time-to-failure (MIF) when m is
emall. {It is interesting to note that when m = 1 configuration
7 ig, so far as the parameters in Table 1 are concerned, identical
to a triple-modular-redundant (TMR) configuration. The only
difference is that the TMR system, while avoiding the switch-
ing problem, can fail in a non-fail-safe condition.) This decrease
in MIF is less significant than it might first appear. The
short-term-failure probability is still much smaller in configuration
7 than in configuration 1, even when m = 1. Moreover, when
several configuration 7 subsystems are concatenated, the MTF
of the overall system will actually be greater than that of the
corresponding non-redundant system, even though the MTF of the
individual subsystems is less. Specifically, the ratio of the
MTF of the redundant (configuration 7) system to the correspon-
ding non-redundant systems 1is

éé (@) i 3n-i o1
nfﬁi oM (-1) o 1)
where n denotes the number of concatenated subsystem in the
overall system. Thus, even for n = 2, the MIF of the overall
system’ is increased by a factor of 31/30.

One final comment is in order regarding the results summa-~
rized in Tables 6.1 and 6.2. It was assumed, in deriving- these re-
sults, that when a failure occurred it was datected,. and the
proper switching accomplished with probability one., Moreover,
the switching needed for the monitor to operate properly was also
assumed to be immune to error., Obviously these assumptions are
acceptable only if the switches and associated logic are at
least an order-of-magnitude more reliable than the units themselves,
This, in turn, imposes an upper limit on the optimum value of m;
as m increases, the associated switching logic necessarily be-
comes more complicated while each individual unit becomes less
complex. The assumption that the switches are much more reliable
than the units clearly eventually ceases to be valid.

&-7



- {The sﬁitching circuitry can, of course, also be redundant
!
§
thereby mitigating thi$ problem, but eventually a decision
é ’ - .
must be made as to which of these circuits should actually

bhe used.)

6.2 COMMAND SYSTEM RELIABILITY CONSIDERATIONS,
i

The command system must tolerate a single failure and
remain in an operational conditicn, while a second failure
must lead to a fail-safe condition. Some means must, there-
fore, be provided for detecting failures and performing re-
guired action to assure a fail-operational/fail-safe {(FO/F3)

configuration.

Various system reliability and error detection techniques
and their effectiveness were discussed in the preceding
section. TIt-was noted there that system redundancy can be
implemented in essentially two ways, by pure hardware redundancy
and by hardware redundancy combined with a self-test or self-

monitoring capability.

6.2.1 Pure Hardware Redundancy

High reliability on a real-time basis can be provided
by a switchable triple redundancy configuration (Figure 6.1)
In this configuration a switchable voting element is used
to detect a difference between the three channel inputs to
the voter M, and to identify the failed channel, as well as
performing the basic voting functions. Upon detection of a
disagreement in input signals, the voter switches out the
failed channel. The system continues in operation (fail
operational) with the voter now comparing the remaining two

channel inputs.
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Uﬁén a.disagragment between the remaining two channels,
both are shut down (fail safe). The critical element
in this configuration is the.switchable %oting element.
The voter logic can be implemented in triplicate to
guard against such failures (Figure 6.1)

The effectiveness of this technigue can be cgrried
even further by the partitioning of each system into
subunits,

or modules. The overall configuration would

then appear as in Figure 6. 2.
An error resulting from a failure in module 1 of

system 3 passes only as far as voter 1.

Modulel Module2

Systeml Systeml

[nput Moiéle Mogule
’ System System
2 2
Module Mogule
L 3 >
System System
3 3

Voter?

” System




Each section of: the voter has a goed input signal from
module 1 of system 1 and module 1 of system 2, and a faulty
input from module 1 of system 3. The bad‘inﬁut is optvoted
by the two good inputs and the votér output tolall three
following systems is good. HModule 1 of system 3 is switched
out and inputs from module 1 of system 1 and module 1 of
system 2 compared. A disagreement between these two causes

the system to be shut down.

In the command system meost of the interfaces between
moduies as discussed for Figure 6.2 would be data transfer
buses of at least 18 bit size. The logic required‘to imple-
ment the voters in triplicate would approach fifty percent
of that required for a singie system and is considered im-

practical for this application.

Some of the desirable features of the configuration

(i.e, that illustrated in Figure 6.1) are:

1. Automatic failure detection and fault isolation
is achieved by means of thé switchable disagreement
detector network without need for special test
foutine or diagnostics.

