R. W. Blasco, et al

Houston, Texas

November 1974

ONE WAY DOPPLER EXTRACTOR VOLUME I

Lyndon B. Johnson Space Center

NT75-147317

DISTRIBUTED BY:

National Technical Infnrmatihn Service
U. S. DEPARTMENT OF COMMERCE

/

_/




13517-F-1

N75- #7377

FINAL REPORT

VOLUME I—-VERNIER TECHNIQUE

ONE WAY
DOPPLER EXTRACTOR

NOVEMBER 1974

by
f
R. W. Blasco, S. Klein, E. J. Nossen,

E. R. Starner, J. A Y anosov
PRICES SUBJECT TO CHAREE

e
Repfﬂd“"d by

IONAL TECHNICAL ~
IN?(BRMATlON SERVICE

e
Dopartment of Comme
u sszingf'laM. VA. 33‘_5_1_ R



Nor Iﬁ,'--C"‘E.f'

'THIS DOCUMENT HAS BEEN REPRODUCED FROM THE_ T

BEST COPY FURNISHED US BY THE SPONSORING o
.AGENCY ALTHOUGH IT IS RECOGNI?ED THAT CER-—
'ﬁTAIN PORTIONS ARE ILLEGIBLE IT IS BEING RE--
‘-LEASED IN THE INTEREST OF MAKING AVAILABLE

AS MUCH INFORMATION AS POSSIBLE



ABSTRACT

FOREWOR

REFERENCES

D

TABLE OF CONTENTS

LIST OF SYMBOLS AND ABBREVIATIONS

SECTION
PART 1

SECTION
2.1

2.2
SECTION

3.1

SECTION
4.1
4.2

4.3

]

INTRODUCTION AND SUMMARY

- FEASIBILITY/TRADE-OFF ANALYSIS

i

THEQRETICAL CONSIDERATIONS

Error Analysis
2.1.1

2.1.2

2.1.3

Deterministic Errors
Bias Errors
Random Erraors

Methods of Error Reduétion
2.2.1

2.2.2

3

Techniques for Reduction of
‘Quantization Error

Jitter Erkor Reduction

IMPLEMENTATION CONSIDERATIONS

Receiver Design Considerations
N

3.
3.

3.
3

3.

4

1

1
1
1

.2
.3
4

1.

Doppler Limits and Rates
Acquisition and Tracking Limits
Modulation Effects

Optional Carrier Frequency
Acquisition Techniques

Receiver Requirements

SYSTEM TRADE;OFFS AND OPTIMIZATIONS

System Selection Criteria
Candidate Systems

4.2.1
4.2.2

4.2.3
‘System

Receiver Options.

Quantization Error Reduction Optics

Candidate.Reference OsciT1ators
Selection |

w

e

PAGE

ii
i

“iv & v

i-1



TABLE OF CONTENTS (CONT'D)

4.4 Vernier Doppler Extractor Analysis ' 4-24

4.4.1 Extractor Accuracy Analysis . 4-24
4.4.2 Time Delay Analysis ' 4-29
4.4.3 Extractor Accuracy/Time Delay Trade-0ffs 4-37
4.4.4 Extractor Impact on Other Range

s ~Rate Measurements ' , o 4-41
4.4.5 Carrier Frequency Accommodation 4-43

PART 2 - BREADBOARD DEVELOPMENT

SECTION 5 - BREADBOARD REQUIREMENTS 5-1
5.1 Performance Requirements 5-1
5.2 Functional Requirements -1

5.2.1 Extractor Displays 5-3
5.2.2 Self-Test Function 5-4
SECTION 6 - BREADBOARD DESIGN DESCRIPTION 6-1
6.1 Breadboard Configuration 6-1
6.1.17 Technique Description 6-5

§.2 RF Processor Description 6-10
6.2.1 75 MHz Phase Locked 0Osciilator. 6-11
6.2.2 25 MHz Phase Locked Oscillator 6-16

6.2.3° Doppler Multiplier Phase Locked

- Oscillator ‘ | ~ 6-16

6.2.4 Self Test Signal S §-22

6.3 Digital Processor i 6-22
6.3.1 Digital Circuits . 6-26
SECTION 7 - BREADBOARD OPERATION | 7-1
7.1 General Description ‘ 7-1
7.2 Functional Characteristics : - 7-2
7.3 Operation of the Breadboard ' 7-5
7.3.1 Manual Operation | 7-5
7.3.2 Self Test Operation L - 7-9
7.3.3 Computer Controlled Operation : 7-10

7:4 Status Indicators o - 7-17
7.5 Digital Displays | - o 7-18
7.6 External Connections - o 7-20
7.7 Changing Coincidence Aperture - 71-24

ot



SECTION 8 -

TABLE OF CONTENTS (chT'D)

PERFORMANCE RESULTS

" 8.1° Performance Test Procedure

8.1

8.1

.

.5

Test #1 - Coincidence Aperture
Selection

Test #2 - Doppler Sens1t1v1ty Tests
Test #3 - Sensitivity of Doppler.

‘Accuracy to Signal Leve]

Test #4 - Sens1t1v1ty of Dopp]er_
Accuracy to Integration Period

Test #5 - Sens1tiv1ty of Doppler
Accuracy to Dopp]er Rates

8.2 Performance Resu]ts
.

8.2.
8.2.
8.2
8.2.

8.2

2
.3
4

.5

Dopptler Extractor Accuracy

Time Delay Statistics

Sensitivity to S-band Signal Leve]
Sensitivity of- Extractor Accuracy to

~ Doppler Offset

Sensitivity to Doppler Rates

PART 3 - FLIGHT HARDWARE DESIGN

SECTION 9 -

EXTRACTOR SPECIFICATIONS

9.1 Specification for a Flight Model Doppler
Extractor

SECTION 10

DESIGN -APPROACH

10.1 Vernier Doppler Extractor

_10.2 Design Description

10.3 Doppler Extraction Accuracy

SECTION 11

PRELIMINARY DESIGN

11.1 Electrical Design
R 11.1.1

11.1.
11.1.
11.1.
o B I

2
3
4

5

RF Preconditioner

Doppler Extractor Circuitry

Input Data Processing and Control
Self Test Mode '
Power Supply

~11.2 Mechanical Design

‘!'f - /V "é/

8-4
8-4
8-5

8-5
8-5

- 8-13

8-13
8-15

9-1

10-1
10-1
10-3

- 10-7

11-1
11-1
11-5"

1-11

11-20
11-24
11-26

- 11-26



APPENDICES

Effects of Relativistic Velocities on
Doppler Accuracy

New Technology Disclosure
‘Texas Instrument Preliminary Data

Sheet for 10-Digit Decimal Arithmetic
Processor

B-1

C-1



LIST OF ILLUSTRATIONS

FIGURE . | S - PAGE
1-1 One Way Doppler Geometry ' _ 1-2
1-2° Block Diagram of a One way Doppler '
_ Navigation System 1-2
1-3 One Way Doppler Extractor Breadboard 1-4
1-4  One Way Doppler Extractor Test Instrumentation 1-6
2-1 . Effect of Averagihg Time on De]ta Range Errors 2-10
2-2 Period Measuring Techn1que to Reduce :
Quantization Error: S 2-1}
2-3 Error Reduction by Frequency Mu1t1p11cat1on,
7 Block Diagram and Equations 2-13
2-4 Fractional Cycle Techniques to Reduce '
Quantization Error ) 2-15
2-5  Coincidence Detection Doppler Extractor,
Block Diagram ' , 2-17
2-6 Timing Scheme for C01nc1dence Doppler
Extractor . 2-18
9.7  Analog Technique for Reduced Quant1zat1on
' Error 2-20
3-1 Minimum Receiver Bandwidth Requirements - 3-3
3-2 " Block Diagram of a Receiver using Residual
. Carrier as a Reference Frequency 3-6
3-3‘ Block Diagram of a Carrier Extract1on Receijver
' using a Square Device . 3-8
3-4 Biock Diagram of a Carrier Extraction )
Receiver using a Costas Loop ' 3-9
3-5 Variation of Sweep Loss with Sweep Rate ‘
| and Rece1ver Bandwidth o 3-12
3-6 Variation of Acg. Time with Transmitted _
' Power. and Receiver Bandwidth 3-13
3-7  ‘Sensitivity of Acquisition Time to Optimum - - .
Receiver Bandwidth ' ' ' - 3-14
3-8 Sensitivity of Acquisition Time to Receiver ’
Bandwidth and S/N Ratio : 3-16
3-9 .Sen51t1v1ty of Acquisition Time to Rece1ver :
: Bandwidth for Least Transm1tter Power 3-18
3-10 Comparison of Coherent and Non- Coherent '
‘ Acqu1s1t1on for Equa] Signal Levels . 3-19

-/V'é-/




LIST OF ILLUSTRATIONS (CONT'D)

6

FIGURE | S | PAGE
4-1 * Block Diagram of Technique to use USB _

Transmit Port for Dopplter Extraction 4-3
4-2 Block Diagram of S-Band Transponders 4-5
4-3 Technique to Obtain Full Doppler from VCO .

“Qutput 4-6
4-4 Configuration - System 1 i _ - 4-9
4-5 Configuration - System 2 4-12
4-6 Configuration - System 3 : 4-16
4-7 Candidate Multi-Channel Doppler Extractor - 4-19
4-8 Recommended Technique for Doppler Extraction - 4-23
4-9 Coincidence Detection Doppler Extractor, |

Block Diagram ‘ - 4-25

- 4-10 Timing Scheme for Co1nc1dence Doppler

Extractor : 4-26
4-11 Sensitivity of Coincidence Probability '
. to Pulse Width and Bias Frequency at Resonance 4-30
4-12 Sensitivity of Coincidence Probability to-

Doppler and S/N Ratio at Optimum Bias .

Frequency : _ 4-31.
4-13 Effect of Resonances in Coincidence Detector 4-32
4-14 Minimum Pulse Width to Guarantee Co1nc1dence _

. for AT1 Conditions 4-34

4-15 = Sensitivity of Extractor Resolution and

.Time Delay to Extractor Parameters 4-39
'4-16  Sensitivity of Achievable Resolution to _

: Maximum Time Delay : : 4-4Q
4-17 Effect of Delay on Range Rate Error :

: Measurements 4-42
4-18 _Effect of Time Delay on Tota1 System Error 4-44
4-19 Effect of Time Delay on Total System Error 4-45
4-20. Carrier Frequency Compensation Technique 4-47
6#1 One-Way Doppler Extractor Breadboard - 6-2
6-2 One-Way Doppler Extractor Chassis 6-3
6-3 One-Way Doppler Extractor Input/Output '

: -Connectors 6-4
-4 OWD Extractor Environment 6-6
6-5 Doppler Extractor Breadboard B]ock D1agram' 6-7

7



FIGURE

6~6
6-7
6-8

6-9
6-10
6-11
6-12

6-13"

6-14
6-15
6-16
6-17
6-18
6-19
6-20
6-21
6-22
6-23
6-24
6-25 -
6-26
6-27
6-28
6-29
6-30
6-31
6-32
6-33

6-34
6-35
6-36

LIST OF ILLUSTRATIONS-(CONT'D)

Self Test Impiementation Block Diagram
75 MHz Phase Locked‘Osci]]ator

Schematic, 74 MHz PLL/T. 0714 MHz Setlf
Test Generator

25 MHz Phase Locked Oscillator_'

Schematic, 25 MHz Phase Locked Oscillator
Doppler Multiplier Phase Locked Oscillator
X24 Doppler Muitiplier PLL

Simplified Block Diagram Digital

Extractor Logic

Coincidence Detector Timing

‘Timing of Strobe and Counter Reset

Computer Interface Timing

State Diagram for Shift 2 Burst Generator
Computer Interface Test Unit |
OWD Display Approach

Micro-Instruction Format

Layouts, Board Numbers 1 and 2

Layouts, Board Numbers 3 through 7

‘Layouts, Board Numbers 8 and 9

Layouts, Board Numbers 10 and 11

Layouts, Board Numbers 12 and 13

Layouts, Board Numbers 14 and 15

" One-Way Doppler Digital Nest Wiring

Front Panel Wiring

Power Wiring Detal

Schematic, Board 1, Coincidence Detector
Schematic, Board 2, Intekva1 Timer
Schematics, Board 3, Mode Control

Schematics, Board 4, 5, 6, 7, One-Way
Doppler Counter/Latch Boards

‘Schematics, Board 8, Misce11anebus Circuits

Schematics, Board 9, Computer Interface

- Schematics, Board 10, Miscellaneous

P

6-13

6-17

6-18
6-20
6-21

6-23 -

6-29
6-32
6-40

6-41

6-43
6-45
6-59
6-73
6-74
6-75
6-76
6-77
6-78
6-79
6-80

- 6-81

6-82
6-83

6-84

6-85
6-86
6-87
6-90



- FIGURE

- 6-37.
6-38
6-39
6-40
6-41
6-42
6-43
6-44
6-45
6-46
6-47
- 6-48
6-49
6-50
6-51
7-1

7-2
7-3
7-4
7-5

8-1

8-7

8.8

LIST OF ILLUSTRATIONS (CONT'D)

Schematics, Board 17, Micropfocessor
Board 12, Memory '
Schematic, Board 13, Display Control
Schematic, Board 14, Disp1ay- 
Schematics, Board 15, Panel Indicator Drivers
Micro-Program Coding Sheet
Micro—Program,Codfng Sheet
Micro-Program Coding Shéet
Micro-Program Coding Sheet
Micro-Program Coding Sheet
Micro-Program Coding Sheet
Micro-Program Coding Sheet
Micro-Program Coding Sheet

PROM Instructions

PROM Instructions | -
Front Panel -Layout

Computer Interface Test Unit

Extractor Data Word Indicators

Typical Test. Set

Delay Line Data Sheet

Test Set- up for S-band Doppler Performance

-Tests
- DWD Extractor Measurement,

Distribution of- Time Delay
Distribution of Time Delay
Distribution of Time Delay

Sensitivity of Time Delay to Coincidence
Aperture and Doppler Off-Set

Sensitivity of Extractor Error to S-band
Signal Level

Sensitivity of Extractor Error to Dopp]er
0ff-Set )

L}

s

PAGE

6-91

6-92
6-93
6-94
6-96
6-97
6-98
6-99

6-100

6-101
6-102

-6-103

6-104

6-105

6-106
7-6
7-15-
7-16
7-23
7-25

8-2
8-6
8-8
8-9
8-10 -



LIST OF ILLUSTRATIONS (CONT'D)

FIGURE - o | o  PAGE
10-1 Proposed Doppler Extractor {General
_ Block Diagram) _ _ - 10-4
10-2 Proposed Doppler Extractor (Detailed :
‘Block Diagram) : | 10-6
11-1° Space Shuttle Doppler Extractor Block Diagram 11-2
11-2 RF Preconditioner 11-6
11-3 Programmable Multiplier : ‘ L 11-10°
11-4 Coincidence Detector S _ 11-14
,11-5_ FB+O‘& FR Counters ‘ o S 11-16
11-6 Timer and Mode Control : 11-18
11-7 Doppler Extractor ' 11-29
B-1 Coincidence Detection Extractor, Block Diagram B-3
B-2 Timing Scheme for Coincidence Doppler Extractor B-4
B-3 Expected Versus Measured Extractor Error - . B-6

I Or o



1]

W W o~ o O vy O N
1 1 1
[ I R R N P I S I

— 0
Lo I |
[ w
—

1-1
11-2

A-1

TABLES

Breadboard Functional Summéry
Breadboard Performahce Summary

-Determ1n1st1c Errors:

Bias Errors
Random Errors
Link Analysis

Characteristics of Representative
Stable Reference Oscillators.

Breadboard Performance Requirements

RPM Location Assignments |
Micro-Instruttion Summary

Computer Interface Connections

Led Driver Pin Assignments - Board 14
OWD Extractor Command Formdt

Performance Reguirements

Interfaces

Environmenta] Conditions ,

Maximum One Way Doppler Extractor Errors
Transponder Mode Status Truth Table
Power Supply Requirements and Specifications

Effects of Relativistic Dopp]er on
Computed Range-Rate

4-21

5-2

6-50
6-63 & 6-64
6-88 & 6-89

6-95
7-12
9-2

9-3

9-4
10-8
11-22
11-27



ABSTRACT

This report presents'a_feasibiiify.énalysis, trade-offs and
implementation for a One wayrDopp1er Extractor system. A
doppler error analysis is discussed which shows that‘quantiza-
tion error is a primary source of doppler measurement error.
Several competing extraction techniques are compared and a new
"Vernier" technique presented which obtains highkdoppler
resolution with low speed logic. Parameter trade-offs and
sensitivities for this Vernier technidue are discussed, Tead-
ing to a hardware design confiQuratiOn. A detailed desigh,'
operation and performance evaluation of the resGTting bread- .
board model is presented which verifies the theoretical
performance predictions. The breadboard model contains the
circuitry to interface with an S-band transponder, to extract
the doppler and time interval counts, to compute navigational
parameters, by means of a microproceséor, from these counts
and to display the results. Performance tests have verified
that the breadboard is capable of extracting doppler, on an
S-band signal, to -an accuracy of less than 0.02 hertz for a
one second averaging period. This corresponds to a range rate
error of no more than 3 millimeters per second. Fina11y, a
design for a flight hardware doppler'extractor is presented,

- which can extract the doppler from any one of foﬁr S-band |
input frequencies. The flight hardware is projected at 410
cubic.inches, 10.2 pounds and consuming 8 watts of prime power.



FOREWORD

This Js a final report for NASA Contract NAS 9-13517 covering
the period from 1 July 1973 to 1 November 1974, The program
consisted of the following three phases:

1. Feasibility study and tradeoff analysis
2, Breadboard development
3. ~Feasibility study of digital VCO techniques

The overall program was conducted under the direction of
Edward iHossen. Both feasibility studies were carried out by
Eugene Starner., The breadboard development was directed by
Seymour Klein; major contributors to the breadboard develop-
ment were Richard Blasco, Daniel Hampel and John Yanosov., The
pre1iminary design of flight hardware was also headed up by
Seymour Klein, '

Volume 1 of this report contains 3 parts:
Part 1 - The feasibi]ity study and tradeoff analysis.
Part 2

Breadboard development

Part 3 - Flight hardware design

Volume 2 of this report covers the feasibility study of digital
VCO techniques,.
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SECTION 1
INTRODUCTION AND SUMMARY

one way doppler navigation js a technique whereby an orbiting
vehicle's position is inferred from a knowledge of the line of
sight range rate history to a known reference point. The
range rate history is determined by accurately measuring the
dopp]er_shiftrreceived from a stable transmitter located at
the reference point., Figure 1-1 shows the geometrical rela-
tionships for a space vehicle receiver and a ground based
tranémitter. The advantagés of one way doppler navigation
are the ability of the space vehicle to determine positional
and navigational data autonomously and eliminate the need for
special application navigational aids. The feature of oniy
requiring a one way RF link may also be desirable for certain
applications where two way 1inks are not always desirable or
prac ticable,

One way doppler navigétion requires very accurate measurements.
of the vehicle's range rate with typical values of 3 cm/sec
being required over a one second integration interval. To
obtain a range-rate accuracy of 3 cm/sec (0,1 ft/sec) using
s-band frequencies, requires that the doppler frequency be
neasured to within 0.2 Hz. This requires the use of stable
oscillators and accurate receivers.as shown in the block
djagram of Figure 1-2. '

The S-band frequency must be controlled to within 0.2 kz over
the period of the doppler measurement. Also, other error
sources such as caused by Gaussian noise, digital processes
and propagation path variations should be controlled where
practical to obtain the 0.2 Hz accuracy.

This report presents an error analysis of the one-way doppler
measurement, and feasibility/trade-off evaluations for several
doppler extractor and receiver concepts, The results of the
error ana]ysis show that the quantization error resulting from
digitizing the doppler information can be the most significant
source of error when conventional frequency counting techniques
are employed, To reduce the quantization error the doppler

1-1
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should have some means of determining fract1ona1 Cycle counts
in order that the total error budget is within the required
3 cm/sec{0.1 ft/sec) accuracy. '

A new technique has been developed whereby fractiona1_cyc1e
counts are obtained within short integration periods. This
technique which has been disclosed as new technology, employs
a vernier approach in that the doppler frequency is compared
with a stable reference oscillator frequency by means of a
zero crossing coincidence detector. The technique offers
low weight, low power consumption and simple canstruction
without sacrificing accuracy or reliability. The analysis
and breadboard test results show that this technique can
supply range-rate resolution of at least 3 cm/sec(V.10 ft/sec)
under all reasonable conditions of velocity (0-8230 m/sec.
0-27.000 ft/sec), acceleration (0-610 m/sec®, 0-2000 ft/sec 2y,
loop signal-to-noise ratio { —» 10 dB) and for ‘all integration
periods of 0.5 seconds or more,

The breadboard one-way doppler extractor which was delivered to
NASA, is shown in Figure 1-3. The functional features of this
breadboard are .tabulated in Table 1-1., The breadboard was
interfaced with an Apollo USB transponder, specifically LH
serial number 127, operating at a receive frequency of

2101.8 MHz. The breadboard was also provided with an inter-
face for use with a Univac 1218 Computer., The breadboard
dopp?er extractor, the S-band transponder and the associated
test instrumentation are shown in Figure 1-4. The breadboard
met or exceeded all the performance requirements called for in
~the Statement of Work as shown in Table 1-2, It was delivered
with a 200 nanosecond time aperture setting which resulted in
the performance listed in the last column of the table. As
shown, even better accuracy performance can be achieved vwith a
15 nanocsecond time aperture, However, this is at the expense
of the delay time between a measurement command and command |
execution, In applications where the exact time of the
measurement's execution is unimportant, this improved accuracy
is readily available, |

1-3
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TABLE 1-1

Breadboard Functional Summary

Parameter

Remarks

Non-destruction readout

with overflow indication.

Destfuctive readout

Manual or Compdter Selection, Counts

continuously for up to 600 seconds

Manual or Computer Selection, Resetls
counters to zero at start of each new
measurement interval,

Fixed integration periods
of 0.5, 1,2,10,60 and 600
seconds,

Manual or Computer Selection of the
period with automatic display of
results,

Anytime readout

Manual or Computer control of the
measurement interval from = 0 to
600 seconds.

‘Raw bias plus doppler
or clock counts,

Doppler frequency in
Hertz.

Range rate in meters/
second.

Slant range difference
in meters

- - - - - -

Time delay between stop

command and actual stop
execu tion.

Integration time
variation in microsecond

Self Test Injects a known frequency near front
' end of extractor and checks tne
computed doppler for accuracy, Test
is passed if error . 0.3 Hz,
Displays Any one of these results is displayed

by push button switches.

switch selectable between either
display. '
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FIGURE 1-4 ONE-WAY DOPPLER EXTRACTOR TEST INSTRUMENTATION




A pretiminary design configuration for flight hardware has been
established, which satisfies the Rockwell International Space
Shutt]e-requireménts. The equipment necessary for doppler '
extraction from multiple carrier frequency receivers was
estimated to be 5.6%X6.9X10.6 inches, weighs 10.2 1bs and

consumes no more than 8 watts of prime power.

