
AN ABSTRACT OF THE THESIS OF

Donald Homer Cooley for the Master of Science
(Name) (Degree)

y iN 9
(Major)

e..in Electrical & Electronics Engineering presented on //l(a
Di.te)

Title: A MULTIPLE FORMAT TELEMETRY GENERATOR USING

BINARY COUNTERS OR BINARY SHIFT REGISTERS

Redacted for Privacy
Professor Robert A. Short

Abstract approved:

In recent years the types of engineering data accumulated by

many telemetry systems have become so diversified and complex, and

the environment in which these systems operate has become so re-

stricting that telemetry systems with increased capabilities and de-

creased size are becoming a necessity. Advances in integrated cir-

cuitry techniques satisfy the size requirements and a great deal of

work has been done to increase the capabilities of telemetry systems.

This paper describes two different designs, either of which can

further increase the capabilities of a telemetry system. Both designs

represent multiple format telemetry generators; they differ most

significantly from one another by the fact that one design uses a

binary counter as its basic element, and the other uses a binary shift

register. Each design makes it possible for a telemetry system,

during the mission, to alter the rate at which various engineering



measurements are taken, add new measurements or delete measure-

men.ts.
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A MULTIPLE FORMAT TELEMETRY GENERATOR USING
BINARY COUNTERS OR BINARY SHIFT REGISTERS

I. INTRODUCTION

Telemetry systems are designed to monitor a group of channel

outputs and transmit information concerning the magnitudes of these

outputs. This paper is concerned with telemetry systems which em-

ploy time-division type multiplexing; meaning that each channel is

sampled in sequence at discrete intervals in time. In order to trans-

mit all the information contained in a channel output, it is necessary

that the output be sampled at a rate which is at least twice the highest

rate of variation of the output. Since the frequency content of vari-

ous channels will differ, the most efficient rate, i. e. the minimum

rate, at which to sample channels will differ for different channels.

Sequential sampling of the channel outputs is the function of the

commutator. Between each sensor and its signal conditioners, e. g.

modulator, A/D convertor, etc., is an electronic or mechanical

switch. The opening and closing of the switch is controlled by the

commutator. During a sampling period, one channel switch is closed

while all others are open.

The format or sequence in which the channels are sampled is

controlled by a device within the commutator termed the format
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telemetry generator (FTG) or telemetry generator. For the purposes

of this discussion, the format telemetry generator may be considered

as a device which generates strings of n-bit binary numbers which

are used to control up to 2n channel switches. Each binary number

represents a predetermined sensor, channel, and switch. If, during

a given sampling period, the output of the FTG is some binary num-

ber X1, X2,... Xn, then switch number X X 2' . Xn is closed or in

the "on" state during that period, allowing channel number

Xi, X2,... Xn to be interrogated. Figure 1 shows the interconnec-

tions between system components for a simplified telemetry system.

Switches and
Sensors signal conditioners

Channels

Clock

To transmitter

Switch and
channel number

Format telemetry
generator

Figure 1. A basic telemetry system.
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If the FTG is required to interrogate a group of channels, then

the commutation sequence is the shortest sequence of channel num-

bers produced by the FTG such that each of the channels is sampled

at least once. Since different channels may be sampled at different

rates, some of the channels will be interrogated more than once

during the commutation sequence. Each such sequence consists of

an integer number of what are termed main frame or level one se-

quences. The length of the main frame sequence is N samples

where N is the number of samples between like samples of the most

frequently interrogated channel.

As an example, assume that the sequence of numbers in Figure

2 represents the decimal equivalent output of an FTG over some

period of time for channel numbers 1, 2, , 10, 11.

1, 2, 5, 7, 1, 3, 6, 10, 1, 2, 5, 8, 1, 4, 6, 7,

1, 2, 5, 11, 1, 3, 6, 9, 1, 2, 5, 7,

Figure 2. FTG channel number output.

For the channel number sequence of Figure 2, the commutation

sequence, as defined previously, is represented by the first twenty-

four channel numbers. The main frame length is four samples.

The commutation sequence method of representation is obvious-

ly a cumbersome method for representing long sequences; a much

better method of representation is to use a commutation diagram as
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shown in Figure 3. The commutation diagram partitions the sequence

into groups of sub-sequences in which channel numbers in the same

sub-sequence represent channels sampled at the same rate.

11

Figure 3. Commutation diagram for commutation
sequence of Figure 3.

The X's of Figure 3 denote the fact that the channel numbers of

those samples for which they appear are not constant but are func-

tions of a sub-sequence. The arrows denote for which X - sample

periods a sub-sequence is the independent variable. Each sub-

sequence is identified by the level and row in which it appears. The

level of sub-sequence S is the number of sub-sequences which are a

function of S. For example, the sub-sequence 7, X, X, is an inde-

pendent variable for the main frame sequence and for itself; there-

fore, it is a level two sub-sequence. In order to distinguish between

sub-sequences of the same level, they are further classified accord-

ing to the row in which they appear. A row consists of all
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sub-sequences which are either functions of or independent variables

for the other sub-sequences of that row. From this definition, it can

be seen that a given sub-sequence can be a member of more than one

row; also, from the definition, sub-sequences at the same level can-

not be in the same row since neither is a function of the other. The

preceeding definitions are summarized for Figure 3 in Table I.

Table I. Row and Level Designation for Commutation Sequence of
Figure 2.

Channel Number Row Number Level Number

1 1 1

2 2 2

3 2 3

4 2 3

5 3 2

6 3 2

7 4, 5 2

8 5 3

9 5 3

10 4 3

11 4 3

During telemetry missions, the optimum sampling rate for a

given channel may vary over a wide range of rates. For instance,

consider the atmospheric temperature measuring device on an
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exploratory spacecraft. Until the time of encounter with the target

planet, there is little need for temperature measurements; meaning

that the output of the device need be sampled infrequently. On the

other hand, the period of encounter necessitates a high sampling rate

in order to obtain as much information as possible concerning the

planet's atmospheric temperature.

