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PREFACE
 

The objective of this study and final report is to produce easily understand­
able and readily applicable design rules for choosing frame synchronization codes 
and associated parameters for space-to-ground PCM data systems. The study 
pertains to those systems which can be implemented with existing hardware. The 
scope of work is specifically worded to formulate results based upon both practi­
cal experience and the conclusions of theoretical studies. The tasks performed 
were:
 

a. To survey the operating synchronization experience obtained with
 
currently used PCM systems.
 

b. To produce a simple analytical model of the frame synchronization 
problem. 

c. To investigate methods of frame sync pattern generation as to their 
ability to be implemented in the spacecraft. The survey investigated how 
these codes have been generated to date. 

d. To formulate design rules for obtaining frame synchronization patterns 
based upon the results of the OSFC study, "Performance Evaluation of 
Frame-Synchronization Codes for PCM Telemetry" by Maury and Styles 
(Reference 1). The formulated rules are written for the design specialist 

who desires to conform to the GSFC PCM Aerospace Data System Standards. 

e. To determine how the selected codes compare with shift-register gen­
erated codes. 

The results of the theoretical studies clearly support the design practices and 
operating procedures which were analyzed during the survey of NASA experience. 
This final report provides design practices and operating procedures which do not 
deviate from past practices and procedures as understood during the experience 
survey. This document provides justification for existing practices and provides 
reasonable tolerances for the salient design and operating parameters. The con-'>N . 
clusions are summarized as follows: 

a. The experience survey did not uncover any specific problems associated 
with the scope of this study. 

b. The most important single parameter, other than S/N, is the length of 
the frame synchronization word (FSW). 

c. Within the limits defined in this report, the processing strategy has 
little effect when the error rate is less than 10-2, but the strategy rapidly 
becomes of importance as the error rate increases above 10-2 and approaches 
10-l.
 

d. Historically, the code format recommended by the GSFC PCM Aero­
space Data System Standard for each frame synch word length has not been 
used because of the difficulty in mechanization. A simple shift register mech­
anization is provided for recommended codes of lengths from 7 to 28 bits. A 
procedure is provided for evaluating the performance of any selected code. 
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I. INTRODUCTION 

The design and operation of a satellite telemetry system includes 
many system and subsystem analyses resulting in subsystem and compon­
ent specifications and recommended operating procedures. The salient par­
ameters for both the design and operation of a telemetry system are sum­
marized in Section II of this report. This document presents the results of 
a study of frame synchronization design rules and associated operating par­
ameters. The study pertains to those telemetry systems which can be im­
plemented with existing NASA hardware. 

Assuming that bit synchronization is not a problem, the parameters 
which affect frame synchronization include the frame length, frame synch­
ronization word length and code, the number of errors allowed during acqui­
sition and the number of errors allowed during the maintenance (lock) mode. 
The frame synchronization is then evaluated by the acquisition time and the 
percentage of data lost. All of those parameters and performance criteria 
are interrelated. This report examines the tolerances of the frame synch­
ronization parameters as a function of expected error rate. 

Section III assumes that an efficient system frame code has been de­
termined and describes the effects of frame synchronization word length. 
Section IV analyzes the importance of the frame synchronization word code 
and means of mechanization. Section V is devoted to the selection of the op­
erating parameters and investigates the effects of error rate. The conclu­
sions and recommendations are presented in Section VI and VII, and acknow­
ledgment of many contributions are included in Section VIII. 

This study is primarily concerned with developing readily applicable 
design and operating rules which are based upon a survey of operating ex­
perience and.supported by appropriate analyses. The rules are briefly 
summarized in Appendix C. Appendices E and F are reports prepared by 
Dr. Solomon W. Golomb while working as a consultant on. this contract, and 
data from these reports are used throughout the text of this report. 

II. SUMMARY OF SYSTEM CONSIDERATIONS 

The description of the complete design of a telemetry system is 
beyond the scope of this report. The purpose of this section is to define 
those system parameters which are considered in this report and to categor­
ize them as either design or operating parameters. The study analyzes frame 
synchronization parameters while assuming a well designed system in all 
other aspects. 

Simplified block diagrams of the satellite and a Space Tracking and 
Data Acquisition Network (STADAN) station are shown in Figure 1. All par­
ameters within the satellite which are initial design parameters affecting, 
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FIGURE 1. GROUND TRACKING AND DATA COLLECTION ON TAPES 



frame synchronization include frame length, frame synchronization word 
(FSW) length, and FSW code. The format and organization of the user's 
data is of extreme importance since quiescent data sensors can provide sys­
tematic data resulting in loss of frame synchronization. Each system design 
must analyze this possibility in great detail prior to establishing the FSW 
length and code. 

STADAN's have the responsibility of acquiring satellites as early as 
possible and providing analog tapes of received telemetry data. The design 
goal is to provide a system for providing data for analog tapes which are sat­
isfactory for frame and word synchronization at elevation angles not greater 
than 10 degrees above the local horizon. During the experience survey and 
examination of recorded data, it was learned that this requirement has not 
been a problem at higher elevation angles and with a normally operating sys­
tem. However, the practical procedure is to acquire at the lowest possible 
elevation angles to provide the maximum data, and the low-angle acquisition 
is a problem, principally because of multipath fades. 

At elevation angles above 100, the energy per bit to noise power'den­
sity ratio (Eb/No) is typically between 25 to 50 dB and the bit-to-bit errors 
are independent, permitting the use of a Gaussian model. Some of the sources 
of errors are those summarized in Figure 1. Systematic errors are immed­
iately recognized during processing of tape as further explained in SectionV. 
The most severe source of errors are the multipath fades occuring at low 
elevation angles during initial acquisition. With the resulting rapid signal 
fades of 30 to 40 dB, both bit and frame synchronization are often lost. Since 
these data occcrring during fades are unreliable, the principal interest is the 
initial acquisition time, when Workable signal levels return. The multipath 
fades are also of major significance in attempting to evaluate the telemetry 
link performance since the evaluation of the loss of data can be severely biased 
by losing several frames of data during fades. 

Errors are also introduced by atmospheric disturbances resulting in 
non-stationarity and thereby greatly complicating a classical systems analysis. 
During the survey of experience it was determined that the resulting poor 

data quality was acceptable for Control Center's use because of the short dur­
ation time and because of the low probability of correcting the situation. 
Once again, the salient point is to enhance the system to maintain synchron­

ization and to possess the ability to rapidly re-acquire frame synchronization. 

Another important function of the STADAN is to record accurate ground 
time. This provides the ability to predict the satellite position and arrivals at 
tracking stations and to correlate time on tapes to improve the data recovery 
per orbit. 

The analog tapes collected by the STADAN's are sent to the Informa­
tion Processing Division at the Goddard Space Flight Center (Figure 2). The
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FIGURE Z. PROCESSING OF TAPES 



first step is to convert the analog tapes to digital tape by processing through 
the Satellite Telemetry Automatic Reduction System (STARS) processing lines. 
Several operational parameters can be manipulated during this processing in­
cluding the errors allowed during frame acquisition, the errors allowed dur­
ing the maintenance (lock) mode; and the number of flywheels allowed during 
acquisition and maintenance. Since bit synchronization was not considered a 
problem for the scope of work of this report, this report will evaluate only 
the operating parameters listed above. Bit synchronization can become a 
problem, principally during signal fades at elevation angles and because of 
jitter produced by on-board tape recorders. 

The output of the STARS line is a digital tape which can then be further 
processed and edited. Although all of the functions shown in Figure Z can be 
performed during the "data management" processing, perhaps the most signif­
icant improvements have recently occurred as the result of an effort to eval­
uate the quality and fidelity of the data and to analyze system performance, 
through an analysis of system losses (Reference 5, 6, and 7). This phase of 
the effort could be improved with greater feedback from the end user of the 
telemetry data. At the present time, statistical parameter estimations must 
be developed based upon the performance of frame retrieval since this is the 
only available measure of errors. The resulting computed error rates appear 
to be commensurate with a theoretical Eb/No of 7 to 11 dB, while the estimat­
ed Eb/No at the STADAN receiver is 25 to 50 dB. The limited data available. 
at the Information Processing Division is inadequate to predict the overall 
system performance. For example, perhaps greater overhead for parity or 
self-correcting codes would provide an overall system efficiency improvement 
by greatly reducing the processing time required by the end user. By flagging 
the detected errors with a parity scheme, good data can be passed on immed­
iately while low quality data, via error correction, can be improved and later 
sent to the experimenter. Also, parity checks can be used as an SIN estima­
tion to improve the evaluation of the system. 

The design parameters which affect frame synchronization are the 
frame length and the frame synchronization word length and code. The pro­
cessing parameters to be analyzed are the number of errors allowed during 
acquisition, the number of errors allowed during the maintenance (lock) mod% 
and the number of consecutive hits or misses (flywheels) required before a 
decision is made. Since the scope of work for this report is based upon the 
work of Maury and Styles (Reference 1), this report analyzes only those decis­
ions determined by the first hit or miss. 

III. FRAME SYNCHRONIZATION WORD LENGTH 

The most important single parameter, other than signal-to-noise ratio, 
for frame synchronization is the length of the FSW. The most severe problem 
is false recognition or false detection of a FSW pattern. Section IV will in­
vestigate the impact of the FSW code. 
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Given a frame length of L bits, the problem is to determine a minimum 
acceptable FSW length of N bits. 

This section is organized as follows: 

a. A technique is developed for evaluating the importance of 
error rate upon the FSW length. 

b. Performance criteria are developed for evaluating the de­
sired FSW length, N, as a function of frame lengtt L. 

c. The selection of FSW length N is 
tion of error rate. 

then examined as a func-

As explained in Appendix E, two types of frame synchronization errors 
can be experienced. Type 1 errors are those errors which occur when N con­
secutive bits duplicate the FSW code when there is some overlap of the N bits 
of the FSW, and Type 2 errors occur outside of the FSW overlap when N ran­
dom bits within the frame satisfy the criteria for FSW detection. The prob­
ability of N consecutive bits looking exactly like the FSW code when there is 
no overlap (Type 2 errors) is - N . In a frame of L bits (where 1, is large2 
with respect to N), the expected number of times that N bits will duplicate the 
FSW code is effectively L2 - N. If the bit error rate due to noise produces in­
dependent errors occurring at random, then the probability of the Type Z 
error is independent of error rate. However, Type 2 errors are extremely 
dangerous when systematic errors which duplicate a portion of the FSW code 
are allowed to occurN Although the probability of systematic errors produc­
ing synchronization errors can be reduced by increasing the FSW length, it 
is extremely important that the designer analyze the user's data to organize 
the data word coding to minimize the probability of systematic errors dup­
licating the FSW code. 

The expected number of false frame synchronization detections occur­
ring as the result of a Type 1 error is developed in Appendix E. The impor­
tant point which determines the effect of error rate on the choice of the FSW 
length is the relative frequency of the Type 1 and Type Z errors. Since the 
Type 2 errors are independent of error rate, the FSW length is independent 
of error rate as long as the frequency of the Type Z errors predominates. 

The analysis for Type 1 errors is developed assuming that an auto­
correlation of the FSW is made when the N bits are displaced r bits on itself. 
The FSW coincides in all N bit positions when2- =0. Appendix E develops 
the fact that the danger of Type 1 errors is greatest for small displacements 
('--> 1) unless special care has been taken in selecting the FSW code. It is 
shown that the probability of Type Z errors £s a function of the number of bits 
in disagreement when the FSW is shifted on itself by - bits. Assuming an op­
timum code, the maximum number of disagreements is the integer equal to or 
just below N - 1 
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Appendix E develops a sufficient condition for Type 2 errors being 
more frequent than Type 1 errors when 

D >o[1 
N-r" 

-4 \' (1) 

where D (f) is the number of disagreements for a displacement of ', bits ­

and an error rate of ' . 

N 
From above, N is substituted for D (r). For acceptable FSW codes, 

as developed in Appendix E, the highest probability of a Type 1 error usually 
occurs for very small displacements of 'r ( = i),and N-?" is replaced by 
N. Also, for practical values of , 

log2 -log . (2) 

The Type I errors are less frequent than Type 2 errors for error rates 
which satisfy the condition of the simplified equation. 

N> N 0.5> 1 
2 - log 2 , or log ,( 

which gives an error rate of 0. Z5. 

The conclusion is that the FSW length is independent of practical values 
of error rates for FSW codes selected to satisfy the requirements developed 
in Appendix E. Conversely, there exist codes which can make a given FSWV 
length sensitive to lower values of error rates. 

The detailed calculations performed in the next part of this section 
verify that the FSW length is effectively independent of error rates less than 
0. 01, but the calculations are also performed for an error rate of 0.1 to show 
the effect of higher error rates. The reconnended codes are used for these 
calculations. 

To determine a minimum acceptable FSW length, performance criteria 
are selected. After computing the FSW length required for the selected 
criteria, the sensitivity of performance as a function of FSW length is examin­
ed. 

The assumed performance criteria are that the average acquisition 
time, A, must be less then two frames and the percentage of data lost, A­
must be less than 0. 01%. The acquisition time and lost data are excellent 
performance criteria since they include the acquisition time, number of false 
acquisitions, and the loss of frame synchronization. 
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Equations developed by Williard (Reference 2) and the documented re­
sults by Maury and Styles (Reference 1) were used to reduce the computational 
time in determining the FSW length, N, as a function of frame length, L. The 
results of the data interpolation from Reference 1 are shown in Figure 3. The 
processing strategy selected for obtaining these results are those commonly 
used in the STARS processing lines, which are as follows: 

a. Errors allowed during acquisition, 
N. 

c , is between 5% and 10% of 

b. Errors allowed during the maintenance mode, 
mately 30% of N. 

C', are approxi­

c. A decision is 
thresholds. 

made upon the first crossing of one of the above 

As developed in the first part of this section, the FSW length is indepen­
dent of error rate as long as the Type Z error dominates. As the error rate 
is increased, a value is reached at which the Type 2 error ceases to dominate, 
and the FSW length required is dependent upon error rate. The data computed 
by Maury and Styles (Reference 1) verified that the FSW length was independent 
of error rates less than 0. 01, but the results show the effect upon the FSW 
length for error rates of 0.1 (Figure 3). The error rate which begins to affect 
the FSW length is a function of the FSW code (refer to example in Section IV). 

As an example, the results in Figure 3 show that an FSW length of 16 
bits is adequate for a frame length of 1000 bits for all error rates less than 
0. 01, but the FSW length must be increased to 21 bits to maintain the same 
selected performance criteria with an error rate of 0. 1. 

Figure 4 maintained a frame length of 1000 bits and shows the sensitiv­
ity of acquisition time (in frames) and percentage of data lost as a function of 
error rate for frame lengths of 12, 16, and 24 bits. The conclusions from this 
curve are as follows: 

a. 	 For each frame length, there exists a critical FSW length 
which must be equaled or exceeded to achieve specific per­
formance criteria. 

b. 	 The most critical performance parameter in selecting the 
FSW length is the acquisition time. 

c. 	 Once the selected performance criteria are met by select­
ing an appropriate minimum frame length, the error rate 
has no noticeable effect until the error rate exceeds 10-2. 
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IV. FRAME SYNCHRONIZATION WORD CODE SELECTION 

Considerable effort has been expended in the past in computing the code 
for each FSW length, N, which possesses the lowest total probability of false 
sync recognition over the entire overlap portion of the code, assuming random 
data in all bit positions outside of the N bits of the FSW,after all 2N possibil­
ities were examined. These selected codes were then made a part of the exist­
ing GSFC PCM Telemetry Standard (Reference 4) and referred to as the "rec­
ommended code". It is not obvious that any of the recommended codes can be 
easily generated by a shift register. During the experience survey, it was 
learned that designers seldom used the recommended codes in favor of util­
izing a close approximation which could be easily implemented with a shift 
register to save power and hardware within the satellite. The 'purpose of this 
section is to develop a procedure for rapidly evaluating any selected code as 
compared to the recommended code and to develop a shift register mechani­
zation of the FSW recommended codes of lengths from 7 through 28 bits. 