TABLE 1-2 Breadboard Performance Symmary

_ preadboard performance
15 ns 200 ns
parameter SOU aperture aperture
Noise error at the
jntegration period.
0.5 sec. 0.6 Hz 0.03 Kz 1 0.24 Hz
2 sec. 0,25 Hz 0.009 Hz 0.05 Hz
10 sec. 0.23 Hz 0.003 Hz ; 0.01 iz
60  sec. 0.20 Hz 0.0025 Hz | 0.002 Hz
600  sec. 0.20 Hz 0.0025 Hz | 0.002 Hz .
g | |
Maximum time i _ | |
Interval variation 100 us 60 ms i 4 us #j

-7



PART 1

FEASIBILITY/TRADE-OFF ANALYSIS

This part of the report includes a discussion of
the Feasibility and Trade-off ana]ys{s of candidate
one way d0pplef extractor systems. Major topics
include a discussion of theoretical considerations,
such as an error analysis and methods for error
reduction, and imp]ementaﬁion considerations, which
include the trade-offs of various receiver and
doppler extractor options.

A system is selected for a one-way doppler exiractor
yreadboard and a performance sensitivity analysis is
presented for this system. Major sections included
in this part are:

2. G THEORETICAL CoO . STUcRATIONS
3.0 INPLENENTATION

4.0 °© SYSTEA TRADE-CFFS AD OPTINIZATIONS



SECTION 2
THEORETICAL COHSIDERATIOWMS

2.1 ERRDOR ANALYSIS

The error budget for a doppler measuring device consists of -
three types of errors; deterministic error, bias error and ran-
~dom error,

The deterministic errors are due to predictable effects such as
refraction and hu]tipath. These values can be predicted from
estimates of satellite locations and only residual random errers
result., It is assumed that these residual errors are independent
between each doppler measurement and their contribution to the
total error budget is discussed along with the other random error
sources. ' o

The bias error does not change significantly during a satellite
pass or longer and is due to long term frequency drift of the
stable oscillators and uncertainty in the measured value of the
speed of light, Since these errors change only slowly with time,
if at all, they cannot be removed by filtering {e.g., long aver-
aging times) the individual doppler measurements. It may be
ppssible'to reduce the bias error in predicted range, nowever,

by averaging the predicted location over many satellite passes.

The random errors change between each doppler measurement(frac-
tions of a second) and are caused by short term oscillator insta-
bilities, quantization error, phase lock loop tracking errors,
noise induced errors in the doppler counter and resjduais from the
deterministic errors, These errors can be reduced by some form

of filtering {e.g., long averaging times) of each doppler measure-
ment, '

Previous efforts in the area of ground to satellite one-way
doppler measurement errors have been investigated. K. Bures and.
G. Smith of the Ames Research Center (reference 1) derive formulas
for the error sources for a two way doppler measurement. Where
applicable to the one-way doppler measurement these formulas have
been used in this report for developing the error budget. RCA
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describes {(reference 2) the effects of jonospheric and tropo-
spheric refraction on range measurements. W. Guier and G.
Wweiffenback of APL/JHU (reference 3) describe the errors
resulting from fonospheric refraction. This section of the
report summarizes the results of these references where appli-
cable to the one-way doppler technigue, and derives other
error sources peculiar to one-way doppler,

2,1,1 DETERMINISTIC ERRORS

The deterministic errors have a mean value and a random component,
As is generally assumed, the mean value can be predicted for each
satellite pass so that only the random component enters into the
“error analysis, The resultant residual errors in range-rate are
assumed to be independent for each doppler measurement and their
contribution to the total error budget is discussed under the
random errors,

2.1.2 BIAS ERROR

Reference (1) derives the bias error caused by unhcertainty in
the speed of light with the following result:

I
g: = r.A5 |=3.33x1077 &
R c _
» - .
Since R maximum = 8230 meters/sec. (SUW Specification)

G“R (max) 2.75X10"° meters/sec

= 9.0xX1073 ft/sec.

The range-rate error caused by long term oscillator fnstabi1ity
is not defined in the references for the one-way doppler case,
However, the resultant error is easily calculated by assuming
the oscillator drifts by an amount S » f.; where SL is the long
term stability and ft the transmitted frequency. The error in
the doppler measurement is then: '

€ Fy=5 » fy
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~
If S

L is the RMS frequency stability, then:

R L

VA
(Je¢e=10Ce5 C = velocity of light.

Since both the ground station and satellite oscillators will
drift, the combined error due to long term instability is given

by:
_ _ A2 A2
I>G—§-CVSLG+ SLS

ground oscillator drift
satellite oscillator drift

A
i_

Y6

A - A
If SLG << SLS and SLS = 107 (From discussions with
| NASA)
Then:
s = 3pCM/Sec. =1, 0Ft/Sec.

The total RSS range rate bias error is then:

O”é =30 CM/Sec = j.Q Ft/Sec.
2.1.3 RANDOM ERRORS

The short term instability error is derived in the same manner

as the long term factor. The resultant range rate error is:

’ _ /\2 /\2
UﬁRS- C M SSG+ SSS

A .
where Sgg s the short term RMS stability of the ground oscilliator

and @ is the stability of the satellite oscillator.
5SS

A A -10

' A
If SSG <:<: SSS and SSS = 10

Then O’és = 3.0 CM/Sec = 0.10 Ft/Sec.

The quantization'error contribution can be.derived from the
count error as follows: '

€ry=est
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where € fd is the doppler error, € = fractional cycie lost in
the quantization process , T = doppler averaging time.

The range rate error is uniformly distributed over the interval
from zero to:

€
E-Q(Ma@= _%;“*f"—*

and U/E{ _ C E o
Rq fo TyT2

The quantization error can occur at both the beginning and ending
of the counting period, and since these errors are independent,

their variances add., Thus, the resultant quantization error fis

The- c£/T_ _c€

— e

fFo T VT2 f, T VO

If doppler cycles are counted then £ has a mgggmum value of 1.
For a 0.5 second counting period, (shortest value specified in
SoW), the total quantization error is:

¢ = 12 cu/sec. = 0.41 Ft/sSec.

Generally a phase lock loop (PLL) is used to track carrier plus
doppler frequencies, The PLL introduces a timing jitter on the
output frequency which results in a frequency error in the

doppler counters. The range-rate error resulting from the use

of a PLL is defined in Reference (1) as:

If (S/N) loop = 10 dB
(A minimum requirement for accurate PLL track}

qﬁd T= 0,5 seconds
“Then:

CTRJ= 1.5 CM/Sec¢ =0,050 Ft/Sec,

The range rate error caused by noise at the input of the doppler

counter is given in reference (4) as:
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(T 2 ——

NS 2.6 f,T \/(S/N) counter
iff, = 2X10%, T = 0.5 sec.
0 11,5 0,378
Ry = ~—+= C(M/Sec = ft./sec.
N Vs/N Vs/n

if S/N = 60 dB, a typical YCO output value

Udr'eN = 1.15X107%cH/Sec=3.78X10" *F t/sec.

Other random error sources - The residual errors from atmospheric
effects will be root sum squared with the other random errors if

they appear to be of significant value, Reference {(4) shows that
at 2 GHz, the doppler error due to ionospheric refraction has

a maximum value of (.25 Hz, or a range-rate error of .12 feet

per second. However, since this is the maximum error the RMS
error over the complete path will be significanily less than

this value.

Likewise, from reference (2) a doppler error can be derived from
range errors due to tropospheric scatter. Computing the’standdrd
deviation of the change in range for each degree change in
elevation, and deriving the time required for each degree change
results in a maximum random range-rate error of ‘16 meters per
second for elevation ang]es greater than 5 degrees, This is the
maximum error for a 100 mile orbit., At 300 mile altitude the
~range rate errvor caused by the ionosphere should be half this
value and will be reduced even further at higher elevation
angles., '

The total root sum squared random error for the nominal parameters
chosen is:

OJﬁRSS = 12.8 cm/sec.= .424 Ft/Sec.

(The effects of the residual errors have been ignored in this
summation)
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The quantization error accounts for over 90% of this total error,
Thus, techniques which reduce the quantization error would be

of significant advantage in controlling the overall error budget
for the doppler extractor,

The various errors encountered in the one way doppler measure-
ments are summarized in Tables 2-1, 2-2 and 2-3,

"TABLE 2-1 DETERMINISTIC ERRORS

ERROR SOURCE ERROR MAGNITUDE/REMARKS

Ionospheric Refraction Residual error randonm
10 = 3.7 cm/sec(.12 Ft,/sec)

Tropospheric Scatter Residual error random _
10 = 6,1 cm/sec.(.2 Ft,/sec)

Multipath Requires knowledge of ground
' station envirconment, '

Vehicle - Depends on degree of data processing
Acceleration fio error is A range caonputer,

— e

2-6



TABLE 2-2 BIAS ERRORS

ERROR SOURCE ERROR MAGHITUDE
Measured Velocity | & = 3.3301077 R
of Light ' - 0.28 CM/Sec {.009 Ft/Sec)
o - 2
Long Term = (C ¢ SLS

Oscillator .

30 CM/SEC (1 FT/SEC),

TABLE 2-3 RANDOM ERRORS
~ ERROR SOURCE RANDOM HAGRITUDE
Short Term : 1 & = C . gg
Osciliator
Stabiltity : =3 CcM/sec (,1Ft/Sec.}, j
(S = 10719
Quantization C
Error- 1 & = S i
ft TV :
= 12,2 CM/Sec (.4 Ft/sec.) . |
£ =1, T=0.5 Sec. i
Jitter in 1 o [ D p—
Phase Lock | 27 f, T \f(S/uT}Oop
= 1,5 CM/Sec (.05 Ft/Sec.) s
(S/N)loop = 10 dB
. | R S _
Moise on VCO [BRey = e R
Output 2.6 ft T S/iHY VCO
= ,012 CM/Sec (.0004 Ft/Sec.)i
(S/N)yeg = 60 dB |
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2.2 METHODS OF ERROR REDUCTION

Several techniques have been investigated for reducing the
measurement errors from the doppler extracfor. 0f the three
primary random error sources, quantization error is the most
significant and many techniques have been devised to reduce

this error source.  The other error sources {(jitter and fre-
quency stability} can only be reduced by brute force techniques,
i.e., improved S/N ratio, increased averaging time or improved
oscillator stability. These techniques are costly for signifi-
tant error reduction and require a trade-off of desired accuracy
vs cost to achieve that accuracy, The quantization error, how-
ever, can be reduced by proper hardware changes, and although
these may add to the hardware cost, the resultant large improve-
ment can be attained with only small changes in cost, |

2ﬂ2.1- TECHHNIQUES FOR REDUCTION OF QUANTIZATION ERROR

2,2.1,1 Averaging Time

For reduced quantization error in range-rate it is desirable to
have long averaging times. However, if the Orbiting Vehicle

is experiencing a changing range rate acceleration, long aver-
aging times will result in a range rate error due to assuming
constant acceleration. This error can be reduced to zero by
computing change in range. As the following analysis shows,
regardless of the length of the averaging time or the velocity
history of the vehic]é, the change in slant range is exactly
proportional to the change in cycle count,

T .
éSRa = Jz R dt = actual change in slant
| range.
But: ANy = ‘[;t Fqg 9t . change in cycle count
and, f.= R
k k d c Tt
4 ANd = n/t R dt = ft AR
C C a

A R, %%"ZlNd - {independent of t)
t .
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Thus, if changes in siant range are computed, no errors are
introduced by using very long averaging times, regardless of
the motion of the orbiting vehicle during the averaging period.
The change in stant range from the ground transmitter is iden-
tically proportional to the change in doppler count,

Long averaging times will affect the total cycle count if the
oscillator drift is significant over the averaging period.,

For short time intervals, the short term stability becomes
worse as the interval becomes shorter., For many typical
osciltlators, the stability becomes constant, independent of

the averaging time, when the averaging time is in the range of
1 to 100 sec. Figure 2-1 shows the results of all errors as

a function of averaging time. Above 2.2 seconds averaging, SS
becomes the dominant error in R, if whole cycles are counted,

Below 2.2 seconds, quantization becomes the dominant error,

If cycles are counted to a resolution of 0.1 cycles, the quanti-
zation error is on1y,significant for averaging periods less

than 0.1 seconds,

2.2.T.2 Period Measurement

W. H,.Guier (et al) describes a technique (Reference 5) to
reduce quantization error by the method of measuring the period
between N cycles of the doppler frequency {or doppler + bias),.
This method is used by APL in the TRANET ground tracking system,
and the technique is represented in Figure 2-2. The period

of N cycles of bias plus doppler is measured by counting the
clock cycles, with a resultant quantization on the cleck cycle
count,

The resultant range-rate error is developed in the figure and
indicates that the error 1is reduced by the ratio of the bias
to clock frequencies. Thus, for nominal 1 MHz bias and a

5 MHz clock the range rate error can be reduced by 2.4 cm/sec
(0,08 ft/sec) in a 0.5 second averaging time. |

This technique is attractive from the standpoint of simplicity,
but the time interval over which the doppler count is made
becomes a variable, This is due to the fact that N is generally
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Typical Oscillator Drift

Versus

t

,f””/””

<O

T “ REL
Averaging Time (Seconds} -/

Resultant /> Range Error Versus Averaging Time

RANGE ERRORS

2-10

(TR (Drift) R (Quant.) TR (Jitter) 77 RMS
1 0.95 CH 6.1 CM*: 0,76 CM*** 6.22
5 2,10 *® 6.1 " 0.76 " 6.50
0 3.00 " 6.1 " 0.76 * 6.84
0 6,00 " 6,1 " 0.76 " 8.59
o |15.00 " 6.1 " 0.76 " 16.21
0 | 30,00 " 6.1 " 0.76 " 30,62
i 0.95 " 0.61 "** 0.76 * 1.36
5 2.10 ® 0.61 " 6.76 2.32
0 3,00 " 0.61 " 0.76 " 3.15
0 6.00 " 0.61 " 0.76 " 6,08
0o |15.00 " 0.61 " 0.76 * 15.03
0o {30.00 " 0.61 " 0.76 " 30.02
* Whole Cycle Count (€ = 1)
x* Fractional Cycle Count (£ =0,1)
*kn S/N =
FIGURE 2-1 EFFECT OF AVERAGING TIME ON DELTA
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- O . . __alozﬂ___
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d 2 "0 \ DISTRIBUTION
N
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FIGURE 2-2 PERIOD MEASURING TECHNIQUE TO REDUCE
QUANTIZATION ERROR.
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a fixed number and the time required for the doppler counter to
reach depends on the doppler frequency. If the bias frequency
'is 1 MHz and the maximum doppler frequency is + 60 kHz, then,
for a 1 second nominal-averaging time (N0 = 10E nominal)}, the
actual averaging time would range from 940 ms to 1060 ms,

It is possible to reduce the averaging time varjation to no more
than one period of the bias frequency by making N a variable
number. For example, if doppler freguency is desired at regular
sntervals (t), the clock counter could output a stop command when
the No count reaches a pre-determined value (based on t). Both
counters would continue to run until the next bias plus doppler
zero crossing. At this zero crossing both counters would be
stopped. The bias plus doppler count would be an exact integer
since its counter would count from exactly one zero crossing to
another zero c¢rossing. The clock count, however, would be in
error by + 1 count., The time interval variation would be no
more than + 1 cycle of the bias frequency.

If the bias frequency were 1 MHz, the time interval would vary

no more than + 1 us, However, a 10 MHz clock and counter would
be required to achieve a one sigma doppler resolution of C.08 Hz.
A lower bias frequency could be used, however, it must be high
enough to carry the full range of the doppler signal. A 100 kHz
bias frequency could attain a doppler resolution of 0.13 Hz
“minimum  (at Fg + Fp = 160 kHz) with a 1 MHz clock, but the

time interval variation could then be as high as + 25 us

[1/7(Fy - Fp) = 1/40 kHz].

2.2.1.3 Freguency Multiplication

Another technique to reduce the quantization error is to
multiply the doppler frequency by some factor N. For the

time interval there are N times as many counts but the quanti-
~zation error remains at + one count, In converting. to doppler
frequency, range rate, or change in range,'the count must be
divided by N. Thus, the net quantization error in range rate
(for example) is reduced by a factor of N, This technique is
represented in Figure 2-3 '
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FgtFy gl - XN COUNTER
REFERENCE Fo o) -
OSCILLATOR Ng+N -Ng 1

*MULTIPLIER STAGES CAN BE CASCADED
TO KEEP NFg LOW AT HIGH MULT..

ERROR ANALYSIS

Np+ N - Nd +1

_FB
T
Fd= N
. . TRIANGULAR
€rd= + -
Nr DISTRIBUTION

FIGURE 2-3 ERROR REDUCTION BY FREQUENCY MULTIPLICATION,
: BLOCK DIAGRAM AND EQUATIONS.
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In the multiplication process the errors due to jitter and laong
and short term frequency instabilities are increased by the
factér M. However, in computing range-rate or change in range
the resultant count is divided by H., The errors also are divided
by ¥ so that the net result of the multiplication process is that
the errors in range rate due to jitter and frequénéy insta-
bilities are not affected, but the gquantization error is reduced
by a factor of N. The multiplication process decreases the
signal to noise ratio by a factor of N%. Thus, to obtain high
resolution (high N), the S/H into the multiplier stage must be
high, For example, if MN=100, the S/N ratio into the multiplier
should be greater than 50 dB if the S/N into the frequency
counters is to be at least 10 dB. '

The multiplication can be accbmp]ished in alternate stages of
multiplication and mixing to prevent the generation of high
frequencies, Thus, two decade multipliers and two mixers with

9 WHz reference frequencies could be used to obtain a multipli-
cation of 100 without generating frequencies in excess of 10 MHz
(assuming a 1 MHz bias fregquency). .

2.2.1.4 Fractional Cycle Techniques

The fractional cycle technique employs a high frequency c!oék

to divide the doppler cycle into many small fractions. The
process s represehted in-Figure 2-4, The fractional cycle
count is used to estimate the doppler quantization error to
within the quantization error of the clock. The resultant
imbrovement is equal to the ratio of the bias frequency to the
clock frequency. The errors resulting f}om jitter and frequency
jnstability are unaffected by this process,

This technique also causes an averaging time interval (t)
var1at1on of + one bias frequency cycle. To simu]taneous]y
~achieve h1gh resolution and small time interval variations,
the bias frequency must be large and the clock freguency must
be even larger. Thus, a high speed clock counter must ber
émployed to achieve doppler resolution improvements of more
than about 10, 'If the bias frequency were chosen to be 1 MHz,
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FIGURE 2-4 FRACTIONAL CYCLE TECHNIQUES TO REDUCE
QUANTIZATION ERROR.
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the clock frequency would need to be about 14 MHz to achieve a
one sigma doppler resolution of 0.08 Hz, The time interval
variation would be no more than about 1 us.

2.2.1.5 Vernier Technique by Coincidence Detection

The vernier technique is represented in Figure 2-5 and 2-6,
This technique employs comparison of zero crossing coincidences
between the bias plus doppler and clock frequencies to arrive
at the doppler frequency. By counting both frequencies between .
coincidences, each counter is started and stopped on zero
crossings. Thus, the + 1 cycle count error is eliminated if
the coincidence is defined with infinite precision, In
practice, a coincidence would be declared whenever the two
zero crossings are within some time interval which is small
compared to the period of either frequency. The resultant
error in doppler cycle count is distributed uniformly over the
range * P (where P is the t1me difference within which the two
zero crossings are declared to be coincident). The resultant
standard deviation of the doppler frequency error is:

] 2P
Fo = 7% T
: d - (B+D)
Since 1/t v & s the nominal quantization error, the resultant

I
= e L 2P(Fy+F

tVE D)

error is reduced by a factor 2P (F(B+D) ).

The vernier technique has the advantage that high resolutions
can be obtained without the need for high speed counters, since
all counted frequencies can be near one megahertz. The time
interval variation occurs with the vernier technique as with
some of the other techniques previously described. ~The time
delay depends, in a non-linear fashion, on the selection of the
bias and clock frequencies and the width of the coincidence
aperture (2P). Typical values of delay are described and shown
in a later section (Section'4.4)

2.2.1.6 Analog Technique

The analog technique employs an energy_storing device to stretch
the quantization interval and hence measure it with lower
frequency clocks, Hewlett-Packard's computing (model HP 5360,
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Reference 6) employs this technique using a capacitor as the
energy storing device. Figure 2-7 is a functional diagram of
the technique. The quantization intervals (T] & TZ) are
stretched by a factor of 1000 and the clock's frequency 1s
counted over the stretched time intervals. The actual period
for exactly N(B+D) whole cycles is then:

Ny -ty

'_’_=T0+T1"Tz=(No+ 1000 /F,

and
N
F = N(B+D) - (B+D) -~
Fp+Fp=—7 leP%:fl 0
—_—
(No 1000

The quantization error is

€ = :l:————N(B+D) F . 1
FD | \No ' o 1000 No
but N, =F, T; N(B+D)=-(FB+FD)_’
Fp T 1000 FO
F_+F

o _ 1 B D
Fd r,’(i IOOQ Fo

The gquantization error is reduced by a factor of 1000 relative
 to the nominal counting method. This technique requires that
the bias frequency counter begins and ends on zero crossings

of the bias frequency (since the technique is measuring the
period of exactly N(B=D) cycles). The averaging time will Vary
by one bias frequency cycle resulting in a delay between the
commands and the execution of the command similar to the other
techniques described in this section, However, the delay will
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not exceed one cycle of Fgy+F, or 1 micro-second for a nominal
1 MHz bias.

An additional delay in calculating the doppler shift results
from the 1000 times stretching of the clock quantization interval.
With the 1000 times expansion, the doppler shift cannot be
calculated until up to 1000 clock periods have elapsed. .This
could be as high as 1 millisecond if a 1 MHz clock is employed.
It is not necessary in the one way doppler extractor to use a
1000 fold stretching and 10 would suffice., Thus, the delay in
makihg a doppler calculation would then only be 10 us for a

1 MHz clock. .

2.2.2 JITTER ERROR REDUCTION

The phase jitter from the VCO output vesults in a random doppler
count error which is inversely proportional to the averaging time
and the S/N ratio in the phase lock loop bandwidth.,  Thus, the
jitter error can be reduced by increasing the S/N ratio {higher
received power or lower receiver noise) and/or increasing the
averaging time, Increasing the averaging time has the added
advantage of reducing the quantization error, however, other
total system errors may make it desirable to have short

averaging times, This section is thus mainly concerned with

the impact of methods to increase the receiver S/N ratio,

From the receiver design standpoint, the S/N ratio can be
improved by decreasing either the receiver bandwidth or noise
figure (noise temperature). .Assuming the latter has been de-
signed to its lowest practical limit, the bandwidth is the only
receiver parameter which can be used to increase the S/N ratio.
Since the receiver need only extract the carrier frequency

{as far as doppler measurements are concerned), the receiver
bandwidth could be made arbitrarily small if vehicle motion

is uniform. Since doppler rates are expected, a minimum r
receiver bandwidth is reguired to allow the PLL to maintain
lock on the signal. Trade-off discussions of this minimum
bandwidth are discussed in detail under Receiver Design
considerations (Section 3.1) and under System Trade-offs and
pptimizations (Section 4.0),
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The other parameters that can be varied to increase the S/N
ratio (transmitter powér and antenna gains) involve trade-offs
in cost and complexity. Also, the reduction of jitter error
must be weighed against other errors such as quantization and
frequency drift errors.
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SECTION 3
IMPLEMENTATION CONSIDERATIONS

3.1 RECEIVER DESIGH CONSIDERATIONS

An analysis of S/H levels and phase-lock loop bandwidths was
~conducted to determine receiver parameter requirements (bandwidth,
acquisition time, tracking errors)., Table 3-1 shows the 1ink
analysis and resultant signal-to-noise ratio for a typical
S-band receiver. For this analysis it was assumed that the
satellite was at a maximum range of 1000 nmi. (2X106 meters).
This corresponds to a satellite at zero degrees elevation for

a 100 nmi, orbit, or 5° elevation for a 300 nmi. orbit. The
_other Tink parameters are actual values used in other analyses
(e.g. an RCA Study Reference 7), or are USB equipment parameters
(reference 6). The modulation loss (LM) is discussed in

Section 3.1.3.