In early telemetry systems, the need for variable sampling

rates for each channel was not as significant a problem as in today's

systems. The problem of variable sampling rates, when necessary,

was accommodatedby sampling each channel at a predetermined maxi-

mum rate even though this rate may be much higher than necessary

during some periods of the mission (4, 8, 10). In more recent years,

the number of channels interrogated by some telemetry systems has

become so large that the amount of data to be transmitted must be

reduced to a minimum in order that the allowable rate of data trans-

mission is not exceeded. An effective method of reducing the amount

of data to be transmitted is to sample all channels at the most effi-

cient rate, thus requiring the commutator to be capable of producing

different commutation sequences during different periods in the mis-

sion. Systems which require more than a single commutation se-

quence merely added another format telemetry generator for each

sequence required (2, 7). More recently, a multiple format tele-

metry generator has been designed which will generate several
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commutation sequences (6). However, this device still lacks a great

deal of flexibility in that it is capable of generating only a limited

number of predetermined commutation sequences, and once designed

and built, it is limited to use in systems which require these same

sequences.

The purpose of this paper is to discuss the design of a multiple

format telemetry generator with greatly increased system and se-

quence flexibility over those of previous designs. There are two

basic designs discussed in the text. One design uses binary shift

registers for sequence control. This type of design could be adapted

to a computer controlled or software type solution to the problem.

The other design uses binary counters to control sequence selection.

For each design developed, a detailed logic diagram is given.

The logic elements used are all commercially available as integrated

circuits. All flip-flops are clocked j-k, r-s flip-flops. The

"clocked" designation for the flip-flops means that the j and k inputs

are AND-ed with the clock input so that the j input is a logical one

only when both the j and clock inputs are ones, and the k input is a

logical one only when both the k and clock inputs are ones. The j

input is used to set the flip-flop to the one state and the k input re-

sets the flip-flop to the zero state. With respect to the j-k inputs,

transitions of a flip-flop from the zero state to the one state and vice

versa occur during input transitions from the one to the zero state.
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For example, if the output of flip-flop Q is a one and the k and clock

inputs are ones, the Q output will not change to a zero until either the

clock or k inputs change to a zero. This characteristic, and the fact

that when both the j and k inputs are a one the flip-flop merely

changes states on each clock pulse, formed the basis for the design

of the binary or ripple counters used by the counter type telemetry

generator. The three flip-flops connected as shown in Figure 4 rep-

resent a three stage or three-bit ripple counter. The term ripple is

used to denote the fact that each time the Q0
flip-flop changes from

the one to the zero state it causes the Q1 flip-flop to also change

states. This characteristic is true for all flip-flops except the most

significant bit flip-flop, i.e. in this case the Q2 flip-flop.

Clock

-)

Cl
J

0

K K
R

CI
Q

Cl
J Q2

K
R S

Figure 4. Three-stage ripple counter.

The r-s or reset-set inputs differ from the J-K inputs by the

fact that they are not clocked and the r and s inputs cannot be
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logical one's simultaneously. Appendix C of this discussion lists the

logic equations for all logic elements. For all logic diagrams in this

text a five-bit channel number is used.
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II. FUNCTIONAL CHARACTERISTICS, CONSTRAINTS,
AND METHODOLOGY

In Chapter I the basic function of a telemetry generator was

briefly described. The first portion of this chapter will be devoted

to a more detailed description of the functional characteristics of a

multiple format telemetry generator. The constraints under which

the designs were developed will then be discussed. The capability of

a system to perform the required functions and the degree to which

the constraints are met will be used to judge the relative merits of

that system. Finally, a discussion of the method of solution or ap-

proach to the problem will be given in order to clarify the reasons for

the types of designs developed.

Functional Characteristics

The necessary functional characteristics of a multiple format

telemetry generator were considered as the following:

1. The generator must be externally controllable; that is,

selection of a given commutation sequence is performed

by communicating from the operator to the generator a

predetermined set of commands. The commands are to

be binary logic signals and the only function of the tele-

metry generator with respect to these signals is to decode

them into the signals required to generate the desired
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commutation sequence.

2. The generator must be capable of producing several dif-

ferent commutation sequences.

3. The system must operate under the control of a clock.

4. The output of the telemetry generator during a given clock

period is to be one of a set of 2n binary words, where there

are 2n information channels.

5. The design developed should represent a hardware as

opposed to a software type solution.

Functional characteristic number one serves to define the

nature of the control system and the function of the generator with

respect to the control system. By restricting the nature of the con-

trol signals to binary logic signals, the control system within the

telemetry generator has been greatly simplified without altering the

basic nature of the problem; that is, multiple formatted sequence

generation.

Functional requirement number two delineates the most basic

function of the telemetry generator; the generation of the signals that

control the sequence in which sensors are sampled and the ability to

generate more than a single sequence. The flexibility with which

these sequences can be selected represents the single most important

characteristic.

The third requirement restricts the class of possible solutions
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to those which operate synchronously as opposed to those which

operate asynchronously. This is a necessity in order that synchronous

decommutation of the data at the receiver be possible.

Functional requirement four also simplifies the system re-

quirements without altering the basic nature of the problem by elimi-

nating from consideration those devices external to the telemetry

generator which are dependent upon the make-up of the telemetry

generator. For instance, it is probable that the voltage levels of the

output logic signals would not be sufficient to activate switches, thus

requiring some type of signal conditioners.

The final functional characteristic places the burden of the

responsibilities for sequence generation upon the generator itself and

not upon the operator. It eliminates from consideration a design

such as one which uses a programmable digital computer for sequence

control (1, 9).

Constraints

The designs arrived at in this discussion represent a balance

of the following areas of concern; system cost, necessary control

logic and input control variables, sequence flexibility, and system

flexibility. In order to simplify the task of comparing the cost of

different designs, all logic elements, regardless of type, were

assumed to have a uniform cost of one unit. Using this criterion, the
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cost of a system is equal in magnitude to the number of elements

used.

The control logic is that portion of the telemetry generator

which regulates the selection of the commutation sequence as opposed

to the portions which produce the channel numbers. The input con-

trol variables are those signals which must be sent to the generator

by the operator in order to produce the desired sequence.

The most important consideration in the design of a multiple

format telemetry generator is sequence or format flexibility. A

great deal of added cost must be incurred in order to give the desired

degree of format flexibility.

The final constraint on the system is that it possess some de-

gree of system flexibility. By this it is meant that the telemetry

generator should be compatible with commutation systems in which

binary logic control signals are used or can be used. System flexi-

bility also requires that a design be such that only minor changes are

necessary if shorter length channel numbers are used than those for

which the system was originally designed, e.g. a telemetry generator

using n-bit channel numbers should be compatible with a telemetry

generator which uses m-bit channel numbers, where m < n.