Dr. Solomon Golomb, while working as a consultant on this contract, 
wrote two reports. The first report provides a unique analytical means of 
evaluating the expected performance of any selected FSW code (Appendix E). 
However, the significant conclusion of this report is the analytical proof of 
the apparent insensitivity of the selection of the FSW code as long as the code 
is randomly chosen (refer to Appendix E). The conclusion is that the length 
of the FSW is far more critical than the code selection, which supports the 
results of experimental investigations conducted over the last several years. 
Another important conclusion is that the most practical danger is that data 
patterns or overlap of data patterns may systematically resemble the chosen 
FSW code. Certainly this is a danger which must be carefully analyzed during 
the initial design phase. The greatest protection is always to provide the long­
est practical FSW length. 

Appendix D develops D (1r) as the measure of performance of a FSW 
code. D (r") is the number of bits which disagrees when the PSW is shifted 
on itself by 'r bits. The conclusion that the code selection is of little im­
portance was based upon the fact that for typical S/N found in practice, the 
probability of Type Z errors occurring is higher than the probability of Type 
1 errors occurring, and Type-Z errors are independent of error rate. The 
sufficient condition that the frequency of Type 2 errors exceeds that of Type 1 
errors is; 

D ("2) > for 1 : - N- -l (4) 
log22 i. ) 
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The conclusion in Appendix E that the FSW code is of little importance was
 
derived by using an error rate of 10 - 3 , which gives,
 

D ( > 10 1 (5) 

which is indeed satisfied for nearly any random code. 

Section III developed two FSW lengths, one sufficient for error rates
 
less than 10- Z and a second sufficient for error rates less than i0 -l. Section
 
III assumed that the-recommended FSW codes were used, which provided the
 
optimum behavior of D (?-) (approaching a uniform monotonic decrease as
 

is increased). 

The conclusion to be drawn in this section is that a designer must take 
-precaution in the selection of the FSW code if error rates between l10 and 

10 - 1 are expected. To be sure that the performance is not degraded when using, 
a selected FSW code at these higher error rates, the entire autocorrelation 
function C ('t) and disagreements function D (tr) should be investigated 

L(e-) (N-Qf)-C (')] (6) 

The converse of this is to use the recommended codes (Reference 4) 
for all designs. The only disadvantage with this approach is the apparent 
difficulty in using a shift register mechanization of the code. For this reason, 
a minimal shift register mechanization is presented (Appendix F) for FSW code 
lengths of 7 through 28 bits. To assure the validity of the design, the truth 
tables, Karnaugh charts, and all state diagrams are included. 

The conclusion is that little, if any, is gained by not using a "recommen­
ded code" with a shift register mechanization (the most complicated logic can 
be implemented with two standard TZL integrated circuit packages). The great­
est exception in the number of stages required is for the case of N=27. The 
minimum number of stages required to mechanize a code is determined by the 
number of bits which are repeated in a sequence within the code. For N=27, 
the recommended code is i1ili0l T1iO1l1OQ00000O. The brackets show two 
individual sequences of seven bits which are identical. Therefore, a minimum 
of eight stages are required to mechanize the recommended code. 

Since 5 stages provide 3Z states, a 27-bit code can be mechanized with 
5 stages. This example is included in Appendix E. The procedure of this ex­
ample should be followed for all code choices which deviate from the recommen­
ded (standard) codes (Reference 4). 

For the selected 27-bit code mechanized with 5 stages, the greatest 
chance for error (minimum disagreement D ( r) occurs at 7- = 10, where 
D (10) is 5 for the assumed code requiring 5 stages, and D (10) is 8 for the 
12 



recommended (standard) code requiring 8 stages for mechanization. Using 
the equation 

N-0 
D N (7)

log2 (1 ' 

N -?- is 17 ( = 10). Therefore, the denominator need only exceed 3. 4 for 
5 stages and 2.1 for 8 stages. Using these values, the error rate becomes a 
salient factor at 0. 09 for the 5-bit register and 0. 18 for the 8-bit register. 
Theoretically, the recommended (standard)- code will provide improved per­
formance whenever the error rate exceeds 0.09. 

The above example develops the conclusion that for N=27, a very slight 
cost savings in mechanization is obtained with practically no change in per­
formance when deviating from the "recoinmended code". It is obvious that 
this is true primarily because of the long FSW length. 

The mechanization of the recommended code (8 stages) requires 6 
standard integrated circuit packages, and the 5-stage code requires 4 1/2 
standard integrated circuit packages. For standardization, it is recommen­
ded that the shift register mechanizations of the recommended or standard 
codes be implemented. For N=27, a simpler mechanization is developed if 
the reduction in hardware resulting in going from 8 to 5 stages is considered 
important. 

V. SELECTION OF OPERATING PARAMETERS 

This section examines the effect of varying the parameters (strategy) 
during the processing of telemetry data. This section assumes that the FSW 
code and length are correctly selected for the desired frame length. The par­
ameters which can be varied during processing of telemetry data are the num­
ber of errors allowed during acquisition, the number of errors allowed during 
the maintenance (lock) mode, and the number of hits or misses (flywheels) re­
quired for a decision. This report is based upon the work of Maury and Styles 
(Reference 1) and assumes all decisions are made upon the first hit or miss. 

The performance criteria used in this section are the average acqui­
sition time in frames and the percentage of data lost. The results of this 
section verify that the processing strategy described during the experience 
survey is optimum. 

The required FSW length as a function of frame length was developed 
in Section III, assuming a certain processing strategy. The first part of this 
section assumes an example to show the effects of FSW length when the pro­
cessing strategy is varied. 

13 



Using the computed results of Maury and Styles (Reference 1), an ex­
ample is systematically pursued to show the effects of varying the allowed 
number df errors. For all practical purposes, the acquisition time is inde­
pendent of the number of errors allowed during the maintenance mode. Proof 
is presented to show that the number of errors allowed during the acquisition 
must be less than 10% N to maintain the average acquisition time less than 2 
frames. Having established limits for the allowed number of errors during 
acquisition, the percentage of data lost is evaluated as a function of the num­
ber of errors allowed during the maintenance mode. Curves are included to 
show the sensitivity of acquisition time and percentage of data lost as a func­
tion of the allowed errors. 

During the experience survey it was learned that when the Eb/No exceeds 
3 dB, varying the system parameters has no practical effect upon the system 
performance. The strategy usually employed varies as a function of signal 
level at which acquisition is desired. When the signal level exceeds 0 dB, the 
strategy is typically as follows: 

a. Set the allowed number of errors 
to 7 to 10% of the FSW length. 

during acquisition, , 

b. On the first hit, switch to maintenance (lock) mode. 

c. In the maintenance mode, switch the allowed number of 
errors to 30 to 40% of the FSW length (random data will 
cause 40 to 50% errors). 

When the signal is below 0 dB Eb/No, bit synchronization becomes a 
severe problem. The optimum strategy is one which provides the highest 
probability of maintaining synchronization during short period fades. The 
strategy used is as follows: 

a. 	 Maintain the allowed number of errors during acquisition at 
approximately 10% of the FSW length. 

b. 	 After the second consecutive hit, switch from the acquisition mode 
to the maintenance mode. 

c. 	 Maintain the number of allowed errors in the maintenance mode 
at approximately 40% of the FSW length. 

d. 	 After the second consecutive miss, return to the acquisition 
mode. 

As previously mentioned, systematic errors are immediately detected. 
When they are recognized, the strategy is changed to reduce the allowed num­
ber of errors during acquisition and/or to require two consecutive hits. 

The first problem to be considered is that of the relationship between 
the allowed number of errors and the FSW length developed in Section IL. 
14 



The average acquisition time, A, is the parameter most sensitive to variations 
in both the allowed number of errors during acquisition and the FSW length. 

Figure 5 shows acquisition time as a function of FSW length for allow­
ed acquisition errors, 6 , of 1 and 2 for frame lengths of 5, 000, Z, 000 and 
1, 000 bits. Each frame length will be examined individually while maintain­
ing the performance criterion assumed in Section II (the average acquisition 
time is less than 2 frames). 

For a frame length of 1, 000 bits, an e of one error (,z 6 % N) re­
quires a PSW length of 16 bits, and an e of two errors ( > 10 % N) requires 
an FSW length of 20 bits. 

For a frame length of 2, 000 bits, an 6 of one error ( 6 % N) re­
quires a FSW length of 17 bits, and an 6- of two errors (> 10 % N) requires 
an FSW length of 20 bits. 

For a frame length of 5,000 bits, an e- of one error ( 6 % N) re­
quires a FSW length of 18 bits, and an C of two errors (> 9 % N) requires 
an FSW length of 22 bits. 

Figure 5 verifies the choice of FSW length as a function of frame 
length made in Section III. However, the curves also indicate the critical 
relationship between the allowed number of errors during acquisition and the 
FSW length. To better illustrate this point, FSW lengths were chosen from 
Figure 3 (Section 2) for frame lengths of 100, 500, 1000, Z000, 5000 and 10, 000 
bits and the acquisition time, A, in frames is shown as a function of the num­
ber of allowed errors during acquisition. (Figure 6) 

Therefore, the present strategy for allowed errors during acquisition 
is verified, which validates the FSW length analysis of Section III. 

The last parameter to be investigated is the number of errors allowed 
during the maintenance mode, e' . It has been shown that given the correct 
FSW length and number of errors allowed during acquisition, the acquisition 
time is practically independent of L" . Figure 7 shows the data lost in per­
cent as a function of error rate for various values of 6' . The present strategy 
is to set ('at 30 to 40% of the FSW length. Figure 7,indicates that 6" of 3 
errors ( z 20 %oN) is adequate to maintain the data lost below 10-2% for error 
rates less than 10-2, but indicates that C must be 5 ( -, 30 % N) at an error 
rate of 0.1 to keep the lost data at 176. Figure 7 indicates the steepness of the 
curve of data lost as a function of error rate between error rates of 0. 1 and 
0. 01. The percentage of data lost is well below 10-2% with 5 errors (30% N) 
until the error rate is very close to 0. 1. 

In conclusion, Figure 7 is characteristic of the importance of 6" when 
the error rate exceeds 10- Z and verifies the present strategy for setting 6'for 
effective performance at higher error rates. 15 



10~ -5 -

104 
____ 

= o"o N 
C'= 3 0% N 

'~,?=0.001 
Lost Datal10- 7 

_ _ _ 

when N 
__ 

:14 
_ 

-­O---O---L=5000 BITS 

S---- ---­4----L= 2000 BITS 
- ------ L=I 000 BITS 

103 

0
 

10
 

z0 214 16 18 
IN BITS (N)
SYNC WOID LENGTH
FRAME 

FIGURE 5 OF FR-AE SYNCWOD 
AQUISITION TI-ME AS A FUNTION 


FRAME LENGTHS (L)LENGTHS FORVARIOUS 

24 

16 



5
 
10
 

L= 1000, N=16
 

4
10 ___ 

"-L= 500, N=15 

~selected Number of Bits in FSWfrom Figure 3 /I - L= 100 ITl=Z 

3for) !t 0. 01 
10 -

-­Z--L=I2000, N=18 

IIle 

10io ­ - - - - - - - - - - -

ALOWDO.OF EROR LORACQUSITIN Z 

1071017 



'"
10-2 ­

101 

5101 ____ .4__ 

2 
0 

z 
od 

-5 

-8 __ 

z 

r0 

L = 1000 BITS 
N = 16 BITS 

A < 1. 5 FRAMES
164 /11 1

10-1 100 i0- i0- u 
1 


ERROR RATE
 

FIGURE 7 

PERCENT DATA LOST AS A FUNCTION OF ERROR RATE FOR VAR-
IOUS VALUES OF ALLOWED ERRORS (C') DURING LOCK MODE 

18 



Vl. CONCLUSIONS 

The conclusions are divided into those conclusions reached as the 
result of the experience survey and those conclusions reached as the result 
of the analytical study. 

Conclusions as the result of the experience survey are as follows: 

a. There are no known frame synchronization problems which could 
not be solved in any of the past NASA programs. 

b. The strategy used during processing of the telemetry data is 
ified as satisfactory. 

ver­

c. Past FSW codes and lengths were selected as 
ience and for ease of mechanization. 

the result of exper­

d. Considerable effort is being expended in developing -a means of 
evaluating data quality or fidelity based upon the errors occuring 
during the FSW. 

e. The data quality and percentage of data lost are biased by errors 
occurring at low elevation angles during the presence of multi­
path fades. However, the system specifications require that 
acquisition be completed at an elevation angle not greater than 
10 , and there is no reported problem in meeting this require­
ment. 

f. - Although not part of the present scope of work, it should be noted 
that the dB management analysis indicates a possible discrepancy 
between the theoretical performance and the actual performance 
measured in error rate (compared to Eb/No at input to receiver). 

g. It appears that the overall system performance could be more 
effectively evaluated and improved with more performance feed­
back from the experimenter (end user). 

Conclusions as the result of this study: 

a. 	 The salient points of concern expressed during the experience 
survey were beyond the scope of work of this study (refer to 
Recommendations). 

b. 	 The results of the analyses of this report substantiate the present 
design and operating practices. 

c. 	 The length of the FSW is the most important design parameter 
pertaining to frame synchronization and a minimum acceptable 
FSW length is provided herein as a function of the frame length. 

d. 	 As long as the FSW code is random and of adequate length, the 
chosen code has little practical value with error rates less than 
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0. 01. However, a small performance improvement can be expect­
ed with optimum codes as the error rate increases above 0. 01, 
and the degree of improvement depends upon the characteristics 
of the chosen code. 

e. 	 A technique is provided for analytically evaluating the impact of 

any chosen FSW code. 

f. 	 A shift register mechanization of reconmended FSW codes 
(reference 4) for FSW lengths of 7 through 28 bits is provided. 

g. 	 For the purpose of standardization, it is recommended that the 
previously recommended codes be used in the future. The FSW 
length where the greatest additional complexity is involved is when 
N=27, and an alternate code is provided and analyzed for this 
length. (At most, the designer will save two integrated circuit 
packages by not using the recommended code). 

h. 	 The processing strategy only becomes critical when the error rate 
exceeds 10- Z . The performance is evaluated in terms of acquisit­
ion time and percentage of lost data. Since the study is based upon 
the work by Maury and Styles, this report only analyzes those 
decisions made on a single hit or miss. The allowed number of 
errors during the maintenance (lock) mode has no practical effect 
upon the acquisition time, and the number of allowed errors during 
acquisition must be kept below 10% of the FSW length to provide an 
acquisition time of less than 2 frames. The remaining variable for 
controlling the percentage of lost data is the number of errors allow­
ed during the maintenance (lock) mode. The number of errors allow­
ed for a given loss of data is a function of error rate. A minimum 
threshold of 20% of N is adequate unless it is desired to operate 
with error rates exceeding 10- Z , and the curves for operating be­
tween 10-2, and 10-1 are very critical. The past procedure of 
using 30 to 40% of N for the allowed number of errors during the 
maintenance mode is quite adequate for error rates of the order 
of 0. 05 with the lost data rapidly approaching 1 percent as the error 
rate rises above 0. 05 and approaches 0. 1. 

i. 	 Considerable doubt has existed as to the performance of the bit 
synchronizer as the error rate approaches 0. 1. Planned future 
systems must be capable of operating with error rates of 0.1 and 
lower to take advantage of new coding techniques. 

VII. RECOMMENDATIONS 

a. The present operating and design practices are adequate, but the 
results of this study should be used to evaluate the inter-relation­
ship of the parameters, 
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b. The FSW length should be designed to be as long as feasible. 

c. The telemetry system designer must carefully analyze the final 
word format and experimenter's data characteristics to prevent 
systematic errors which could resemble the FSW code. 

d. Any chosen FSW code which deviates from the recommended code 
should be evaluated using the procedure in this report. 

e. Although not applicable to this report, serious consideration should 
be given to the system power management to verify the difference 
between a theoretical Eb/No of Z5 dB and the resulting system error 
rates equivalent to Eb/No 7 to 11 dB. 

f. The procedures initiated to evaluate the quality and fidelity of 
telemetry data should be continued (references 5, 6, and 7). How­
ever, the efficiency and ultimate goals could be enhanced if a pro­
cedure were devised to provide a systematic feedback from the end 
user (experimenter) to the code designer and to personnel in the 

Information Processing Division. 

g. Additional system analyses including the end user's requirements 
could result in a more cost effective system design by evaluating 
the tradeoff between frame overhead devoted to error detection 
correction and the computing time required by the end user. 

h. The theoretical performance analysis should be extended to ana­
lyze multiple hits and misses before decisions are made. In par­
ticular, a sacrifice in acquisition time will permit two consecu­
tive hits to be required before switching to the maintenance mode, 
and this would greatly reduce the probability of false acquisition 
for the same number of allowed errors and shorter FSW lengths. 
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GLOSSARY OF TERMS 

The terminology used in Reference 1 is used whenever possible. 