For the particular receiver of Table 3-1, the $/N level is

seen to be 45 dB. This receiver has a threshold noise bandwidth
of 800 Hz (USB parameter) and a bandwidth of 3000 Hz at a high

S/H ratio. If a special receiver were built for the one-way
doppler extractor, a different value of receiver bandwidth may

be desirable., Narrower bandwidths increase the S/N ratio

but will reguire longer acquisition times. Furthermore, there

is a minimum bandwidth which will allow accurate tracking through
the high doppler rate region, y

3,1.1 DOPPLER LIMITS AND RATES | '

The receiver must be designed to acquire and track the trans-
mitter signal under all practical circumstances. In particular,
during acquisition the receiver must be designed to rapidly
acquire the signal, even when the received frequency is at
maximum off-set (doppler limit) and changing at a maximum rate
(doppler rate}. The receiver must also track the signal
accurately in the region of maximum doppler rate. The

maximum frequency off-set (for the acquisition analysis} is
twice the maximum doppler limit (+ 60 kHz, reference SOW)

plus possible frequency drifts, The maximum doppler rate
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TABLE 3-1 LINK ANALYSIS (Range = 1,000 nmi.) (2000 km)

""" 1
*TX Power Py 10 dEW %
*TX Ant. Gain (Gt) 43,5 dB 'g
TX Losses (Lt) 2 dB %
Space Loss (LS) 164.4 db o é
Polarization Loss (LP) ' -2 dB E
Power at RX Ant, (Pr) -14.9 dBw E
| RX Ant Gain (6,.) ~ 10 dB
RX Losses ' (Lr) 5 dB i
Modulation Loss (Jm) 7 dB ) ;
**Noise Figure/Temp, (WF/1Y | 8 dB/1540° ‘
**F Bandwidth (BIF) 16 kHz !
**Loop Bandwidth ; . !
(High S/i) S 2 BL 3000 Hz
Noise Power (N) -161.9¢ dBUW |
Loop S/N (s/N)_ | 45 dB
Min, Allowable Sweep | 8060 Hz/Sec |
Rate (=2 ?d)-('A.ﬁ) : - ' %

. * From Technical Discussions with NASA Personnel
** USB Data

is + 4000 Hz/sec also derived from the SOW.
3.1.2 ACQUISITION AND TRACKING LIMITS

The analysis used the parameter values of Table 3-1 with the
loop threshold bandwidth as an independent variable. At a

Toop 5/N ratio of 20 dB or more, the actual toop bandwidth is
approximately 3 to 5 times the threshold bandwidth. Figure

3-1 shows -the results of the analysis. The maximum acquisition
time is inversely proportional to the threshold bandwidths., .
To determine the minimum bandwidth requireméntS-it was assumed
that the VCO was swept through a 200 kHz band at a rate of
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one-half the 90% probabjlity of lock-on value (this value is
suggested by Gardner in reference 9). This sweep rate depends
on the threshoid loop bandwidth through the expression:

. -1/2
A 1-(S/H)L
aFmax = () E — (2B

> 12 ¢/ o)

where 2 BLO = threshold loop bandwidth,
Limiter suppression factors at threshold and
high S/N ratio.

{}

o, Ky

With a high S/N level, this formula reduces to

- £ 2 4 BIF
aF = .08 {280)"/ 712 sTOT

BIF - = IF Bandwidth prior to Timiter.

The minimum sweep rate is determined by the maximum doppler rate
expected since the sweep must be able to catch.uprfo the signal,
For this analysis, the minimum sweep rate is assumed to be twice
the maximum doppler rate (4 kHz/sec. for an acceleration of

610 meters/sec.). The minimum sweep rate is then & kHz/sec.

\Putting this value of sweep rate into the above equation results
in a minimum acquisition bandwidth of 70 Hz and an acquisition
time of almost 40 seconds, However, acquisition times of I

or. 2 seconds or less would be desirable, Thus, from the figure
it is seen that the minimum bandwidth should not be less than
400 Hz for an acquisition time of 2 seconds.

The minimum allowable tracking bandwidth depends on the desired
tracking error during the high doppler rate region. From
formulas given in Referernce 9, this minimum bandwidth can be
derived as:

(289) = Jonf, |
Min. 5h.(“7&5)

maxX. doppler rate

where i{
" =

H

signal suppression ratio of the limiter

o

i

~
Fa = tracking error for the loop
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at high S/N ratio

for the receiver characteristics of Table 3-1. Thus, if the
tracking error is desired to be less than .1 radians, then the
minimum loop threshold tracking bandwidth must be at least

150 Hz.

The 70 Hz acquisition and 150 Hz tracking bandwidths are minimum
values.  Wider bandwidths would be desirable for both low tracking
error and fast acquisition. The 800 Hz bandwidth of the present
s-band transponders would provide a maximum acquisition of time of
0.7 second and a tracking error no larger than 0.01 radians
(.6%). |

3.1.3 MODULATION EFFECTS

Since modulation is expected to be present on the carrier
frequency, the receiver must be designéd to extract a carrier
reference frequency for the dohpler extractor circuits,

Assuming phase modulation, two techniques are generally used

to extract the carrier reference, Each of these methods

results in 3 loss of S§/H ratio in the receiver loop bandwidth
(this S/N loss. is based on the link analysis assumption that

all of the transmitter power is devoted to the carrier frequency).

The first technique uses a suppressed -carrier from the trans~
mitter to supply the receiver with a reference frequency. Using
this technique the receiver can lock to the carrier reference,
using a simple phase lock loop as shown in the block diagram

of Figure 3-2. In order for the transmitter to devote as much
power as possible to the sidebands, the transmitted carrier '
refefence is suppressed by as much as 10 dB,. As a result the
receiver loop S/N ratio is reduced by the same 10 dB,

In addition to this Joss, the modulation will cause sideband

frequenciés to be present which may increase the noise in the

~loop bandﬁidth and may also cause false locks to occur, The

sideband noise in the loop bandwidth can be eliminated by using

high repetition rate digital modulation (phase shift, frequency

shift). This will displace the side lobe spectral lines outside
3-5
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the loop bandwidth when carrier lock is achieved. For this
to occur, the repetition rate should be much greater than the
strong signal Toop bandwidth., This is generally the case for
high speed digital communications so that the noise contributed
.by sideband energy is expected to be negligible. False locks
can also be reduced by employing high repetition rates and
allowing the VCO to sweep only in the vicinity of the expected
carrier frequency. '

A second technique to extract a carrier reference frequency,
when bi-phase or quadra-phase modulation is employed, is to use
a squaring loop or Costas loop. For quadra-phase modulation two
square law devices would be used to quadruple the IF frequency
or a dual Costas loop would be used. A receiver block diagram
that extracts a carrier from bi-phase modulated signals, using
the squaring loop, is shown in Figure 3-3, For similar modu-
lation, Figure 3-4 shows a receiver which uses a Costas loop.

The main advantage to using a squaring loop or Costas loop is
that the sidelobe information is removed leaving only a carrier
reference frequency into the phase detector. Thus, no sidelobe
signals will be present into the phase detector, f6501tinq in
less noise in the loop filter. Also, since no sidelobes are
present the VCO cannot falsely lock on to a sidelobe frequency.
Both of these loops have similar effects on the extracted carrier
so that only the simpler squaring loop receiver will be .
discussed, |

The transmitter suppresses the carrier frequency to a high
degree resulting in primarily sideband information being trans-
mitted, The square law device strips away the moduiation
resq1ting in a carrier reférence frequency at twice the input
IF. frequency. As a result of the squaring device the loop

5/N ratio is reduced by 6 dB, Other losses resulting from
phase noise and the use of narrow band filters accumulate to
"less than one dB. '

In the link analysis shown in.Table 3-1 the effect of modulation
was accounted for by assuming a total modulation loss of 7 dB,
This assumes that either a squaring loop or Cestas loop is
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employed to extract the carrier or else a conventional PLL is
employed with a carrier that is suppressed by no more than_? d8.

3.1.4 OPTIONAL CARRIER FREQUENCY ACQUISiTIDN TECHNIQUES

The present S-band transponders rely on passivé acquisition. in
that the ground transmitter sweeps in frequency until a signal is
received from the orbiting vehicle that acquisition is complete,
This method has several disadvantages. The technique requires
that two way communication is established before acquisition

" can be completed and it is difficult for more than one user to

acquire and track the same transmitter., Further, if the
receiver breaks lock or falsely locks to a sideiobe signal,
two way communication must be re-established to repeat the
~acquisition phase.

A more attractive technique is to fix the ground transmitter
‘frequency and provide for self acquisition in the S-band receiver,
The receiver could have its own oscillator sweep in freguency and
have means for detecting break lock or false locks., If these
occur, the receiver can immediately revert to the acquisition .
phase without ground station cooperation, Further, many

receivers could acquire and lock to the transmitter frequency
without disturbing other communication links.

Two techniqués are available for receiver acquisition of a
stable transmitter frequéncy, namely; coherent and non-coherent
acquisition., Coherent acquisition is the technique of sweeping
the PLL oscillator. When the signal is present in the loop
bandwidth, the PLL automatically acquires the signa],\due to
jts feedback circuits, and the sweep is removed. For a given
Joop bandwidth there are maximum limits to the sweep rate which
can be applied and still allow the PLL to automatically acquire
the signal, This is the technique described briefly in section
3.1.2 where it was shown that acquisition could require several
seconds to complete. Non-coherent acquisition time can be .
significantly less than this, especially for receiver bandwidths
below one kilo-hertz and at high S/N ratioc.



3.1.4.1 Non-Coherent Acquisition

Non-coherent acquisition is a technique of scanning the frequency
band with a narrow bandwidth filter measuring the energy output
and stopping the sweep when a desired energy threshold is achieved.

High sweep rates can be achieved by this technique. - However,
for a given filter bandwidth and signal power level, the faster
the sweep, the lower is the signal energy that is coupled to
the energy detector circuits. The energy loss, relative to a
zero sweep rate, is dependent on the sweep rate and the filter
bandwidth as shown in Figure 3.5,

From this figure it would appear that a wide bandwidth is
desirable since this would result in the least amount of energy
loss, However, as the bandwidth is increased the noise level
increases,

Although the sweep loss decreases as the bandwidth is increased,
if the bandwidth is sufficiently high the 1mprovement in sweep
loss becomes negligible compared to the increase in neise,

- Thus, for a given sweep rate, an optimum filter bandwidth exists
which maximizes the swept S/N ratio into the enerqgy detector.
This optimum filter bandwidth is shown in Figure 3-6. 1In this
figure signal power requirements are plotted against receiver
bandwidth and acquisition times (inverse of the sweep rate)

for constant S/N ratio into the detector, Figure 3-6 shows that
in order to acquire in 0.1 seconds (2 MHz/sec sweep over

200 kHz band), a bandwidth of about 1 kHz makes Optlmum use

of the available signal power. For other acguisition t1mes,

the optimum bandwidth can be selected from the figure by
referring to the Tine of minimum power.

In order for the phase Tock loop to lock to the signal, the sweep
is stopped at the frequency of highest energy (or some similar
other criteria). The PLL will be pulled into lock if its
bandwidth is not too narrow relative to the sweep bandwidths,
Assuming the VCO frequency, when sweep is stopped, does not
differ from the signal frequency by more than the swept bandwidth,
then the PLL pull in time will depend on the sweep bandwidth

as shown in Figure 3-7,
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Since the pull in time increases as the sweep bandwidth increases
(high .\NF uncertainty when VCO sweeb is stopped) but the time to
sweep the total band (200 kHz) decreases, there is an optimum
sweep bandwidth that minimizes the total aéqujsition time. For
the assumptions made (S/N = 10 dB, 5 = 0.5, swept bandwidth

= 200 kHz, tracking bandwidth = 800 Hz) the optimum sweep band-
width is about 1 kHz, resulting in a total acquisition time

~ 0.2 seconds, At higher S/N ratios the acquisition time
would be Tess than this value, Also, use of a higher PLL thres-
hold bandwidth would result in acquisition times smaller than
the above value. | o

3.1.4,2 Coherent Acquisition

Coherent acquisition was described briefly in section 3.1.2
assuming the received high signal to noise level shown in

Table 3-1. This section expands on that analysis tb.include

the effects of S/H ratio on the sweep fate‘and*deve1ops a trade-
off of sweep rate (or acquisifion time) for transmitter power
requirements for d1rect comparison with non- coherent acquisition.

Coherent acquisition is the technique of sweeping the veo
frequency and allowing the phase lock loop to automatically
acquire and track the signal, As in section 3.1.2, the maximum
allowable sweep rate is assumed to be half of the desired rate
for 90% probability of acquisition, That is:

F max = . (1 ) e (2 B 4

47 o =y,

Figure_3-8 shows the resultant acquiSition times (200 kHz
swept band) as a function of receiver threshold bandwidth,
's/N_léve] and transmitter power. Ffrom the figure it can be
seqn‘that the acquisition time is not very sensitive to S/H
ratio (100 fold increase in signal level results in one third

" the acquisition time)'but is sensitive to receiver bandwidth

(doubling the bandwidth reducesacquisition time by a factor
of three), Also, for a given acquisition time the transmitter
power requirement is minimized at a S/N ratio of 10 dB,
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Thus, during acquisition, the receiver bandwidth should be as
wide as possible to produce a 10 dB signal to noise ratioc in
the loop. ' | |

Figuré 3-9 shows the resultant acquisition times and relative
transmitter power levels when the recejver bandwidth is maximized
as defined above. The results show that the receiver bandwidth
should exceed 1 kHz for coherent acquisition times less thaﬁ-one
second, | ' ' .

Figure 3-10 compares the coherent and non-coherent acquisition
times in terms receiver bandwidth and fransmitter power require-
ments. The curves show for equivalent power requirements, the
non-coherent technique acquires in about one-tenth the time for
acquisition bandwidths of 1 kHz or less, '

3.1.5 RECEIVER REQUIREMENTS

The results of this section have defined the fb110wing receiver
parameters, '

(1) Receiver tracking bandwidth

Threshold bandwidth should be no less than 150 Hz in order to
track during the high doppler rate region. Higher bandwidths
would be desirable both for tracking accuracy and acquisition.

{2) Acquisition bandwidth

In order to acquire the signal in a fraction of a second, it is
necessary that the acquisition threshold bandwidth should also
be above 300 hertz for non-coherent acquisition and above 1 kHz.
for coherent acquisition.

The above requirements are miniinum values., Wider bandwidths
would be desirable for both faster acquisition and accurate
tracking of the signal. The $-ba nd transponder, with its

800 Hz threshold bandwidth and 3,000 Hz strong signal bandwidth
easily meets the minimum requirements, If V(O sweep is applied
to this receiver, and non-coherent acquisition is employed,
(with a 1,000 Hz bandwidth) it could acquire the carrier
frequency in a few tenths of a second, For coherent .acqui-
sition the maximum acquisition time would be nearly 2 seconds
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(since acquisition bandwidth would be 800 Hz),. " To reduce the
coherent acquisition time to a few tenths of a second, the
S-band transponder acquisition bandwidth would need to be

increased above 2,000 Hz.



SECTION 4 |
SYSTEM TRADE-OFFS AND OPTIMIZATIONS

4.1 SYSTEM SELECTION CRITERIA

A shuttle doppler navigation system requires the use of high
performance, low wéight systems for the extraction of doppler
information. The doppler extraction system most desirable
for shuttle applications is one which can meet the perform-
ance requirements at least cost, weight, size and power
consumption. The system should also be reliable in meeting
the performance requirements under all expected conditions
of velocity, acceleration and environmental factors.

The.qvera11 system accuracy is considered the prime perform-k
~ance measure for the candidate systems. From the Statement
of Work (SOW) the required accuracy is (0.1 ft/sec) random
error for 2 or more seconds of integration time and 30 cm/sec
(0.98 ft/sec) maximum bias error per day. As a minimum the

- accuracy of the candidate systems will meet these'require—
ments. Thus, the criteria for system selection will be to
select the candidate system which can achieve the above
accuracy requirements without sacrificing cost, weight,

size or reliability. |

4,2 CANDIDATE SYSTEMS

This section of the report describes various techniques to
acquire, track and measure the doppler shifted carrier
signal. The. options involve various levels .of cost and
compiexity but with resultant improvements in system
performance. The candidate systems are divided into three
classes of options that deal with specific and generally
'fndependent components of the total doppler extraction
system. ‘Three classes are, 1. Receiver options, 2. Quantiza-
- tion resolver options, and 3. Reference oscillator options.
" The fol]owing paragraphs discuss these options and their
impact on the total system operation.
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The data demodutation function of the receiver is not |
considered in the following discussions since it does not
impact directly on the doppler extraction process. ‘It is

- assumed that a phase Tock Toop receiver will be employed

to remove the modulation and extract a carrier reference for
injection into the doppler extractor.

4.2.1 RECEIVER OPTIONS

The requirements on the S-Band receiver are to accurately
track the transmitter signal and supply highly accurate
doppler signals to the doppler extractor. To achieve this
goal, three receiver optiens have been considered as candidates
for the total doppler extractor systemf These include:
(1) Using an unmodified 5 band transponder
transmit port to derive a signal for'
the doppler extractor, '
(2) Modifying the transponder to obtain a '
VCO signal for the extractor,' o
(3) Designing a new receiver to optimize
dopp]er'extraction performance and
carrier frequency acqu1sat1on

| Each of these three poss1b111t1es are d1scussed in the
following sections.

4.2.1.1 Doppler Signal Obptained From S- Band Transponder
Transmit Port

A technique for obtaining full doppler from the S-Band
transponder'woqu be to use the transmit port. A method for
obtaining a doppler signal is shown in Figure 4-1. Since
the S-Band signal into the doppler extractor could have
‘down link data modulation present, a Costas loop (or similar
demodulation circuit) would be necessary to extract the
"carrier reference frequency. Full doppler is obtained by
using fixed reference oscillators for the mixer injection
frequencies. |
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Although full doppler is available tb the counters, this
technique has the disadvantage that the doppler extractor
would contain an S-Band Receiver (including demodulators).
This would make the extractor costly in both design and
construction.

4.2.1.2 Doppler Signal Obtained from VCO Output

Figure 4-2 shows a block diagram df the S-Band transponder.
The VCO output is available at a frequency of four times the
VCO0 frequency (76.083 MHz), but only fractional doppler is
available on this carrier. Since the S/N ratio from the

VCO is high, frequency multipliers and mixers could be used
to obtain full doppler on a low frequency carrier. Such a
technique is outlined in Figure 4-3.

With this scheme, nearly full doppter can be obtained without
employing demodulators and S-Band Components. A11 frequencies
are less than 100 MHz, allowing the use of lower cost, lower
power and high reljability components in the doppler
extractor. ' '

4.2.1.3 New Receiver Designs

In order to achieve faster acquisition and higher accuracy
doppler extraction, it may be desirable to design a new
receiver optimized for doppler extraction. A new receiver
could be designed to have a wide acquisition bandwidth and
high VCO sweep rates. For an acquisition bandwidth of

5000 Hz, for example, the PLL could acquire the signal,
coherently, in less than a tenth of a second. A new
receiver could also be designed to acquire non-coherently,
resulting in even faster acquisition times.

‘A-new receiver could also be designed to achieve full
doppler frequency or higher on the VCO output. This would
simplify the circuits for the reduction of quantization

~ error, since requirements for frequency multipliers and/or

high frequency clocks would not be as critical.
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A neﬂ receiver could also be designed for multichannel
operation, allowing selection of a clear channel by the‘user
~and allowing sequential tracking of several ground trans-
mitters, on different frequencies, for triangulation measure-
ments.

Four candidate receiver designs have been evaluated for this
analysis. Each receiver design attempts to optimize one or
more of the selection criteria parameters. Thus, System 1
attempts to minimize system cost, weight, and power require-
ments at the expense of system accuracy. Systems 2 and 3

 trade-off low cost for increased accuracy. System 4 trades

low cost and weight for increased utility.

The following pages discuss each system in detail and
derives system trade-off data for each candidate.

4.2.1.3.1 System 1 Configuration

Shown in Figure 4.4 this system has a narrowband IF resulting
from direct bgating of a VCO harmonic with the RF signal.
This receiver is relatively low cost but has the disadvantage
that only a small fraction of the doppler frequehcy is
injected into the extractor. This is representative of the
Apollo USB receiver. '

a. Frequency drift effects

'Af] = flsi; AF = FOS0 ' 50’51 = Random_
6t = (f + S]f])/(N+1) . Orift Factors
R - M)_ [ Tt - fb]

1 + S
'=(N+1zc e s 1 =1-5
R F afy So(rb + A.fb) SINlCE E 0
SINCE Af (fd + S f Y/{N+T) FOSO; THEN;
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Juantization error

.This error in the counted freqguency of the VCO is

£

edg = V2 —  WHERE & = FRACTION OF A CYCLE LOST
. :
2 =
agh =
s 12
SINCE R = Lﬂ%ll& . f4a THEN;
| : |
. _ (N+1)C £
CI'R = f .
1 T V6

¢ has the range from 0 to 1 cycle if full cycles
are counted. Thus,

- f(N§‘)C QUANTIZATION
e 17 e

Thus the quantization error is multiplied by the

%R

ratio of the received frequency to VCO frequency.

Jitter error

In the narrow band loop the frequency relationship are:

1
2« T Y(S/N) LOOP

£, - (N+1)(f0¥cj) =

SINCE fl = (N+])fo

THEN :
R
Joo2p (N+1) T SN
AND:
oo ] c__
R =W T © FT SN JITTER




4.2.1.3.2 System 2 Configuration

Shown in Figure 4-5 this system beats a reference oscillator
with the RF signal to produce a wideband IF. The VCO is
phase locked to this IF freguency, with the result that full
doppler is available on the VCO. A disadvantage of this |
system is that a low S/N ratio is injected into the Timiter.
Higher power transmitters may then be required if the Toop
bandwidth is narrow.

The minimum IF bandwidth to pass full doppler is 120 KHz.
Even if the loop tracking bandwidth was as low as 200 Hz,
then the $/N into the limiter would be -18 dB for a 10 dB
loop S/N ratio. This is sufficient to be above the nominal .
phase detector threshold of -30 dB.