Methodology

Several approaches were investigated in arriving at the designs
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discussed in this paper. Because of the number of sequences and

length of many of the sequences, most approaches proved non-

feasible. The designs finally arrived at represent a compromise

between cost and sequence flexibility, i.e. in order to maintain the

system cost within reasonable limits some sacrifice in sequence

flexibility was necessary.

Although the number of samples per sequence can be very

large, the number of samples in a single main frame sequence is

generally relatively small. For example, the engineering telemetry

generator of the Mariner '69 spacecraft uses a sequence length of

over 4000 samples for 94 channels; however, the main frame length

i s only 2 0 samples (7). Exploitation of this characteristic

formed the basic approach to the solution of the problem. Instead of

picturing a particular telemetry format or sequence in its entirety,

each was viewed as partitioned into sub-sequences. A commutation

level was then made up of individual sub-sequences.

By partitioning the commutation sequences into smaller sub-

sequences, two important advantages were realized. As already

mentioned, much shorter sequence lengths are encountered with this

approach, and more important, channel numbers are not repeated in

any sub-sequence. It might be thought that because of these two ad-

vantages it would be possible to design a device capable of generating

any of these shorter sub-sequences. Since no channel numbers are
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repeated during a sub-sequence, there could be a one-to-one cor-

respondance between the state of the machine and the required channel

number; therefore, it would only be necessary to develop the next

state equations to determine the logic requirements. A 2N state

machine would require N flip-flops; this would also signify N-bit

channel numbers. Since all sequences must be generatable, the input

logic for each flip-flop would have to be capable of generating any

function of N variables. Decode logic would also be necessary to

select the proper set of input equations for each sub-sequence gener-

ator.

As an example, assume that a four-bit channel number is used.

Each of the four flip-flops would require 16 AND-gates and a single

OR-gate to be capable of generating any function of the four variables.

The four sets of input-function AND-gates would each require a de-

code logic section to select the proper input equation for each flip-

flop. The least costly decode section would be a 16-bit register in

which each bit of the register controlled an AND-gate. Therefore,

such an approach as the preceeding would possess a cost of 132 units

for each sub-sequence generator, or more generally, each sub-

sequence generator would require N (2
N+1 + 1) cost units. This

approach is obviously too costly for reasonable channel number bit

lengths.

The two advantages of the sub-sequence approach make feasible
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the use of either binary shift registers or counters to generate the

sub-sequences. It should be noted that this type of approach does

place an added restraint upon the system; that is, additional decode

logic must be developed in order to distinguish between the various

sub-sequence outputs.

This then, was the method of solution used: view the telemetry

generator as being made up of a. group of individual sub-sequence

generators, the output of only one being used at any given time.
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III. COUNTER TYPE TELEMETRY GENERATOR

The counter type telemetry generator is actually a group of

individual binary counters, each capable of producing a sequence of

switch numbers. There are groups of counters for each level of

commutation. Each counter produces a predetermined portion of the

commutation sequence. During any sampling period, a decoding

section selects one individual counter output as the overall system

output.

The degree of format flexibility, i.e. the number of different

commutation sequences which can be generated, is dependent upon

the number of sub-sequence generators available; the more avail-

able, the greater the format flexibility. The commutation sequence

of Figure 3, for example, would require seven individual counters.

A block diagram showing the interconnections between func-

tional sections is shown in Figure 5.

Operational Characteristics

Within the overall counter type telemetry generator (CTTG)

there are four operational sections; sequence generation, clock con-

trol, sequence control, and output decoding. Each of these functional

areas is logically distinct. That is, the logic components within one

operational section are not shared by those of another section. For
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this reason, the operation characteristics of the overall system will

be discussed from the standpoint of these operational sections.

Sequence Generation

The sequence generators are of two similar types. The level

one or main frame sequence generators represent one type and the

sub-sequence generators the other.

Figure 6 represents the logic diagram for a typical sub-

sequence generator. The counter is basically a binary ripple counter

with control logic to determine when it counts and the maximum and

minimum values of the count sequence. The flip-flops used are

clocked j-k flip-flops with auxilliary dc level r-s inputs, i.e., the

r-s inputs are not clocked.

The minimum value of a count sequence is the reset value of

Figure 6, and the maximum value is the output comparison value.

Control of the counter is executed by the two comparators of Figure

6 and the clock control gate. The input variable C is a universal

clock pulse common to all sub-sequence generators. The input

comparator's output value acts as the control pulse for C. When the

input value and the input comparison value are equal, the output of

the comparator is a logical one. The counter will continue to in-

crease its output value whenever its input comparator is in the logical

one state, andthe other comparison values are also ones,
until its output value equals the output comparison
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value. When this occurs, the reset control gate is then enabled so

that on the next pulse C the counter will reset to its minimum value.

The input value for a sub-sequence generator is the output value from

the next higher level sequence generator in the same row.

The main frame sequence generators differ from the sub-

sequence generators by virtue of the fact that they have a different

set of count control variables, and by the fact that they do not possess

output comparator logic. Figure 7 represents the logic diagram for

a main frame sequence generator.

This type generator operates in a manner similar to that of a

sub-sequence generator. Whenever the clock logic state counter is

equal to f(a) 1, the ripple counter counts on each clock pulse C. The

synchronization input, as with all generators, is used to reset the

counter to its initial value. The clock logic reset control also resets

the main frame counter to its initial value.

1 The function f(a) represents a Boolean function of the output vari-
ables of the clock logic state counter. For example, if four main
frame sequence generators were used, a 2 bit (a0, al) four state
counter would be needed to discriminate between generators. For
generator one:

f(a) = T.0 a
1

= 1, if ao = a
1

= 0

0, if a
o

and/or a
1

= 1
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Clock Logic

The timing of the main frame sequence generators is the func-

tion of the clock logic section (Figure 8). The clock counter of the

clock logic section is a binary ripple counter which counts on each

clock pulse C. The minimum value for the counter is zero and the

maximum value is N-1, where N is the number of samples in a

main frame sequence. The output comparator functions in the same

manner as those of the sequence generators; that is, it is used to

perform the command function of resetting the clock counter when its

maximum value is reached. The state comparator is actually a

group of comparators each of which compares the output of the clock

counter with that value of the clock counter at which the state counter

should count up one. For four main frame sequence generators,three

comparators within the state comparator would be needed. An OR

gate to combine these comparator outputs is also needed. The output

of the state counter represents which main frame sequence generator

output is to be used during that sample period. Along with the selec-

tion of the generator outputs, the state counter output also acts as the

control variable for the count command for the main frame generator

counters.
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Decode Logic

There are two distinct decode sections within the CTTG. The

basic function of both sections is to derive a single channel number

ouput from a group of channel number inputs. This function was

implemented in both cases by the use of two level AND-OR networks

and clocked j-k flip-flops; there being one such network for each bit

of a channel number.