N 

C 

(n) 

(E) 

(e) 

Frame-sync code length in bits (see Figure 1) 

Bit-error rate due to noise 

Number of errors allowed by the frame-sync code 
in the search mode 

recognizer 

6' (e') Number of errors allowed by the frame-,sync 
the lock mode 

code recognizer in 

le 

Eb/No 

Random data region length in bits 

Energy per bit to noise power density ratio, 
in dB 

usually expressed 

0Overlap 

0 

region length in 

= W-I 

bits 

L Frame length in bits (useful in considering actual frame length 
for which the frame-sync code performance is plotted) 

L = Z9 +, + 1 

also 

L = + ZN - 1 

F 

f, (P.) 

Probability of at least one false frame-sync code recognition over 
the entire 0 overlap region of a single frame 

Probability of false recognition in a single code-length group of
random data bits 

r=0 
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F2 	 Probability of false recognition in any of theA code-length groups 

of random data bits in a single frame 

Fa= 1 (1-

FT (Pi) Probability of at least one false recognition in a single frame 

1FT1 (1 - FO) (I - foAY 

lT (PC) Probability of a true recognition (in the -sync position) in a single
frame 

o= 	 (-7) ­(1(1 r 

zIr 

r=O 

S (M) Average number of frames to a recognition, true or false 

1S= 
Rr + PT(I F T ) 

P (T) Probability that the recognition after S frames will be a true 
recognition 

Pr (1 - F T )
Po s = FT +PT (1- F1 ) 

R F () 	 Average number of false patterns which must be seen by the 
recognizer in the lock mode before it can decide that. it has false 
sync 

i 
R = l-f
 

where
 L"
 

fe= 1L (N) 
r=O 

RT (K) 	 Average number of true codes which will be seen by the recognizer 
in the lock mode before noise errors cause rejection of true sync 

1
RT P+ 

where (N\
 
PT= r "
Kr (i-7)N' 

r=O 25 



A (L) Average number of frames before true sync is acquired 
S + Rr (1 - P s) 

A = 
s 

X. 	(DL) Percent data lost because of loss of frame sync 

100 A
A +RT 

FSW 	 Frame synchronization word 

STADAN 	 Space tracking and data acquisition network 

STARS 	 Satellite telemetry automatic reduction system 

Type 1 
Errors Frame synchronization errors occurring when the FSW is over­

lapped during autocorrelation 

Type 2 
Errors Frame synchronization errors occurring entirely in data bits 

(no overlap of the FSW). 

Displacement of the FSW on itself measured in bits from the de­
sired autocorrelation position 

C (t) 	 Un-normalized autocorrelation function [C (-L) is maximum 
at C (o)], 

D (-t) 	 Disagreements in the autocorrelation for a displacement '- of the 
FSW 

A (t) 	 Agreements in the autocorrelation for a displacement 'C of the 
FSW 

C A (r) D (t) 
A (t) + D(t) =(N-Z) 
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DESIGN RULES FOR OBTAINING FRAME SYNCHRONIZATION 

This document summarizes the design rules for assuring acceptable 
frame synchronization performance for a pulse code modulation telemetry 
system. The rules pertain only to those parameters directly affecting frame ­

synchronization of PCM systems which utilize existing NASA hardware em­
ploying block sync code formats. 

The design rules assume the use of the acceptable processing strate 
gies employed by the Information Processing Division. 

Frame Length - Frame lengths not exceeding 4096 bits are recommn­
ded with a maximum permis sable frame length of 8192 bits. 

Frame Synchronization Word Length - The frame synchronization 
word (FSW) length should be made as long as practical. The min­
imum acceptable and desired lengths are shown in Table I. 

FSW Code - The codes recommended in Table II shall be used. 
The shift register mechanization is shown in Appendix F for each 
FSW code of N from 7 through 28 bits. Since the simplest mechan­
ization for N of 27 bits requires 8 stages, Table II-shows an alter­
nate code for N of 27 which is acceptable and requires 5 stages to 
mechanize. A designer desiring to use some code other than 
those shown in Table II must use the procedure developed in Appen­
dix E to verify performance acceptance and submit results to GSFC 
Data Systems Requirements Committee for approval. 
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FSW LENGTH, N
 

FRAME Minimum Desired 

LENGTH Acceptable Minimum 

50 	 11 12
 

100 12 14
 

200 13 16
 

500 15 19
 

1000 16 21
 

2000 18 23
 

5000 21 25
 

10000 23 28
 

TABLE I. 	 Minimum acceptable and recommended FSW length as 
a function of frame length. 
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TABLE ,II ....
 

FSW CODES. -


CODE LENGTH 

7 101 100 0 

8 101 110 00 

9 1.01 110 000 

10 110 il1 000 0 

11 101 101 110 00 

12 110 101 100 000 

13 ill 010 110 000 0 

14 11 1 001 101 000 00 

15 111 Oil 001 010 000 

16 11 1 010 ill 001 000 0 

17 111 100 110 101 000 00 

18 111 100 110 .101--000 :000 

19 111 110 011 001- 010 000 0 

20 11 1 011 011 110 001 000 00 

21 11 1 011 101 001 011 000 000 

22 111 100 110 110 101 000 000 0 

Z3 111 101 011 100 110 100 000 00 

Z4 111 11'0 101 ii 001 100 100 000 

25 111 110 010 110 111 000 100 000 0 

Z6 111 110 100 110 101 100 010 000 00 

27 111 110 101 101 001 100 110 000 000 

or 000 110 101 000 010 010 11,0 011 111 (Refer to text) 

Z8 111 101 011 110 010 110 011 000 000 0 

29 ii 101 011 110 011 001 101 000 000 00 

30 111 110 101 11 001 100 110 100 000 000 
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SUMMARY OF EXPERIENCE SURVEY 

Please refer to Section 8 for the acknowledgment of personnel who 
contributed to this survey. 

The survey summary is divided into two parts: the first part contains 
information pertaining to the initial design of telemetry systems and the sec­
ond part pertains to the operation and analyses of telemetry systems. 
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TELEMETRY DESIGN 

a. The design of the telemetry system allows adequate safety margin 
to more than satisfy the error rate requirement at high elevation 
angle s. 

b. The active PCM programs include OGD-(F and E), OSO-(F and G), 
RAE-A, ISIS-A, OAO-AZ, and ATS-(C and E). None of these systems 
utilize frame sync word formats recommended by existing PCM stand­
ard. The designers were constrained to use designs requiring less 
power consumption and lower cost. There have been no comments fed 
back to the designer regarding the inadequacy of any of the designs. 

c. Increasing the number of bits in the frame sync word reduces the 
mean acquisition time and the probability of false alarm. The only 
disadvantage is the increased overhead. 

TELEMETRY SYSTEM ANALYSIS AND DATA PROCESSING 

a, Test data indicate that the acquisition and maintenance mode 
are unimportant as long as the Eb/No ratio exceeds 3 dB. 

strategies 

b, Bit synchronization has not been detected as a problem except for jitter 
of on-board tape recorders and at low elevation angles. 

c0 Except for abnormal atmospheric noise and RFI, the energy per bit to 
noise power density ratio nearly always exceeds 3 dB except at low eleva­
tion angles where multipaths cause severe fades both during acquisition 
and drop-sync periods. 

d. The severe elevation low-angle fades are accompanied by severe 
creases in error rates which can severely.bias the apparent data 
quality. 

in­

el There exists some doubt as to whether any experimenters can use 
low elevation angle data containing high error rates (approaching 
10-1). 

f. Some question exists as to the usefulness of processed experimenter's 
data at high error rates because of subframe problems -- a problem 
which can be answered only by the end user. In addition, there is spec­
ulation that the user of the processed experimenter's data could de­
rive more information with much less data processing cost by adding 
parity checks, etc. 

g. Because the present processing strategies are selected for low SIN 
experienced at low elevation angles, it is normally very difficult to 

loose frame synchronization. 35 



h. Test data indicate that as long 
bits, the actual FSW format is 
is "random". 

as the FSW length exceeds sixteen 
not important as long as the format 

i. There is no record of operational synchronization problems. Some 
programs.have had repetitive control signals which look like FSW, but 
this situation is immediately apparent and thereafter avoided. The 
obAective of acquiring the maintenance mode at elevation angles below 
10 above the local horizon is always satisfied. 

j. The existing systems typically operate with less than 1. 0% lost data 
and error rates less than l0-4, and the percentage of lost data is 
severely biased by including the performance at low elevation angles. 
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I. INTRODUCTION 

The existing NASA standard for PCM telemetry systems recommends 
a specific code for each frame sync word length, N, none of which was specif­
ically chosen as a code which could be easily generated by a shift register. 
The s ecific code recommended for each length, N, was chosen by examining 
all ZN binary patterns and determining that code pattern with the lowest total 
probability of false sync recognition over the entire overlap pbrtion of the 
code (assuming random data in the overlap region). Empirical data have ver­
ified that the specific choice of frame sync code word pattern is really irrel­
evant as long as the pattern is random and of sufficient length (N . 16). Since 
cost and power consumption are still important design parameters, the use of 
shift register generated sync codes is desirable. Two approaches to this ob­
jective can be followed. One of these is to determine the simplest shift register 
implementation for the NASA-standard synchronization code words. In a sep­
arate report, this has been done for all lengths, N, with 7 N<2_.28. The other 
approach is to examine the sensitivity of successful synchronization to the 
specific choice of sync code word, so that a larger class of shift-register gen­
erated sync patterns can be considered which will not noticeably degrade sync 
performance. It is this second approach which will be followed in the present 
report. 

2. SOURCES & FREQUENCIES OF SYNCHRONIZATION ERRORS 

Suppose that one uses a synchronization code word of length N at a stand­
ard position (e. g. at the beginning) in every frame of length L. We may dis­
tinguish between synchronization errors by amounts less than N (errors of Type 
1), and synchronization errors by amounts equal to or greater than N (errors 
of Type 2). In the former case, it is necessary that part of the true sync word 
form.a potion of the spuriously detected sync word, while in the latter case the 
spurious sync word is composed entirely of other "data bits". No matter how 
carefully the optimum sync word of length N is chosen, this can only contribute 
to reducing the former type of errors. Having picked the synchronization word, 
one can reduce the frequency of errors of Type 2 by making sure that neither 
data words nor overlaps of data words will resemble the sync word any more 
often than would be encountered on a random basis. 

Suppose that errors occur independently and at random, with a bit 

error probability 4. The probability that N consecutive random bits of data 
look exactly like the sync word is 2 - N, independent of the value of , since 
random errors in a random bit stream produces yet another random bit 
stream, The expected number of spurious sync words in a frame of L random 
bits is effectively LO2 - N, representing the incidence of sync errors of Type 
2. 

The computation for sync errors of Type 1 is somewhat more compli­
cated. For a displacemerit by' bits, foro<"c<N , the correlation of the sync 
word with itself consists of A (t) agreements and D ('7) disagreements, with 
A (")+ D (")= N - r, and the un-normalized autocorrelation C (Q.") is 
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given by C (Q-) = A - D The probability of incorrectly detecting 
the sync word displaced by'- from.its true position is acszordingly given 

-by & ) = c y A 2 .-. rI) 

and the expected number of false sync detections of the first type, per 
frame, M, is then obtained by summing -4 ('2Y) over - (N - 1) __t (N-- 1), 

t0-t0,as follows: -tb % 

This is minimized by keeping D (k- ) large when ?is small. Specifically, 
any word which nearly coincides with a small shift of itself (such as all O's, 
or all l's, or 01010101---01, etc. ) is a particularly poor choice*as a sync 
word. On the other hand, since is not likely to exceed Z-10, any code 

word for which D (-)> for all - O P-<IK will have fewer false synch­
ronizations of the first type than of the second type. 

Thus, a sufficient condition for sync errors of the first type to be 
less frequent than sync errors of the second type is that D(2)> MzZ2 

for I .S&<- rd- i , where is the largest value of bit error probability 

which the system will encounter. 

For a randomly chosen sync word, we would expect D (") = 

on the average, and this is (fortunately) much larger than -or ~t 5­

for any reasonable bit error rate . Almost any shift register sequence 
chosen will satisfy a reasonable constraint on D ('t), and it is a simple 
computation to test the D (T). 

It may seem that errors of the first type are more serious than 
errors of the second type, because they may be more likely to occur spaced 
exactly L bits apart, thus seeming to confirm an erroneous synchron­
ization determination. In fact, however, if a reasonable D (qt-) condition is 
met, the probability of first type errors in two consecutive frames is 
vanishingly small, and even when they do occur in consecutive frames, there 
will be no necessity that the spurious sync detections occur exactly L bits 
apart. 

A far greater practical danger is that there will be particular data 
words or patterns, or overlaps of such patterns, that will resemble or coin­
cide with the sync word. This would engender rather frequent synchroniza­
tion errors'of the second type. Practical experience as well as a prior 
reasoning indicates that this problem is far more serious than any which could 
cause sync errors of the first type. 
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3. COMPUTATIONAL SIMPLIFICATIONS 

-
Assuming that the bit error rate)7 is small (e. g. )7 SL 10 3 )we mayuse 
the following approximations for the purpose of computational simplification: 

This exhibits very directly the requirement that D (?2 ) be large when'2is 
small in order to keep M small.
 

- ,
If = then -foS2 and the requirement on D (' -) for accep­
table sync code words is D(r)> -' 

for all "2- 1 M=-:!Z.-321 

4. SUMMARY AND CONCLUSIONS 

In a frame of length L and using a synchroni-zationword of length
N, the expected number of sync errors ofe tha De(odbype, per frame, 
is L2-N, assuming random data. 

Under the same assumptions, and with a bit error rate frthe ex­

pected number of sync errors of the first type, per frame, is 

where D is the number of disagreements between the sync word and its
 

shift by ,. 
Any sync word for which D (dw)ith at o e t x 

for 1 1' :---N - 1, will have fewer expected sync errors of the first type 

than of the second type, and hence will not contribute significantly to the sy-nc 
problem. In particular, most shift register sequences will satisfy this condi­
tion, and can be readily tested before being selected as sync words. Here 

should be chosen as the highest bit error rate against which the system is 

expected to operate. If 2 
- k, the condition on D ('r) is basically: 

1D CPO> M- - *ort tS H 
A more serious practical danger is that data patterns or overlaps 

of data patterns may systematically resemble or coincide with the sync 
word which has been chosen. This possibility should be considered and elim­
inated before finally adopting both the sync word and the data format. 
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5. 	 CORRELATION FUNCTIONS OF THE TELEMETRY STANDARD 
CODEWORDS 

In Table I, we present the function D (94 computed for the synchron­
ization codewords (from the NASA telemetry standard) of lengths 7 through 
30, and in Table II, we present the function C (?-) computed for the same 
set of codewords. 

As shown in this report, it is the function D (r) which is relevant to the 
problem of synchronization errors of the first type. For the optimum code­
words shown in Table I, it is striking how nearly the behavior of D (2-) 
approaches uniform monotonic decrease from around . 4N at 2 = 1 down to 
1 at T = N - 1. This is the type of behavior corresponding to the require­
ment that M be minimized. The values of C (Z-) for i -- N - I corres­
pondingly start slightly positive, and then become negative for larger values 
of "t The average behavior of C (,) is determined by the equation 

A2=(~ezz ?M 

where f,c9 ( is the codeword of length N consisting of + l's and - l's. For the 
codewords in question, A 2 has the values 0 or 1, or in only a few cases, '4. 
Thus, since C (0) = N, we have A/-/ 

A 2A1.- 2 f c(
and 	 7-, 

so that the average of C (P) for I Z-(N - 1) is 

0(t) 2 Z'2CM-i) 

For a randomly chosen codeword, C (-) would fluctuate randomly 

around the -- value, while for the optimum list of codewords, there is a 

clear bias in C ('), starting from positive values for small ' , and then 
going over to negative values. 
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TABLE I- Correlation Behavior of the PCM Telemetry Standard Synchronization Code Words: 

The Function D (rJ. 