2. Permits the manual replacement of a failed unit
without interrupting system operation.

3. Provides a means for detecting and compensating for
logic failures before the resulting errors can be

propagated to the output of the system.
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The main disadvantage to this conriguration 1S tne
amount of *hardware reguired, i.e., a triplicsted command -
system plug voter-switching logic. The voter-switching
operation in this case could be performed on a serial basis,

keeping the logic reguirements for this item relatively small.

6.2.2 Hardware Redundancy Combined With Self-Monitoring

An FO/FS configuration involving duplication rather
than triplication is poésible if some means of self-monitoring
is also provided {cf. Table 6.1, configures 6 and 8). The
most efficacious methocd of applying this self-monitoring
capability, of course, depends to a great extent on the

failure modes expected.

The expected failure mode can be determined to a
great extent by the manner in which the logic is partitioned
on a LSI chip. Registers can be organized on a chip on a
bit basis or on a word basis. With bit organization only
one bit of a register is located on one chip. With word
organization more than one.bit, or even the-entire word,
can be located on ohe.Chip. The failure of a chip in the
latter case will cause more than one bit per word to fail.
complicating somewhat this monitoring task. With bit
organization, in contrast, although a chip failure can cause
the loss pf a bit in many different words, only one bit per
word is lost, and this can be detected, for example, with

a single-parity error check.
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Semiconductor memories ‘can also be organized on a bit
or.wofd bqgis. Organiéidg the memory such that one bit of
many words is located on oné chip provides bit organization.
With word organization-more than one bit of a word or words
are located on a chip. Here agsin, the disadvantage of the
memory organized on a word basis is the problem of detecting
multiple bit errors. In addition, the word-organized memory
chip requires more I/0 connections, making the system in-

herently less reliable,

If logic partitioning requires that more than one bit
of a register or memory word be placed on a chip, the addi-
tion of several parity bits would be required for monitoring
purposes. Even this requirement need not complicate the
hardware excessively, however. Parity generator/checke;s
with twelve inputs, for example, are presently available
in a single dual-in-line package.

Although the use of simple parity techniques detects
errors incurred in the éransfer of a command word from one
location to another, the possibility still remains that a
failure in the control section will cause a more basic
malfunction of the command system. While it is unlikely
that such a failure could alter the content cof a command
word, it could cause words to be transmitted in an incorrect
priority sedquence, or prevent the transmission of some words.
The detection of failures in the control section reguires

a self-test operation of some form.

6~ £3



6.2.2.1 3Self-Testing Hardware

ﬁThe self-test program proposed here is contained
in the contrel memory along with normal program sequences.
anytime the command controller goes into an idle mode
of operation with no input or output activity, the
self-test program is initiated. The controller returns
to the idle mode upon successful completion of the test;
however, the program is repeated after a prescribed
length of time should the controller remain in idle
modé for an extended period of time. The principle

steps of the self-test program are as. follows.

Step 1. Load a priority 1 word into input buffer,
causing an input interrupt.

Step 2. Controller performs normal input sequence
for a priority 1 word.

Step 3. Controller now goes into an output mode
and continually outputs the command
word until a simulated telemetry scknow-
ledgements {type 0 & 1) are generated.
The output word is compared with word
loaded into the input buffer. The type O
acknowledgement allows the output trans-
mission to continue, while a type 1 acknow-
ledgement stops the output. If the input
and output words compare, and the acknow-
ledgement logic functions properly, the

test continues.
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Step 4. The self-test programirepeats steps 1

and 2 for a priority é command., The
output mode is initiated and the command
transmitted. A simulated type 0 acknow-
ledgement causes the w%rd to be retrans-
mitted, while a type 1.advances the test

if the acknowledgement logic is functioning

properly.

This procedure is repeated for priority 3 and 4
data transfer words, the entire test reguiring approxi~
mately 50 millisec. The additional logic required w
implement this self-test is a small percentage of the
command controller logic and the extra program control
memory storage roughly 10% of that for the functional

program.