The least complex decode section is shown in Figure 5 as the

main frame decode logic. Figure 9 shows the logic diagram for this

decode section. Since a five-bit channel number is used, there are

five2 distinct AND-OR networks, and since four main frame sequence

generators are used, there are four AND-gates for each bit of a

channel number. Each AND-gate has three inputs. Two of these in-

puts act as control inputs, each of the four sets of these inputs repre-

sent one of the four states of the clock logic section. The third input

represents one bit of the channel number output from a main frame

sequence generator. Each OR-gate combines four AND-gate outputs

into a single output. The combination of the binary outputs of these

five gates signifies the desired channel number output from the main

2All block and logic diagrams are referenced to a five-bit channel
number. Extensions to longer or shorter word lengths are rela-
tively simple. A five-bit channel number means that up to thirty-
two channels can be controlled by the commutator.
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frame sequence generators.

The second decode section is shown in Figures 5 and 10 as the

output decode logic. The only difference between this section and the

main frame decode section is the fact that for this section a much

larger group of channel numbers must be decoded in order to deter-

mine the proper output. One of the outputs which is decoded by this

section is that of the main frame decoder.

The inputs to a given AND-gate for the output decoder are

determined in the following manner. Consider the zero bit output of

generator six, labeled T (6, 0) in Figure 10. The inputs to that bit's

AND-gate are Z (6, 0), its input comparator value (C6), all higher

level input comparator values in the same row, and the complement

of all next level lower input comparator values in the same row.

This means that except for transistion periods, all generator outputs

except one are ANDed with a logical zero, the remaining output being

ANDed with a logical one. The OR-gates of Figure 10 combine the

AND-gate outputs for each bit of a channel number to form the inputs

to the clocked j-k flip-flops. During a given clock period, the chan-

nel number represented by the outputs of these flip-flops denotes

the channel which is to be sampled during that period.

Control Inputs

In order to select the desired commutation sequence, each
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individual sequence generator and the clock logic section require

certain control inputs. These control variables are the outputs of a

register as shown in Figure 5. Once the commutation sequence has

been determined it is then necessary to load the control register with

the necessary values and finally, synchronize all generators with a

sync pulse. Generation of the desired commutation sequence will

begin with the initiation of the operation of the master clock. An

example of the selection of the necessary control variables and the

operation of the CTTG is given in Appendix A.

Format Limitations

The most important limitation in the flexibility with which in-

dividual commutation formats may be selected is the result of the

fact that binary counters are used as the sequence generators. Be-

cause of this fact, each channel number in a sub-sequence must be

numerically adjacent to one of the other channel numbers in that

same sub-sequence. Two numbers are numerically adjacent if the

absolute value of their difference is one. For example, the commu-

tation scheme of Figure 11 should not be realizable with ordinary

binary counters since a level two sequence generator could not change

from a va 1 u e of 11 to a value of 19 in one count. The main frame

sequence generators are not as severely restricted by this format

limitation since each generator is capable of producing a portion of
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the main frame sequence. In other words, for four main frame se-

quence generators, four non-adjacent channel numbers could be

tolerated.

1 3 4 5 6

10 11 19

Figure 11. Unrealizable commutation sequence.

The only other format limitation, as was stated previously, is

dependent upon the number of individual sequence generators avail-

able. The greater the number of generators available, the greater

the format flexibility.
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IV. SHIFT REGISTER TYPE TELEMETRY GENERATOR

The design of the shift register type telemetry generator

(SRTTG) was based upon the same approach as that discussed for the

CTTG; however, because of the inherent differences between shift

registers and counters, the SRRTG lacks a great deal of the modu-

larity of the CTTG. Figures 12, 13, and 14 show the block and logic

diagrams for the SRTTG.

The SRTTG uses variable length shift registers in order to

produce different length commutation sequences. One shift register

is required for the generation of the main frame sequence, and two

additional shift registers for each additional lower level of sequence

generation. Unlike the decode sections of the CTTG, multiple addi-

tions are performed on certain register contents in order to deter-

mine the required channel number.

Operational Characteristics

As with the CTTG, the SRTTG can be divided into operational

sections; namely, the sequence generating shift registers and their

associated comparator, reset, and length control logic, the clock

logic, and the output decode logic. The shift registers used are vari-

able length, i.e. input length control variables determine which stage

of the shift registers will be used as the last or feedback stage. The
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clock logic section is merely a divide-by-n+1 counter
3 where n is

the number of bits per channel number. The output decode logic

section bears no resemblance to that of the CTTG; it is actually a

group of parallel binary adders with the output of the final adder being

the desired channel number.

Shift Registers

There are three operations performed for a three level SRTTG

during each sequence of n+1 clock pulses, where n is the number

of bits per channel number. During the first n pulses, the contents

of each register are shifted circularly to the right. During pulse

n+1 the output flip-flops are set to the result of the addition of the

first n bits of registers one and two. The contents of register four

are also added to this sum if the first n bits of registers two and

three are alike, i. e., the comparator output is a logical one. In

this manner, register one is used as the first level of commutation

and registers two and three as the second level and registers four

and five as the third level of commutation.

Also, during pulse n+1, the contents of flip-flops n+I through

2n of register two are either reset to all zeroes if Q1 is in the zero

3A divide-by-X counter has two outputs, namely, Q and Q. The
output is Q when the number of clock pulses divided by X is an
integer; if not, the output is Z.
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state or increased by one if Q1 is in the one state. The same stages

of register four are reset if Q1 and Q2 are zero, increased by one if

Q1 is zero and Q2 is one, or left unchanged when Q1 is one. Finally,

during this same pulse, Q1 is reset to zero if the comparator output

for registers two and three is one; otherwise, Q1 is set to a one.

Flip-flop Q2 is reset to a zero if both comparator outputs are one;

otherwise, it is set to a one. In this manner, the contents of regis-

ters two and four are manipulated so that two levels of subcommuta-

tion can be achieved.

Clock Logic

There are two clocked commands, the shift command and the

register manipulation command. In order to generate these pulses,

a divide-by-n+1 counter is used as shown in Figure 13. This

counter's output is the register manipulation command. The in-

verse of this output AND-ed with the master clock pulse forms the

shift command. Figure 15 is a timing diagram for these pulses.