N 

Length Sequence 

7 1011000 

8 10111000 

9 101110000 

10 1101110000 

11 10110111000 

12 110101100000 

13 1110101100000 

14 11100110100000 

15 111011001010000 

16 1110101110010000 

17 11110011010100000 

18 111100110101000000 

19 1111100110010100000 

20 11101101111000100000 

Z 111011101001011000000 
22 1111001101101010000000 
23 11110101110011010000000 
24 111110101111001100100000 
25 1111100101101110001000000 
26 11111010011010110001000000 
27 111110101101001100110000000 
28 1111010111100101100110000000 
29 11110101111001100110100000000 
30 111110101111001100110100000000 

D ('), i-5N-1 

3, 3, 2, 2,1,1. 
3, 3, 4, 2, Z,1, 1. 
3, 3, 4, 3, 3, 2, 1,1. 
3, 4, 4, 3, 3, 3, 2, Z, 1. 
5, 5, 4, 4, 3, 3, Z,2, 1,1. 
5, 4, 4, 5, 3, 3, 3, 3, Z, 2, 1. 
5, 4- 5, 5, 4, 3, 3, 4, 3, 3, Z, 1. 
5, 6, 5, 5, 5, 3, 4, 3, 3, 3, 3, 2, 1. 
7, 6, 5, 5, 5, 4, 5, 3, 4, 3, 3, 3, 2, 1. 
7, 6, 7, 5, 5, 5, 4, 6, 4, 3, 3, 3, 3, 2, 1. 
7, 6, 7, 6, 6, 5, 6, 4, 4, 4, 3, 4, 4, 3, 2,1. 
7, 6, 7, 6, 6, 6, 6, 5, 4, 5, 4, 4, 4, 4, 3, 2, 1. 
7, 8, 7, 6, 7, 6, 6, 6, 5, 5, 4, 4, 4, 5, 4, 3, 2, 1. 
7, 8, 7, 7, 6, 6, 6, 7, 6, 6, 8, 5,4, 4, 4, 3, 3, Z, 1. 
9, 8, 7, 9, 8, 7, 7, 6, 5, 6, 6, 5,4, 5, 5, 4, 3, 3, Z, 1. 
9, 8, 7, 8, 8, 8, 7, 7, 7, 7, 6, 5, 5, 5, 5, 4, 4, 4, 3, 2, 1.
 
9, 8, 9, 8, 8, 7, 7, 7, 10, 6, 7, 5, 6, 6, 5, 5, 5, 4, 4, 3, 2, 1.
 
9, 10, 9, 8, 9, 8, 7, 7, 7, 7, 8, 7, 8, 5, 5, 5, 5, 4, 5, 4, 3, 2, 1.
 
9, 10, 9, 10, 9., 9, 10, 9, 7, 8, 6, 7, 7, 6, 6, 5, 5, 4, 5, 5, 4, 3, 2, 1.
 
11, 10, 9, 10, 9, 9, 11, 9, 7, 8, 8, 7, 6, 7, 6, 6, 5, 5, 5, 5, 5, 4, 3, 2, 1. 
11, 12, 9, 10, 9, 11, 10, 9, 9, 8, 8, 8, 7, 7, 6, 6, 6, 5, 5, 6, 5, 5,4, 3, 2, 1. 
11, 12, 11, 12, 10, 9, 9, 9, 11, 8, 9, 8, 7, 8, 7, 8, 7, 6, 5, 5, 5, 5, 4, 4, 3, 2, 1. 
11, 12, 11, 10, 10, 11, 9, l0, 10, 9, 9, 8, 8, 11, 7, 8, 6, 7, 7, 6, 6, 5, 5, 4, 4, 3, 2, 1. 
11, 12, 11, 10, 11, 11, 10, 10, 10, 9, 9, 9, 9, 11, 7, 9, 7, 7, 7, 7, 6, 6, 6, 5, 5, 4, 3, 2, 1. 



*~ ~~ Q Ole "CM Tel- tr,;ry Standard Svcrnzl'nCs~e Wcir&s± 

C-D 



__ 

6. A SIMP ' IHr f F11EUK'. r i T 17-

A simiple Yn 'U-I t-if -"-qtience 
of period 31 which satiit.. .,11s I.. ti, 

An n-3@A = A G A3 

yields a sequence of p'rv -z [7, * - '7,:1ft rs t howvn below: 

A B C C' 

_Af + XcD + AC 'C . 
Starting with the ,Vt> ''L, t.;,'1 ,' ;chroniza­]:te t; t 


tion codeword?
 

000 110 101 OU OI u 010 110 0' I1. 

The auto-correlati,: -ifi ,, of fll ,Jklu, follows: 

0111 1 %6141S16 _LtIKIIt4~<ttr 25I11611 131 .j~t 


Oti 151'z 1 i r7 b lL
 
U. I Z4 II QJ+L I --

In tontrast vith IC• ',", ,.i ,,p . I ' ,eraphI. the1C 5, 
behavior of D ("r isis ?i'' i .. x,. ft- ease of D (10)=5 
andD (Z0) - 2. (Fo3 t .;I tA *., .... '. il- V t11ndD (i0) = 6.) 
However, even these ',, .11I-'Ii'':,2t v.,: - ', ',ii, o4r the value of 
M, in that synchronizti -, r, ,, , iI ill I I lss frequent than 
sync errors of the secunrl I;;- t, o ii .- hil , , { lmih 27. 

G (-2-,,b)The contrast In N- , , , I' f-to'i,i,q C 

where the optimum coowol',1 .,f h',,tl 7 1 I ( fAfoi t'>, and
 
0 (") < 0 for - >16. 'm,,,11. If, . (-)r ) '. 0at 'r = 20,
 
and C(?) 0at?'-l. :,;t't'il , '...,, ., )c.t. no real signif­
icance under operatin ,. 4s,
 

NOT REPRODUCIBLE 
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APPENDIX F 

SHIFT REGISTER MECHANIZATION OF RECOMMENDED (STANDARD) 

FRAME SYNCHRONIZATION WORD CODE 

By: 

DR. SOLOMON W. GOLOMB 

NASA CONTRACT NO. NAS5-21196 
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N=7
 

SEQUENCE: 1011000 

SPAN: 

A B C 
TRUTH TABLE out 

ABC ; ksc - AC+A c 

5 1 0 1 11 

6 0 1SHIFT REGISTER 

4 10 0 0 A 
00 00 0 1 001 D ___ 

1 
2 

001 0 
010Oi 

KARNAUGH CHART 

ABC -F
 
o o 0 0 1 1
 
1 0o0 1 0 ?
 
2 01 0 1 5
 
3 011 06 
4"1 0d 0 05 1 0 1 1 3

STATE DIAGRAM: 5 1 0 1 1 3 

o 04S711 1 11 1 0 6START6 

SUCCESSOR TABLE 

6 

46 



N=8
 

SEQUENCE: 10111000 

SPAN: 3 

A B C
TRUTH TABLE 

A B C -Pou out 

5 1 0 1 1 AC­
3 0 1 1 C 

7 1 1 1 0 "S SHIFT REGISTER 
6 1 10 0 
4 1 0 0 0 
0 000 1 
1 001 0 A 
z 0 1 0 1 

KARNAUGH CHART 

ABC -" 
,0 0 0 0 1 1 
1 0 01 0 2 
Z 0 1 0 1 5 
3 0 1 1 1 7 
4 1 000 0 

STATE DIAGRAM: 5 1 0 1 1 3
6 1 1 0 0 4 

START 7,1 1 1 0 6 

SUCCESSOR TABLE 

7 / 

47 



SEQUENCE: 101110000 

SPAN: 

A B C D 

TRUTH TABLE 	 out 

ABCD-P 	 CA 

7 0 1 1 i 
SHIFT REGISTER14 1 1 1 0 0 B 


12 1 1 0 0 0 A
 
81000 	 0 

0 0 0 0 0 1 D
 
1 0 0 0 1 0
 
2 0 01 0 1 KARNAUGH CHART
 
5 01 01 1
 

ABCD 4i 
0 0 0 0 0 1 1 

10 1 0 0 0 1 0 2 
41 2 0 01 0 1 5 

3 0 0 11 0 ]6 
9 4 0 1 0- 0 1 9 

STATE DIAGRAM: / 5 0 1 0 1 1 11 
6 0 11 001 13 

START 6/ 7 0 1 1 1 0 14 

R8 10000 0 
9 1 00 11 3 

10 1 0100 4
/ 	 11 1 011 11 7 

7. 	 -i 12 11 0 0 0 8 
5 13 1 1 0.1 1 11 

14 1 11 0 0 12 
1" -14 15 1 1 1 1 0 14 

SUCCESSOR TABLE 
12 

4881 



N=10
 

SEQUENCE: 1101110000
 

SPAN: 	 4
 

A B C D
 

TRUTH TABLE 	 out
 

A BC D P_ 

13 1 101 1 11 
11101 0 1 B 

7 01 1 1 
0 
 0

14 1 1 1 0 0 A SHIFT REGISTER 
121100 0 
8 1i0 0 0 	 0 D 

00 0 0 1 KARNAUGH CHART1 0 0 01 1 

3 0011 0 
6 01 10 1 

ABC.D f 
0 0 0 0 0 1 1 
1 00 0 1 1 3 
Z 0 0 1 0 1 5STATE DIAGRAM: 
3 0 0 1 1 	 0 6 

4 01001 9
START 
 10 5 0 1 0 1 1 11 

6 0 1 1 0 	1 13 
0 147 0 1 1 

5~~ ~ 	 3 
9 1 0 0 1 	1 3
13 1	0 1 0 1 0 0 .4 
11 1/I0 1 1 1 7 

1i 1i 0 0 0 8
7%
/I" 

13 0 111114 11 11 1 0 0 12 

15 1 1 1 1 0 14 

SUCCESSOR 	TABLE15 14 

49 



N=11
 

SEQUENCE: 10110111000
 

SPAN:
 

TRUTH TABLE ABODE42_ 

ABCDE -P 0 00 001 1 
zz 1 011 0 1 C 1 0 0 0 0 1 1 3 
13 0 1 10 1 1 2 00 01 0,1 5 
27 1 1 01 1 1 1 1 3 0 0 0 1 '1 0 -6 
Z3 1 0 1 1 1 0 1 4 0 0 1 0 0 1 9 
14 0 1 1 1 0 0 0 1 5 0 0 1 0 1 1 11 
28 1 1 0 00 0 B 6 0 0 1 1 0 1 13 
24 1 1 0 0 0, 1 -1 0 7 0 0 1 1 1 0 14 
17 1 0 0 0 1 0 1 0 8 0 1 0 0 0 1 17 

2 0 0 01 0 1 0 9 0 1 0 0 1 1 19 
5 0 0 1 0 11 10 0 1 0 1 0 0 z0 

11 0 1 0 1 1 0 11 0 1 0 1 1 0 zzD iZ 0 1 1 0 0 1 Z5
 

KARNAUGH CHART 	 13 0110 1 1 27 
14 0 11 1 0 0 Z8 

1 1 0 30A BCDE15 	 0 1 1 
16 1000 1301 0 

out D 17 1 0 0 0 1 0 z 
18 1 0 0 1 0 1 5 

BE+A 19 1 0 0 1 1 0 6 
Z0 1 0 1 0 0 1 9 

SHIFT 21 10 1 0 1 0 10 
REGISTER _ ZZ 1 0 1 1 0 1 13 

Z3 0 111 0 14 
24 11 0 0 0 1 17

S25 	 1 1 0 0 1 1 19 

479 " 	 26 110 1 0 1 z1 
27 11011 123 

2028 11 10 0 024 
o(29 11 1 0 1 026 

\_31 11 11 0 	30 

50 	 5TATES9 DIAGRAM SUCCESSOR TABLE 
50 



N=12
 

SEQUENCE: 110101100000 

SPAN: 5 

TRUTH TABLE A B C D E JP 
0 00000 1 1

A B C D E f 0 0 0 0 0 1 1 
1A61 0 1 0 13 

C 2 0 0010 0 4 
21101011 3 0 0 0 1 10 6 
S1 010 1 1 0 1 1 4 001001 9 

22 1 01 1 00 1 0 -5001O 
12 0 1 1 0 0 0 0 0 0 0 1 0 1 1 11 
24 1 1 0 0 0 0 0 7 0 1 1 13 
16 1 o 000 0 0 11 0 1 0 00 0 16 

0 0 0 0 0 0 1A E 9 0 1 0 01 0 18
1 0 0 0 0 1, 1 1 0 101 0 20 
3 0 0 0 1 1 0 A 01 10

11 0 1 0 1 1 0 22 
6 o o 1 I o 1 D 12 011000i 0 2413 0 01101 0 0KARNAUGH CHART 13 0 1 1 0 1 0 26 

14 0 1 1 10 1 -29 
15 0 1 1 1 1 1 31 

A B C D E 16 1 0 0 00 0 0 
17 1 0 0 0 1 1 3

out. 18 1 0 0 1 0 1 5 
19 1 0 0 11 1 7 

+AD+AD 20 10000 8 
SHIFT / 21 1 0 1 01 1 11 
REGISTER / z2 1 0 1 1 0 0 124 23 1 0 1 1 11 15 

STATE DIAGRAM: 124 1 1000 0 16 

25 1 1 0 01 0 18 
26 1 1 0 i 1 21 
27 1 1 0 1 1 1 23 
28 1 1 00 0 24

6 I\ 29 1 1 1 0 1 0 26 
_ 30 1 1 1 1 00 Z8 

22 31 1 11 1 10 30 

SUCCESSOR TABLE 

-- '
 to -----
 7 1 51 



SEQUENCE: 1110101100000 N=13 

SPAN: 5 

TRUTH TABLE C 	 ABCDE 

A B C DE1 0 0 0 0 0 0 1 
29 11010 101- 0 1 0 0 0 0 1 1 3z 6 1 1 o, i 11 I 

0 E 2 0 0 01 01 5 
211 0 1 0 1 10 1 3 0 0 0 1 1 1 7 
11 0 1 0 1 1 0 B 4 0 0 1 0 0 0 821011 i0 f022 1 0 1 1 0 0 1! Ij 	 5 0 0 1 0 1 o i0 

12 0 1 1 0 0 0 A 0 E 6 0 0 1 1 00 12 
24 1 1 0 0 0 0 1 J 7 0 0 1 1 1 0 14 
16 1 0 0 0 0 0 0 8 0 1 0 0 0 0 16 

0 0 0 0 0 0 1 9 0 1 0 0 1 0 18 
1 0 0 11 CHART 0 1 0 1 0 1 Z0 0 	 0KARNAUGH20 
3 0 0 0 1 1 1 11 0 1 0 1 1 0 22 
7 0 0 1 1 1 0 12 011000 24 

14 0 1 1 1 6 1 	 13 0 1 1 0 1 0 26 
14 0 1 1 1 0 1 29A B C D3 E 	 01 10 315 0 1 1 1 1 0 30 

out 	 1 100000o 0out 	 1 0 0 0 1 1 3'E17 
18 1001 0 0 4 
19 1 0 0 1 1 1 7SHIFT 20 10 1 0 0 0 8 

REGISTER 25 21z 1 1 0 1111 
/ 22 1 0 1 1 0 12 

50 23 1 0 1 1 1 1 15 
" t'5 -9 -14 24 1 	 1 0 0 0 0 16o 

"-.*2,'_ .,9 25 1 1 0 0 1 0 18 
121 26 1 1 o 01 1 21 

STT 	 Z7 I 1 0 1 1 0 22STATE 28 1 1 1 0 0 0 24 
DIAGRAM 1 29 1 1 1 0 0 26 

30 1 1 1 1 0 1 29 
O310 1 1 1 1 1 0 30 

SUCCESSOR TABLE 

520 



---  

N=14
 
SEQUENCE: 11100110100000 

SPAN: 5 

TRUTH TABLE A B C D E 

ABCDE 0 0 0 0 0 0 1 
8 1 1 1 0 01 1 0 0 0 01 1 325 1 1 0 0 1 1 2 0 0 0 10 1 5

19 1 0 0 1 10 3 0 0 0 1 11 7 

6 001101 -- 4 0.0 1 00 0 8 
13 0 1 1 0 1 0 1 1 5 0 0 1 0 1 0 10 
26 1 0100 1 1 E 0 0 1 1 0 10 6 13 
20 1 0 1 0 0 0 0 j 7 0 0 1 1 1 0 14 
8 0 1 0 0 00 0 0 B 8 0 1 o 0,0 0 16 