“The addition of data modulation to the carrier signal will
require that the IF be wider than 120 KHz. Thus, at a
typical data modulation rate of about 80 Kbps the IF band-
width should be increased by 160 KHz to 280 KHz. .However,
for accurate cata demodulation the S/N ratio in this wider
IF should be 10 dB or higher with the result that the
limiter vreceives a S/N level higher than the -18 dB deter-.
mined above. ' ' ' -

a. Frequency drift effect

AF0 = SoFo; afl = S]f]
My = Fg  Syfy - (N+j)SoFo
R Jo-sg gy + am) o)
R = ¢ (af, -5 % - S af,)
7 8T 3ot T Y0Th
fo=f - F_
b 0 q%:LIATRUE DOPPLER
"R = %m fq¥ Sqfq = (N¥1)F S - S, fo + S.F,
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subtracting out the true doppler, and neglccting second
order terms in S, results in the range rate error:

.. C
*RF

SINCE Nf +f = f,

AND fd <<f THEN;

'l ]

= o5y - S,)

€R 0

E(Eh

C 502(N+1) F,
SINCE E(cp) - —

THEN.::

op2 = E(eé?)

-11

<10 FPS =0

thus, if §1 and §0 are the'RMS'stability factors for the

oscitlators, then:

|

If the frequency stabilities of

satellite oscillators are equal,

error due to drift becomes:

DRIFT

the ground station and
then the range rate



Quantization error

The error in the counted frequency of the VCO, caused
by quantization is: ' '

eﬁ\f = V2 /T
oAf = /T V&
AND.
on = £ ohp = —LE—
Rt T et e

If ¢ is uniform over 0 - 1 cycle

QUANTIZATION

Q

el
Fan)
-
—
&]

Jitter error

In the PLL nérrowband filter the freguency relation-
ships are: ‘

= 1
(f1-NFg) - (fo+cj) )

2aT ‘/(S/N’LODP ‘

BUT f] ='NF0 + fO

1
i
2ntT V(S?NiLOOP

C

JITTER

J enf.T J(S/N)LODP




4.2.1.3.3 System 3 Configuration

AShown in F{gure 4-6 this system has both wideband and
narrowband IF's, resulting from beating of a master
reference oscillator with the RF signal} This receiver
has full doppler on the VCQC and also a high S/N ratio
into the limiter.

a. Freguency drift effect

17 5%

AFO SOFo; AT

1°1 0

- - -C__ ' )

R f] 1(1-50) (fb+gfb) fb]

& - £ Af -S {f . +af_ )

f] b “o''b b

fy, = FO i F.0

. =.£” ‘fd+S]F1—(M+N+1)SOFO - Sofo+SoFo_f

ROy g 7 oo
P i ;
" 50 ifd+S]f1 (M+N+1)50f0] y

'Subtracting out the true doppler and neglecting second
order terms in S, the resultant error is:

-~

S s - Tomeny )
= £+ 58, [(M+N) F0+f0] Sy = fgSe ¢

1 ( 7o o

SINCE fy = (MeN)F + f

°R
0

AND f, << f

d 1
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SINCE: E(er) <107'! FPS. 0, THEN
op2 = E(eéE) |
If §0 and §1 are the RMS stability factors, then
. 2 s 2

for equal stability factors

op = CS VT

b. Quantization error

Since full doppler is available on the VCO, the
quantization error is the same as for system (2).
thus:

S S QUANTIZATION

c. Jitter error

‘The frequency relationships in the PLL are:

]

(fy - MF ) - (f_+ c.) - NF =
1 0 0 J 0 I/—(————)-——
2nT VISTNY  gop

OR

' - 1
fi - (MEN)F - f_ -~ g, = -
1 0 0 J m—)-—
. 2nT S/N L0oP
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BUT

fo o= (MEN)F +F )

| o = ! JITTER

La ‘
Ro anT ASTNY gop

4.2.1.3.4 System 4 Configuration {Multi-Channel Receiver)

Shown in Figure 4-7 this receiver uses wide bandwidth IF
amplifiers and a fixed reference oscillator to obtain

20 channel capability. A variable multiplier stage in the
2nd mixer loop allows switch selectability of any one of
the 20 channels. Since fixed reference oscillator
frequencies are used for all but the final phase detector
stage, full doppler frequency is available on the VCO out-
put. Mixing of the VCO OUtput with a 68 MHz reference
oscillator frequency could be added to obtain the full
doppler on approximately a 1 MHz bias frequency.

The error analysis for.this receiver is similar to receiver
types 2 and 3 previously described. That is:

.a. Frequency drift error

N o
TR C/5,° + S,

b. Quantization error

- C

Ry T T
QT /B

c.“qitter error

_ C

J 2nf1T JIS/NFLOOP

R
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4.2.2 QUANTIZATION ERROR REDUCTION OPTIONS -

The various coticns for reducing quantization error havé
“been discussed in Section 2.2.1. The method of using

long averaging times is not considered ‘here as a system
option since the doppler extractor must operate at averaging
times as short as 0.5 seconds. However, for instances where
long averaging times are used, this technique does have
'imhact on the other system options {such as oscillator
selection, since lTong term oscillator drifts may be
significant sources of error in the extraction process).
Thus, long averaging times will be considered only for those
systems that are affected directly by its use. The other
five options discussed in Section 2.2 will be discussed in
the system selection process.

4.2.3 CANDIDATE REFERENCE OSCILLATORS

The requirement to measure doppler frequencies accurately
to a fraction of a hertz over a one second integration time
requires short term oscillator stabilities of at least one
part in 1010. The Tong term bias error requirement of

lTess than 2 Hz requires a long term stability of one part
of 109. To meet these requireménts, the oscillator could

be of three ‘ypis:
1. High stability ovenized'quartz cryé£é1 oscillator
2. Rubidium gas oscillater -
3. Cesium beam oscillator

Table 4-1 compares some of the parameters of these
oscillators. The cesium beam standard is very desirable
from the standpoint of stability and environmental effects.
Howéver, its size, weight and cost are prohibitive for
Shuttle use and there is little hope that any of theée
characteristics will be significantly improved in the near
future. Thus, the candidate oscillators for Shuttle

use is limited to either quartz or rubidium gas.
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TABLE 4-1 CHARACTERISTICS

OF REPRESENTATIVE STABLE.REFERENCE

0SCILLATOR
~ TYPE QUARTZ QUARTZ RUBIDIUM © RUBIDIUM CESTUM
MANIJFACTURER HEWLETT~-PACKARD | FREQUENCY . HEWLETT- EFRATOM HEWLETT -
: ELECTRONTCS PACKARD PAE 5&?12 _ _
MODEL NO. HP 105h3A FE-1800DS HP 50654 FRK HP 5062C
SHORT TERM | 1011 10-12 5x10-12 5x10~11 7%10-11
STARILITY (1 SEC) 1
LONG TERM 5x10~10 <1070 1X20"12 110710 1x10-11
STARILITY (MONTH) - (3 YRS)
o o e e o ot e et . om0 o b o e e o om0 ot 0 e et v VU A
OUTPUT LEVEL (50 _n.) 20 M4 20 M 20 MA 20 MH 20 M4
POWER CONSUMPTION 21V, 3.5W 12.5V, 1.5W | 2Lv,35W 2LV, 13W 247, 304
——————————————————————————————————— o e it el e S il P PR S0 . o o s o Al 0 4 P e okl Nk sl --n--u--‘---n_--f-----«b----—-;————-------—-—-
WEIGHT 1.3 1BS 6.5 LBS 3L 1BS 2.9 1LBS L0 1BS
STZE 30 v 130 ™3 1700 ING 73 IN3 1700 N7
PRICE $850 $12,000 $7,500 $6 , 100 $15,000




0f the quartz oscillators available, the characteristics
of .the Hewlett-Packard model HP 10543A, or Frequency
Electronics model FE-1800D have characteristics desirable
for Shuttle application. In terms of stability, weight
and size, these units are representative of the state-of-
the-art for quartz oscillators.

0f the rubidium oscillators, Freguency and Time Systems
Inc., model FRK represents state-of-the-aft development.
This unit is low in weight and is suitable for airborne
app1ication.' An evaluation of this unit has been made by

" NRL (reference 10} and several deficiencies noted. However,

the reference suggests some design changes which may make
the unit attractive for high stability airborne doppler
measurements . -

4.3 SYSTEM SELECTION

This section of the report discusses the system recommended
for Shuttle applications and for breadboarding of a |
demonstration unit. The system is shown in a simplified
block diagram in. Figure 4~8. A more deta11ed'descr1ptidn
is included in Part II. The systems consists of an S-band
transponder, a coincidence detection doppler extractor

and either a quartz or rubidium reference oscillator (clock).
This system was selected based on the criteria of high
accuracy at minimum cost, weight, complexity and deVE1opment
effort. ‘

Use of the S-band transponder VCO output offers an
economical method of obtaining a carrier plus doppler
reference frequency without adding significantly to total
syétem weight, complexity or development effort. As
,Section.4.2_has shown, full doppler can be obtained by the
" addition of low frequency multiplier and mixer stages in
the doppler extractor. Use of the S-band transponder in
this manner will result in system accuracies equivalent to
the other receiver options without the need to modify the
RF or IF sections of the receiver. The transponder also
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offers the least technical risk since it has been flight
proven in many lunar and orbital missions. '

For Shuttle applications it would be desirable to modify
the S-Band transponder to achieve a VCO sweep for rapid and
autonomous acquisition. As shown in Section 3.1.4, the
transponder could acquire the carrier reference frequency
in one to two seconds coherently or about 0.2 seconds
nohfcoherently.

The coincidence detection doppler extractor was selected

to reduce the quantization error without the need for

high speed counters. Even when full doppler frequéncies-
are available to a conventional counter the desired range-
rate. accuracy of 3 cm/sec (0.1 ft/sec) can only be obtained
with integration periods of 5 szconds or longer. Thus, a
quantization resolving extractor would be desirable for
reduced error at short integration times. The coincidence
detection technique is recommended since thi; extractor can
take advantage of low cost, low power and high reliability
CMOS components, without sacrificing accuracy.

4.4 VERNIER DOPPLER EXTRACTOR ANALYSIS

This section analyzes the accuracy and time delays assdciated
with the coincidence detection technigue and shows the '
1imiting effects of this delay on the extractor resolution
capability. Also described is the effect of the time delay
on the total system errors when the doppler extractor
measurements are compared (or averaged) with other range

rate measuring equipment (such as accelerometers).

4.4.1 -EXTRACTOR ACCURACY ANALYSIS

The vernier doppler extractor uses narrow detection windows
to define the coincidence of positive zero crossings of the
desired doppler plus bias frequency and a known refefence
frequency (stable clock). The principle of operation is
similar to the familiar vernier caliper measuring instruments
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" which can obtain a resolving power much greater than the
smallest quantized measurement interval. "In the vernier
doppler extractor the positive zero crossings of the

signals serve as reference marks and conventional frequency
“counters supply the measured'cyc1e counts. If the known and
unknown frequency counters are both simultaneously started
and stopped on zero crossings the quantization is eliminated
and.the unknown'frequency can be resolved to a very high
accuracy. Figure 4-9 shows a functional block diagram of
the implementation required to achieve the coincidence
detection and control of the frequency counters, and Figure:
4-10 shows the resultant signals and timing schemes.

. In Figure 4-9, a zero crossing‘detector trfggers a pulse
generator to emit a very narrow and stable pu1$e at each
zero crossing of the unknown and clock frequencies. - An .
"AND" gate detects the coincidence of the pulses when they
occur and emits a control pulse to start or stop counters
which separately count the unknown and clock frequencies.

Figure 4-10 shows how the circuit would operate .when discrete
measurement intervals are desired. A command to start the
counters is received from the computer.:

The counters are actually started immediately following the
next detected pulse coincidence. Thus, both the bias plus
doppler and clock counters are started immediately after a
zero crossing. After a defined measurement period (<), both
counters are commanded to read out the accumulated counts to
the computer. The counters, however, continue to count
until the next pulse coincidence at which time the desired
counts are read into buffers. Since both counters were
started and read at zero crossings, both counts are very
accurate and the doppler frequency can be calculated with
high precision. The doppier fréquency is given by:
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where: N(gsp) * bias plus doppler count
NO = clock count
Fo | = clock frequency and
Fg = bias-frequency:
R = Doppler division ratio from the

S-Band transponder.

An inaccuracy exists in the counts due to the finite widths
of the pulses. Thus, the "AND" gate will respond to a near
coincidence i1f the two pulses overlap to any degree. With
refercnce to the c¢lock count and the pulse rise times, the
integer representing the bias plus doppler count could be
in error by a fractional cycle count varying over the

range -P/T(B+D) to +P/T(B+D) cycles, where P is the pulse
width from the bias plus doppier pulse generator, and the
clock pulse generator and Tigep) 19 the perioq.bfrthe bias
plus doppler freguency. -

This error which occurs at both the start and stop times of
the counters, is uniformly distributed over the interval
iP(FB+FD) and each error is independent if < is mich larger
‘than the interval between coincidences. The combined error
results in a maximum doppler error defined by:

2P(FB+FD)

efF, = *
‘ - T

d R

and a standard deviation defined by:

) ZP(FB+FD)
oFy = —— 23—
T 5

wheere R is the ratio of S-band doppler to counted dOpp]E?l
and t is the measured period.
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If the doppler extractor were only concerned with obtaining
an accurate doppler measurement over a period of 1 second,
say, with no regard to how much the 1 second time interval
could vary, then P could be made arbitrarily small. A oane
" nanosecond pulse, for example, and a 1 MHz bias frequency
would result in a doppler error of 0.002 cycles or 0.002 Hz
in a second period, provided full doppler is available into
thé doppler counters (R=1), Such a pulse width is feasible
with stable rise times of 0.1 ns.

4.4.2 TIME DELAY ANALYSES

A co{ncidence of zero crossings occurs whenever the two .
pulses have some overlap into the "AND" gate. The probability
of a coincidence depends on the pulse widths and the inter-
pulse periods. The average period between coincidences can

be shown,td be given by:

1

T = .
C (P°+PB) (FB+FD)F0_

This formula éSSUmES that the clock and bias plus doppler
frequencies are not harmonically related, or if so, enough
random variation in their frequéncies is present to assure
that the maximum period between coincidences is not
excessive. |

With random variations in pulse timing due to noise jitter,
Figure 4-11 shows the sensitivity of obtaining at least one
coincidence.in 100 us as a function of pulse width and bias
frequency. The curves show that the highest probability

of coincidence and the shortest pulse widths are obtained
when the bias frequency is chosen as close as possible to

the clock frequency. Since the doppler shift will shift

the bias frequency closer to Fb, it is necessary that the
bias frequency be at least 60 KHz (maximum doppler} less than
FO. | | '
If a 100 kHz difference in the frequencies is more desirable
to allow for drifts (etc.), Figure 4-12 shows the coincidence
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DOPPLER AND S/N RATIQ AT OPTIMUM BIAS
FREQUENCY.
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probability when the bias frequency is 100 kHz less than‘FO.
The curves are plotted for the nominal (zero doppler) bias
frequency and for the worst case harmonic relationship (near
maximum negative doppler where N/M = 7/8 F,). " The
probability is also plotted as a function of S/N ratio
(timing jitter). The results show that under worst case
conditions (lowes?% possible harmonic ratio and zero timing
jitter) pulse widths of 60 ns would be needed to guarantee a
coincidence. At this pulse width at < 0 and a pulse coin-
cidence is certain to occur in a maximum of eight clock
periocds (6.4 us). The resultant range rate resolution is
less than 1.8 cm/sec (0.06 ft/sec).

If the bias plus doppler frequency is an exact rational
fraction of the clock freguéncy, a coincidence may never
occur if the pulse width is made too narrow, or the S/N
ratio is too high (random phase jitter too small for
‘statistical treatment of time delay). This is shown in the
diagram of Figure 4-13. S

If the frequency ratio (Fg+Fy) is defined by the integers

N/M (N/M is reduced to its lTowest form and N M), a coincidence
wil occur in MTo seconds if the pulse width is greater than

or equal to TO/ZN (TD = clock period). With P - TO/ZN,'the-
~doppler error equation becomes:

2P(FB+FD)

T
but 2P = T /N
and Fp+Fo = 3

===

Fs {(by definition)

T .
N =
0 = E (D) (FF,) =+

(4]

-n
1

+

1 since T F =1

Mt 0

M is the resolving power of the verniér extractor. The
time delay has a maximum value of

td( MAX) - MT (td is uniformly distributed from zero
to M TO ’
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Since the time delay is random, the actual measurement
“interval can vary from t_—MTO to t+MTO.3 To keep the time
interval variation small M should be small. But for high
doppler accuracy M should be large. Thus, 2 compromise is
required between acceptable time interval variations and
desired doppler measurement accuracies.

If the time delay must be kept below some upper limit
[(td(max.) ], then M must not exceed a limit defined by:
M o« Ed {MAX)

— TQ

For example, if the clock period is 1 us (F0 = 1 MHz) and
the time delay must be less than 100 us, them M < 100.

If the doppler shift varies, then the ratio N/M will vary,
and'the integer values of N and M will both vary. In this
‘case the minimum allowable pulse width is defined when N

is a minimum (P_> "o Jor when Fg*Fy is furthest from

min 2N o I

Fo' The maximum resolving power isra1so defined at this
greatest separation of the two frequencies. If the doppler
shift is too large, then the ratio Fg-Fq max = N min '

Fo M min

will be small. N and M will also have small values. Thus,
if M is to be large, then N must also be large and Fy-F,
'Wax. Fo' ' 7
In summary, the vernier extractor can achieve high resolution
oenly over a narrow bias plus doppler frequency range, if
short time delays are required. Moderately high resolution
can be achieved over a wider doppler range without increasing
the time delays. To achieve the highest resoltuion and
*5hortest time délays the clock and bias frequencies should

be chosen as 1arge as possible and the pulse widths as

narrow as possible{ Figure 4-14 shows the sensitivity of
the doppler resolution to.the clock reference frequency

when the bias frequency is chosen to be off-set.from the
clock frequency by 100 kHz (full doppler is assumed into the
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doppler counters). This off-set allows the bias plus
doppler signal to remain always below the clock frequency
and thus prevents long delays from occurring when FB+FD=FD
As shown in the figure, doppler resolutions to 0.02 cycles
can be obtained with a maximum possible delay of 25 us, if the
clock and bias frequencies are chosen at about 10 MHz. The
pulse width, however, would need to be one nanosecond or
less. The maximum delay can be shown to be 25 s regardless
of the clock frequency by the following analysis. With a
100 kHz nominal separation between Fo and FB, the two
frequencies can approach each other to within 40 kHz (with
a maximum positive doppler of 60 KHz.) M will then have |

a maximum value given by:

N _ Mnax ! _ FB+Fd(max)
M Mmax 0 '
(Mmax -1) Fo - Mmax(FB+Fd max;)
or:
F
M = ©

max : : _
Fo'(FB+Fd max)

The maximum time delay 1S_Mmax.(To)’ therefore:
FoTo 1

Fom U8 Fd max) Fom{F

td(max) - B~ Fd max) ' \.

With Fo—(FB+Fd max.) > 40 kHz, the maximum time delay is
less than or equal to 1/40 kHz - 25 us.

If only fractional doppler is available (for example, on the
19 MHz VCO output the doppler could be 110 times lower than
the S-band doppler), the resolution shown in the figure

must be multiplied by the ratio of S-band doppler to counted
dopplier. However, witﬁ fractional doppler, it is -not
necessary to offfsét the bias frequency by 100 kHz since the
maximum doppler swing would only be about + 600 Hz. The
bias -frequency could be placed within about 1 kHz of the
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clock frequency. With a 1 MHz clock'Frequeﬁcy, a'999 kHz
bias frequency and + 600 Hz of doppler, /M would have a
minimum value of 998400 > 624.

1,000,000 625

- The extractor could opefate with pulse widths of 0.8 ns

(TG = 1 us, 2N = 1248) and the resolution on the fractional
doppler would be .0032 Hertz. When. converted to S-band
doppler, the resolution would be increased to 0.32 Hertz.
_Thé maximum delay would be 625 ys (MT ). To reduce the
requirements for narrow pulse widths and to. decrease the
maximum time delay it is desirable to have some large portion
of the S-band doppler present on the counted bias freguency.

4.4.3 EXTRACTOR ACCURACY/TIME DELAY TRADE-OFFS -

Narrow pulses or a low bias oscillator frequency reduce

the quantization error; low values for these parameters

will increase the average period between coincidences.

Since measurements are taken at coincidence,'narrow.pu]ses
or a Tow bias frequency will cause increased de1ay'between

the time whén a measurament is desired and when it is actually
obtained.

- If the pulse widths are chosen to be at the minimum values
PR : P

to guarantee a coincidence (PO+PB < TO/N = NF;) then, as

shown in the previous section, the maximum time delay will

be given by '

1

td (max) < ¢ TFg*F
0

dmax)

~ The worst case resolution {maximum error) of the extractor
is defined when M is minimum. That is:

‘ € _—
g < r
R="T¢rs Mnin.

The minimum value of M occurs at maximum separation of the
clock and bias plus doppler frequencies. At this maximum
separation, M min. has a value given by:
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min” ' - B~ dmax
Mmin Fo
or
M, = o
min Fo'(FBdemax)
Therefore:
5r < c . Fo'(FB_deax)
R= fyrp F,

Figure 4-15 shows the sensitiVity'of the extractor resolution
and time de]ay to selected values of clock and bias frequencies.
The curves show that the extractor resolution improves as

the clock and bias frequencies are increased, and also

improves as the bias frequency approaches the clock

frequency.

The maximum time delay, however, is only dependent on the
closeness of the bias plus doppler frequency and the clock
frequency. Thus, in curve (b), the bias frequency is

offset from the clock frequency by 100 kHz and the maximum
‘time delay is 25 us, independent of either the clock or

bias freguency (as long as the two frequencies always differ .
by 100 kHz). However, as curve (b) shows, the resolution '
improves as the bias and clock frequencies are increased.

The specification of 3 cm/sec maximum error can be met if the
clock frequency is greater than about 1 MHz. The bias - |
frequency would then be greater than -about 900 kHz.

Combining the equations of time delay and resolution results
in the relationship between resolution and time delay given

“by:
) ) C ) Zdeax‘l']/td

5 {max)
R ftT/E-i— FO

. Curves of the sensitivity of this maximum achievable
"resolution as a function of the maximum allowable time
delay are shown in Figure 4-16. These curves show that the
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resolution is not sensitive tb;time delay if the maximum
time delay is allowed to be 100 us or longer. Further, the
extractor resolution is independent of the bias frequency,
as indicated'by the above equation, when the time delay must
be kept below a maximum value. '

4.4.4 " EXTRACTOR IMPACT ON OTHER RANGE RATE MEASUREMENTS

This part of the report evaluates the sens1t1v1ty of total
system error to values of pulse widths and counter frequencies
when the doppler measurement is compared with other sensor
data (e.g. accelerometers). The sensitivity to delays

between the doppler and accelerometer measurements is
evaluated and it is shown that delay times in excess of 100

us are permissible without affecting the overall system
accuracy. ' '

The effect of the time delay may be to cause an increase in
the total error when the doppler measurement is compared
with other sensor measurements taken over a slightly

di fferent time interval. Since the coincidence counter -
counts both the time interval and the doppler freguency
the true time interval is known and only ve]obity‘chahges
occurring during the delay {(which would not be included in
the other sensor measurements) result‘fn an actual error
in the calculated doppler frequency. However, as the
following analysis shows, the error increase résu1ting
from the deIay is negligible for pulse widths greater than
about 0.5 nanoseconds (zero to 600 microseconds delay).