6.2.2.2 Dual Redundancy Switching

In order .to provide an operational configuration
following a first failure, a second command system must
operate in parallel ({Figure 6.3) to prévent loss of any
data stored in the failed units mewmory. The detection
of a failure in the first system would initiate a switch-
ing "in" of the back-up system, and switching "out" of
the failed unit. 2 unit would be switchedout if one
or both of the following two conditions occurred:

1. A self-test failure in that unit.

2. A parity error in that unit.

e
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(If both units operate simultaneously, a disagreement
in their outputé could be used to initiate.the self-
tes%hproéram.) After one unit has been switched off,
the remaining unit continues operation until a parity
‘error or self-test error occurs, causing that unit to
be shut down {(fail safe)}. This technique can also be
configured as shown in Figure 6.4, providing increased
reliability at a cost of additional switching logic.
Presumably, the command system Qould be separated into
at least two subunits, the controller subunit and the
coder/decoder subunit, for most efficient operation.
Most likely, it would be further subdivided, but the
exact nature of this subdivision will depend in part
upon the way in which the system is partitioned into

LSI modules.,

A desirable feature of the combination signal
redundancy and self-testing configuration is that a
system which has been shut down because of a transient
error can be returned to operation following a successful

self-test,

NON-REDUNDANT COMMAND SYSTEM MTF

6.3.1 Controller MTF

The command controller can be divided into two major
functional units for purpcses of reliability analysis, a

central processor unit {CPU} and a memory unit. The CPU
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section contains telemetry counters, arithmetic logic,
buffer registers and the control section. The reliability

configuration for the controller appears then as follows:

i CPU Iy MEMORY —

Assuming a LSIY packaging technique such as the
RAYPAK (described in section 5 of this report)for both
CPU and memory, the reliability for each RAYPAK works out

as follows:

Element (10_6)
8 chips/RAYPAK 8 x .03 x 10—6 .24
50 leads/chips 8 x 50 x .00001 x 10“6/bond 004
40 solder leads/RAYPAK 40 x .0001 x 10_6/solder jo%nt .004
2 = 248 x lD_o/hour.

The RAYPAK requirement for each functional unit (ref. section 5.6) is:

-6
o A (1075
U ' 12 RAYPAKS 12 % .248 = 2.976
Memory 16 RAYPAKS 16 % .248 = 3.968
MTF = 144,000 Hrs. Total A = 6.944 x 10°°

If a power supply is included in the reliability analysis
the MTF might be considerably less. A possibility exists of
powering down the system during periods of inactivity, reducing

the operational duty cycle and thereby increasing the MTT.
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6.3.2

Concatenated. Encoder/Decoder MIT

6.3.2.1 Concatenated Encoder
Two Raypak type logic units are required to implement
the proposed encoder design with LSI. The MTF for the encoder

can then be calculated as follows:

Using the failure rate calculated in Section 6.3.1

for a Raypak, A = .248 x lO"G/hour

the total encoder failure rate = 2 x .248 % 10"6

I

.496 x 10_6/ﬁour

MTF = 2,016,000. hours.

6.3.2.2 Concatenated Decoder {with Standard Inner Decoder)

The concatenated decoder with standard inner decoder

~

requires six Raypaks. The total failure rate = 6 x .248 x 10"6/hour

1.488 x 10"%/hour.
MTF = 670,000 hours.
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7.0 CONCLUDING REMARKS

4
The controller design (Ref. Section 3) selected

for the digital command system consiste basically of
random access memory for command word bufﬁer—storage
(approximately 1200 words), 512 words for‘verification
word storage, and a control section utilizing a read-
only program memory. Investigation of the pfogram
timing required for control sequenceé (Section 3)
indicates that C-MOS logic is suitable for implementing
controller logic. The power, weight and volume

requirements for the proposed command controller

utilizing LSI logic are listed below:

it

Power Dissipation
Weight

4.5 Watts
3.6 Lbs.
28.5 Tn°

1

i

Volumg

After a detailed examination of several possible
coding strategies, it was concluded that the most
attractive scheme for the present application involves
a concatenated approach, combining a (15, 9) Reed-
Solomon Outer Code with an (8, 4) biorthogonal inner
code. The rationale for this decision can be found in
Section 4.5. This conclusion was reinforced in Section
5 when the LSI implementation of the contending decoders
was invéstigated. As shown there, the complete
concatenated code decoder could be implemented using
6 RAYPAKS while the complete encoder requires only 2

more RAYPAKS.
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The complete space base command system then could
be- packeds»in a volume of 37.5 in3 weighing only 4.8 lbs.
and requiring only 5.5 watts of power (C-MOS configuration).
Since only the decoder is required on the subsidiary
vehicles, these same figures become, in this case, 6.0
in3, 0.8 1bs., and 1 watt, respectively. The command
system proposed here should therefore be compatable with
even the simplest of subsidiary vehicles likely to be
associated with a space bhase.