'16 1 00 00 0 0 1 E 9 0 1 0 0 1 0 18 
0 0 0 0 0 0 1 A 1 0 10 0 1 0 10 0 20
1 0 0 0 0 1 1 11 0 1 0 1 1 0 z23 0 0 0 1 1 1 0 I Io 0 1 1 0-0 0 26 
7 0 0 1 1 1 01 01100 0 24 

14 0 1 1 1 00 D 14 0 1 1 1 0 28 
KARNAUGH CHART 
 15 0 1 1 1 1 0 30 

16 1 0 0 00 0 0 
A B C D E 17 1 0 0 0 1 0 z 

18 1 0 0 1 0 1 5 
out 19 1 0 0 I 0 6 

20 1 0 1 00 0 8 
ABD +ABi *BE+­ - 21 1 0 101 0 10 

22 1 0 1 1 0 1 13 
Z3 1 0 1 110 14 

SHIFT Z4 I 1 0 0 0 1 17REGISTER START[ ./ 24 11 0.1 1 
REGIS Z5 11 o 0 1 1 19 

'W" 25 Z6 1 1 o 1 o 0 20 
.,Z6 "-,-..$, Z7 1 1 01 1 0 22 

N 28 1 1 1 0 0 1 25Z9 1 1 1 011 27 

60 30 1 1 1 i o o Z8 

-*-2 4 31 11 11 1 0 30 

'/ SUCCESSOR TABLE
5 4[ 

STATE DAGRAM 
53 



N=15
 

SEQUENCE: 111011001010000 

SPAN: 4 

TRUTH TABLE 

ABCD f
 

14 1 1 1 0 1
 
13 1 1 0 1 1 D
 
11 1011 0
 

6 01 1 0 0 1
 
12 1 1 0 0 1
 
9 1001 0 0 000 JB
 

{ 1H k0 1,
21 0 1 A 

o I 0 05 01 01 0 
10 1010 0 
4 01 0 0 0 
8 1 0 0 0 0 KARNAUGH CHART 
0 0 0 0 0 1 
1 0 0 0 1 1 
3 0 0 1 1 1 
7 0 1 1 1 0 A B C D 4'. 

0 '0 0 0 0 1 1 
1 0,0 01 1 3 

A B CD2 0 0 1 0 1 5 

3 0 01 1 l 7 
4 0 1 0 0 0 8 

AB+ 	 5 0 1 0 1 0 10 
6 0 1 1 00 12 

SHIFT 7 0 1 1 1 0 14 
START 8 1 0000 0 

REGISTER 	 9 1 0 0 0 2 
10 1 0 1 00 4 

11 1 0 1 1 0 6 
1 	 1 1 1 0 0 1 9 

6 13 1 1 0 1 1 114 t 14 1 1 1 0 1 13 
it 0 15 1 1 1 1.0 14 

I SUCCESSOR TABLE 

STATE ) 
I54 DIAGRAM-



SEQUENCE: 1110101110010000 N=16 

SPAN: 6 

TRUTH TABLE 

ABCDEP58DE1. 1 10 15 8 1 1 1 1 01 

53 1 1 0 1 0 1 
43 1 10 1 11 
23 0 1 0 1 1 1 0 
46 1 o 1 1 1 0 0 
28 0 1 1 1 0 0 1 
57 11 1 0 0 1 0 
50 1 1 o 0 1 0 0 
36 1 0 0 1 0 0 0 

8 0 0 1 0 00 0 
16 0 1 00 0 0 1 
33 1 0 0 0 0 1 

3 0 0 0 0 1 1 1 
7 0 0 0 1 1 1 0 

14 0 0 1 1 1 0 1 
29 0 1 1 1 0 1 0 

C 

1 0 1 
0 1 

A 01 010 1 

00 
01 

2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

12 
13 
14 
15 
16 
17 
18 

19 
2021 
22 
23 

24 
25
26
27 

ABCDEFf . ABCD E F 
0 0 00 0 11 321 0 00 0 0( 00 ()0 001 1 3 33i 0 00 00 0 1 1 3

0 0 1 1 3 1 0 3 01 

0 0 0 0 1 0 15 34 1 0 0 0 10 0 4 
0 0 0 0 1 1 1 7 35 1 0 0 0 11 1 7 
0 0 0 1 0 0 19 36 1 0 0 1 00 8 
000 1 0 1 010 37 1 0 0 1 01 11 
0 0 0 1 1 0 1 13 38 1 0 0 1 100 12 
0 0 0 1 1 1 014 39 1 0 0 1 1 11 15 
0 0 1 0 0 0 016 40 1 0 1 0 00 0 16 
0 0 1 0 0 1 018 411 0 1 0 01 0 18 
0 0 1 0 1 0 0 Z0 421 0 1 0 100 0 
0 0 1 0 1 1 123 43 1 0 1 0 11 1 23 
0 0 141, 0 0 1 Z5 44 1 0 1 1 00 0 24 
0 0 1 1 0 1 0 26 4 5 1 ( 1 1 0 1 0 26 
0 0 1 1 1 0 1 Z9 46 1 0 1 1 10 0 28 
0 0 1 1 1 1 0 30 47 1 0 1 111 0 ,30
0 1 0 0 0 0 133 48 1 1 0 0 00 0 32 
0 1 0 0 0 1 1 35 49 1 1 0 0 01 1 350 1 0 0 1 0 1 37 50 1 1 0 0 1 0 0 36 
0 1 0 0 1 1 139 511 1 0 0 11 1 39
0 1 0 1 0 0 1 4i 52 1 1 0 1 00 0 400 1 0 1 0 1 0 42 53 1 1 0 1 01 1 430 1 0 1 1 0 1 45 54 1 1 0 1 1 0 0 44 
0 1 0 1 1 I 0 46 55 1 1 0 1 1 1 1 47 

0 1 1 0 0 0 1 49 56 1 1 1 0 00 1 490 1 1 0 0 1 050 57 1 1 1 0 01 0 500 1 1 0 1 0 1 53 58 1 1 1 0 1 0 1 530 1 1 0 1 1 1 55 59 1 1 1 0 1 11 55 

F 

A 

F 

B 
C,D 

C D 
E-
E F 

28 
29 
30 
31 

0 
0 
0 
0 

1 1 1 0 
1 1 1 0
1 1 1 1 

1 1 

0 
1 
0 
1 

157 601 1 
058 611 1
161 62 1 1 
062 63 1 1 

1 1 
1 1 
1 1 
1 1 

00 0 
01 0 
10 0 
11 0 

56 
58 
60 
62 

SUCCESSORTABLE 

* CF+ ACD +-F+-iDT 

SHIFT REGISTER 

EF+BC 

55 



N=16
 

2T 

GI(0 5TkT/ 
S
34 

15 44 

226 / 4 / 

4 
T7.8 24/ 

5 14 

I! ,'440 
\ I,/ ° . 

21 
// 

3 

STATE DIAGRAM 

56 



SEQUENCE: 11110011010100000 	 N=17 

SPAN: 5 

TRUTH TABLE 

AB CDE £ B CDE 
301 1 1 1 00 0 00000 1 1 
281 1 1 0 0 1 1 00001 1 3 
Z51 1 0 01 1 2 0 0 01 0 1 5 
1910011 0 3 00011 1 7 

600110 1 C 4 001001 9 
13 0 1 1 0 1 0 5 0 0 1 0 1 1 11 
Z6 1 1 0 1 0 1 1i 1-6 0 0 1 1 0 1 13 
21 1 o 10 10 1 1 1 E 7 00111 1 15 
1001 01 00 0 801 000 0 16 
201 0100 0 	 0 T yT B 9 01 001 1 19 

1 0 E 1 0 1 0 1 0 0 2081 0000 0 
16 1 0 0 0 0 0 0 11 0 1 0 1 1 1 23 

000000 1 12011 00 0 24 
1 0 0 0 0 1 1 1301 1 01 0 Z6 
30001 1 1 14011100 28 
7 0 0 1 1 1 1 IARNAUGH CHART 15 0 1 1 1 1 0 30 

15 0 1 1 1 1 0 161 0 0 0 0 0 0 

171 0 0 0 1 0 2 
181 0 0 1 0 0 4 

A B C D b 1910011 0 6 
but 201 01 0 0 0 8 

22 0101 10 10 
21 1 01 1 0 0 1z 

23 1 0 1 1 1 0 14 
SHIFT REGISTER 	 241 1 0 0 0 1 17 

STA.---	 2511001119~29. 	 -'-* 251 1 0 0 1 1 19 

,3I26 	 Z 1 1 0 1 0 1 z1 
27 1011 '1 23 
28 1 1 00 1 252/-5" 	 Z9 111 0o1 1 27 

/ 	 5 
30 1 1 1 00 28 
3 11013031 1 1 

A-O SUCCESSOR TABLE4 a 

-4-2_-W5 	 57 

22 STATE DIAGRAM: 



SEQUENCE: i111001101010 0 0 0 0 0 

6SPAN: 

TRUTH TABLE 

i '0ABCDEFI" 


60111 0013 

7 1 11 0 0 11 


00110 

i001101 

130 01101 0 

531 01 010 


381 0 

2653 10 11 10 10 10 10 10 

4Z 1 0 1 0 1 0 0 

20 0 1 0 1 0 0 0 


40 1 0 1 0 0 0 0 

0 016 010 0 

32 1 0 0 0 0 0 0 

0 ooooo 1 


1o000011 
3 0 0 0 0 1 1 1 


7 0 0 0 1 1 1 1 

i530 0o 10 11 11 11 1ol 0 

30011110 


A B C D E F 

out 

. 

ADF+C + + B C -

SHIFT REGISTER 

C 

0 
0 E 

0 00 13, 

01 B 


A oO 0
 

0
 

58 KARNAUGH CHART 

N=18
 

ABCDEABCDEF;0 0 0 32 0 0 0 0 00 0 0 11l 1 0 0 

0000 0000
 
1 0 0 0 0 0 1 1 3 33 1 0 0 0 01 0 2 

0 0 0 0 1 0 1 5 34 1 0 0 0 1 0 04 

3 00001117 351000110[6 
4 0 0010019 36100100 19 
500011011ii3810011010131 37 0 1 1356 0 11 38 11 00 00 11 10 1 0 106 00 00 00 11 1 0 11 13 

7 0 0 0 1 1 1 1 15 39 1 0 01 1 1 0 14 

8 0 0 1 0 0 0 1 17 40 1 0 1 0 0 0 0 16 

0 1 0 0 1 1 19 41 1 0 1 0 0 1 0 189 0 
100 01010 121 42 1 01010 020 

1 0 1 0 1 1 0 ZZ11 0 0 1 0 1 1 1 23 43 
12 0110 0 0,24 4410 1 0 01 25 

130 011 01 0 26 45 1 011010 26 

14 0 0 1 1 1 0 0 28 46 1 0 1 1 1 0 1 29 

15 0 0 1 1 1 1 0 30 47 1 0 1 1 1 1 0 30 
0 0 0 3216 0 0 0 32 48 1 11 00 00 01 0|34i1 00 11 0oo 00 1 00 34 49h1 

17i101003449110001034 
18 0 1 0 0 1 0 0 36 50 1 1 0 0 1 0 0 36 

19 0 1 0 0 1 1 038 511 1 0 0 1 1 0|38 
0-ir 00040 41200101 521 101001 

Z1 0 1 001 01 4Z 53 1 10101 042 
ZZ 0__ 110 0 44 54 1 1101 10 1145Z1 1__0. 
23 0 1 0 1 1 1 0 46 55 1 1 01 1 046 

Z4011000 149 561111000 149 

25 0 1100 1 1 51 57 1 1 1 0 0 1 151 
26 0 1 1 0 1 0 1 53 581 1 1 01 0 |53 
20701101 1155 59111011 155 
2801110 0,056 60111100 157 
Z9 0 1 1 1 0 1 0 58 6111 1 1 01 058 

161
300111100i60 6Z 111110 

1 062 63111 11 1062
310 11 11 


SUCCESSOR TABLE
 



N=18 

14 

\ 24 

443 17 
44 

25T 

TARIT 

! 
?11 

9 / 1GK \ 

ro-z - ffff_ 21 

// 

// 

59 



N=19 

SEQUENCE: 1111100110010100000 

A B C D E F.6
SPAN: 


TRUTH TABLE 	 out 

A B CD E j 	 A BTE+ABD+ BC5+ACD f
 
62 1 1 1 1 1 0 0 
60 i i 1 00 1 	 SHIFT REGISTER 
57 1 1 1 0 0 1 1 	 _ ____ 

51 1 1 0 0 11 0 ABCDEFf 32 ABC'DEF # 
38 1 0 0 1 100 0 0 000001 32, 1 0 00001 1 
12 0 0 1 1 0 0 1 1 0 0 0 001 1 3 33 10 0 0 01 1 3 
25 0 1 1 0 021 0 0 0 0 01 01 5 34 1 0 0 01 01 5 
50 1 1 0 0101 3 0 00 01 1 1 7 35 1 0 0 01 1 1 7 
37 1 0 0 1 01 0 4 0 001 0 01 9 36 1 0 01 0 0 0 8 
19 0 0 1 0 1 0 0 5 0 001 01 1- 11 37 1 0 01 01 0 10 
20 0 1 0 1 0 0 0 6- 0 001 1 0113 38 1 0 01 1 0 012 
40 1 0 1 0 0 0 0 7 0 001 1 1 1 15 39 1 0 01 1 1 0 14 
16 0 1 0 0 0 0 0 8 0 01 0 0 0 0 16 40 1 0 1 0 0 0 0 16' 
32 1 0 0 0 0 0 1 9 0 01 0 0 1 0 18 41 1 0 1 0 0 1 0 18 
1 0 0 0 0 01 1 100010100 20 42101010020 
3 0 0 0 0111 11 0 01 01 1 02ZZ 43 1 0 1 01 1 022 
70001111 12001100125 44101100024 

15 0 0 1 1 11 1 13 0 01 1 01 1 27 45 1 0 1 1 01 0 26 
310111110 	 14001110129 46101110028 

15 001111131 47101111030 
16 0 10 0 0 0 0 32 48 1 1 0 0 0 01 33 
17010001034 49110001135 
18 010010036 50110010137 
19 0 10 01 1 0 38 51 1 1 0 01 1 0 38 
20 0 1 0 1 0 0 0 40 52 1 1 0 1 0 0 1 41 

C 21 0 101 01 0 42 53 1 0101 1 43 
220 101 1 0 0 44 54 1 1 01 1 0 0 44 

1 1 ?.3 0 1 0 1 1 1 046 55 1 1 01 1 1 0 46 
_E
1 0_ 24 0 11 0 0 0 0 48 56 1 1 1 0 0 01 49 

0 5 0 11 0 01 0 50 57 1 1 1 0 01 1 51 
1T1 26 0 11 0 1 0 0 5Z 58 1 1 1 01 0 0 52 

A 1 0 0 0 E () 11 01 1 0 54 59 1 1 1 01 1 0 540 	 280 11 100056 60 I1 I 1 0 01 57 
1 090 29 0 1 1101 0 58 61 1 1 1 1 011 59 

L-F)-D---- 30 1 0 00600 1 62 1 1 1 1 10 060 
:F3jL- 0 1 1 1 0 1 0 62 63 1 1 1 1 11 0 62 

KARNAUGH CHART 	 SUCCESSOR TABLE 
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44 