If it is assumed that the doppler frequency is constant fo%
t_séconds of integration, and the maximum-acceleration
qcéurs only during the delay interval (td seconds) then .
the maximum possible error caused by the delay is as shown
in Figure 4-17. Assuming the shortest integration period
~of 0.5 seconds (highest error) and the maximum acceleration
during the delay of 610 meters/secondz, the resultant range
rate error caused by the delay is:
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61,000 td?

2

' eh max. em/sec

“H

2,000 td™ ft/sec

where td = delay time in seconds

- Even if the maximum likely delay time is less than one
millisecond it is seen that the maximum possible error
caused by the delay will not exceed 0.06 cm/sec (0.004
ft/sec). Figure 4-18 shows that for the nominal system
parameters assumed throughout this report (i.e.'SS = 10'10,
S/N > 1% dB and 1t integration =-0.5 seconds} the effect of
- the delay on the tofa] system error is negligible for

time delays in the range from 100 to 1000 microseconds.

At a maximum time delay of about 5000 us, the range rate
error from acceleration effects becomes as high as 1.5%2 c¢m/sec,
making this a significant error source. Thus, as long as
the time delay is less than 1000 us, the errors caused by
acceleration effects are small when compared.with the other
error sources. ‘ |

If the clock stability is reduced to 107'' the total RSS

error is reduced by a factor of .2, as shown in Figure 4.15.

At this clock stabjlity the effect of the delay is still
negligible for allowable time delays of 100 to 1000 micro-

- seconds. The quantization error becomes the most significaht
error if the S/N ratio > 10 dB.

Thus, it is seen that for the coincidence extractor that
supplies both clock and doppler couhts, the effects of the
time delay on total error is negligible if the time delay
~is in the range from 100 to 1000.us. For good range rate
resolution (quantization errdr) the maximum time delay
limitation should be no less than 100 us. |

4.4.5 CARRIER FREQUENCY ACCOMMODATION .

In order to prevent resonances between the bias frequency
and clock frequency in the coincidence détector, it is

desirable to maintain a nearly constant bias frequency if
the S-band freqhency is changed. The S$-band tranéponder
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VCo frequenty maintains a constant ratio to the S-band
'frequency; so that, if the S-band frequency is changed, the
VCO injection frequency to the extractor also changes.

For example, if the S-band'frequency'TS'incréaSédﬁby 4.608

'MHz,[221 (5 MHz)] the VCO output frequency increases by 1/6
240 , '

MHz. If no changes were made in the extractor injection
frequencies the bias frequency would increase from the
nominal 1 MHz to 5.00 MHz (4 MHz change or 24 x 1/6).

To compensate for these changes and maintain a cdnstant
bias freguency, the reference oscillator injection
frequencies should be changed by the same ratio as the VCO
frequency.

A block diagram of a technique to accomplish this in whe
doppler extractor is shown in Figure 4.20, The fixed
multiplier stage for the first mixer injection frequency
(X 15 nominal), is replaced by divider and variable
mu]tip]ier'stages.- The injection frequency is changed in
1/6 MHz steps as K is varied in unit steps, resulting in
comp]eté compensation of the change in the VYCO output
frequency, and a constant bias frequdncy of 1 MHz.

As the S-band frequency is increased, the doppler shift (for-
the same range rate) is increased proportionately. If the
S-band freguency 1is changed over a 100.MHZ range (5%), the
maximum doppler shift on: the bias frequency will change

by less than 3 kHz. The extractor circuits can easily
handle this increase without modification, but the software,
which computes range rate {etc.), would need to compenscte
fpf the different proportionality between-doppler and range

rate.
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An alternate technique would be to use the mu]ti-channe]l
receiver described in Section 4.2.1.3. This receiver
changes the reference oscillator injection frequencies
and maintains a constant VCO output indepedent of the
input S-band frequency. The doppler shift would still

change with the input frequency so that software compensation
would be required. '
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PART I1
BREADBOARD DEVELOPMENT

This part of the repﬁrt discusses the design,
development and performance teéting of the Vernier
One Way Doppler Extractor., The operation of the
breadboard unit and detailed schematics are also
presented to aid the user in the opératfon and
trouble shooting of the extractor. Major sections
included in this part are: ' |

5.0 ~ BREADBOARD REQUIREMENTS

é.O- BREADBOARD DESIGH DESCRIPTIGH
7.0 BREADBOARD DPERATION o
8.0

PERFORMANCE RESULTS

s

7}



SECTION 5
BREADBOARD REQUIREMENTS

The dbppler extractor breadboard is required to meet specific
performance and functional requirements as described in the
Statement of Work and RCA proposals. A summary of these
‘requirements are presented in this section..

5.1 PERFORMANCE REQUIREMENTS

The doppler extractor is required to measure and extract the
doppler frequency from an S-band reference frequency der1ved

. from an S-band transponder, The accuracy and conditions under

which the accuracy must be obtained is as shown in Table 5-1.

As the table indicates, the doppler frequency must be measured
to a fraction of a cycle. To achieve this precision reguires
that the S-band freguency and internally generated mixing
frequencies be stable to at least one part in 1010 Further,

the error requ1rements prohibit the use.of conventional frequency
counting techniques since these technigues produce a quanti-
zation error of up to one who]e cycle. >

5.2 FUNCTIUHAL REQUIREMENTS

Ip‘addition to the performance requirements, the breadboard
model of the doppler extractor is required to provide the
following functions. '

1. Nondestructive dopﬁ]ar and time counters for periods up
to 600 seconds shall be provided sincluding an overflow
indication when the 600 second period is exceeded,

2. Destructive doppler and time counters shall be provided,
with the counters being reset to zero at the start of each
new integration period.

3. Switch or computer selectable non-destructive and
destructive counting modes shall be provided.

4. Switch selectable integration and readout periods of 0.5,
1, 2, 10, 60 and 600 seconds shall be provided with automatic
display of each new measurement, _ _ Nz
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TABLE 5-1
- BREADBOARD PERFORMANCE REQUIREMENTS

| MAXIMUM VALUE - s
ERROR INTEGRATION _ , T RANGE
TYPE PERIOD (SEC) CYCLES | FREQUENCY (Hz) | RATE (CM/SEC) |
NOISE 0.5 . { 0.3 0.6 8.6
ERROR | ' -
(RANDOM) 2 0.5 0.25 3.6
o 10 2.3 0.23 3.3
60 12 0.20 2.9
600 120 0.20 | 2.9
BIAS 24 HOURS - 2.0 28.5
ERROR |

RANGE RATE: 0 to + 8230 Meters/Sec
0 to + 60,000 Hertz

LINE OF SIGHT ACCELERATION:
2

0 to
0 to

610 Meters/Sec

+
+ 4300 Hz/Sec

- MAXIMUM INTEGRATION INTERVAL VARIATION:
-+ 100 Microseconds |
MAXIMUM ERROR IN MEASURED INTEGRATION INTERVALS:

+ 100 Nanoseconds
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5. A manual mode shall be provided with an anytime start
command and an anytime stop command. The time between these

successive commands shall be used as the fntegration period
and the desired data shall be displayed after the stop command.

6. A computer controlled mode shall be provided with an

anytime start command and an anytime stop command. Doppler
and time count data shall be transferred to the computer

after the stop command.

7. A computer controlled mode shall be provided where the

computer selects a fixed integration time of 0.5, 1, 2, 10,

60 or 600 seconds. At the end of the integration period

data shall be available for transfer to the computer.

8. Test points shall be provided for external monitoring

of the readout time synchronization.

9. The breadboard model will be tested and test document-
ation prepared to verify that these performance/and functional

requirements are met.

5.2.1

e

EXTRACTOR DISPLAYS

The doppler extractor breadboard shall include a micro-

processor to calculate a number of parameters for display

purposes.

Any of the following parameters shall be switch

selected for readout on a 9 decimal digit display.

a.

b.
c.
~d.

Bias plus doppler frequency counts

Clock counts for the integration interval
Doppler frequency in Hertz

Velocity in meters/second based on the actual
transponder frequency ' ‘

Slant range difference in meters based on the

-actual transponder. frequency.

A second.3 decimal digit disp]éy shall be provided which
Wwill show, by switch selection, either:

ad.

b.

Time delay between the stop command ‘and the
actual stop execution, or g

The difference between the nominal and the actual

integration time for any of the f1xed.1ntegrat1on-periods.
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5.2.2 SELF TEST FUNCTION

The breadboard shall have an end-to-end self test capability
which can be initiated either manually or under computer
control. A known frequency shall be injected near the front

of the doppler extractor. This frequency shall be measured

and any of the parameters listed under 5.2.1 shall be

dispiayed. In addition, a éomparison against a stored reference
value shall be performed. Agreement between the test signal
_and-fhe reference shall result in Iightfng a “Data Good"

light and providing a discrete output te the computer.
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SECTION 6
GREADCOARD DESIGH DESCRIPTION

6.1 BREADBOARD CONFIGURATION

The doppler extractor breadboard implemented by RCA uses the
vernier extraction technique to reso]ﬁe the quantization error,
The breadboard unit accepts a 76,083 MHz signal from an S-band .
transponder and contains the necessary circuitry to perfornm

RF and digital processing to extract the doppler and doppler
related information from the input.

The RF processor translates and multiplies the input freguency
to obtain a suitable bias frequency containing approximately
the full S-band signal, It also generates a self test signal
for the self test modes. The digital processor performs the
functions of coincidence detection, digital counting, timing,
data processing and display, and interface formatt1ng for a
UNIVAC 1218 computer,

The photograph of Figure 6-1 shows the extractor as delivered
to NASA, The unit measures 21 inches wide, 17 inches high and
18 inches deep, The front panel contains push buttons to
select any of the ?unqtions described in Section 5., Computer
control of the functions override the push buttons and is
obtained through cable connectors at the rear of the unit,
Multicolored LED Tamps indicate whether the unit is in the manual
mode (red LED's) or the computer mode (green LED's). A nine
digit LED display indicates one of the following switch select-
able gquantities: raw doppler or time interval counts, computed
doppler shift (Hertz) computed range rate (meters/second) or
'computed change in range (meters). An.additional 3 digit LED
display indicates the time interval delay in either raw clock
counts or in microseconds,

A view of the extractor chassis is shown in the photograph
of Figure 6-2, The RF and digital processing sub-chassis are
indicated. The input and output connectors are shown in the
. rear panel photograph of Figure 6-3, Reading from left to
right these conmectors are computer input (from 1218 output),
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FIGURE 6-1 ONE-WAY DOPPLER EXTRACTOR BREADBOARD
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coincidence clock fregquency input (FO), S-band transponder
frequency input (76 MHz), counter start/stop commands (STROBE),
5 MHz clock reference frequency (5 MHz), coincidence detector
output (COINC) and 115V AC.

6.1.1 TECHNIQUE DESCRIPTIOR

A top flow diagram of the one-way dopb]er-extractor environment
is‘shpwn in Figure 6-4, The S-band transponder receives the
doppler shifted transmitted freQuency and outputs a 76,083 MHz,
reference signal containing 8/ 221 parts of the original S-band
doppler, The doppler extractor performs RF processing to restore
approximately full doppler on a 1 MHz bias frequency and performs
digital processing to extract doppler counts, time interval counts,
display data and computer interface logic to a URIVAE 1218 '
computer. The timing circuits operate from anrexternal 5 MHz
frequency standard,

A block diagram of the extractor is presented in Figure 6-5
showing some of the internal functions performéd by the RF and
digital processors. As shown in the figure, the transponder
signai enters the RF processor which performs frequency sh1ft1ng
-and multiplication resu1t1ng in a doppler shift up to + 60 kHz
superimposed - on a 1,00 MHz bias signal, The 76.083 MHz is-
mixed with a 75 MHz fixed injection frequency to obtain a -
1.083 MHz plus fractional doppler_(fd/E?.GZS) S-band refererce
signal. This frequency is then multiplied by 24, resulting
in a 26 MHz output containing 192/22]1 parts of the original
S-band doppler shift, The 26 MHz signal is then mixed with a
2b MHz fixed injection to obtain the desired 1 MHz containing
nearly the full S-band doppler shift. The coincidence clock

frequency (Fo) of 1.25 MHz is obtained by d1v1d1ng the 5. MHz
clock by a factor of 4.

The above frequencies were chosen for the breadboard unit for
the following reasons:

1. ~The coincidence clock and bias frequencies
should be approximately equal and at about
T MHz for best-utilization of. (MOS logic and
the coincidence technique. | |

. 6-5
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2. The injectioh‘frequencies,shou?d be low integer
multiples of the clock for ease of generation
and to obtain very clean injection frequencies.

-3, The multiplying phase locked loop should have a
multiplication factor that restores most of the
original S-band doppler,

Other frequencies could be used in the extractor at the expense
of increased circuit complexity, -

The digital processor circuits of Figure 6.5_contain the pulse

generators and coincidence detector required for the vernier
extractor concept., The bias plus doppler and coincidence clock
frequencies are converted to narrow pulses at each zero crossing
~and these pulses are fed to the coincidence detector., The
coincidence detector responds to a pulse coincidence by gener-
aiing a timing pulse. This pulse plus internal timing logic
causes the counters to transfer their counts to the buffers

at desired intervals. At coincidence, the quantization error is
reduced to a small timing error due to a finite pulse width.

Two counters count zerb,crossings of the F,+D and F§ signals,

B
For non-destructive readout{ HDRO )»  the counters run con-
tinuously. For destructive readout (DRO), the counters are
reset at the beginning of each count interval. The two counter
outputs (N(B+D and No) are stored in the buffers for computer
sampling as deSired. The buffer circuits also contain inter-
face circuitry to convert the counts. )nto coded hords for the
UNIVAC 1218 computer, '

' The self test function tests the operation of the doppler
extractor from the output of the first mixer to the computer
ihterface. A,b]otk diagram of the technique is shown in
-Figure 6-6, A test frequency is obtained from the 75 MHz first
mixer 1n3ect1on oscillator by dividing this frequency by 70,
Derivation of the test frequency from the 75 MHz osc111ator is
~preferred over up converting from the 5 MHz standard, since
the former technique also tests the lock condition of the

6.8
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756 MHz‘osci]1ator'to the 5 MHz standarﬁ The resu]tant frequency
of 1,071,428.57 Hz is subst1tuted for the nominal mixer output
frequency of 1,083,333,33 Hz. After muitiplication by 24 and
differencing with the 25 MHz injection frequency, the resuTtant'
b1as plus doppler frequency into the coincidence detector is
714,285.7 Hz. Since the nom1na1 bias frequency is 1 MHz, the
resultant equivalent doppler frequency at the extractor d1sp1ay
will be -285,714,3 Hz when all components are work1ng correctly
When converted to an equivalent S-band doppler shift (X 221/]92)
the self test. s1gna1 will represent a doppler sh1ft of

-328, 869.05 Hz,

During the self test the extractor compares the actual measured
doppler with a stored value of -=285,714.3 Hz. If the two
frequencxes agree within a few Hertz a data. gaod signal s

sent to the- 1218 computer and a "data good"-1nd1cat10n 11ghts
on the front panel of the extractor

The self test techn1que described above tests all components
of the extractor with the exception of the first mixer, A

: h1gh1y stable test s1gna] could have been 1n3ected at the input
of the first mixer to also test th1s component. To obtain a
test signal of adequate spectral pur1ty and stab111ty wou'ld

require c1rcu1try too comp]ex Lo be incorporated into the present _‘

chassis. The test signal frequency must be within a few kilo-
hertz of 76,083 MHz due to the bandwidth ]1m1tat1ons of the X24
phase Tocked oscillator. The resultant increase in hardware to
generate a stable test s1gna1 at the input was not worth the
added advantage of testing the operation of a high rei1ab111ty
mixer,

6.2 RF PROCESSOR DESCRIPTIUN

The RF processor accepts the 76,083 MHz plus fract1onal doppler
transponder 51gna1 and converts it to a 1 MHz bias frequency
conta1n1ng approx1mate1y the full s- band doppler shift. The
RF processor generates the required injection frequencies, the
doppler mu]tip]ication,‘the desired 1.25 MHz coincidence clock
frequency and ‘the self test injection frequency. A detailed

'6510



desfgn description of each of these functions is included in
the following paragraphs.
6.2.1 75 MHz PHASE LOCKED OSCILLATOR

The 75 MHz first injéction frequency is generated from the
5 MHz reference using a phase locked oscillator and divider
“circuit. A.block diagram of the 75 MHz phase locked oscillator
‘fs shown in Figure 6-7.. The 5 MHz clock input is amplified by
Q1 to obtain the TTL input requirement of the MC 4344L phase
détéctor. The Q1 amplifier also served as isolation from other
5 MHz clock circuitry, In addition to a phase detector the
.MC 4344L also includes a charge pump and an amplifier circuit,

The output of the MC4344L is fed to the varactor tuned voltage
controlled oscillator (VCO) which is nom1na]1y tuned to 75 MHz.
Two stages of amplification and a seven pole 75 MHz low pass
filter follow the YCO output, The .output of the 75 MHz filter
provides + 10 dBm at 50 ohms as an 1njection'frequency to be
mixed with the 76.083 MHz from the transponder. Spurious out-
puts and harmonic related signals at the 75 MHz port are greater
than 60 dB beiow the output level. The output of the first
amplifier following the VCO is an emitter follower which
supplies drive to the —— N circuitry associated with the

phase locked loop, A divide by 5 (SP622B) and divide by 3
(S54H76J4) counter are cascaded to provide the proper division
in the. — N circuitry. A Tevel translator 33 is used to
obta1n the TTL input requirement of the divide by 3 counter,

Figure 6-8 45 a detailed schematic of the 75 MHz/1.0714 MHz
| phase locked oscillator. The 1.0714 MHz output is used for

the self test function., ~The MC4344L is used as a second order
‘low pass loop filter as shown in the diagram below.
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75 MHz Loop Filter Design

The joop-transfer function for a second order system is given by

G(s) H(S) = KpKoKhKf

where

-Kp = gain constant of phase detector in ‘Volts/Radjan;
(.1V/radian for MC 53441L)
Ko = KV/S = gain constant of the VCO in radian/sec¢/volt
| Measured as 1.4287X]06 radian/sec/volt
Ky = Counter divide ratio = 1 =5
(5)(3) 5.
Ke = Amplifier/Filter Gain l

The K design is based on a maximum lock up time of 1.5 msec and
a maximum overshoot of 15%, The amplifier in the MC 4344L has
a gain of 30.

For a second order sjstem with a dampening ratio of 1, a péak
overshoot of less than 15% ahd settling to within 5% will occur
at W t = 4.5, | |

W= Wt = 4,5 = 3 (10%) rad/sec

t 1.5 msec
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where W, = toop bandwidth of the system B |
' | .y 6 |
(.1)(1.4287)(107) _ 1.05 (loﬁg)

k k., =
Ry G = —B 372

w e [300%) (1s)
With Ry = 1 k-

.C] = 1 yf
e 27 2 (1) > 6674
P (10°%3) (10%)
* n : / _

Cy (R]+R2 - A R]) S+1

_ S -
i +] )
f 30 (—1470 |

5 +7 N

\
| 35.31 ]

~
H

- The loop transfer function is

G(s) H{s) = KpKoKan

) [}.43 (10 )J 1 |30 S »
~ S 15 1470
LS +1
. ©'35.31
., Gain = 109.13 dB N
l - . .
s = - 20 dB/Decade 6 W=1
1 ' |
s = -20 dB/ Decade 8:W=35,3]
©35.31%!
S | o
‘470+ 1 = 20 dB/Decade @ W=1470
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6.2.2 25 MHz PHASE LOCKED OSCILLATOR

A block diagram of the 25 MHz phase Tocked oscillator is shown
in Figure 6-9, The block diagram and associated circuitry

are similar to the 75 MHz phase Tocked oscillator with the
exception of the -~ N circuitry which simply becomes a divide
by 5 counter.

The output of the 25 MHz low pass filter provides +10 dBm into .
50 ohms to be used as the injection signal when mixed with
the output of the Doppler multiplier circuit. |

A detailed schematic of the 25 MHz phase locked oscillator is
shown in Figure 6-10. The loop transfer function is

G(s) H(s) = KpKoKan

= (.1) 15.049 (105)] BB E AT
S i ls) 12255

S i .
219

+]

The loop bandwidth is designed for W, = 4000

' Gain = 129,63 dB

] N
g = -20 dB/Decade @ W = 1
o |
‘—'S—“"'"-—-—: -20 dB/Decade @ W=219
— +1 |
219
S

12255 * 1 = +20 dB/pecade © W = 12255

. 6.2.3 DOPPLER MULTIPLIER PHASE LOCKED OSCILLATOR

The 76,083 MHz signal from the Transponder is mixed with 75 MHz
from the phase_]ocked oscillator ‘and produces 1,083 MHz input
signal to the Doppler multiplier phase locked oscillator. The

- 6-16-



Clock > sfon2222

11-9

FIGURE 6-9

]

25 MHz PHASE LOCKED O0SCILLATOR

Q1 MC4344L 04 2N3222' 06
—» Phase 3} 3N200 ————495 STt SN2 222 4
Detec tor veo | - jEMINLer AMP
AMP Follower
Y,
202222 | ;

25 iHz
Low
Pass
Filter

25 MHz
+ 10 dBm



av222 ¢ | ‘ -t
QL . RY" / '

Yomeegs ¥ L2

) 213 CT: El

5‘ .
+ r: _r] z?.:l; o oﬂ{v
i L 27af

;Rlo
s e ezt

§ LI L S . |
g [T3 L3 Bip 0% 2 L5k L’f«’.ﬂ!?ﬁ

e 218
|00

Tw
]

Lo a0 L7

! -5
T e "'T""T%_—' - .
I ;]o €3, =

<

LA —@
b 'il"L ’ 0 I—

i%“.':\

2
4

~ e S ea
sen EE #eA344L 1oL s, - My | }t' ' """f, o -rcéfr .Iwa I o Ia;g’ I-zua
@ Ul gi—ta et "m‘ﬁ; Icn . , , o
34 s , IRE L .
T m H | S . ' )
m+ = : o
R
cst i
e B UV . i ; ;
. 1 [ « APS22 } z
b gt - 4 20 o1

o L2

T 03 7
ee T LT
NERE

MIXER
T HPIOSIYA

Al

FIGURE 6-10: SCHEMATIC, 25 MHz PHA$E LOCKED OSCILLATOR

!

13

; . oy OF TH
- et b pUCIBIL ,
'REPRODUCIBILITY OF Tiig | -
ORIGINAL PAGE IS-POOR

FOLDOUT FRA&‘AE -

ﬂ,!_

- FOLDOUT F'RAME '

NEUN BT S
.



1.083 MHZ‘signa] plus associated doppler frEQﬁency is the%”
filtered and multiplied by 24 in the phase locked oscillator
tb produce a 26.0 MHz signal + 24 times the doppler frequency
present at the transponder 76 083 MHz port.