Some remarks are in order concerning the extent to
which the conclusions of this report are tied to the 10-—:LB
error probability reguirement. If this requirement were
relaxed scmewhat would a significantly less complex
decoder suffice? Or, alternatively, could a decoder of
comparable complexity achieve a significantly lower
rejection rate if the error probability were allowed to
be larger?

Obviously, the answers to these guestions are highly
dependent on the amount by which the'acceptable error
pfobability (Po) is increased. It seems clear, however,
that Pe must be increased considerxrably to achieve a major
reduction in the decoder complexity. The recommended
decoder is about as simple as a 36-<bit constraiﬂf length
decoder can be; i.e. its major component ig a 36-bit
shift~register with a relatively small amount of peripheral

logic. Since the basic command wozd lenéth is 18, the

decoder must at the minimum include an 18~bit register.
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The decoder complexity could cf course be halved by
reducing the constraint length from 36 to 18, but
both the “erroxr and rejectien probability exponents
would be essentially halved in the process (i.e. the
error probability would increase to on the order of

1072

and the rejection probability to nearly 10%.)

Thus, there seems to be little chance of significantly
reducing the decoder compiexity without a major increase
in the error probability.

It is, of course, posSible to decrease the word
rejection rate at the expense of an increase in the erro
probability. But to do so using algebraic decoding
techniques necessitates the use of more sophisticated
error and erasure cdrrection algorithms. Such algorithms
inevitably result in a sizable increase in decoder com-
plexity. One rather attractive possibility for de-
creasing the rejection probability, for example, is
éimply to modify the concatenated decoding algorithm
recommended here by increasing the erasure correction
distance from 44 = 3 to dl = 5. This would reduce P,

from approximately 3 x 1073 4

to approximately 10 ° with

only a modest increase in error probability (see the
appendix to this report). Even this change, however, would
necessitate a major change in the decoding algorithm

and hence a considerably more complex decoder. Another

possibility would be to use a convolution code with a
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constraint length of, say, K = &, and to decode it with &
Viterbi éecoder, but with a less stringent rejgction
criéerionéthan that ﬁeeded to échieve a 16»18 error‘
probability, At sufficiently large error probabilities
{(say on the order of 10"12 this method would probably

out perform any algebraic decoder of cgmperable complexity.
Even so, however, the resulting decoder.would be signifi-
cantly more complex, and, because of the faster logic
required, would consume significantly more power, than

the decoder recommended in this report,

It would thus appear that the rejection probability
cannot be significantly decreaéed without a large increase
in the error probability, or in the complexity of the
decoder, or both., Moreover, the advantage in reducing
the rejection rate from the 0.3% attainable using the
approach recommended here to, say, 0.01% or less, is
questionable. As long as any rejections are allowed,
éhe system must store all messages until they are
acknowledged. Conseguently, the complexity of the over—
all system (excluding the decoder) is little affected by a
reduction in the rejection rate, BAnd at a 0.3% rejection rate
only about 0,3% of the messages which must be transmitted are
repeat messages, so the capacity of the command link
cannot be noticably increased by a reduction in pT.

In view of the cost of such a reduction measured in terms
of the error‘probability or of the decoder complexify, the
exchange seems decidedly unfavorable, at least under the

constraints operative here.
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APPENDIX

‘SELECTED COMPUTER PRINT-QUTS

This appendix is divided-into three parts. The
first part shows the computer print-out for various
codes and code parameters discussed in Section 4. The
second shows the error and erasure probabilities, p and g
respectively, for the (7, 4) and (8, 4) binary codes,
and the (15, 9) and (15, 11) Reed-Solomon codes when the
symbol error- and erasure probabilities are the pre-
viously determined values of p and q. Part three is
similar to part two but with the inner code error and
rejection probabilities caléulated_using the exact
expressions derived in Section 4.3.2.2.

As a point of reference, the ratic R (defined as

the ratio of the signal energy per information bit to

the noise spectral density) needed to attain a bit
error probability p of 10_2 without coding is R = 2.71;
an R of 4,74 corresponds to p = 10_3, and R of 6.55 to
p=1.6x 10"4, snd an R of 6.845 to p = 1074, Note
that in every case the symbol signal-to-noise ratio

R* has been reduced by the factor k/n f;_ﬁg in the
concatenated code case to reflect thzlfzgt that n

code bits must be sent in the time allocated‘to k

information bits.
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