449 
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Z5 	 29 

404 
60l
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N=20
 

SEQUENCE: 11101101111000100000 

SPAN: 6 A B C D E F 

TRUTH TABLE out 
ABCDEF.P
 

59 1 0 1 1 054 11 11 01! 1 0 1l A BEE+ BZ D + C F + AB C E + ABCD + B CD­

45 1 01 1 01 1
 
SHIFT REGISTER
7 0 1 1 0 11 1 

55 1 1 01 1 1 1 
47 1 01 1 110 ABCDEF~l ABCDEF4 
30 0 1 1 1 1 0 0 
60 11110 o0 0 000 1 1 32 1 0 000011­
56111o001 1 000001 1 3 33 1 0 00011 3 
491100010 Z 0000 10 15 34 1 0 00 10 4 
341000100 3 0000 11 17 35 10 00110 6 

4 0001 00 0 4 0001 00 08 36 1001001 9 
8 00100006001013 5 0 0 01 01 0 10 37 1 0 01-0 11 11lO ioa


16ooo 6 0 0 0 1 1 0 0 12 38 1 0 0 1 1 -c0 1216 01 0000 0 

32 1 0 0 0 00 1 7 0 0 01 11 014 39 1 0 01 1 10 14 
1 0 0 0 0 01 1 8 0 01 0 00 016 40 1 0 1 0 0 0117 
3 0 0 0 0 11 1 9 0 01 0 011 19 41 1 0 1 0 011 19 
7 000111 i010 0010101Z1 4 101010020 

14 0 0 1 1 1 0 1 11 0 0 1 0 1 1 1 23 43 1 0 1 0 1 1 0 22 
29 01 1 1 01 1 1 0011 0 0 0 24 44 1 0 11 0 01 25 

13 0 01 1 01 1 27 45 1 0 1 1 0 1 27 
14 0 01 1 1 01 29 46 1 0 1 1 1 00 28 
15 0011 1 1 1 31 47 1 0 1 11.10 30 
16 0100 000 3Z 48 11 00000 32 
17 Ol 0 0 0 034 49 1 1 0 0 0 1 0 34 
18 01 0 0 1 0 0 36 1 1 0.50 0 010 36

T 1 19 01 0 0 1 1 0 38 51 1 1 0 01 10 38 
1 10 0 E0 01 01 0 0 1 41 52 1 1 01001 410 1 1 001 01 01 143 53 1 1 01 01 143 

10 1i B 2? 0 1 0 1 1 0 1 45 54 1 1 0 1 1 0 1 45 
0 

A 1i
o

1 Z3 01 01 1 1 1 47 55 11 01 11 1470 0 , Z4i 0 1 1 0 0 0 1 49 560 A 25 0r1 1 0 01 1 51 57 1 1 1 0 0 C1 491 11 0 01 50 

11 i Z6 01 1 0 1 01 53 58 1 1 1 101 53 
D Z7 0 1 1 0 1 1 1 55 59 1 1 1 0 1 1 0 54 

28 0 1 1 1 0 0 0 56 60 1 1 1 1 0 00 56
KARNAUGH CHART Z9 01 1 1 01 1 59 61 1 1 1 1 010 58 

30 01 11 1 0 0 60 6Z 1 1 1 1 100 60 
31 01 1 1 1 11 63 63 1 1 1 1 110 6z 
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N=21
 

SEQUENCE: 1110111010 01011000000 

SPAN: 7 

TRUTH TABLE 

ABCDEFG; 
119 1 1 1 011 i 0 
110 1 1 01 11 0 1 

93 1 01110 1 0 
58 0 1 1 1 01 0 0 

116 1 1 -DlO 0 1 
105 1 1 01 00 1 0 A B C D E F G 
82 1 01 001 0 1 

37 
75 

0 1 0 010 1 1 outu7500010TTTTTYYT1 0 01 01 1 0 

22 0 01 011 0 0 
44 01011000 
88 1 0 1 00 0 
48 0 1 1 0 00 0 0 SHIFT REGISTER 
96 1 1 0000 0 0 
64 1 00000 0 1 
1 0 00000 1 1 

3 0 00001 1 1 
7 0 00011 1 0 

14 "0 0 0 1 11 0 1 
Z9 0 01 1 10 1 1 
59 0 1 1 101 1 1 

64 



N=Z 

E 

0 1 

1 1 

8 9 
D 

Z4 25 

16 17 

48 49 

_0r 56 57
DJ ___ 

40 41 

:3 Z 6 7 
1 0 

11 10 14 15 
1 

Z7 26 30 31 

19 18 ZZ 23 
0 

51 50 54 55 

59 58 6Z 63
1 0 

43 4Z 46 47 

5 

13 

29 
1 

21 

53 

61 

45 

4 

1Z 

Z8 

20 

52 

60 

44 

C 

32 33 35 34 38 39 37 36 

96 97 99 98 10Z 103 
1-B 

101 100 

104 105 107 106 110 111 109 108 

120 121 
L0 

112 113 

123 

115 

122 

114 

126 

118 

127 125 

119 117 
0 

124 

116 
1 

C 

80 81 83 82 86 
1 

87 85 84 

D. 
88 89 91

0 

72 73 75 
0I 

64 65 67 
1 

--G--

90 

74 

66 

94 95 

78 79 

7071 

93 92
0 

77 76 

69 68 

G--

KARNAUGH CHART 
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N=Z1
 

06 

-_' 25 V Z6 30 29 a
 
-~ isq 0L9 r3c)I
 
t 51 0 5q 5C 3 5
 

S( 517 58 4 626EC
 

9 
 f 	 36
38 	 f 't 

97 '09 98 s0Z t1d03 'too 1 3
 
104 cY?/% lWto9 IIII08
I 07 

Il laG 


1213 12 12. 7 


lob 1ai 1n £20 

A2I1 1	13 I 11 15 11# 116 1 .9 11
5
'7 116
 

so81 98396 87 R
 

1 	 16
7Z273 715 1q78 179 
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ABCDEFG f ABCDEFG f N=21 
0 0000000 I I 64 1000000 " 
1 0000001 I 65 1000001 1 3 

o0000o66 100010 5 
3 0000011' 67 1000011 I 
400o 8 68 1000100 I 
5 O000OIO "1 69 1000101
 
6 00001o0 t 70 1000110 1 : 
7 0000111 0 1 1000111 0 IR 
8 0001000:1 I 72 10000.0 16 
9 0001001 I l' 73 loolooi0 

10 00010101' 21 74 1001010 ZO 
11 000101110001100 13 75 1001011 £1z 
 11Z1 " 
 76 1001100 
 5' 
13 000110111 1 77 1001101 0 Z6 
14 0001110 1 9 78 1001110 1 Z
 
15 ooo1111!1 31 79 10o1111 ) 3? 
16 001000011 33 80 1010000 1 33 
17 OOiOOOlh 35 81 1010001 35 
18 00100101 37 82 1010010 1 37 
19 0010011.1 9 83 1010011 t 3 
20 001olo00 84 1010100- 1i 
21 0010101:0 2 85 1010101 0 I'f 
zz 0010110 0 * 86 1010110 1 
23 001011110 '16 87 10101110 6 
24 0011000!1 '*9 88 1011000 0 q
Z5 0011001 t51 89 1011001 0 
26 0011OlO-I 53 90 1011010 0 
27 0011011 I 91 1011011 76 
28 0011100 57 92 1011100 j S7 
29 0011101 1' 15 93 '1011101 o 5 
30 0011110 1 61 94 1011110 61 
31 0011111 1 63 95 1011111 2 6Z 
32 0100000 0 61f 96 1100000 061f 
33 0100001 1 67 97 1100001 0 6 
34 0100010 C 66 98 1100010 0 68 
35 0100011 1 71 99 1100011 D 70 
36 0100100 0 71 1oo 11001001 73 
37 0100101 1 75 101 1100101 q
38 0100110,0 16 102 1100110 I 77 
39 0100111 '79 103 1100111,0 i 
40 OlOlOOOjO 80 104 1101000o0 30 
41 01010011183 105 11010011O 62
42 0101010. 8f 106 110101o0 v1 
43 0101011!I 87 10? 1101011 0 86 
44 01011000 86 108 1101100 | 29 
45 0101101 I 91 109 1101101 0 90 
,46 0101!10 0 92 110 1101110|1 9347 0101111 I 111 1101111, 0 Of 

48 0110000 0 96 112 1110000 0 96 
49 0110001 I 99 113 1110001 0 95 
50 0110010 0 100 114 11100100 too 
51 0110011 I 103 115 1110011 0 IO0 
52 OliOlOO o i0 116 1110100 I 105 
53 0110101 I OT 117 1110101 a IOG 
54 0110110 10 118 1110110 1 109 
55 0110111 I11 119 1110111 0 Ito 
56 o11100.0 IIf O loooo ia 
57 0111001 I1p- 121 1111001 0 II' 
58 01,11010 0 li 122 1111010 0 I1 
59 of1loil I 'J9 123 1111011 0 1(8
60 OJ11LOO 0 120 124 11111001 IZi 
61 0111101 1 123 125 111110 0 12 
62 0111110 a2 126 111111 
63 o111111 I2 127 111111 12. 

Successor Table 68 



N=22
 

SEQUENCE: Iiii001101101010000000 

SPAN: 7 

TRUTH TABLE 
ABCDEFG 

121 1 1 1 1 0 0 1 1 
115 1 1 1 0 0 1 1 0 
10211001101 

77 1 0 0 1 1 0 1 1 
27 0 0 1 1 0 1 1 0 
54 0 1 1 0 1 1 0 1 

109 1 1 0 1 1 0 1 0 
90 1 1 101 
53 0 1 1 0 1 0 1 0 

106 1 1 0 1 0 1 0 0 

84 1 0 1 0 1 0 0 0 
40 0 1 0 1 0 0 0 0 
80 1 0 1 0 0 0 0 0 
32 0 1 0 0 0 0 0 0 
64 1 0 0 0 0 0 0 0 

0 0 000000 1 
1 0 000001 1 
300000111 
700001111 

15 0 0 0 1 1 1 1 

out 

A B C 

B AABD+ 

D 

+ 

E 

+ 

F G 

,T'­

30 
60 

0 0 1 1 1 1 0 0 
0 1 1 1 1 0 01 

69 
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13 q 9 

4 
219 79 
i 19 5 

39 Al ;/1 

94 62 

1 
' 
J;?107 

1 

/ 
44 Jg 

/ 

fI6-262.5 

7P 

°N' 
-051 - lol 

4, 
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S2~ 41/A 
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N=22
 

E 

0 
1 

1 
1 

3 1Z 
1 

6 .17 5 
1 

4 

8 9 11 10 14 15 13 LZ 
0 

D 24 25 27 26 30 31 29 Z8 

16 17 18 2 23 Z1 20 

48 49 51 50 54 55 53 52 c 
1 0 

56 57 59 58 62 63 61 60 

40 41
0 

43 42 46 47. 45 44 

32 33 35 34 38 39 37 36 
0 B 

96 97 99' 98 10Z 103 101 100 
I 

104 105 107 106 110 111 109 108 
D0 0 

120 121 123 122 126 127 125 124 

112 113 115 114 118 119 117 116 
0 

A So 81 83 8Z 86 87 85 84 C 

0 0 

r 88 89 91 90 94 95 93 92 

72 73 75 74 78,79 77 76 

64 65 67 66 70 71 69 68 
0 

G F G 

KARNAUGH CHART 
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5 

10 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 

ABCDEFG f ABCDE f 

0 0000000 I1 64 1000000 a 0 
1 ooooool 1 3 65 1000001 1 3 
2 0000010 5 66 1000010 0 
3 0000011 7 67 1000011 0 6 
4 0000100 1 ' 68 10001000 8 

0000101 1 R 69 1000101 I 
6 0000110 1 13 70 10001100 is 
7 0000111 I 71 10001110 19 
8 0001000 0 16 72 1001000 I 11 
9 0001001 1 19 73 1001001 1 19 

0001010 0 zo 74 1001010 I 31 
11 0001011 0 2-Z 75 1001011 1 23 
12 0001100 0 ?-q 76 1001100 2 

13 0001101 0 26 77 1001101 o7 

14 0001110 0 'Z 78 1001110 1 29 
0001111 0 30 79 1001111 i 31 

16 0010000 1 31 80 ioioooo 0 132 
17 0010001 I 35 81 I010001 135' 
18 001O010 1 37 82 1010010 0 36 
19 0010011 3? 83 l1OOll 0 36 

0010100 I 'U 84 1010100 0 to 

21 0010101 q3 85 1010101 0iq 
z2 0010110 1 Y5 86 1010110 0 1qq 
-23 001011111 '6 87 1010111 C): 
24 0011000: 0 4b 88 1011000 10 

oo1ooi 1I 51 89 1011001 1 5' 
26 0011010! 0 62 90 1011010 1'53 
27 0011011 015 91 1011011 55 
28 0011100 o5- 92 I011100: I i 
,29 0011101 0 58 93 1011101:I 19 

001111010 60 94 1011110' 161 
31 
32 

0011111 ) 
0100000 0 

" 
6y 

95 
96 

I011111!1 63 
1100000 0.C 

33 0100001 17 97 1100001'l 61 

34 0100010 r 68 98 1100010 0 69 
0100011 0 70 99 IIoool0' 70 

36 0100100 1 73 100 1100100 13 
37 0100101 0 7Y 101 1100101 0 71 

38 
39 

0100110 1T 
0100111 0 78 

102 
103 

1100110 I q' 
1100111 0 18 

0101000 0 S0 104 1101000 0 80 
41 0101001 1 63 105 I101001 t 63 
4Z 0101010 0 106 1101010 0 9T 
43 01010110 107 1101011 0 0 

44 0101100 1 9 108 I101100 1 09 
0101101 90 109 llOllOl 0 90 

46 0101110 1 93 l1o l1l1O I 93 
47 0101111 0O Il lllll 0 9n 
48 0110000 () 9G 112 1110000 0 94 
49 0110001 99 113 1110001 1 9I 

0110010 0 jOD 114 1110010 0 100 
51 OllOOll0 o Z 115 1110011 0 102 
52 0110100 I105 116 1110100 I 105 
53 0110101 0 10 117 1110101 0 106 

54 0110110 109 118 1110110 I 109 
0110111 0 110 119 1110111 0 i10 

56 0111000 0 In 120 1111000 0 is?. 
57 0111001 115 121 lll0l1 I L2. 
58 0111010 1161 11010 10o0 ji 
59 01110110 h .- 123 1111011 0 ±Ll 

0111100 1I V 124 1111100 I LZI 

61 0111101 0 1W. 125 1111101 0 Iii 
62 01111101 ItS 126 1111110 I J-2S 
63 0111111 0 INC 127 1111111 P 16 

72 Successor Table 
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N=Z3
 

SEQUENCE: 11110101110011010000000 

SPAN: 7 

TRUTH TABLE 
ABCDEFGf 

1zz 1 1 1 1 0 1 0 1 
117 1 1 1 0 1 0 1 1 
107 1 1 0 1 0 1 1 1 

87 1 Ol 0 1 1 1 0 
46 0 1 0 1 1 1 0 0 
921 0 1 1 1 0 0 1 A B C D E F G 
57 0 1 1 1 0 0 1 1 

115 1 1 0 0 1 1 0 ut 
oz 
77 
Z6 

1 
1 
0 

0011 0 
001101 
0 1 1 0 1 

10AFG+A
0 

0 0 

+BG+DEG+DG 

52 0 1 1 0 1 0 0 0 SHIFT REGISTER 
104 1 1 0 1 0 0 0 0 

80 1 0 1 0 0 0 0 0 
32 0 1 0 0 0 0 0 0 
64 1 0 0 0 0 0 0 0 
0 0 000000 1 
1 0 000001 1 
3 0 000011 1 
7 0 0 0 0 1 1 1 1 

15 0 0 0 1 1 1 1 '0 
30 0 0 1 1 1 1 0 1 
61 0 1 1 1 1-01 0 

73 



N=Z3 

E 

0 11 1 3 1 2 '6 7 151 4 

8 
Z4 

9 80 

Z5 27 26 

14 

30 

15 0 

31 

13 

Z9 

12 

Z8 

16 17 19 18 ZZ Z3 21 Z0 

48 

56
D,1 

40 

49 

57 

41 

51' 

59 

43 

50 

58 

42 

54 

6Z 

46 

55 

63 

47 

53 52 
0 

61 60 
0 

45 44 

C 

D. 