The emitter fo]lower output of the doppler mu1t1p11er is fed
to both a 5 pole 26 MHz low pass filter and the = 24 circuit
of the loop. The divide by 24 circuit consists of a — 4
counter (MC 1232L)}) — 3 counter (S54H76J), and a — 2
counter (S8291A) cascaded to produce the proper division,

Q6 translates the ECL output level of the — 4 to the TTL
input level of the -~ 3 counter,

The output of the 26 MHz low pass filter provides 0 dBM at

50 ohms to be mixed with the 25 MHz phase locked oscillator to
produce the 1.0 MHz bias plus doppler signal,- This 1 MHz bias
~plus doppler frequency is filtered, amplified and again filtered
to produce a 1.0 volt peak signal to the digital extractor.
circuit, A block diagram of the d0pp1er multipiier is shown

in Figure 6 11,

A detailed schematic is‘showh in Fiqure 6-12. The bandwidth of
the Doppler Multipliier is 4 kHz. The transfer function is:

G(s) H(s) = KpKoKan ' [30 / )
o G(s) H( ] [5 .52(10%) 7 | 2561

.H [__-L

1024

Gain = 116,77 dB 7

1/s = - 20 dB/Decade @ W=1

1

§ = -20 dB/Decade @ W=1024

4] )
1024
12561 + 1 = +20‘dB/Qecade @ w=125§1
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6.2.4 SELF TEST SIGNAL

The self test frequency of 1.0714 MHz is generated in the 75 MHz
phase locked oscillator circuit of Figure 6-8. In the self test
mode, the 75 MHz divide by 5 counter, in addition to feeding the
divide by 3 counter, also feeds a divide by 14 counter, The
divide by 14 circuit is not part of the =N circuitry of the

loop and does not affect the 75 MHz phase locked operation,

The divide by 14 counter is activated by switching "ON" the

5 volts to the counter during self test operation. The 75 MHz
signal, divided by 70 (or 1.0714 MHz), is then fed to the doppler
multiplier input. Relay K1 in the doppler multiplier switches
the input from the 1,083 MHz mixer output to the 1.0714 MHz self
~ test frequency., The self test frequency is multiplied by 24 in
the doppler multiplier producing a .25.714 MHz. This signal when
mixed with the 25 MHz injection frequency, produces a 0,714 MHz
bias plus doppler frequency input to the digital processor. The
digital processor counts the self test frequencj and makes a
go-no-go decision based on the computed equivalent doppler shift,

6.3 DIGITAL PROCESSOR

The digital processor accepts the_l MHz plus doppler (FB + FD)
signal from the RF processor and detects zero crossing coinci-
dences between this signal and a clock reference frequency (FOJ.
The digital processor also includes the frequency counters,
interval timing logic, micro-processor and computér interface
logic necessary to supply the doppler and time counts to the
URIVAC 1218 computer. The m{cro-processor also computes naviga-
tional parameters for the extractor display. Figure 6-13 is a
simplified block diagram of the digital extractor logic. A
clock generator accepts the 5 MHz standard signal and generates
clock frequencies required for operation of the digital logic.

A coincidence detector produces an output whenever zero-crossing

| coincidence of the RF processor signal (FB+D) and the clock
signal (FO) occurs. An interval timer counts the 1.25 Mhz (FO)

pulses to produce accurate interval markers., When an interval
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marker is generated, a strobe pulse will be produced synchronou;
with the next coincidence pulse. This strobe is used to Toad the

contents of the FB 0 and FO counters into- latches and initiates

the data transfer sequencers, within the extractor.

.Since the strobe is synchronized to the zero-crossings of the
FB+D_and FO signals, the counters will always count an integral
number of cycles of the two signals. In this way quantization
error in the counts is reduced to the resolution of the coinci-
dence detector. Separate binary'aﬁd BCD counters produce data
in the forms useful to the 1218 computer and to the display-
microprocessor, |

‘Interval skewing {deviation of the actual measurement periods
from their nominal positions) is principally caused by the de-
lay between the interval marker and the following coircidence
pulse. The intervals (or integration periods) will be slightly
longer or shorter than nominal as a result of interval skew,
Since the interval markers are independent of the coincidence
bu1ses, however, the interval skew does not accumulate, |

|

The interval timer will also génerate readout strobes upon receipt -~

of anytime readout (ARO) commands from the mode control Togic.
“In this mode of operation the integration pertods are established
either by the Dperator or by the 1218 computer.

The extractor operates in several modes. Integratton periods of
0.5, 1, 2, 10, 60 or 600—secohds may be selected. Integration
-peribds may be contolled externally using the ARO mode. Readout
from the FB+D and F0 counters may be destructive {DRO) wherein
the counters are reset. f011ow1ng each readout, or non-destructive
- {(NDRQ) wherein the counters are not disturbed by the readout
strobe. The extractor can perform a sjng]e_medsurement and then
stop (SINGLE COUNT), or it can prodﬂce continuous periedic ouf—r
but (CONTINUOUS COUNT). Several options are available when using
the front panel diép]ay. Internal self-test of the extractor
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circuits may be performed. The mode control logic provides the
necessary internal control signals to implement the selected
modes. (A complete description of extractor modes of operatlon
~is given in Section 7,)

The status of the mode control lTogic 15 displayed on the extrac-
tor front panel using LED indicators. '

Computer interface logic receives binary data from the counter/ .
latches and provides the formattihg,.1eve1-sh1fting, and hand-
" shaking necessary to transfer this data to the 1218 computer.

A special-purpose microprocessor receives BCD data from the
counter/latches and calculates key navigation parameters from
this data. The microprocessor calculations are displayed on a
front panel digital readout. '

The digital logic uses a mixture of ECL, TTL, MOS, and CMOS
integrated circuit components to achieve a balance between per-
formance and total power dissipation. The 233 integrated

circuits used in the digital logic are packaged on fifteen

circuit boards. " Fourteen of the boards are located in the-
digital nest, and may be unplugged for servicing. A card extrac-
tor is provided with the unit to permit probing of working -
circuits.. By mixing téchno1ogies, high-speed performance is
provided only where essentia].,‘The bulk of the logic is Tow-

power CMOS. The CMOS logic prov1des exce11ent n01se 1mmun1ty,
enhancing the reliability of the digital circuitry.

The design philosophy for the breadboard was to 1mp1emeht the

. desired functions with a minimum of development effort, con-
sistent with reasonable design practice. Circuits within the
breadboard, while functional; may not always, therefore, be
optimal. With this caveat in mind, the breadboard circuts wil}
now be described in detail. '
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6.3.1 DIGITAL CIRCUITS

Complete layout drawings for the fifteen digital Togic boards
are presented in Figures 6-21 through &-26. The schema tics .
for these boards are shown in Figures 6-30 through 6-41. These
~figures are grouped together at the end of this section for easy-
reference, Interconnection of the boards is detailed in

Figure 6-27 while details of the front panel wiring are shown

~ in Figure 6-28, ' '

Every attempt was made to partition the digital logic so that
each board is a functional module. While this is generally true,
some functions do, nonethe1ess,'oﬁer1ap onto -several boards, The
circuits are described on a functional basis.  The following
notation is used: '

When a particular input or output pin is referreq to, the
format kXp will represent board k, package.position X, and
pin p. For example, 8G11 identifies pin 11 of package G on
board 8 (the serial input of a CD4021 shift register 1in
this case). . '

When a package contains a single logic element, it wj11 be
jdentified as kX, where k is the board number|and X is the
package position. For example, 8G will identify the CD4021
shift register in position G of board 8.

"ihen a package contains more than one logic element (such
as quad gates or dual flip-flops}, the particular element
'will be identified as kXp, where k is the board number, X

~is the package position, and p is an output p1n‘of the
particular element. For exampie, 10L13 identified a flip-
flop on board 10, while 10L2 identifies the other flip-flop
in position L of board 10.

" 6.3.1.1 Coincidence Detector

The‘coincidence detectbr circuits are located on .card number 1.
A layout is shown in Figure 6- 21 and the schematic i1s shown in
Figure 6-30. The coincidencé detector will produce an output

;
¢
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pu1se whenever the zero-crossings of the'FB+D and FO signals
coincide within a preset tolerance, or coincidence aperture.

High-speed comparators 1A and 1D accurately determine zero-cross-
ings of the two input signals. The comparatdrs producé-ECL outputs
which drive delay lines 1B and 1C, and gates 1E2 and 1E15. This
combination results in precision one-shots, whose outputApu1se
width is primarily a function of the 1B and 1C delay settings.
Tapped delay lines are used fo provide adjustable pulse width;
high absolute accuracy (within 5%), and good stability (GDppm/.
°C). Pulse widths from 4 to 100 nanoseconds in 2-nanosecond
increments are available by proper sé]ection of delay line and
tap. The coincidence aperture is the sum of the two delay line
settings.

If the input .zero-crossings coincide within the coincidence

aperture, 1E2 and 1E15 will be low simultaneously, producing a
positive puise at 163. The one-shot pulses are ANDed in this
way, establishing coincidence. 1G14 and 1615 form a 1-micro-
second one-shot, stretching the narrow coincidencé pulses into
pulses wide enough to operate the CMOS interval timing logic. -

Ltevel shifters 1H and 1F convert the ECL coincidente detector
levels to 12-volt CMOS levels for use by the remaining digital
logic. The NB+D and N0 signals are buffered by drivers 2Q and
2R and operate the counters on boards 4 through 8.

ECL-IIT logic and stripline circuit interconnection techniques
are used to provide maximum-commercia11y—ava11able speed while
maintaining waveform integrify. The use of l—nanosecoﬁd logic
insures that the coincidence aperture depends only on the delay
lines {assuming the delay line séttings are significantly
greater than l-nanosecond), and bkovides maximum resolution in
the coincidence detector. Sincé the accuracy of the. zero-
crossing coincidence technique depends primarily on the accuracy
of the coincidence detector, this approach results in breadboard
performance closely approaching the theoretical Timit of the
technique. Performance may be hardware-limited as
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the aperture is reduced to values much less than 20-ranoseconds.

Three test-points, TPA, TPB and TPC enable monitoring of the
preciéion ECL one-shot outputs and of the ECL coincidence pulses.

Figure 6-14 shows a timing diagram for the coincidence detector
circuits.
'6.3.1.2 Clock Reference Generator

The clock reference generator is located on card number 10 shown
in Figure 6-74. A schematic is shown in Figure 6-30. The clock
reference generator accepts the 5 MHz standard signal and gener-
“ates clock signals for use by the digital logic circuits. A

20-dB attenuator at the digital nest ‘5 MHz' input connector
provides isolation between the (sensitive) RF processor circuits
and the (noisy) digital circuits. This pad is shown in Figure
6-27, Comparator 10S squares up the resulting low-level sinusoid,
which is then amplified by 10T15'(0perating as a "linear" ampli-
fier) and further shaped by 10T12. High-speed‘divider 10U derives
a 1.25 MHz reference clock and a 156-kHz display clock from this
signal, The di;p]ay clock is buffered by 1074, -

The breadboardfdesign provides for the use of either the internal
1.25 MHz signal at 10011 or an external 12-volt signal as the F
reference signal. The external signal is squared up by 10M6.

The circuit at 1066 detects the presence of the external signal
as follows: With no signal present, 10M6 will be clamped high
by the 620-ohm resistor. 10G6 will rise to a high level as the
300-picofarad capacitor -is charged through the 47 K resistor.
This enables gate 1064, allowing the internal 1.25 MHz signal to
operate gate 10G10. With a square-wave signal present at the
"externa1'F0 input, the 300-picofarad capacitor will be discharged
through the diode as 10M6 goes low. The time constant is such
that an external FO signal on the order of ]-MHz will readily
keep 10G6 at a low level, disabling the internal 1.25 MHz refer-
ence.. Gate 10G10 is then operated directly by 10M6. In this

way the presence of the external reference is detected and swich-
ing of the F, input is accomplished. Buffer 10T6 drives the
resistor network which provides a 50-o0hm F0 signal for use by
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the coincidence detector

Inverters 10B2 and 10812 form an 800 kHz multivibrator. The 800-
kHz signal is divided by flip-flop 10H13 and buffered by 10T2 to
provide a 400- kHz clock for the microprocessor. The microproces-
sor clock is generated-in this way because the 311-kHz signal at
10U6 is too slow to enable the navigation parameter calculations
to be completed in 2-seconds. The significance of this will be .
apparentrwhen the microprocessor is described.

The internal 1.25 MHz signal is buffered by 10T10 and 10N2 to
provide a "system" clock for the digital logic.

6.3.1.3 Interval Timer

The interval timer is located on board number 2 shown in Figure
6-27. A schematic is shown in Figure 6-31. The interval timer
logic produces a STROBE pulse, which marks the start and stop
of a measurement interval (or successive intervals in the
CONTINUOUS COUKT mode). This strobe must be éynehronized to the
zero-crossing coincidence of the FB+IJ and FO signé]s, and is

initiated either by an 1nterna1 marker generator or by externa]
ARO readout commands. A COUNTER RESET pulse is also generated
by the interval timer to reset the FB+D and F0 counters fol-
Iow1ng readout in DRO operation.

The 1.25 MHz system clock .is counted down by counters 2E, zF,
and associated logic to produce a 4 Hertz clock. ‘Counter

2D will divide this 4-Hz signal b} the appropriate 'N' to produce
markers at the interval spacing indicated by the ABC interval
select leads. The markers appear as an inverted interval strobe
(TS) at 2J4. The CLR TIMER lead clears the marker generator,
permitting the markers to be syhchronized by commands from.the
mode control logic. This Tead also disables the markers, and

is used to stop the doppler measurements when in the SINGLE

COUNT mode.

The use of CMOS ripple counters for the harker generator results
in a 10-microsecond worst-case delay from the INTERVAL START
command to the output of the first marker. This delay contri-
butes to the overall measurement delay of the extractor
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Gate 2N4 provides a marker at the start of a measurement, so that
start-of-measurement data transfer can occur. The interval mark-
ers set the STROBE REQ flip-flop 2113 when not in the AROC mode.
Flip-flop 2113 is set by the ARO STROBE REQ signal (produced by
the mode control ]ogic)‘in the ARO mode. dhen a strobe request
has been given, the first COINCIDENCE pulse thereafter will set
the STR ENABLE flip-flop 2I1. Gate ZKI0 will then generate the
.STROBE pulse, synchronous with the Nj clock. The strobe is buf-

fered by 2H10 and drivers 2S and 2Q15. The strobe initiates counter
readout and data transfer operations. '

The strobe will set flip-flops 2H1 and 2G615. 2H1 will reset 211
and 2113, ensuring that only one strobe results from each strobe
request. In- the DRO mode, gate 2K4 permits output 2H1 to produce
a counter reset pulse. 2H! is reset on the next Nb transition,
resulting in a reset pulse width of 400-nanoseconds.  2G15 pro-
duces a 10-microsecond PSEUDO RESET pulse which is used to c¢lear
a counter in the mode control logic.

The timing of the strobe and reset pulses (Figure €-15) is.quite
critical, High-'speed CHMOS and CMOS/S0S components are used to
reduce propagation delay effects, The strobe pulse is produced

400-nanoseconds after the final increment of the Ny . and H,

counters, but before readout, - The reset puisé immediately follows
the strobe in DRO operation. (The counters will "skip" the

next count transition due to the reset.pulse., They are therefore
reset to a count of 1.) Any skewing of the strobe and reset
pulses from the positions shown in Figure 6-15 will result in
erratic operation of the countefs The output buffer circuits

for the strobe, counter reset, NO’ and NB+D circuits were matched
to reduce pulse skew. Maximum pulse skew for the breadboard was
measured as 40 nanoseconds, This skew permits the CMOS counters

to operate reliably up to 1.5 MHz,

' The strobe and resét pulses are based on the F0 signal only.
These signals are used to control both the NO and NB+D counters.
The Np,, readout command skew will be tolerable as long as
F . : ’
2 _B¥D <2
0 .

3 °F
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This limits the range of external F0 frequencies for proper
operation of the extractor. The lower bound is established by
excessive skew of the reset pulse, while the upper boundris
established by the strobe. ﬁoth Fgyp and Fq must be kept below
1.5-MHz for proper operation of the readout sequence. (Observe
that the 714.3-kHz self-test signal from the RF preconditioner

is below the lower 1imit. For this reason the self- test measure-
ment-is NDRO to avoid possible trouble with the reset pu1se skew.)

The STROBE and COINCIDENCE outputs are buffered and made available
at the rear chassis lip of the breadboard.

6.3.1.4 Counter/Latch Circuits

NB+D and NO pulses are counted by CMOS synchronous counters.
Separate binary and BCD counters are provided for each signal

to relieve the display microprocessor of the binary-to-s5CD con-
version otherwise necessary. This is in keeping with the design
philosophy, wherein extra packages are prov1ded to reduce the
software development for the microprocessor. 1In a product1on
unit, the conversion would be more efficiently performed in
software.

The counters increment on the positive transition of the clock
1nputs. The counters will reset to 1 when the CTR RESET lead is
high. ~The b1nary counters have a maximuym capacity of 32 b1ts,

while the BCD counters have a capac1ty of 8 digits. Th1s capac-

ity permits the counters to run more than 800-seconds before over-
flow (recycle through-zero) occurs. The counters are found on boards
4 through 8, shown ih the layout drawings of Figures 6-22 and |
6-23. The schematic of the counters is shown in Figures 6-33

and 6-34, The counter arrangement is best seen in Figure 6-~27,

LED readouts are provided on the counter boards to indicate
proper operation of the binary counters. Opération of the BCD
‘counters is indicated on the front panel digital display. The"
binary LEDs do not operate through latches. To enable the
operator to interpret the readout, therefore, counter 8E controls
the start and stop operation of the counters when the RUN/HOLD
switch on board 8 is in the HOLD position. When this switch is
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operated, 8F will ENABLE the counters for a single measurement
interval {two successive strobes) and then DISABLE the counters.
When in the SINGLE COUNT mode and using NDRO, the results of the
BCD count will appear on the front panel dlsplay, wh11e the binary
results are available on the LED indicators.

“The counter results afelloaded into the CD4021 parallel-to-serial
registers on the positive transition of the strobe. Due to the
timing of the strobe pulse, the counters have approximately 400
nanoseconds to "settle" before the readout takes place. The
registers are arranged in serial strings, one for each counter.
‘Data are outputted in serial form, MSB'ffrst, upon clocking of
the registers by the appropriate shift pulses. SHIFT 1 controls
the BCD data, while SHIFT 2 controls the binary data. The shift
bursts are generated in the microprocessor and computer interface
logic, respectively. The data streams are concatenated, so that
two successive shift bursts will output the NO counts followed by

the NB+Dcount on a single lead.

Extractor flag bits, used to indicate extractor status to the 1218
computer, are inserted into the MSB positions of the binary data
stream via register 8C and gate 8B4. Register 8A inserts zeroes
into the binary stream to avoid conflicts with the flag bits.

LEDs L1 throguh L4 on board 8 1nd1cate the status of the f]ag
b1ts

6.3.1.5 Mode Control Logic

"The mode control legic is located on board 3 shown in the Tayout
drawing of Figuré 6-22. A schematic is shown in Figure 6-32.
The mode control logic receives extractor commands either from

. the 1218 computer or from an operator via the front panel push-

buttons. The mode control logic interprets these commands and
generates the internal Controirsigna15 necessary to implement
the commands. This 1ogic was designed to be as “"fail-safe" as
possible, in that contradictory instructions (generated by
'pressing‘the wrong pushbutton, for example) are generally

resolved in a known way.

2
4
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Figure 6-28 shows the front panel wiring. Manual control instruc-
tions are produced by pressing pushbuttons on the front panel.

The MODE, READOUT, and INTERVAL CONTROL instructions proceed
directly to board 3, while the INTEGRATION PERIOD command is first
encoded into the ABC format used by the interval timer. This en-
coding is accompliished by 15, and helps reduce the number of
leads inte the crowded POWER/CONTROL connector. The ABC code

is given on the diagram for beoard 2.

" Control of the unit is accomplished using eight leads. The ABC
leads determine the integration period. The COUNT lead indicates
the continuous count mode when high, and single count operation
when low. The ARO command is generated by a momentary-contact
pushbotton and is de-bounced by 309. wnytime readout is per-
formed following the positive transition of this lead, and the
unit becomes locked in the ARO mode (markers from the interval
timer do nbt produce strobes) until the unit is reset using the
interval start command. The unit is in the self-test mode when
the TEST lead is high. A high on the DRO/NDRO lead indicates
destructive readout, while a Tow on this lead indicates non- ..
destructive readout. The INTERVAL START command is generated by
a momentary-contact pushbutton, and is de-bounced by 3Q1. A
negative transition'on this Tead will initialize the extractor,
resetting all counters and producing a MASTER RESET pulse.

Interiocking push-buttons an the front panel enhance the fail-
safe operation of the unit. Commands in contradiction to the
current mode of operation are ignored (overridden) by the mode
control logic. '

The eight command leads produced by the front panel pushbuttons
‘ corresponﬂ directly to an eigthBit code used by the 1218 com-
puter to control the unit. The computer command code is stored
in latches 37 and 3U. |

Depending on the status of the CONTROL lead, either the push-
button commands are selected (when this lead is low) or the com-
puter command word is selected (when this lead is high) by
‘multiplexers 35 and 3M. '

The integration period and readout mode are established by the
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contents of 3R. This latch is updated ﬁpon receipt of a strobe,
permitting the integration period and réadout mode td change oniy
at the end of a measurement interval. In this'way the measure-
ments are made self-completing. iihen self-test is‘se1ected, the
unit is forced into a 2-second, NDRO readout mode by resetting
3R and activating gate 3D4. | '

The positive transition of the 1218 computer EXTERNAL FUNCTION

lead is used to update latches 3T and 3U, and to simulate the
momentary-contact action of the front panel INTERVAL CONTROL push-
buttons when under computer control. The external function signal
is delayed a few microseconds to permit the latches to receive the
concurrent command word, and then produces a negative transition

at 3D10. If the interval start bit is up (3M13) a positive transi-
tion will be produced at 3D11, firing one-shot 3NT. If the ARO
bit is up (3M10), a positive transition will result at 3B4, setting
strobe request flip-flop 2113 (which in turn produces a readout
strobe).

In the manual control mode, the transition caused by pressing
one of the interval control pushbuttons propagates through to
3B4 or 3D11.

- Counter 3F and the interval timer combine to perform two basic
extractor functions. MNormally, counter 3F will produce the
single count operation by activating the CLR TIMER 1ead upon
receipt of two successive IS pulses from the interval timer.
This will terminate the generation of interval markers (and thus
strobes). The counter is initialized by the master reset pulse.
(via 3A10) to produte a new measurement when the INTERVAL START
- command is given. The single count operation depends on gate
3A9, which will inhibit the clear timer pulses if in the ARO
mode"br if in the continuous count mode.

In the ARO mode, the interval timer is used to determine when’
ffhe duration between ARO commands exceeds the setting of the
timer. Two successive IS puises into 3F indicates that the
present maximum duration has been exceeded, and an OVERFLOW
‘indication is given via 3E11 and 3E2. The overflow indication.
is harfless, and merely 1ights a lamp and produces a flag bit_'
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~at the computer interface to indicate thaf something hés gone amiss.
When an ARO command is given, the PSEUDO RESET pulse is produced.
In the ARO. mode, gate 3E4 permits this pulse to reset the interval
timer via 3A6 and to reset counter 3F via gate 3A10. This resets
the overflow indication and starts a new overflow count. Since
the pseudo reset pulse occurs after the strobe, the overflow flag
is 1oaded‘info register 8C for transfer to the computer before

" the flag is taken down. |

once an ARQ command is‘giveh, the unif is locked into the ARD
mode by setting flip-flop 3010. This flip-flop is reset by the
naster reset pulse (produced by the INTERVAL START command).