Master Clock C

Register Manipulation

Shift .11
(five-bit channel number)

Figure 15. SRTTG timing diagram.
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Shift Register Feedback Length Control Logic

The length control logic determines the feedback stage for each

register. Since the length of a main frame may change with different

commutation sequences, it is necessary that the length of each shift

register be variable. The actual form of this logic is shown in Fig-

ure 16 for four feedback stages.

Figure 16. Feedback length control logic.

When the feedback stage is Qn (Figure 16), length control

C.'sCn is one and all other C.' are a zero. Although sub-
].

commutation sequences may be shorter or longer than the main

frame sequence, it is only necessary that the main frame length be

externally controlled. This is due to the fact that the sub-sequence

lengths for levels two and three are actually determined by the input

control variables for registers three and four.
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Control Logic Inputs

Load, reset, and feedback length control inputs are needed for

the SRTTG. The load and reset inputs are identical; they remain a

logical one while the commutation sequence is being loaded. Once

the registers are loaded, they are changed to a logical zero. In

Figure 12, it is shown that there is no load command input for regis-

ters two and four. The reason for this fact is that the initial state

for both of these registers is the all zeroes state. When the reset

command is a logical one, each shift command causes the left-most

flip-flop in registers two and four to be reset to a logical zero re-

gardless of the actual input fed back.

The load command input enables the operator to serially load

the shift registers. When in the one state, the load command en-

ables the commutation sequence loading gate and "turns off" the

feedback input gate, i. e. the output of the feedback input gate is a

logical zero regardless of the gate's input.

Although the registers are loaded sequentially, the generation

of the first switch number occurs during clock pulse n+1. In this

manner, the loss of operation time which would normally be associ-

ated with a serial input scheme is circumvented. A serial input

scheme was used because it offers the greatest compatability with

serial command transmission, this being the most common method
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of transmitting commands to the telemetry system.

As already stated, the feedback length control inputs determine

which stage of the registers will be used as the feedback stage. The

feedback control variables are formed from the outputs of a separate

register. If the number of feedback stages is not extremely large,

each stage of the register could be used to represent a feedback

length control variable, with only one stage in the one state at any

time. If the number of feedback stages is too large, then the n

length control stages of the register can be used as the inputs to a

decode matrix with 2n outputs. Each of the 2n outputs would be a

feedback stage control variable.

Format Limitations

Unlike the CTTG, the SRTTG possesses no numerical adjacency

requirements for the first level of commutation. However, it does

possess the same numerical adjacency requirement for all lower

levels of commutation.

Another important format limitation of the SRTTG is the fact

that commutation below the second level can only occur in the last

word of the previous level. The reason for this is the fact that the

contents of the commutation registers below the second level are

only added to those of the first level commutator when the next higher

level register contains the last channel number for that sample.



Figure 17 shows an example of this limitation.

1 5 .><20 20

(a) (b)

10

Figure 17. (a) Unrealizable commutation scheme,
(b) Realizable commutation scheme.
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11 12

The most important format limitation of the SR TTG is the fact

that sub-sequences in the same row but different levels must be

numerically adjacent. This means that the first channel number of

sub-sequence n+1, row i, must be numerically adjacent to the last

channel number of sub-sequence n, row i.

Finally, as with the CTTG, format flexibility is also dependent

upon the number of registers available. The more shift registers

used, the more levels of sub-commutation which can be obtained.
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V. DESIGN EVALUATION

In Chapter II, the constraints and functional characteristics by

which a design was to be judged were discussed, and in Chapters III

and IV the functional characteristics of the CTTG and SRTTG were

discussed. The majority of this chapter will be devoted to a compari-

son of the functional characteristics of the SRTTG and CTTG using

the constraints and functional characteristics of Chapter II as stand-

ards. Portions of this chapter will also be devoted to discussions of

reliability and methods of format flexibility enhancement.

Functional Characteristics

The necessary functional characteristics of a multiple format

telemetry generator are external controllability, multiple sequence

capability, synchronous operation, binary output, and hardware type

solution. Both the CTTG and SRTTG meet all of these requirements;

in fact, the only characteristics of both generators which are signi-

ficantly different are sequence flexibility and control requirements.

Both designs operate synchronously, are practical hardware solu-

tions, and utilize binary logic signals as their outputs.

If we consider only those sequences which one system can

generate while the other cannot, without placing any limitations on

the number of elements in either system, then only the format
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limitations discussed in Chapters III and IV need to be judged. There

are two format limitations possessed by the SRTTG and not by the

CTTG; they are, only one level in n sub-commutation per row and

sub-commutation sequences in the same row and one level apart

must be numerically adjacent. The CTTG possesses the capability to

circumvent the first limitation when two or more level n+1 sequence

generators are attached to the same level n generator. The lack of

this format limitation would also sometimes allow an operator to

circumvent the numerical adjacency requirement for sub-sequences.

The commutation sequence of Figure 18 exhibits a non-adjacency

which could be realized with a CTTG. The second limitation is

eliminated by the CTTG regardless of its configuration.

2 3 9

(a)

15 20

(b)

Figure 18. (a) Non-adjacent commutation scheme,
(b) CTTG circumvention of non-adjacency

problem.

The control requirements of each system are entirely different.

In the case of the SRTTG, if there are N levels of commutation and

the main frame sequence is M samples long then (N) (M) + 2 control
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words 4 are required. For the CTTG three control words for each

sub-sequence generator, two control words for each main frame se-

quence generator, and 1+L control words 5 for the clock logic section

are required.

The fact that the SRTTG does not require a control register for

(N) (M) of its control words while the CTTG requires a control regis-

ter for all control words is not of significance at present, since we

are only concerned with what the operator must do in order to control

the sequence generation. The advantages of not needing a control

register for (N) (M) of its control words will be considered when the

relative cost of the SRTTG is discussed.

A SRTTG with a five-bit channel number and a capability for

two commutation levels would require:

(32) (2) + 2 = 66 control words

A CTTG with sixteen main frame sequence generators and sixteen
6second level sequence generators would require 97 control words.

4One control word for the feedback length control and one control
word for the load reset command.