3Z 33 
0 

96 97 

104 105 
0 

1Z0 121 

35 

99 

107 
1 

IZ3 

34 

98 

106 

IZZ 

0 
38 39 

10Z 103' 
1 

110 111 

1Z6 1Z7 

37 36 

101 100 

109 108 

125 124 

B 

112 113 115 114 118 119 117 116 

80 
0 

88 

81 

d9 

83 
_ _ 

91 

82 
_ 

90 

86 
_ 

94 

87 

95 

85
0 

93 

84 

9Z 

C 

D 72 73 (5 74 78 
I 

79 
-

77 I76 I 

64 
0 

65 67 66 70 71 6968 

G F G 

KARNAUGH CHART 
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N4=23
 

its ST4P-T 

AAc 

/ it 
117 

2S 7 92 

26 7O 

Gzo 4/ 4 I 

2084 
4k 

"iki4S 
40 

0 

f0 f 24 

/9gg95 

'799 
9 
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N= 23 
ABCDEFG f ABCDEFG f N=2 

S000000 1 1 64 1000000 O -
1 0000001 1 3 65 1000001 I 3 
2 0000010 i 5 66 1000010 1 

3 0000011 1 '7 67 1000011. 0 
4 0000100 1 68 1000100 1 
5 0000101 1I 69 1000101 I 
60000110 1 13 70 1000110 1 13 

7 0000111 1 5 71 1000111 V 10 
8 0001000 a 16 72 1001000 0 1& 
9 0001001 1 73 1001001 I I 
10 0001010 0 L 74 1001010 11 

[1 
12 

0001011 
0001100 

23 
25 

75. 1001011 
76 1001100 

f 9 
I " 

13 0001101 0 26 77 1001101 0 26 

14 
15 

0001110 
0001111 a 30 

718 
79 

1001110 
I001111 

I 
v.30 

16 0010000 1 80 1010000 32 

17 0010001 1 3 81 1010001 I3 
18 0010010 37 82 1010010 1 31 
19 0010011 83 1010011 3 

zo 0010100 I 84 1010100 1 fl 
21 0010101 . 4 85 1010101 1 13 
22 O010110 I V5 86 1010110 1 Y5 

23 
24 

-001011111 q7 
0011000j, 16 

87 
88 

1010111 
1011000 

0 
0 

46 
qg 

25 
26 
27 

00110011 I Si 
0011010 C 5a 

0011011 55 

89 
90 
91 

1011001 
1011010 
1011011 

51 
I 

5 

I55 

28 
29 

0011100 
0011101 

1 5q 
59 

92 
93 

1011100 
1011101 

1 51 
0 56 

30 0011110 94 1011110 1i 

31 0011111 ' 62 95 1011111 0 62 
32 
33 

0100000 
0100001 

0 
1 61 

96 
97 

1100000 
1100001 

( 
1 
6q 
61 

34 0100010 0 98 1100010 1 1 
35 0100011 - W 99 1100011 0 'TO 
36 
37 
38 

0100100 0 
0100101 1 
0100110 0 

12 

76 

100 
101 
102 

1100100 
1100101 
1100110 

0 
I 75 
1 77 

39 0100111 C 76 103 1100111 0 71 
40 0101000 0 30 104 1101000 0 70 
41 0101001 I 93 105 1101001 I13 

42 0101010 0 9' 106 1101010 I 5 
43 0101011 i S7 107 1101011 I 17 
44 0101100 0 $ 108 II01100 11 

45 0101101 0 '0 109 1101101 0 '0 
46 0101110 0 110 1101110 1 93 

47 0101111 G 9 Ill II01111 0 q 
48 0110000 0 6 liz 1110000 0 & 
49 0110001 I 113 1110001 I " 
50 0110010 0 '00 114 1110010 1 10i 
51 0110011 110; 115 1110011 0 10a 

52 0110100 0 Iy 116 1110100 0 1o01 
53 0110101 1 117 1110101 I 107 
54 0110110 C 118 1110110 I 109 

55 0110111 0 1O 119 1110111 0 110 
56 0111000 ,i 120 1111000 0 ill 
57 0111001 1 P5 121 1111001 I ,,6 
58 0111010 C 1 122 1111010 1 11l 
59 0111011 1' 123 1111011 I 115 
60$1 0111100 00111101 o 

.12 
124 
125 

1111100 
1111101 

0 faO 
0 

62 0111110 0 126 1111110 1 I1 
63 011111110 127 1111111 0 126 

76 Successor Table 



N=24
 

SEQUENCE: 111110101111001100100000 

SPAN: 6 
A -B C D E F 

TRUTH TABLE 

ABD +ACD + BcUD +CD+ABDF62 11 1 11 0 1 
61 1 1 1 1 0 1 0 

0 1 0 1 SHIFT REGISTER58 1 1 1 

53 1 1 0 1 0 1 1
 
43 1 0 1 0 1 1 1 ABCDEFC ABCDEl j­
23 0 1 0 1 1 11 o0 00o0 0 0 1 1 32 1 0 0 0 0 0 1 1'
 
47 1 0 1 1 1 0000113
 
300111100 0 0 0 0 101 5 34 1 0 0 01015
 
601 11 1 0 01 300001117 3510001117
 
57 1 1 1 0 0 1 1 4 0 0 01001 9 36 1 0 0 10008
 

S0 00010 1111 37 1 0 0 101111 

38 1001100 600011011338100110012 
1200o110001 7 0 0 0 1111 15 39 1 0 0 1 1 1 1 15 
250 1 1 0 0 1 8 00100001640101000117 
50 1 1 0 0 1 0 0 9 0 0 1 0 0 1 0 18 41 1 0 1 0 0 1 1 19 
36 1 0 0 1 0 00 100 01010020 42101010121 

8 0 0 1 0 0 0 0 11 0 0 1 .0 1 1 0 22 43 1 0 1 0 1 1 1 23 
16 0 1 0 0 0 0 0 12 0 0 1 1 0 0 1 25 44 1 0 1 1 0 0 0 24 
3Z 1 0 0 0 0 0 1 13 0 0 1 1 0 1 1 27 45 1 0 1 1 0 1 0 26 
1 0 0 0 0 0 1 1 14 0 0 1 1 1 0 1 29 46 1 0 1 1 1 0 0 28 
3 0 0 0 0.1 1 1 15 0 0 1 1 1 1 1 31 47 1 0 1 1 1 1 0 30 
70 001111 160100000348110000032 

15 0 0 1 1 1 1 1 17 0 1 0 0 0 1 0 34 49 1 1 0 0 0 1 0 34 
310 11 11 110 180 10 01 0 036 501 10 0 10 036 

19 0 1 0 0 1 1 0 38 
 51 1 1 0 0 1 1 0 38 
S1 2 0 1 0 1 0 0 0 40 52 1 1 01 001 41

1 0	0 1 0 1 0 1 1 4353 1 1 0 1 0 1143 
0 11 0 100 04 44 1 1 0 1101 45 

0{Q0j B 230 10 11 11 47 55 11 011 1147' 
12 0 01 1 0 0 0 0 4856 1 1 1 0 0 0149 
25 0 1 1 0 0 1 0 50 57 1 1 1 0011 51 
S0260 1 1 0 1 0 2 58 1 1 1 1 0 1 5327 0 1 1 01 1 0 54 59 1 1 1 0111 55
 

28 8 0011 1 1 0 0560 60 1 11 0 0157 
29 0 1 1 1 0 101 5861 1 1 10 1 0 58 

LARNAUGE CHART 300 11 11 0 060 621 11 11 0 161 
31 0 1 1 1 1 1 0 6 631 1 1 1 1 1 110 162 

SUCCESSOR 	 TABLE 77 
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55 

130 
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24 
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N=25
 

SEQUENCE: 1111100101101110001000000 

SPAN: 	 6 

TRUTH TABLE A B C D E F
 
AB CDEF$C 
 ou 

62 1 1 1 1 1 0 0 
60 1 111001E + BDE + DF + ABET + ACiD 
57 1 1 1 0 01 0 
50 1 1 0 0 1 0 1 SHIFT REGISTER 
37 1 0 0 1 01 1 ­
11 0010110 ABCDEF; ABCDE]f 
22 0 1 0 1 1 0,1 0 00 0 00 0 1 1 32 1 0 0 0 0 0 0 0 
45 1 011011 1 
 0 0 0 0 0 1 1 3 33 1 0 0 0 0 1 0 2
Z7 0 1 1 0 1A'1270110 1 1 2 0 0001 01 5 34 1 000100 4
55 1 1 0 1 I-I 0 

1 0 0 0110 6461011100 3 0 0 0 0 1 11 7 35 

28 0 1 1 1 0,00 4 0 0 0 1 0 0 0 8 36 1 o l o 0o 8 

56 11 1 0 0 0 1 5 0 0 0 1 0 1 1 11 37 1 0 0 1 0 1 1 11 

1 0 0 1 1 0 0 12­49 1 1 0 0 01 0 6 0 0 0 1 1 0 1 13 38 

34 1 0 0 0 1 Q 0 7 0 0 0 1 1 1 1 15 39 1 0 0 1 1 1 1 15 

4 0 0 0 1 000 8 0 0 1 0 0 0 0 16 40 1 0 1 0 0 0 0 168 0001 000 	 9 0 1 0 0 8 4 1 1 0 0 
9 0 0 1 0 0 1 0 18 41 1 0 1 0 0 1 0 18 

16000 00 I0 10 0 1 0 1 0 0 20 42 1 -0 1 0 1 0 0 20 

0 0 0 12 0 0 1 0 1 1 0 Z 43 1 0 1 0 1 0 232 1 0 0 0 1 Z 0 0 1 1 0 0 0 24 44 1 0 1 1 0 0 0 Z4 
0 000-0001 13 0 0 1 1 0 1 1 27 45 1 0 1 1 0 1 1 27 
1 0 0 0 0 0 1 1 14 0 0 1 1 i 0 0 Z8 46 1 0 1 1 1 0 0 28 
3 0 0 0 0 1 1 1 15 0 0 1 1 1 1 1 31 47 1 0 1 1 1 1 1 31 
7 0 0 0 1 1 1 160 1 0 0 0 0 0 32 48 1 1 0 0 0 0 1 33 

15 0.0 1 1 1 1 0 
 17 0 1 0 0 0 1 0 34 49 1 1 0 0 0 1 0 3431 0 18 0 1 0 0.1 0 1 37 50 1 1 0 0 1 01 37
 
0 0 39 1 1 0 0 1 1 1 35($ 191901001113901 0 1 1 1 51511101011
 

4----- 20 0 1 0 1 0 0 0 40 52 1 1 0 1 0 0 1 41
11 0 iI0 21 0 1 0 1 0 1 0 42 53 1 1 0 1 0 1 0 42
 

}E
1 1 1 0 ZZ 0 1 0 1 1 0 1 45 54 1 1 0 1 1 0 0 44 
_i B 23 0 1 0 1 1 1 1 47- 55 1 1 0 1 1 1 0 46 

0 0 24 0Q 1 000048 56 1 110001 49 
0 1 0 1 } 25 0 1 1 0 0 1 0 50 57 1 1 1 0 0 1 0 50IE
A T 0 0 0 6 0 1 1 0 1 0 1 53 58 1 1 1 0 1 0 1 53 

0Y 1 127 0 1 1 0 1 1 1 55 59 1 1 1 0 1 11 55 
28 0 1 1 1 0 0 0 56 60 1 1 1 1 0 0 1 57 

"-E-D 29 0 1 1 1 0 1 0 58 61 1 1 1 1 0 1 0 58
 
30 0 1 1 1 1 090 60 62 1 1 1 1 1 0 0 60
 

KARNAUGHCHART 31 0 1 1 1 1 1 0 62 63 1 1 1 1 1 1 0 62
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*30 

START 

/O11 47 

S 

AQ 

N 

13x 

52. 

44 
IA 

3t.2 

N7 

21 

2G 

59 
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N=z6
 

SEQUENCE: 11111010 011010110001000000 

SPAN: 6 

TRUTH TABLE A B C D E F
 

ABODEF; out­

62 1 1 1 1 1 0 1 [ACD + ABE + ABCD + ABCD + ABDF + BIEF 
61 1 1 1 1 0 1 0 
58 1 1 1 01 0 0 SHIFT REGISTER 
5Z 1 1 0 1 0 0 1
 
41 101001 1 ABCDEFf ABCDEFf­
19 0 1 0 01 1 0 ­

38 1001101 0 0 0 0 0 0 0 1 32 1 0 0 0 0 0 0 0
 
13 0 0 1 1 0 1 0 1 0 0 0 0 0 1 1 3 33 1 0 0 0 0 1 1 3
 
Z6 0 1 1 0 1 0 1 2 0 0 0 0 1 0 1 5 34 1 0 0 0 1 0 0 4
 
53 1 1 0 
 1 0 11 3 0 0 0 0 1 1 1 7 35 1 0 0 0 1 1 046
 
43 1 0 1 0 1 1 0 4 0 0 0 1 0 0 0 8 36 1 0 0 1 0 0 1 9
 
ZZ 0 1 0 1 1 0 0 5 0 0 0 1 0 1 0 10 37 1 0 0 1 0 1 1 11
 
44 1 0 11 0 0 0 6 0 0 0 1 1 0 1 13 38 1 0 0 1 1 0 1 13 
24 0 1 1 0 0 0 1 7 0 0 0 1 1 1 1 15 39 1 0 0 1 1 1 1 15 
49 1 1 0 0 0 1 0 8 0 0 1 0 0 0 0 16 40 1 0 1 0 0 0 0 16 
34 1 0 0 0 1 0 0 9 0 0 1 0 0 1 1 19 41 1 0 1 0 0 1 1 19 
4 0 0 0 1 0 0' 0 10001 0 1 21 42 1 0 1 0 1 0 0 Z0 
8 0 0 1 0 0 0 0 11 0 0 1 0 1 1 1 23. 43 1 0 1 0 1 1 0 Z2
 

16 0 1 0 0 0 00 12 0 0 1 1 0 0 02 4 44 1 0 1 1 0 0 0 24
 
32 1 0 0 0 0 0 0 13 0 0 1 1 0 1 0 26 45 1 0 1 1 0 1 0 26
 

0 0 0 0 0 0 0 1 14 0 0 1 1 1 0 1 29 46 1 0 1 1 1 0 0 28
 
1 0 0 0 0 0 1 1 15 0 0 1 1 1 1 1 31 47 1 0 1 1 1 1 0 30 
3 0 0 0 0 1 1 1 16 0 1 0 0 0 0 0 32 48 1 1 0 0 0 0 0 32 
7 0 0 0 1 1 1 1 17 0 1 0 0 0 1 0 34 49 1 1 0 0 0 1 0 34 

15 0 0 1 1 1 1 1 18 0 1 0 0 1 0 0 36 50 1 1 0 0 1 0 0 36
 
31 0 1 1 1 1 1 0 19 0 1 0 0 1 1 0 38 51 1 1 0 0 1 1 0 38
 

Z0 0 1 0 1 0 0 0 40 52 1 1 0 1 0 0 1 41
 
Zl 0 1 0 1 L0 0 4z 53 1 1 0 1 0 1 1 43
T 0 0 o 2 0 1 0 1 1 0 0 44 54 1 1 0 1 1 0 1 45
 

0 
S 1 E 3 0 1 0 1 1 1 0 46 55 1 1 0 1 1 1 1 47
 

-T- Z4 0 1 1 0 0 1 56 1 1 1 0 0 0
0 49 0 '48 
0 1 ?5 0 1 1 0 0 1 1 51 57 1 1 1 0 0 1 0 50 

A- 0 1 1 0 0 26 0 1 1 0 1 0 1 53 58 1 1 1 01 0 0 52 
0 1 1 0 27 0 1 1 1 1 1 59 1 10 55 1 0 1 1 0 54 
0 1 01Il 1 28 0 1 1 1 0 0 0 56 60 1 1 100 1 57 

Z9 0 1 1 1 0 1 0 58 61 1 1 1 1 0 1058
vNA H-'-30 0 1 1 1 1 0 0 60 62 1 1 1 1 1 01 61 

KARNAUGHCHART1 0 1 1 1 1 1 0 62 63 1 1 1 1 1 110162 
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N=27
 