The SELF-TEST command forces the unit into a 2-second, NDRO read-
out mode, as described carlier. Gate 3E10 forces the unit into
SINGLE COUNT operation, while gate 303 inhibits any erroneous ARO
commandé. The self-test command is buffered by 11612 and 11615,
and operates the self-test relays in the RF processor (which
cause the generation of the precise test signal) via driver
transistor 11H. '

Flip-flops 33 and 3K form the self-test sequencer. One-shot 3Ki3
is triggered by the Se1f—te5t command. A 1.4-second period is used
to provide a lamp test (via 3C10, 14AA3, and 383) while the RF
processor PLLs are allowed to stabilize. A MASTER RESET
signal 1is generated via 3811 to initialize the unit (the master.
reset is also produced by one-shot 3N1 when an interval start
command is given).

When 3K13 times out, the unit performs a single 2-second NDRO
count of the test signal. Upon compTetfon of the measurement,
"3F12 will go high, triggering one-shot 3J1. After 3.5 seconds
elapse {(permitting the microprocessor 10 complete its calcula-
-tipﬁs) 331 times out, setting 3J13 and 3k2. Flip-flop 3KZ

. enables thé pass-fail result via gates 10P3 and 10P4. The
appropriate pass ov fail lamp is 1it, and the pass-fail bit is
jammed into the computer output data word via 9A13. Flip-flop
3013 raises the EXTERNAL INTERRUPT lead to alert the 1218 com-
‘puter that the pass-fail result is availabie at the interface.
3J13 is reset by an INPUT ACKNOWLEDGE from the computer
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(adhering to the 1218 handshaking format), while 3KZ resets when
the unit is takem out of the self-test mode.

6.3.1.6 Status Indicators
The status of the extractor mode control logic is indicated by

seventeen multicolored LEDs on the front panel.

The mode status bits are loaded into registers 3P and 3V. The ABC
integration period code is decoded by 3W to operate the integration
period indicators. Gate 3D3 forces a continuous count indication
when in the self-test mode. The othér status leads are available
on board 3. |

A logic 1 in the 3P and 3V registers will light a corresponding
lamp on the extractor front panel. Gate 3B3 forces all indicators
to Jight during the lamp test portion of the self-test sequence.

" Counter 3G and flip-flops 3H13 and 3N9 produce 16-cycle bursts
of the N, clock {via 3B10 and following buffers) to transfer the
status information to registers 15B and 15J. During this data
transfer the indicators are b]anked by taking down the PANEL

" DISPLAY ENABLE lead. At the completion of the transfer, one-
shot 3H1 is fired to energize the indicators.

The serial data transfer is necessary due to pin limitations on
board 3. The transfer sequence provides a 1-kHz display update
rate, with an indicator duty cycle of 98.7%. The'resisforfdiodé
networks at pins 28, 29, 40 and 42 of board 3 provide TTL-com-
vatible.output levels (the board 3 logic. operates at 12-volts).

Drivers 15A, 15C, '15E, 15L, 15K, 15G and 154 (Figure 6-41)
enérgize the LED indicators by sinking the LED currenf. The
.position of switch Syp 1s used (see Figure 6-28)by gates 15ﬁ |
to determine whether the red or greén segments of the multi-
colored diodes should be 1it, The color is changed bj re-
versing the current flow through the diodes.. Green is used to
indicate computer~-controlied Opefation. |

The red portions of D,, Dy, and D, are energized directly when
the corresponding button of 31 is pressed. The green portions
of these diodes are energized via the board 15 drivers. Dy is
energized directly by Sq,-
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6.3. 1.7 Computer Interface :

The computer interface circuits are 10cated on boards nhumbered
9 and 10 shown in Figures 6-23 and 6-24. Schematics of these
boards are shown in Figures 6-35 and 6-36. The computer inter-
face logic performs the data‘formatting, level-shifting, and
handshaking required to interface with a 1218 computer port.

Figure 6-/6 shows the timing of&the interface Teads. A strobe
indicates that new data are available in the extractor registers
(boards 4-8), and initiates a burst of 1.25 MHz clock to shift
the first word into the serial-to-parallel registers on board 9.
Unce’ the data is loaded (and stable), the INPUT DATA REQUEST

lead 15 raised. The computer responds with an INPUT ACKNOWLEDGE,
which initiates another SHIFT.2 burst to load the second word.

The exchange continues until four 18-bit words are sent to the
bomputer, compteting the sequence.

If the extractor is performing a self-test, the EXTERNAL INTER~

RUPT tead will be raised after 3.5-seconds to alert the computer
that the pass-fail flag bit is available. The computer responds
with another INPUT ACKNOWLEDGE, completing the sequence. )

The EXTERNAL FUNCTION lead must be toggled to access new com-
mands from the 1218 computer. During data transfer from the
extractor to the computer, this lead is taken down, preventing

a command from being gjﬁen. The positive transition of the
EXTERNAL FUHCTION REQULST lead following the transfer allows
the computer to transmit a new command to the extractor. The
EXTERNAL FUNCTIOHN lead is raised by the computer to indicate
that a new command is present on the data lines,

The t1m1ng of Figure 6-16 meets .the requirements specified in
the,1218 computer technical wmanual. Risetimes and falltimes are
- approximately 5-microseconds on all extractor- generated leads.

" Counters and flip-flops 10L, 10K, 104, 10C, 10D, and associated
gates (card layout Figure 6-24) form a high- Speed synchronous
burst generator, producing the SHIFT 2 bursts. Dperaﬁ1on of
this burst generator is illustrated by the state diagram of
Figure 6-17. Flip~flop 10L13 is set while the data transfer
sequence is in progress. Shift pulses are enabled when 10L2 1is
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low, 10C1 will become a high when an 18-pulse burst has been
completed., 10C1 provides the INPUT DATA REQUEST signal, while
10L12 §s used to produce the EXTERNAL FUNCTION REQUEST signal,

The SHIFT 2 bursts transfer data from the binary data registers
on boards 4 through & into registers 94, 9B and 9C. The 18-bit
parailel data are then transferred to the computer. Seif-test

" results are inserted in the data word via 9A8 or 9A10,

Levél shifters/line drivers are brovided on the extrac tor output
leads. As shown in Detail A for board 9, a zener diode and resis-
tor shifts the 0-12 volt CMOS levéls to (-15)-0 volt 1218 com-
puter levels., The CD4050 buffers drive R-C networks (which limit
the rise and fall times) and emitter followers, The emitter
followers drive the computer input cable, |

Detail B shows the line receiver circuit, Incoming computer
levels are shifted to (MOS levels by the zener diodes and
resistors. R-C networks filter high-frequency noise which may

be present on the line, A CD4050'functions as buffers, -Positive
feedback, via the 180 K resistors provies 2.5 volts of hysteresis,
impfoving the noise immunity of the Tine receivers., The line
receivers are located on boards 9 and 10, ‘

Table 6-3 details the wiring of the computer interface connec-
tions. ‘ '

A computer interface test unit was shipped with the extrac tor
to previde rapid verification of the interface logic when a
1218 tomputer is not available. The front panel layout of this
unit is shown in Figuré 6-18. The test unit plugs into the
computer connectors at the rear of the extractor and is powered
from the extractor. Use of the test unit is discussed in the
section "Breadboard Operation." |

6.3.1.8 Microprocessor -Hardware

The microprocessor circuits perform calculations on the BCD
counter data to provide direct display of doppler frequehcy_
(FD), range rate (ﬁ),-change in range (£ R), self-test error,
and coincidence delay, The following paragraphs describe the
hardware implementation of the microprocessor. The'microprocessor
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algorithms are discussed later under microﬁrocessdr sof tware.,

tiew and powerful microprocessor chip sets Qere.appearing on the
market during the design period of the extractor., These general-
purpose chips were relatively expensive, difficult to program,
and difficult to interface. The Texas Instruments THS-0117
calculator chip provided the computational capability required
for the extractor display, while at the same time being easy to
prdgram, easy to interface, readily available, and very low cost.
With the design phiiosonhy te mind, the TMS-0117 was selec ted as
the central processing element in a special-purpose micro-
processor arrangement,

Figure 6-19 shows the microprocessor and display approach., The
TMS-0117 functions as a central processing unit, A rahdom-access
memory (RAM) provides storage of intermediate and final calculation
results. A programmable read-only memory (PROHM) holds a series
of instructions referred to as a microsequence or microprogram,
The microsequence is the detailed set of data transfers and in-
structions required to compute the navigation parameters for
display. The microsequence timing logic generatés clock bursts
‘used to operate the central processor, transfer data, and incre-
ment the microsequence memory. Input and output gating logic
provides the nultiplexing and serdial-parallel conversion

required to interface the TMS-0117 with the RAM, ROM, and
extractor data registers.

This microprocessor approach has a speed disadvantage. Compu-
tation time for the navigation parameters is on the order of

1.8 seconds. Holding a number in the output registe?s of the
TMS-0117 calculator chip would permit display of the output,

but would "tie up" this chip during the display period, For

this reason, the internal display scanning and blanking circuitry
of the TMS-0117 was not utilized, permitting the chip to be

used full time as a processdr.

As shown in Figure 6-19, separate display timing, formatting
and zero-suppression cirﬁuits are provided, The disp]dy logic
shares the RAM with the microprocessor. In operation, the

- display circuits select and access the multiplexed display data
by stepping through the appropriate block of RAM addresses,

Sl
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The microprocessor accesses the RAM on an 1nterrupt bas1s,
"stealing" the address and data leads to read or write a da ta word
The display is blanked during this interrupt. Upon completion of
the interrupt, the RAM address and data leads are switched back

to the display control circuits, where display scanning is resumed.
Due to the low duty cycle of the interrupt action, the display
appears undisturbed to the eye.

The RAM addressing is organfzed such that the microprocessor
accesses one portion of the memory while the display logic
accesses another, Intermediate calculations and new parameter
results are stored in one half of the memory. Previously calcu-
lated results are stored in the other half, The display logic
oniy accesses previous results, while both current and previous
results are used by the microprocessor.

A strobe from the interval timer initiates the microsequence,
Upon receipt of the strobe, the microprocessor will access the
BCD data from the extractor and calculate all navigation para-
meters, storing the results in the RAM. At theUCOmpletion of the
microsequence, a bit of the RAM address will be inverted, This
inversion has the effect of interchanging the new and oid data
within the RAM, so that the just-~completed calculations appear on
the display, while the other half of the memory becomes available
for the next set of calculations.

This approach provides a sample-and-hold type of . display, and

permits viewing of previous calculations while new parame{ers

are being calculated. With integration periods under Z2-seconds,

the microprocessor will be constantly ca]culat1ng, necessitating
the sample-and-hold display.

If the extractor is operating with integration periods under
2-seconds, the miéroéequence will not be completed before the next
strobe occurs, The current microsequence is aborted, allowing
the new sequence to begin, 'in,this way the new data cannot be
lost, and will be available fbr_disp]ay as long as the integration
period exceeds 0.5 seconds. The navigation parameters are

calculated in sequence, with FD’ Rc,élsR, test error, and

!
¥
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coincidence. delay proqress7ve1y ava11ab1e as the integration period
is increased from O to 2-seconds.

Flag bits are provided in the PROM at the completiaon of each
parameter calculation, A counter in the microsequence timing Togic
cbunts these flags to determine the status of the microsequence,
The output of this counter is used to determine the completion of
the sequence, causing the display to be updated. If the sequence
is aborted, the sequence status information is used by the display
control logic to blank the display of uncalculated parameters,

Digit-scan multiplexing is used to reduce the latch/decoder/driver
package count for the 12-digit readout., This multiplexing approach
is compatible with the digit-scanned input/output wmultiplexing of
the TMS-0117 data.

The microsequence is Jmplemented whithout branching., Address
~registers and logic normally provided for this function are not
‘required for this microprocessor.

The central processor and associated logic are contained on board
IT. The layout for board Il is shown in Figure 6-24. A schematic
is shown in Figure 6-37. This processor operates in four-modes;

Mode 1 - Instructions or data are read directiy from
the PROM -into the TSM-0117 processor chip.

Mode 2 - Data are transferred from the extractor shwft
registers to the processor ch1p.

Mode 3 - Data are read from the RAM and transferred
into the processor chip, '

Mode 4 - Data in the processor chip output register
are written into the RAM,.

'Tthdata transfer is one digit per Mode 1 instruction, and one
b]opk of digits, or word, per Mode 2, 3 or 4 instruction. The
basic data word consists of a sign and ten significant digits, for
a2 total of eleven digit positions. The extractor data does not
©carry a ;1gn bit. A Mode 2 transfer therefore consists of 10
digits from the extractor registers, The most s1gn1f1cant d1g1t
~(MSD or sign} is made zero by 81 and 8aG.
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The THMS-0117 NO-0P Code {control bit followed by 1111) is used -
to indicate a positive number, while negative numbers are pre-
ceded by the TMS-0117 SUBTRACT code (control bit followed by
0110). The processor chip interprets these codes as a sign bit
when properly used in the microsequence. Decoding is provided
in the display logic to detect the minus sign code.

The interfaces and operation codes for the TMS-0117 are de-
scribed in Appendix C. Processor 11J operates with + 7.6
volt supplies, provided by series regulators 11T and 111,
Buffers 110 convert 0- to 12-volt CMOS logic levels to the
+ 7.6 volt levels for the processor chip. Networks, each
consisting of 3.9K resistor, a 5.1 volt zener diode, and a
47K resistor, restore the 119 output signals to CMOS levels,

The input/output format and timing for 11J are described in
Appendix C. Input words consist of a control bit followed by
a four-bit code, A zero in the control bit position indicates
the presence of a BCD digit, while a one in the control bit
position indicates a control operation, such as add, subtract,
etc. . ' )

Chip 11J uses a bit-serial input format and a bit-paraliel output
format, Register'11R provides parallel-to-serial conversion, so
that the processor input and output are both bit-parallel.
Parallel data are entered into 11R by raising 11R9 to a high.'
Returning 11RY9 to a low permits the serial input clock to shift
the 11J input data out of 11R3., The serial input clock is
produced by wire-ORing digit scan leads available on 114.

The 119 mu]fip]exing scheme is described in the appendix, A
DIGIT CLOCK is used to indicate the center of the digit-scan
positions. 11J output data are valid on either transition of
the digit clock. Time slot D11 is used for access of the

sign bit and other flag bits available at 11J. D10 through D1
indicate access (on output) .to the MSD through LSD, respectively,
of the output register. The output digits appear in parallel
form on the SA, SB, SC, and SD leads, with the MSB of the BCD

. formatted digit appearing on the SA output. ‘
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The input control bit, followed by the input word (}MSE first)

are accessed during time slots D10, D7, D5, D3, and D1 respec-
tively. With the positive transition of each of these indicators,

a new bit is shifted out of 11R, Since the THS-0117 scans in

the order D11, D10, D9,...D1, data are handled MSD and MSB-first.
This .order of data flow is maintained throughout the micro-
processor and d15p1ay tircuits,

RAM 12K is organized as 1024 x 1 -bits. This organization implies

bit-serial transfer of RAM data, 11A provides the conversion

from the parallel format of 114 “to. the ser1a] format required by
12K,

The bit-parallel interface provided by 11R permits the use

of an independent clock for serial data transfer into the micro-
processor. Register 12T converts serial extractor and RAM data
to parallel form using the external transfer (BURST) clock, The
PROM data are in parallel fdrm, and do not pass through 121,

Table 6-1 shows the assignment of the RAM address leads.. This
assignment minimizes the external logic required to generate the
RAM addresses, at the expense of unused bit pasitions within thé
RAM., The MSD/MSB-first ordering of data is reflected in the
address assignments. The assignment of word blocks is the order
in which the nav1gat1on parameter calculations are made. The

N/0 bit indicates the access of new or old (previously calculated)
data from the RAM, |

Chip 11J provides four flag bits. These flag bits are active
during time D11, and indicate the status of the processor. The
SE output indicates that the processor is busy (data in the
output register are not valid) when it is high during D11. SF
~ represents the sign of the output number, a high indicating a
negative number. SG will be high if the processor is latched
in an error condition, The SH flag can be used to provide
leading zero suppression of the oﬁtput data, The 1eéding zero
suppression function is provided by separate hardware in the
display contro] logic, and the SH output is not used,

/
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TABLE 6-1  RPM LOCATION ASSIGNMENTS

06-9

NJO . - WORD  DIGIT | BIT
1 A9 | A8 A7 A6 AS A4 A3 A2 AT Ao
0 = Previous 0 0 o=N_ |0 0 0 0=5ign |0 0= MnSB
Value,. _ | _ .
‘ 0 0 1= N, 6 0 0 1 = MSB 0 1
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I 0 = F, e o0 1 0o - ] 0o
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1 0 =Test {0 1 0 1 -
Error
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1 1 1 = Coinc 0 1 1 g
Delay ] 0 0 P
1 1 = LSB
Display
1T 0 1 0= LSB
T 0 1 1)
T 1 o ol Mot
1 1 o 1 uskp
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Gate TTP11 provides a transition used to latch the pulse-type
flag outputs. The SE flag is latched by 10H2, and S$G is latched
by 11013, The SF flag is converted into a HO-0P or SUETRACT code
by 11C4, and is 1nserted into the bit-parallel output data stream
by multiplexer 11B, The SF f]ag is also used on board 19,

The KO input lead of 11J provides a master reset for the chip, and
must be exercised to unlatch the processor from an error condition.
The KO lead is activated by the STROBE, c]ear1ng the processor at
the start of each sequence of calculations. The 400-nanosecond

strobe pulse from board 2 is stretched by one-shot 101 to ensure
proper clearing of processor 11J, This stretched pulse is usad

to reset the sequencers on boards 11, 12, and 13, re-initiaiizing
the microsequence and‘disp1ay control logic with each new stirobe.

The KP lead is used to indicate that data are Leing resd inte

11J via the KQ{input data} lead, KP ié‘activated ejther by flip-
flop 11K9 (in Hode 1) or by 11K2 (in Modes 2 or 3) when a new word
is strobed into register 11R, The 11K outputs are combined by
11P4. The 11J input is 1nh1b1ted in Hode 4.

Bit counter 11E, digit counter 11U, and associated gating form

an address counter/burst generator for the micrdprocessor. These
counters operate in Mode 2 to produce a series of 4-Lit bursts

to shift a BCD word from the counter/latch boards into 11J via
register 12T and surrcunding multiplexer togic, In Mode 3, these
counters increment the address of 12K to access a serial word
from memory, and provide the BURST pulses to shift this word,

one digit at a time, into 12I. 1In Mode 4 the RAM address is again
incremented while the BURST pulses operate through 12D9 to
exercise 12K3, writing data bits into the RAM. The burst counters
-are not used in Mode 1, since data are fransferred in parallel in
this mode,

One-shots 1202 and 12012 produce a MICRO- INSTRUCTION CLOCK which
increments microsequence counter 12G and tr1ggers the board 11
burst generators when requ1red
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A special mode is proﬁided with the THMS-0117 wherein data input;
is accelerated by activating the KP lead for the duration of a
number entry. In this mode, input data are changed upon the
positive transition of the SR lead. The control Togic surrounding
the burst generator and micro-instruction clock generator imple-
ments this special mode, It is interésting to note that, even
with the special mode of data entry, the time required to enter
data into. the processor consumes 1.5 seconds out of the 1.8-second
total microsequence execution time, ' | '

Mode 1. In this mode, data are transferred directly from
PROMs 12M, 12H into processbrllld._ The data are in a parallel
format consisting of a control bit and a four-bit code. ~The data
are level shifted by 12U and 12L from the 5-volt PROM Tevels to
12-volt CMOS levels. The control bit pulses through 1153 to
11IR15. The four-bit code passes through multiplexer 120 to the
11R parallel inputs.

The mode 1 instruction is accessed on the positive'fransition of
MICRO- IHSTRUCTION CLOCK by advancing counter 12G. The PROH
address is incremented, level shifted by buffers 12E and 12F, and
is applied to 12i1, 120 to access the instruction. The MICRO-
IHSTRUCTIOH CLOCK‘disab1es the bit counter 11E by setting flip-
flop 1101 via 11S13. The digit counter will be disabled with
17U5 at a high level in Mode 1, Burst generation is therefore
inhibited in this mode. '

One shots 120 are allowed to time out, permitting the PROM data
to stabilize, Gates 1I1L10 and 11L4 will then become éctive
permitting the next SF STROBE to read the. data into 11R and to
set flip-flop 11K9 via 17L3.

This action initiates a data entry intoe 113, with the data b1ts
shifted out of 11R.

With data entry in progress, a positive transition will occur on
the CHIP BUSY latch output 10H1. One-shot 1202 is fired,
producing a MICRO-INSTRUCTIOIl CLOCK pulse, 1ncrement1ng 126G,

~If the newly- accessed 1nstruct1on also calls for a Mode 1 operation,
TIL10 will again permit the instruction to P loaded into 11R
via,the_action of 11L3. Flip-flop 11K12 will remain set as long
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as Mode 1 instructions are receijved, permitting the Mode 1 data

to be rapidly entered into the processor. When a Mode 2, 3 or

-4 instruction is received; 11K12 will be reset and 11L10 disabled,
terminating the data entry. '

Mode 2. This mode provides data entry into the processor
éhip from the registers on boards 4 through &. These registers
B+D with two
successive Mode 2 instructions. The data format is bit-serial
BCD, -with MSD/MSE appearing first in the data stream, The ¥SD
of each number is made zero by 3G .and 81. HMine additional digits

are concatenated, providing No followed by W

_ are provided by the BCD counters, This provides ten digits of

data per count, compatible with the microprocessor data format.
While a bit-parallel format would have been preferred for the
counter data, the bit-serial formati permitted the use of pre-
viously-built counter/latch boards in the extractor.

The BCD data stream appears at 8I2 and passes through 1274,1271]
to 12I15. A BURST of four pulses loads a digit into 12I, where
the parallel BCD data passes through 120 to register 11R,

The counter data represents numerical information. The control
bit is correspondingly a zero, with 11ST and 1152 both high in
this mode, ‘

Counters 11E and 11U are self-compieting. Once triggered, these
counters wi11_produce a complete burst sequence; and "hang up",
with gates 11S10 and 11C11 activating count inhibit leads 11ES
and 1JU5. The burst generators are triggered by resetting 11E
and 11U,

In Mode p counter 11U will initial]y be hung up at a count of 12
via 115810, The MICRO-INSTRUCTION CLOCK will hold 11E at a
count of zero via 11811 and 1101, The PROM instruction is allowed
to stabilize while one- shoot 120 times out.