5Where L is the number of main frame sequence generators.
6Sixteen main frame sequence generators make possible the genera-
tion of any main frame sequence for a five-bit channel number.
Sixteen second level sequence generators give the CTTG the same
capabilities as the SRTTG with two levels of commutation.
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From the preceeding, it can be said when both generators

possess maximum flexibility, the CTTG offers an increase in format

flexibility over the SRTTG. The maximum added flexibility is attain-

able only when the CTTG possesses the capability for at least three

levels of commutation. It can also be said that the SRTTG requires

fewer control word changes than the CTTG when the commutation se-

quence must be altered. This latter advantage is much less of an

advantage than the former.

Constraints

In the preceeding section, it was shown that both types of de-

signs are comparable from the standpoint of functional characteris-

tics. In this section, a comparison will be presented of how well

each design remains within the constraints of Chapter II.

System Cost

The system cost of both designs represents the second most

important constraint, sequence flexibility being the most important.

In Appendix B the cost of the CTTG and SRTTG is computed for five

and six-bit channel numbers. As in the previous section, each de-

sign possessed the capability for two levels of commutation. From

the calculations, it can be seen that the SRTTG is significantly

cheaper than the CTTG. Although the SRTTG is less costly than the
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CTTG, it is important to note that the CTTG, because of its greater

modularity, can be decreased in cost by merely removing individual

sequence generators. This is the most significant advantage of the

CTTG over the SRTTG, increased cost flexibility, or greater ease of

modification, due to its greater modularity. A CTTG could be built

with only a few individual sequence generators and more could be

added if and when necessary without making any significant changes

in the original system. For the SRTTG, it would be comparably

practical to add words to the length of the shift register; however, if

another level of commutation is desired, it is necessary to add a set

of two shift registers equal in length to the main frame register.

Therefore, the SRTTG is less costly than the CTTG when both tele-

metry generators possess equal format flexibility; however, when

less than maximum format flexibility is required the CTTG can

be cheaper.

Control Logic and Control Variables

Preceeding sections have already discussed the cost, number

of control variables, and required operator responses for each de-

sign. It is difficult to compare the control logic of the two designs

since for the SRTTG the shift registers themselves function as both

control logic and sequence generation logic; whereas, the CTTG

the control logic is a separate entity from the sequence generation
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logic. Neither design, however, exhibits significant advantages over

the other with respect to control flexibility.

Sequence Flexibility

It is the purpose of this section to discuss the sequence flexi-

bility of each design not from the standpoint of comparing one design

with the other, but from the standpoint of overall sequence flexibility

with respect to all possible commutation sequences. Sequence flexi-

bility for both designs can be discussed in two parts, main frame

sequence flexibility and sub-sequence flexibility. It is important to

note that we are only concerned with sampling rates and not sampling

order. For this reason, it makes no difference when sampling chan-

nels one and two, for example if channel one is sampled before chan-

nel two or vice versa.

The SRTTG possesses maximum main frame sequence flexi-

bility when, for an n-bit channel number, it possesses the capability

for generating main frame sequences of up to 2n samples. For the

CTTG, 2n-1 main frame sequence generators are necessary for

maximum main frame sequence flexibility. Any main frame sequence

of length greater than 2 r1-1 samples must possess channel number

adjacencies so that a single generator can be used to produce more

than one channel number. Therefore, both designs are capable of

producing any main frame sequence required.
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Sequence flexibility with respect to sub-commutation sequences

is much more constrained. Both the CTTG and SRTTG, for the

most part, require numerical adjacency for the channel numbers of a

sub-commutation sequence. This requirement of both designs at

times would make the generation of the most optimum channel number

sequence non-feasible. The added constraint of sub-sequence adja-

cency further limits the SRTTG.

System Flexibility

The system flexibility of both designs is, in the opinion of this

author, very good. Neither design was developed with respect to a

specific commutator; therefore, either telemetry generator, assum-

ing it possessed proper channel number lengths could be utilized in

commutators requiring the aforementioned functional characteristics.

A major advantage of the CTTG with respect to system flexi-

bility is the fact that if the required commutation sequences are

known before the telemetry generator is installed, it is possible with

the CTTG to use only as many individual sequence generators as

necessary. With the SRTTG, it was shown previously that such

flexibility would be less feasible,

Reliability

Neither of the two telemetry generators was designed under the
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constraint of maximum reliability. However, in order to adequately

compare both designs, the effect of component failures must be con-

sidered. Since the effects of any single component failure are

dependent upon the actual commutation sequence, this discussion will

be concerned with higher level failures such as the failure of a shift

register or counter.

For the CTTG, failure of a sub-sequence generator would

probably make that generator and all lower level generators in the

same row unusable. All higher level generators and those not in the

same row as the faulty generator would still be usable.

If one of the main frame sequence generators should fail, more

difficulty would arise than in the case of a sub-sequence generator

failure. Unlike the sub-sequence generators which can be removed

from use at the perogative of the operator, the clock logic section

enables the operator to use main frame sequence generator n+1 only

after generator n is used. Therefore, if a main frame sequence

generator failed, it would probably still have to be sampled for one

sample period. This requirement might not be a problem in cases

where the output of a malfunctioning generator were constant. How-

ever, if the generator failed in such a manner that its output were

not constant, e.g. the reset gate failed, then at times an erroneous

channel number would have to be tolerated.

There are two major types of clock logic failures; a failure in
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which the output of the clock logic section remains constant, or a

failure in which the output of the clock logic section is some sequence

which is not in the control of the operator. For a constant output

failure, only one main frame sequence generator could be used,

greatly reducing sequence flexibility; however, one would still be

able to interrogate all channels. For a sequential non-random out-

put failure, the telemetry generator could still be of some use de-

pending on the characteristics of the sequence. If the sequence was

random, then the generator would be unusable because the operator

would be unable to determine which channel, during a given sample

period, was being sampled.

Decode logic section failures are of three types, failure of an

AND-gate, failure of an OR-gate, and failure of an output flip-flop.

Failure of either of the latter two logic elements would make it im-

possible to generate half of the channel numbers. This conclusion

assumes that the logic elements fail in the one or zero output.

Should one of the AND-gates fail in the zero output, it would restrict

the possible channel number sequences for its sequence generator.

Should the AND-gate fail in the one output, once again it would make

it impossible to produce one-half of the channel numbers.

Failures similar to those already discussed are generally

more catastrophic in nature for the SRTTG. If one of the flip-flops

of a shift register should fail, then the longest main frame sequence
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would have to use the feedback stage preceding that flip-flop as the

last stage. A failure of the clock logic would cause the generator to

produce a single channel number output, i.e. it would fail either in

the shift or output mode. A failure of one of the output flip-flops

would have the same effect as for the CTTG. When both designs

possess maximum sequence flexibility, the SRTTG will be less likely

to exhibit a component failure simply because it has fewer elements.