.SEQUENCE: 111110101101001100110000000
 

SPAN: 8 

TRUTH TABLE 
ABCDEFGH 

Z50 
245 
235 

1 1 1 1 1 0 1 0 
111101011 
1 1i0 101 10 

1 
A B C D E F G H 

1473 1 0 1 0 1 1 0 1 

90 
180 
105 
211 
166 

76 
153 

51 
102 
204 
152 
48 
96 

192 
128 
1 
3 
7 

15 
31 
62 

I25 

0 1 0 1 1 0 1 0 0 
1 0 1 1 0 1 0 0 1 
011010011 
1 1 0 1 0 0 1 1 0 
1 0 1 0 0 1 1 0 0 
0 1 0 0 1 1 0 0 1 
1 0 0 1 1 0 0 1 1 
0 0 1 1 0 0 1 1 0 
0 1 1 0 0 1 1 0 0 
1 1 0 0 1 1 0 0 0 
1 0 0 1 1 0 0 0 0 
0 0 1 1 0 0 0 0 0 
0 1 1 0 0 0 0 0 0 
1 1 0 0 0 0 0 0 0 
1 0 0 0 0 0 0 0 1 
0000000 1 1 
0 0 0 0 0'0 1 1 1 
0 0 0 0 0 1 1 1 1 
0 0 0 0 1 1 1 1 1 
0 0 0 1 1 1 1 1 0 
0 0 1 1 1 1 1 0 1 
0 1 1 1 1 1 0 1 0 

.. + D+CE DE-F H 
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1.25 
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97 
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'1 
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433 

4yi 11'a49 

-7 

C, 

13 

134 -**S 

!! -03 

4 

ear2 200 

IU - I 

231 
'04 -2­

96 74 '7 114 

I3' P2.10 

14 --
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N=27 

H H -
E 

0 
1 

16 
48 

o, 
32 

96 
0 

112 
80 

64 

1 

17 
49 

33 

97 

113D 
81 

65 

3 2 

19 18 
51 50 

0 _ 

35 34 

99 98 

115 114 
83 82 

67 66 

6 7 5 4 12 13 15 14 11 91010 Il 1 

22 23 21 20 Z8 29 31 30 26 27 Z5 24 
54 55 53 52 60 61 63 62 58 59 57 56 

1 
38 39 37 36 44 45 47 46 42 43 41 40 

107 103 101 100 108 109 Il 110 106 107 105 104 

0 £ 
118 119 117 116 124 125 127 126 122 123 1Z 1200 

86 87 85 84 9Z 93 95 94 90 91 89 88 
I 1_ 0 1 

70 71 69 68 76 77 79 78 74 75 73 72 

G 

192 193 195 194 198 199 197 196 204 205 207 206202203 201 z00 

A 

D. 

D 

Z08 209 211 Z10 Z14 215 2131212 220 2Z2 223 222 218219 ?,17 216 
0 1 1 1_ 

240 241 243124224624 245244 252Z53 Z55 254 25( 251 249248 
1 0 1 

24 Z5227 2 23C 231ZZ91 Z8836 Z3 23 238Z34 235Z33232 
- 0 TC 

160 161 163 162 L66 167165 164 172 73'175 174 170 71 169 168 
0 0 

176 177 179 178 182 183181 180 188 189 191 190 186 187 185 84 
1 1 

,144 145 147 146 150 151 149148 156 157 159 158 154 155 153 52 
f 

128 129 131
1 

130 134 135 133 132 140 141-143 142 138 139 137 136 

G€G F G 
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ABCDEFGH f ABCDEFGH f ABODEFGH f ABCDEFGH f 

00000000 
00000001 
00000010 
00000011 

1-
1 .3 
1-

7 

64 
65 
66 
61 

01000000 
01000001 
01000010 
01000011 

r1& 
131 

I 
1 3-

128 10000000 
129 10000001 
130 10000010 

131 10000011 

I 
1 3 
15 

F 

192 11000000 0 iz8 
193 11000001 1 151 
1,94 11000010 0 1*­

1,95 11000011 0 W' 

00000100 
- 00000101 

1 
11 

68 
69 

01000100 
01000101 1 

13 132 10000100 
133 10000101 I 

) 196 11000100 0 
197 11000101 0 

06 
138 

00000110 13 70 01000110 If, 134 10000110 1 3 198 11000110 2I'to 

7 00000111 I 
U 00001000 1 11 
q00001001 I 9 
10 00001010 I f 

71 01000111 
72 01001000 
73 01601001 
74 01001010 

q3
1 
I17 

1 

135 10000111 1 [5 
136 10001000 '7 

137 10001001 I 1 
138 10001010 1 I 

199 11000111 
200 11001000 0 

011001001 1 
z0z 11001010 0 

11 
Iqq 

/98 
11 00001011 I 3 75 01001011 1 151 139 10001011 1 Z3 203 11001011 c 10 

12 00601100 76 01001100 153 140 10001100 Z5- 204 11001100 0 152 

13 
14 
15 

00001101 
00001110 
00001111 

1,7 
I9 
131 

77 
78 
79 

01001101 
01001110 
0100111 

155 
I 7 

1 

141 10001101 1 

142 10001110 1 29 
143 10001111 31 

20 11001101 0 

206 110011100 
Z07 11001111 0 

15f 
151, 
15S 

16 
17 

00010000 
00010001 

) 
1?5 

80 01010000 C)16 
81 01010001 1 1 

144 10010000 32 
145 10010001 1 35 

208 110100000 
209 11010001{ 

160 
P63 

1e 00010010 6 82 01010010 7 146 I0010010i 0 - 210 11010010 0 !6y 

19 00010011 8? 83 01010011 9 6 147 10010011 0 38 211 11010011 [166 

0 oo01o1oo I 1 84 010101001 148 iooloioo 1 112 110101001 b7 

21 00010101 1I 85 01010101 1 ' 149 10010101 I q3 213 1101010111 Ill 

Z2 00010110 I 86 01010110 173 150 10010110 I5 214 11010110 173 

Z3 00010111 1 W 87 01010111 1 75 151 10010111 1 V 215 11010111 17'I 

24 00011000 D 88 01011000 0 76 152 100110000 18 216 Iio11 00001 

25 
26 

00011001 1 
00011010 

5( 
5 

89 
90 

01011001 1 
01011010 0 o 

153 1OllOOl 
154 100110100 

5 
S-a 

2171 
218 11011010 010 

27 00011011 6+ 91 o01011011 90o 155 10011011 0 5q 219 11011011 0 if 

28 oo011100 SO 9z 01011100 ISY 156 10011100 0 56 Z20 11011100o0 t 
2,900011101 0 56 
3o 000Io110 o4 
31 00011111 0 6 -
32 00100000 6 
33 miooo1 i b7 

93 01011101 0 816 
9 01011110 0 (80 
95 01011111 0 0 
96 01100000 6'1X 
97 01100001 1 "6 

157 10011101 0 5"0 
158 10011110 o0 

159 1OOllll 69 
160 lOOOOOO0 6 1 
161 10100001 1 Of 

22 11011101 0 
Zz 11011110 0 
223 11011111 o 
224 111l00000 o 
225 11100001 ) 

I{6 
15' 
lO 
I 
15 

34 00100010 
35 00100011 

60 
90 

98 01100010 0 
99 01100011 C' 

11 
7 

162 1lOlOl 0 69 
163 10100011 0 T0 

226 11100010 0 16 
227 11100011 0 j1g 

36 00100100 7a-
37 00100101 0 It 
38 001001100 76 
39 00100111 18 

100 01100100 
101 01100101 
10z 011001100 
103 01100111 0 

go 
0 
goy 

164 10100100 0 
165 10100101 0 
166 101001100 
167 101001111 

77 
iq 
7"6 
7a 

228011100100 0 -o 
ZZ9 11100101 0 202 -

230 111001100 20q 

231 111001110 ob 

40 00101000 1 8I 
41 00101001 i3 

104 01101000 
105 01101001 

1 oi 
1 Atl 

168 10101000 1 
169 10101001 1 83 

232 11101000 1 AM 
233 lll01001l I II 

42 001010101 85 106 01101010 113 170 101010101 85 234 11101010 1 A 3 

43 00101011 6 
44 00101100 9 
45 00101101 9o 
46 00101110 1 13 

107 011010110 21 
108 01101100 ; 
109 01101101 0 8 
110 01101110 1I a 

171 10101011 86 
172 10101100 1 81 
173 10101101 0 V 
174 101011101 3 

235 111010110 2q 
236 11101100[1 217 
237 11101101 0o 26 
Z38 i1i01110 4 -1 

47 001011110 9 ill ololli 0 22 175 10101111 qq 239 1llillioI 222 
' 

48 00110000 0% 11z 01110000 0 176 10110000 0 10 240 i1110000] c 

49 00110001 1 
50 00110010 0 
51 00110011 

19 
1oo 
107 

113 011100'01 
114 01110010 0 
115 011100110 

27 
flg 
30 

17 1o110ooo1 
178 10110010 0 
179 10110011 0 

00 
102 

2?41 11110001 I 9,7 
242 11110010 na 
243 11110011 C 30 

52 001101001 105 116 011101004' 233 180 lololo 1OS 244 111101 1 a33 

53 00110101 1 107 117 01110101 f 235 181 1011O1O1 1 107 245 1111010 12a35 

54 00110110 1oj i 
55 06110111 I 

118 01110110 
119 011O01 1 

g37" 
" 

182 10110110 1 
183 0110i I l 

101 
I 

246 111011 
247 1111011,I 

I A37 

56 00111000 I 113 
57 00111001 1 IS" 
58 00111010 117 
59 00111011 0 11 

120 01111000 1vi1 
121 0111100]1 ;Lq3 
1z 01111010 1 145-
123 01111011 1'qb 

184 10111000 113 
185 10111001l 1 (5 

186 1ollol I11 
187 1011101 06 

248 100[1111100.Y1 
249 11111001 Iq3 
250 1111101 1 gl 
251 1111101 o -I 

60 00111100 I 1 
J1 001111010 '2 

124 01111100 1y 
125 01111101 0 25" 

188 toIIIo 
189 1011110 0 

2! 
'a' 

252 1111110 
253 1111110 

I1 
0 Q250 

.2 00111110 1 125-
u3 001111110 26 

IZ6 01111110 
LZ7 0111111 0 

2 
s 

190 011111 
191 1011111 0 

:25 254 1111111J|-3 
255 1111111 025 
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N=28
 

SEQUENCE: 1111010111100101100110000 000 

SPAN: 7 

TRUTH TABLE 
ABCDEFG _ 

122 1 1 1 1 0 1 0 1 
117 1 1 1 0 1 0 1 1 
107 1 1 0 1 0 1 1 1 

87 1 0 1 0 1 1 1 1 A B C D E F G 
47 0 1 0 1 1 1 1 0 
94 1 0 1 1 1 1 0 0 ou 
60 0 1 1 11 0 o 1 

121 1 1 1 1 0 0 1 0 
114 1 1 1 0 0 1 0 1 
101 1 1 0 0 1 0 1 1 

75 1 0 0 1 0 1 1 0 SHIFT REGISTER 
22 o o I o I i o o 

44 0 1 0 1 1 0 0 1 
89 1 0 1 1 0 .0 1 1 
51 0 1 1 0 0 1 1 0 

102 1 1 0 0 1 1 0 0 
76 1 0 0 1 1 0 0 0 
Z4 0 0 1 1 0 0 0 0 
48 0 1 1 0 0 0 0 0 
96 1 1 0 0 0 0 0 0 
64 1 0 0 0 0 0 0 0 
0 00000001 
1 0 0 0 0 0 0 11 
3 0 0 0 0 0 1 1 1 
7 0 0 0 0 1 1 1 1 75 000011110 

15 0 0 0 1 Y 1 1 0 
30
30 

0 0 1 1 1i.1
001111010 

0 1 

61 0 1 1 1 1 0 1 0 

87 



N=28 

E 

0 1 1 1 3 1 2 6 7 51 4 

8 9 11 10 14 15 13 12 

D 24 Z5 27 Z6 30 31 09 Z8 

0 
16 L7 19 18 

1 
22 23 

0 
21 20 

48 
0 

49 51 
0 

50 54 55 53 5Z 

D 56 57 59 158 62 63 61 
0 

60 
10 

40 

3Z 

41 

33 

43 

35 

4Z 46 
0,0 

34 38 

47 

39 

45 

37 

44 

36 

96 97 
0 

104 105 

99 

107 

98 

106 

102 
0 

110 

103 

111 

101 
1 

109 

100 

108 

B 

120 

c12 
A1 

80 

2I 

0 
13 

81 

IZ3 1IZZ 126 

1 
115 114 118 

83 8Z 86 

127 125 124 
0il 

119 117 116 
1 

87 85 841 

D1 
88 89 91 90 94 95 

00 
93 9Z 

7Z 73 
7464 65 
0 

75 74 

67 66 

78 
70670 

79 

71 

77- 76 

69 68 

GF G 
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START 

'7­

\"1-9 
2.,o St, "0 /o-4. 

01\ 

/ 4 10 8 ..-.+, 

200 
4 
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/2 

/20/ 2 

7o 91­

5 tt 

+'~~1 

1 4 

,1,7o/ 
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10 

20 

30 

40 

50 

60 

ABCDEFGjf ABCDEFG f
 

0 0000000 T 64 1000000 C
 
1 0000001 1 3 65 1000001 1
 
2 0000010 1 5 66 1000010 c q
 
3 0000011 I 7 67 1000011 6
 

4 0000100 1 68 1000100 0 f 
5 0000101 1 It 69 1000101 1 11 
6 0000110 1 13 70 1000110 C 
7 0000111 1 1s 71- 1000111 1 15 
8 0001000 0 !& 72 1001000 0 14 
9 0001001 I 73 1001001 I 9 

0001010 0? O 74 1001010 o02
 
11 o0olollo 75 1001011 07 
12 0001100 25 76 1001100 02 
13 0001101:1 11 77 1001101 1I 

14 0001110 1 78 1001110 0 
15 0001111 !(,3 79 1001111 0 * 
16 0010000 C' 80 1010000 C % 
17 0010001 I35' 81 1010001 1 35 

18 0010010 Q 36 82 1010010 0 36 
83 1Ol001,1t 319 0010011 c, 31 

yo 84 1010100 qO
0010100 


21 0010101 1 Y3 85 lOOlO lil 3
 
W 86 1010110:0 qq

22 0010110 o 

23. 0010111 1 91 87 101011111 1-7 
241 0011000 ye 88 1011000 C q 

1
 
25' 0011001 r 89 101100111 
260011010 5 90 1101101010 

91 loioj, C5271 00110110 5'1 

28' 0011100I 51 92 10111001 5C 
29 ooIIioil 1 93 i1011101 1 

0011110,1 ,1 94 1101111010 6' 
31 0011111.0 142. 95 10111110 , 
32 0100000"1 65' 96 1100000 0 6q 
33 0100001 61 97 1100001!0 &C 

34 0100010 L' 98 1100010:) 6'1 

35 0100011 17 99 110 00 11' 
36 0100100 73 lOO 1100100 0 7 
37 0100101 i '5 101 1100101 r7I 

38 0100110 1 V 10 1100110 '16 

39 0100111 1 103 1100111 71 
0101000 0 104 11101000 C 0 

41 01010010 %-Z 105 I1101001 " 
42 0101010 Cq 106 1101010 I 5 

43 0101011 C' 107 1101011 1 
44 0101100 1 108 11011006 g 
45 0101101 C j 109 '11011016 '0 
46 0101110 13 110 110111=0 
47 0101111 C 111 11011110 
48 01100000' 9 112 1110000 
49 0110001' 113 11100010 9 

0110010D J 114 1110010 1 101 
51 01100116 02 115 11100!1 103 

oI, 116 1110100 Coq52 0110100C 
53 0110101 I 117 1110101 1l 
54 0110110 10$ 118 111o110o 0% 

55 01101111 IM 119 1110111 I 
56 01110000V 1Z 120 11110000 1IZ 
57 01110011 jU 121 1111001 C' III 
58 0111010 C 1 122 1111010 11­
59 0111011LI 1I5 123 1111011 I I 

0111100 I 124 11111000 1aO 

61 0111101 0 125 11111010 ]lz 
6Z 0111111 ,25 126 1111 0 I;1 

63 .011111 011g 127 1111110 ,g 
Successor Table 
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