With respect to usability after a component failure, the CTTG

exhibits a greater ability to circumvent component failures than the

SRTTG. Unlike the SRTTG, because of its modularity, it is feasible

to use redundant generators at each commutation level to account for

generator failures. Finally, it should be noted that in order to deter-

mine which component of a generator has failed, it is necessary to be

able to determine which channels are being sampled. This would

require some knowledge of the relative magnitudes of the channel out-

puts since these and not the channel numbers are the only information

available at the receiver.

Format Flexibility Enhancement

Both the CTTG and SRTTG exhibit format limitations. This

section will be devoted to a discussion of ways in which the format

flexibility of both designs can be increased.
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Numerical Adjacency

As has already been discussed, both designs are seriously

format limited for sub-sequences by the numerical adjacency re-

quirement. The use of an additional shift register for each sub-

commutation level could partially alleviate this problem for the

SRTTG. The additional register could be used to allow the sub-

sequence channel number to be increased by more than one digit

each time it is sampled.

The CTTG could be partially alleviated of the numerical adja-

cency requirement if designed in the manner shown in Figure 19. In

this case, a counter, comparator, two AND-gates, and a flip-flop

have been added in order to allow variable generator count rates.

If for instance, the output comparator value is 15, the reset value is

one, and the counter comparator value is two, the output of the

generator would be 1, 4, 7, 10, and 13. The obvious constraint is

that the input comparator can be in the one state no more than once

every three clock pulses.

The numerical adjacency constraint could be completely re-

moved by using a comparator as the control for each channel switch.

As shown in Figure 20, the output switch numbers would be the in-

put to each of the switch comparators. The logic for the comparators

is the same as that for the CTTG comparators. The price of this
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added flexibility is a significant increase in cost. As opposed to

using 2n n-input AND-gates for output decoding, the comparator

method would require n2n EXCLUSIVE-OR-gates plus ne additional

flip-flops for the control register.

On

Switch Control

0 = Telemetry generator
output

C = Switch number
comparison value

Figure 20. Switch control comparator.

Channel Number Selection

One of the most important considerations is the assignment of

switch numbers for each channel. Because of the numerical adja-

cency limitations, it is necessary that switch numbers be grouped

according to the sample rates for those channels which they repre-

sent. For instance, if channels ten and twelve were to be sampled

at equal rates, it would be illogical to assign channel number eleven

to a channel which was to be sampled at some other rate. By the

proper assignment of switch numbers many of the limitations im-

posed by the adjacency requirements can be abated.



54

VI. CONCLUSIONS

As is evident from the discussion of the preceding chapters,

any design which possesses some degree of format flexibility will be

complex and costly as compared to previous single format telemetry

generators. In this respect the two designs developed in this paper

are both complex and costly. However, with the advent of integrated

circuits, an even more inhibiting characteristic, excessive size, is

partially eliminated. Shift registers of fifty-bits are now commer-

cially available as integrated circuits. Binary counters, logic

gates, and binary adders are also available commercially as inte-

grated circuits.

The CTTG exhibited a significant degree of increased format

flexibility over the SRTTG. Both designs, when equipped properly,

i.e. possess the capability for more than one commutation level,

can produce a great many different commutation sequences. Ob-

viously, neither the SRTTG nor the CTTG could economically replace

a telemetry generator requiring a single commutation sequence.

However, if several sequences are required, either the SRTTG or

the CTTG would probably represent a savings in system cost as

opposed to using several individual telemetry generators.

The most difficult to answer question concerning the two designs

is which design, the CTTG or the SRTTG, is the better. The question
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is difficult to answer because one must first decide upon the relative

merits of the various characteristics of both designs. From an

engineering standpoint, the most important characteristics for a

specific system are cost, format flexibility, and reliability. If

maximum format flexibility or maximum reliability were the most

important considerations, then the CTTG would be the most appli-

cable design. If cost and maximum main frame sequence flexibility

were the most important considerations, then the SRTTG would be

the most applicable design. If all three characteristics were of equal

importance, then the CTTG would be the most applicable design to

use.

Finally, the most significant restriction of both designs is the

numerical adjacency requirement. As previously discussed, this

problem can be partially circumvented by proper channel number

selection and/or by making changes in the logic elements of the

generators, e.g. adding variable count generators to the CTTG.

However, if these adjustments or a combination thereof do not permit

the necessary format flexibility, then it would probably be necessary

to program a computer to produce the required sequence, or use

individual telemetry generators for each sequence.
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APPENDIX A

Commutation Examples

This appendix will be devoted to a discussion of the methods for

determining the input control variables for the CTTG and the SRTTG

after one has been given the channel sampling rates. One of the com-

mutation formats of the Mariner '69 spacecraft has been used as the

example (7). For the SRTTG it is assumed that there are three com-

mutation levels and the CTTG is assumed to be of the configuration

shown in Figure 21. As with both designs, in order to determine the

input control variables, the simplest procedure is to first develop a

commutation diagram and from that determine the necessary control

variables.

Table 2. Channel Sampling Rates for Mariner '69 Spacecraft.

Number of Channels
Rate at Whibh Eath
Channel is Sampled

17
1

N

27 N/10

10 N/100

40 N/200

1N is the main frame or highest sampling rate in the sequence.
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20

20

State Comparator
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"19

0
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3, 59

20

80
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50, 99

0
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11,39
0

20, 79
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33, 49

0
4
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L Value ValueJ
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Figure 21. CTTG commutation example.
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Commutation Diagram

It can be shown that the rate at which a channel is sampled with

respect to its position in a commutation diagram is the following:2

(sampling rate for a) = 1\1j(X n, .) (Xn-1, 1.) ... (X 2
.)
1(level n row i channel) ,

From Table 2, it can be seen that there are four distinct

sampling rates. For the 27 channels at rate N/10, three level two

sequences of ten samples each would suffice, leaving three unused

samples. For the ten samples at rate 1\1/100, one level three sequence

of ten samples in the same row as a level two sequence of ten

samples will give the desired sampling rate. This means that a level

two sequence of nine samples and one unused sample for its level

three sequence would actually be needed. For the 40,,channels at

rate N/200, two groups of twenty samples each in the same rows as

level two sequences of ten samples each would suffice. Therefore,

from the sampling rates of Table 1, the commutation diagram of

Figure 22 can be developed. Since no specific channel numbers were

given, they were assigned so as to require only one main frame

sequence generator.

In this case, the sampling rates for each channel were chosen

2X is the number of level n row i samples in the commutation
n, .

diagram.
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10 12 13 14 15 6 1 17 18 19

-X121122123124125

1

-130131132X134

L-140141142143144

261 271 281 29

35 36 37 38 39

45 46 47 48 49

60161162 63 64 65 66 67 68 69 70 71 72 173174175176 77 78 79

-1).151 52 (53 (54 55 (56 57 (58 (59

60181182183 84185_186187188189190191192_193194195196197198 99

Figure 22. Commutation diagram for Mariner '69 commutation
scheme - CTTG.
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so that a commutation diagram would correspond exactly to all

sampling rates. However, many times this will not be the case; for

example, if there were only two channels to be sampled, one at rate

N and the other at rate N/2 a commutation scheme could not be

developed which would duplicate this scheme without possessing un-

used sampling periods. Therefore, as will often be the case, cer-

tain channels will have to be sampled at rates higher than their fre-

quency contents require.

CTTG Control Variables

Once the commutation diagram has been developed, all that is

required is to load the control register with the necessary input

comparison, output comparison, and reset values. For the example,

only one main frame sequence generator would be required since

there are no non-adjacent channel numbers. The required reset

value for main frame sequence generator one is zero; this value can

also be used for each of the unused main frame sequence generators.

Since the main frame sequence is 20 samples in length, the maxi-

mum value comparator comparison value should be 19. The com-

parison value for the number one comparator of the clock state

counter should be zero since this is the first value of the clock count-

er sequence. The remaining comparator values should be >19 so

the clock state counter output will always be a zero. As an example
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of the control variables for a sub-sequence generator, consider the

sequence of channel numbers 20 through 29. The reset value for the

generator producing this sequence would be 20 and the output com-

parison value would be 29. The input comparison value would be

four since that is the value of the main frame sequence generator

during that sub-sequence sample. For any sub-sequence generator

not used, it is only necessary that its input comparison value be set

to a value so that its input comparator output is never a logical one.

Using the preceding procedure for each sequence generator, the

control variable values of Figure 21 can be obtained.

SRTTG Control Variables

Because of certain of the format limitations of the SRTTG, the

commutation diagram of Figure 22 must be altered as shown in Fig-

ure 23. The channel numbers have also been changed in Figure 23,

but the sampling rates are the same as those in Figure 22.

Using Figure 23, since the main frame sequence length is 20

samples, the feedback length control value3 is 19. Figure 24 shows

the values which must be loaded into each shift register in order to

produce the desired commutation sequence. If a given sample of

3 The first word of each register cannot be used as a feedback stage,
thus eliminating the need for one set of feedback gates.
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10 12 13 14 15 16 17 18 19

721 731 741 751 761"--170171

80 81 82 83184 85

.-50151 152 153 154 [55 156 57 58 XI

L159160161 62 63164165 66 67

771781X
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86 87 88189190191 92 93 94195196 97

20121122123124125126127128M

H29130131 321331 34135136 37 38 39k0141142 43 44145146147 481

98

Figure 23. Commutation diagram for Mariner '69 commuta-
tion scheme - SRTTG.
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. Sikrt rI G input values for Mariner '69 cFigure 24 orn-muta-
tion scherne.
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register three contains a value other than zero, then the value of

register one for that sample is the minimum channel number for the

second level sequence and the sum of the values of registers one and

three is the maximum channel number. If a given register five

sample contains a value other than zero, then the sum of the values

of registers one and three is the minimum third level channel num-

ber, and the sum of the values of registers one, three, and five is

the maximum third level channel number in that row.
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APPENDIX B

Cost Diagnosis

It is assumed that there is an unlimited number of inputs for each

Ms = number of sub-sequence generators

M = number of main frame sequence generatorsm

n = number of bits per channel number

Sub-Sequence Generator

Cost = (Ms) (5) (n+1)

Main Frame Sequence Generator

Cost = (Mm) (3n + 2)

Clock Logic Section

Cost = 2n + (M ) (n+1) + 5 + Qm

Where Q is the smallest integer >

Decode Logic

Cost = (n) (Mm + 1) + (n) (Ms + 4)

Control Register

Cost = ((Ms) (3) + 2Mm + 1) (N)

'°g2 (ms)
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Total Cost:

Cost = (n) ( 8 + 7Mm + 9Ms) + 5Ms + 3Mm +5+ Q

For n = 5, Ms =16, and Mm =16

Cost = 5 ( 8 + 112 + 1444) + 80 + 48 + 5 + 4

Cost = 1457

For n = 6, Ms = 32, and Mm = 32

Cost = 3386

SRTTG Cost Diagnosis

n = number of bits per channel number

L = number of commutation levels

N = 2n

Shift Register Cost

Cost = (N) (n) (1 + (L-1) 2)

Adder Cost4

Cost = (n) (L-1)

Register Manipulation Logic Cost

Cost = (L-1) (n 4) + (n) (L'-2) + (3) (L-1)

(L if L 1>
2)L' = 1(2 if L < 2)

4It is assumed that a single unit will suffice for each adder.
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Output flip-floi: :.ogic cost

Cost = 2n

Feedback Length Control Logic Cost

Cost = (2n-2) 2 + 1 + n + (2n-2) 2 + 1

Clock Logic Cost 5

Cost = R

Load Reset Control Logic Cost

Cost = 1

Total Cost:

Cost = n ( (2) (L) (N) - N + (3) (L)-1) - 12 + R + 4N

For n = 5, N = 32, L = 2, and R = 10

Cost = (5) (128 - 32 + 3) - 12 + 10 + 128

Cost = 625

For n = 5, N= 64, L = 2, and R = 10

Cost = 928

5The number of logic elements in the clock logic section is a variable
function of channel number word length.
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APPENDIX C

Next State and Truth Table Representations For Logic Elements

A _4.
A ED B = C A B C

0 0 0B
0 1 1

1 0 1

1 1 0

C1

R S

Clocked, J-K, R-S
flip-flop

A B = C A B C
0 0 0

0 1 0

1 0 0

1 1 1

A + B = C A B C
0 0 0
0 1 1

1 0 1

1 1 1

= C A C
0 1

1 0

Q n+1 =R CI. (R. Qn + Qn)
T R. Qn + S

RS # 1
n A

Q = Output value of flip-flop
Q during clock pulse n