When the MICRO-INSTRUCTION CLOCK goes low, 115, 11N3, and 11H4
will be low. The CHIP BUSY lead is monitored to ensure that the
‘processér is ready to accept new data. When. this lead goes low,
all inputs to 11N1(w111 be low, activating 11U1. Digit counter
11U is preset to a count of one due to the wiring of jam lead
11U4. 11010 will now go low, .enabling the digit counter. The
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bit counter is enabled via 11¢11 and 11015, Flip-flop 1101
js reset via 11P3, triggering 2 burst sequence, Observe that
11P10 and 11M10 are always low in Mode. 2. ' '

Gate§ 11M3 and 11M4 form a set-reset f\ip—fiod. 1113 provides

a gate for the four-pulse bit-clock bursts. 11M3 is set low when
counter 11E counts to four, providing guard time to avoid any
spikes in the burst. The 156-kHZ clock is gated by 11L11 to
produce the BURST signal. The BURST is gated by 11V9 and allowed
to produce SHIFT 1 pulses in Mode 2. -The SHIFT 1 pulses shift
four bits of data (one BCD digit) out of the counter/latch
registers, The BURST signal clocks these bits into register 121.

When bit counter 11E counts to eight, the burst is complete.

Gate 11¢11 will inhibit 11E, while 11M3 will go high. Gate 11L10
35 low in Mode 2, SO 114 will go low, permpitting the SF STROBE

" 4o clock the BCD digit into 118 and set flip-flop 11KZ via gate
11L3. As in Hode 1, this action jnitiates the TMS-0117 dnput
sequence, entering the digit into the processor., 11%2 will
remain low for the remainder of tine burst seguence, providing

the special fést data entry operation of processor 113. The
positive transition on 11£2 increments counter T1U. )

A positive-transition on the CHIP BUSY lead will set 1101, which
in turn resets 11E. Gate 1111 goes low, enabling counter 11E
and resetting 11p1 via 11P3. - A new four-bit burst is generated.

In this way bursts are produced and digits avre read into 11J.
pata are updated with bositive transitions of the CHIP BUSY 1
lead, in keeping with the special mode of data entry. When

11U counts to eleven, 11V6 will go low, disabling SHIFT 1 pulses
via 11v9. Ten digits of valid data are shifted out of the
counper/]atch registers. ' '

since the BURST is still enabled when 11V6 goes low, fnvalid data
 will be shifted into 12I. Completion of the final burst will jam
. the .invalid data into 11R. However, gate 11510 detects that
11U has ‘incremented to twelve, and that the burst sequence is
therefore complete. Flip-flop 11K2 is immediately reset, taking
down the 113 KP lead and causing the processor to ignore the
invalid data on the K& lead. Counter 110 is disabled via 11010,
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and 11E is inhibited via 11C11 and 11015.

The'positive transition at 11010 fires one-shot 12012, accessing
the next micro-instruction, '

Mode 3. This mode allows an cleven-digit word to be read
from the RAM into the processor. The address of the desired word
location is contained in the micro-instruction requesting the
. transfer. The microprocessor timing logic must provide a series
of eleven four-bit bursts to access the bit-serial RAM data one
digit at a time. The bit and digit addresses within the desired
word block are provided by the microprocessor timing loaic,

The MICRO-INSTRUCTION clock will set llDT,'ho1ding 11E at zero.
11U5 will be locked in a high state, as in the other modes.
When one-shot 120 times out, 1111 will go high as soor as CHIP
BUSY goes low. Counter 110 is preset to zero, causing 11010,
11615, and 11D1 to go low, initiating the burst sequence.

The BURST signal 1is geherated in the same way as Mode 2. SHIFT 1
pulses are inhibited by 11V9 in Hode 3. 11U is preset to zero
jnstead of one, producing eleven valid bursts instead of ten. RAHM
data from 12K12 passes through 12A3, 1206 and 12T11 to 12115,

The data are clocked into 12T with the BURST pulses, and loaded
inte. 11R when 11E2 goes high. 11K? activates the KP lead of 11d,
providing the special rapid data entry in this mode also. The
data are loaded into 11d. A twelfth data burst is produced,
representing invalid data at the end of the sequence. The '
invalid dats are ignored by resetting 11K2 when 11010 goes high.

The first "digit" of the RAM data represents the sign of the
ihcoming number. The sign is presented to the THS-0117 as either
"a NO-0P ar SUBTRACT code, causing the processor to handle the
number properly. The RAM does not store the control bit. '
Instead, TIRT3 detects when the sign 1is being entered into 114,

- . and forces.thé control hit to a one via 1154 and 11S3. -

The RAM address and data leads are normally accessed by the dis-
'pIay control logic. When.a Mode 3 sequence is in proqress;r1161]
_will be high, producing an INTERRUPT signal (inverted) at 11F4,

The INTERRUPT signal causes multiplexers 1IR, 115y and 117 to
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switch the RAM‘address inputs and data leads to the microprocessor
logic., The RAM is thus "stolen" for about 0.5 m1]11seconds The
display is blanked by the INTCRRUPT signal. |

The most significant bits of the RAM address, representing the

word block address, are provided direc¢tly by PROM 12M. The RAM
address assignment of Table 6-1 permits the T1E and 11U outputs
to be used directly as the bit and digit address leads.

Gating is provided on board 12 to force RAM data to zero under
certain conditions. When the mode control logic 6f board 3
produces a MASTER RESET signal, the RAM must be cleared, Since
the 2602 does not provide a clear lead, this function is provided
indirectly, Flip-flops 12C are cleared by the MASTER RESET signal
Inmediately following the MASTER RESET, 12013 will be low. dhen-
ever previously calculated RAM data are addressed, represented

by a low at 12R13, 12A10 will go high, forcing 12A3 to zero.

Data entered into the RAM during the current micfoesequence are
not affected, since 12R13 will be high when this data are accessed.
The RAM data appears exactly as if the RAH had teen. cleared
directly by the MASTER RESET pulse,

At the completion of each series of calculations, a positive tran-
sition is produced on the K/0 lead by the board 10 logic. The
toggling action of 12C2 inverts the new/old address lead via gate
12J10. This provides the-effect of interchanging new and old data
without actually moving bits. With the completion of the initial
calculations, the first N/O transition will set 12C13, enabling
previous]y'calcu1ated RAM data, which is valid from that point on.

When the extractor is in the DRO readout mode, the counters are
reset following each STROBE. A branch would normally be required
in the micro—program,‘subtracting previous NB+D and ND values from
current values to obtain a net count for the Jjust-completed inter-
val in NDRO operation, while directly using the new values (with-
out subtracting) as the net interval count in DRO operation. This
branch (and corresponding branch hardware) is avoided by setting
12H13 in the DRO mode, causing gates 12B4 and 12D5 to zero the
'RAM data when 12A4 detects that previous Ny o or Ny data are ‘being
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addressed.r The microprocessor subtracts the previous values from
current values, regardless of the DRO/NDRO setting, with the DRO
subtraction rendered harmless by the above gates.

The micro-program provides for accumulation of 4R by adding the
previous AR value to the new AR result. The accumulator action
‘can be disabled in hardware, once again avoiding a branch in fhe
micro-program. When the DISABLE AR ACCUM lead is high, 12D10 will
go low whenever the AR address is detected via 12A17, forcing pre-
vjous‘AR data to zero via 12D6.

Logic on board 2 provides the DISABLE AR ACCUM signal. Pin 2C6
will disable the accumulator when in the DRO mode or when the

- rear chassis Tip switch is set to the DISABLE position. 1In cer-

tain cases, the accumulator can overflow, exceeding the capacity
of the processor. This would ctause the processor to lock up in
an error condition, disrupting other calculations until the next
STROBE cleared 11J.

A test is provided in the micro-program to detéct when the AR
accumulator is about to overflow. Whén the accumulator contents
exceed 4,000,306 meters, this test will produce a positive num-
ber in the 11J output register. The SF lead of 11J is sampled

by a AR STROBE;_genefated when the-test result is in the output
register. If the output register contents are positive, 262 will
go low, disabling the accumulator to prevent the overflow. Gate
3E3 will produce an OVERFLOW indication when this happens. The
OVerfwa condition is cleared by resetting 2G2 whenever the accumu-
lator is cleared. Gate 2K11 provides the proper pulse to clear'
2G2, since the accumulator is cleared either by a MASTER RESET or
by a DRO readout.

~When the'Mode 3 sequence has been bomp1etéd, one-shot 12012 will
fire, accessing the next.micro-instruction.

Mode 4. This'mode permits the contents of the 114 output register
‘to be written into RAM 12K. Burst generators 11E and 11U are
again used. Since the write sequehce must be synchronized with
the 11J digit scan lteads, however, the bursts are triggéred in a
different manner than in the other modes. |
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The MICRO-INSTRUCTION CLOCK will initially force 11D1 to a high.
Unlike the other mades, 11D1 is not cleared when the MICRO-
INSTRUCTION CLOCK goes low. 11V10 will hold 11D1 high while the
DIGIT CLOCK from 11J is high. Gate 11P10 will reset 11D1 when
the DIGIT CLOCK goes Tow. In this way BURST pulses are triggered
by the DIGIT CLOCK.

Digit counter 11U must be synchronized with the 11J digit scan
leads. «dhen the MICRO-INSTRUCTION CLOCK goes low, 11N3 and 11N5
will be Tow. 1182 will be low when the 11J register contents are
valid. Gate 11M10 will produce 2 iow output when the SF STROBE
is active. Thus the positive transition of 1IN1, which initiates
the Mode 4 sequence by resetting 11U, is synchronized with the
D11 clock.

The eleven-digit BURST is generated in a manner similar to Mode

3, except that each four-bit burst is initiated by a negative
transition on the DIGIT CLOCK. With the output of each new digit,
indicated by the DIGIT CLOCK, the BURST loads this digit into the
RAM.

Since the bit and digit counters are synchronized to the 11J digit
scan leads, these counter outputs are used directly as the bit-
and digit- address locations for the RAM. Gate 11F4 provides the
INTERRUPT signal while the write operation is in progress, causing
the board 12 multiplexers to switch the RAM to microprocessor con-
trol. The word block address i1s stored in PROM 12M, as an .inte-
gral part of the write instruction.

bate 1209 activates the ‘read/write lead of RAM 12K, so that the
BURST pulses cause the data to be shifted out of 11A and written
into the RAM. Hultiplexer 11B inserts the sign code into the data
stream, ds previously described. Register 11A is loaded with the
DIGIT CLOCK. '

At the completion of the Mode 4 ééquence, 12012 will fire, access-
ing the next micro-instruction. Since this causes the MICRO-
‘INSTRUCTIUN CLOCK to go high,'11N1 will be disabled, sroviding a
single write burst. The sign code is actually written twice (at
the beginning and end of the sequence}, vut this is harmless.
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The micro-instruction format is shown in Figure 6-20. The two-
bit op-code specifies the microprocessor mode, and is decoded by
gates 12P and 12J4. The flag bit is latched by 12H1 to prevent
spikes, and 1ncréments sequence counter 10R. The remaining five
bits provide Mode 1 data or Mode 3 and 4 address information.

Sequence counter 10R is initialized either by MASTER RESET or
STROBE. The flag bits from PROM 12N are placed at -the completion
of each calculation, incrementing 10R. When TO0R counts to eight,
the micro-sequence is complete. 10M2 will activate the STOP tlead,
which inhibits further advancing of the micro-sequence. The eighth
flag is coincident with a Mode 4 instruction. This instruction is
executed, the next instruction accessed {a NO-OP instruction),

12H2 will then go high, allowing 1283, 12V4 and 12V3't0 freeze the
sequence., ’ ' '

A new STROBE will reset 12G, 12H1, 120, and 10R, initializing the
micro-sequence for a new series of calculations. Gate 1063 gen-
erates the N/0 signal, indicating when a new sequence has begun.
When the integration period of the extractor is less than 2
seconds, the STROBE will occur before the previous micro-sequence
is complete. In this case registef 10A stores the count of 10R
at the time. of the STROBE. This information is used to blank the

display should non-calculated parameters be selected.

Flip-fiop 10Q13 latches the ERROR signal from the %MS—O]]?. This
signal produces a special code on the display and sends a flag to
'the computer to indicate the error condition. The presence of
this signal will force a self-test to fail by setting 1001 and
10013.

Three tests are provided in the micro-program. These tests are
used to check the 4R accumu]étor for overflow, as described ear-
lier, and to produce the self-test pass/fail 1nd1cation. The sign
of the 11J output is sampled (SF lead) to indicate the results of
the tests. Flag bits are placed in the micro-program when the

;
f
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test results are available. With a flag present and the 11J data
valid {10H2 high), 10613 is high, allowing the SF STROBE to pro-
duce a negative pulse at 10G11. ' -

Should the flag represent the presence of AR accumulator test data,
10F6 will be low, resulting in a AR STROBE at 10E4. Should the -
result of the self-test frequency error check be present, 10F10
will be low, causing the 11d sign information to be latched by
70013. 10M2 permits the coincidence delay test result to be
‘stored in 1001.. The R-C filter at 10613 allows the sequence coun-
ter to stabilize before the flag bit is recognized.

The self-test results indicate a'pass cbndition when the signs
of the two test numbers are both negative. Should this be the
case, the P/F ENABLE lead, activated by the board 3 logic, will
produce a PASS indication at 10P4. Otherwise a FAIL indication
will be given at 10P3, -

Buffers 12E and 12F provide level sh1ft1ng from CMGS to TTL 1eve1s
to cperate the PROM and RAM chips. '

6.3.1.9 Microprocessor software. The microprocessor software
is the set of instructions stored in the PROMs, which when exe-
cuted produce the navigation parameter calculations.

The deve]opment of the m1croprocessor hardware and software was
done simultaneously, and the two are very closely linked. This
minimized the total development time. The software was written
to provide max1mum poss1b1e accuraey, 11m1nate branch1ng, to
provide test resu1t 1nd1cators where requ1red and to hand1e tne‘
quirks of the microprocessor hardware.
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The instruction format of the TMS-0117 is presented in Appendix C.
The THS-0117 performs fixed-point arithmetic operations to ten-
digit accuracy. Calculation results are truncated to ten digits.
The contents of the cutput register may be shifted left or right,.
and operands may be interchaﬁged with prober commands. An implied
constant feature reduces the number of data entries. |

The features of the THMS-U117 are expahded by the microprocessor
hardware to implement the micro-instruction set summarized in
Tab]e.6—2. This micro-instruction set results in a relatively
simple and straightforward micro-program.

The micro-program is designed to operate without branching. The
complete sequence is executed, regardless of extractor mode of
operation. Gating is provided tolavoid branching based on DRO/
NDRO operation. The shift-left/shift-right instructions possess
a characteristic which is exploited to avoid other branch deci-
sions. If the TMS-0117 contents are shifted left and then right,
4 zero will result in the MSD position. Similarly, a shift right
followed by a shift left results in a zero in the LSD pos{tion.
Zeroces may be placed in MSD or LSD positions by'proper combina-
tions of left- or right- shift 1nstructﬁons. This characteristic
.permits'manipuiation,of a portion of the register contents by
selectively sefting the remaining digits to zero.

The'microproceésor hardware fixes the decimaﬁ point for all cé]—
culations to the right of the MSD. This decimal position pro-
vides -the maximum dynamic range for the fixed-point multiplica-
tions and divisions. Secaling is provided within the software to
avoid overflow during these opérationé. Scaling is accomplished
with shift left or right commands. ‘ '

During software development, a breadboard TM5-0117 calculator

was built to test the algorithms. Work with the breadboard un-
covered a “bug” in the TMS-0117 internal program. 'Certain com-
binations of multipliers and multiplicands will -resuit in erro-
‘neous overflow. In particular, if the multiplicand (first num-
ber) is between 1 and 10, and the multiplier is between 1.4 and



TABLE 6-2. MICRO-INSTRUCTION SUMMARY

Execution
1 . Time o
Instruction | Mode Code {mSec) Description
ENT (Y) 1 | oo-ovyvy | 3.25 Enter BCD Digit ¥
' into Processor.
DOPP 2 | 01-=nm-- : 35,75 Enter Ten Digits
from Extractor '
kegisters into
. 7 Processor. B
READ (Y) 3 | 10-0vYYY 40.06 Read Ten Digits
: and Sign from RAM
Word Location Y
: into Processor.
WRITE (Y) 4 11-0YYYY 2.15 Write Contents of
" Processor Qutput
Register (Ten
Digits and Sign)
“into RAM Word
. : _ chation Y. 7
CLR 1 60-10000 5.39 Clear Processor
Output Register.
EQ 1 00-100G61 " 4.317+ TINSTR ggec%te Instru;f
o tiont.
MULT -1 | o0-10010 48.06 Multiply Register
: : ' ' Contents by Follow+
_ ing Entry. _
DIV 1 00-10011 54 .31 Divide Register
‘ : ' Contents by Follow
ing Entry.
ADD 1 00-10100 9.68 Add Following
Entry to Register
. . Contents.
INC 1 00-10101 6.44 Increment Register
: o Contents by 1-LSD.
SUB 1 | 00-10110 9.08 ‘Subtract Following
Entry from Registen
. Contents.
DEC 1 00-101171 6.44 Decrement Register
: Contents by 1-LSD.
ADOVF 1 00-11000 4.13 + 1.075 Increment Register
. : 10 _ Contents to Over-
_ . (1077 - REG) | £q0u.
DEZRO 1 00-10001 4,73 + 1.075 | Decrement Register
-1 - ' {(REG) Contents to Zero.
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TABLE 6-2. HICRO-INSTRUCTION SUMMARY

(Cont'd)
Execution

1 Time : o
Instruction [ Mode Code (mSec) Description
SR 1 | 00-17010 | 5.33 shift Register

Contents to Right.

SL 1 00-11011 5.39 Shift Register
~ , Contents to Left.
EX0 " 1 00-11100 7.56 Exchange Operands.
HO-0P 1 | 0c6-11111 4.3 No Uperation.
NOTES:

1.
2.

See Figure 6-20 for MICRO-INSTRUCTION format.

Implied Constant (Last Instruct1on and Operator)

Available by Using this Operator
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1.7, an overfTOW occurs, even though the product is less than ten.
The software is written such that the mu1t1p11er is a]ways less
than 1, avoiding the "bug“. The only penalty paid is the loss of
one significant digit in the AR calculations.

Display of meaningless ca]cd]ations; such as TEST ERROR when not
in the self-test mode, or COINCIDENCE DELAY when in the ARD mode,
is inhibited by the extractor hardware.

The micro—grogram is detailed in Figures 6-42 through 6-51. The
following sequence of operat1ons is performed: '

1. Read and store new NO count

2. Calculate and store new ANO for the interval.

3} Read and store new‘NB+D count;
4. Calculate and store ANB+D for the interval.
5. Calculate and store Fb, where
AN .
Fp < [B*D 4 254108 - 108} x 2E)
ANO 19
6. . Calculate and store V., where
' | AN '
_ . B+D 6 6 221
VR -._At ® F0 = ANO X j.25x]0, - ]O X (7192 At)
anq %g; . = 0.1641799015 meters

7. Calculate and store AR, where

F
_ |aN b 221.
AR f [ g+D - Fo ANé]x T_? t

‘ andrig = 0.8
- F
0 .
A;78. Test the AR value for magnitude greater than 4;000,000
meters, and allow sign of test to be picked up by micro-

processor hardware.

9. Calculate and store the TEST ERROR, which 1s the d1ffer-
ence between FD and its nominal self-test vaTue of
-328.8690477 kHz (translated to equivalent transponder
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input shift).

10. Determine whether the TEST ERROR magnitude js greater than
0.3 Hz, and allow sign of this check to be picked up by
microprocessor hardware. '

11. Calculate and store the COINCIDENCE DELAY associated with
the strobe initiating the calculations.

12. Test the COINCIDENCE DELAY for values greater than 100—--
microseconds. ATllow the sign represent1ng this test re-
sult to be picked up by microprocessor hardware. '

Micro-instruction 0 provides a "dummy" write, permitting the self-
completing burst generators to time out in case a sequence abor-
tion occurred during a Mode 2, 3 or 4 operation.

The calculation of aNO and ANB+D must take into account the over-
fijow of the extractor counters. This is done by incrementing the
new counts as if overflow had occurred. The MSD of the data was
made zero by the hardware. Adding a 1 in the MSD position pro-
vides the assumed overflow result. The net counté for the inter-
val are calculated, using the actual previous counts. If over-
flow occurred in the counters, the result is correct. If not, the
result is in error by a 1 in the MSD position. Selectively zero-
ing the MSD through the shift left--then right-- operation pro-
duces the correct net count, whether or not the overflow actuaily
occurred.

The scaling operations are illustrated by the input-output format
entry to the right of the micro-instruction listing. ‘The corre-
lation between digits in the 11J output registér, the RAM, and the
display is shown in Figures 6-42 through 6-49 to indicate the
effect of shifting operations on -the RAM and display contents.

The three software tests are performed as follows: The AR result
is shifted right and mu]tiplied by itself to provide ARZ with as

many significant digits as possible without overflow. The maxi-

mum allowable ARz is subtracted. The sign of the difference will
be negative if the aR value is within limits.

“Similarly, the TEST ERROR is shifted 1eft and right to retain only
the five LSDs. The result is muitiplied by the unm0d1f1ed TEST
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"ERROR to provide a number which corresponds to the square of the
TEST ERROR. This approach provides full test accuracy for small
errors up to 9.9999 Hz, while at the same time detecting large
errors which may have zeroes in the LSD positions. The resolution
of the test is thus ten digits, while at the same time overflows
are avoided.

‘The COINCIDENCE DELAY test simply subtracts 100 microseconds from
the always-positive delay value.

The delay calculation itself 1s based on nominal counts for the
integration period. Six integration periods are possible, normally
requiring a branch. However, all integration'periods are multiples
of 100-milliseconds. The six LSDs only may be used to calculate
the delay, independent of the integration period. This places an
upper bound of loo-milliSecond§ on the range of delays handled by
this algorithm. Since the capacity of the display is only 100-
microseconds, the 1imit is of no consequence. This approach does
not work in ARQ operatibn, since in the ARO mode the nominal inte-
gration period is not known. The COINCIDENCE DELAY disp1éy is
blanked in the ARO mode for this reason. | S

Since the extractor counters are reset to one instead of zero,

the minimum delay appearing oh the display wiil be 1-microsecond.
The display 1nd1cates an actual delay between the displayed value
and that value minus T1-microsecond. Resetting the extractor goun-
ters td one avoids division by zero in the micro-sequence.

Calculation results are truncated to ten digits by the TMS-0117.
Inaccuracies resulting from truncation are partially corrected by
adjusting the values of the micro-program constants.

6.3.1.10 Display. The display logic provides simultaneous dis-
‘play of up to two parameters stored in the RAM. The displays are.
digit-scanned, with the disp]ay logic providing the address in-
formation to step through the RAM. Leading zero suppression is
provided to enhance display readability. The display is blanked
‘should uncalculated or invalid parameters be selected. An error
symbol is provided in the event of a microprdcessor error,

The display 10g1c-]€yout js shown in Figures 6-25 and 6-26. Sche-
matics are shown in Figures 6-39 and 6-40.
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" Gates 15F encode the select1on for D1sp1ay A into a 3- bit b1nary
number. . This number corresponds: to the sequence count representing
the calculation of the des1red parameter " The representat1on of
the Display B selection is either zero or seven, and the encoding
is done directly. . -

The A and B displays are a1ternate1y scanned, based on the toggling
action of 13J12. Multiplexer 13N selects the code for the display
word to be scanned, and provides the word-block address information
to the RAM. The MSB of the address s always zero, causing only
previously-calculated results to be displayed.

~The SEQUENCE STATUS is ones-complemented by register 10A. When
the DISPLAY WORD is added to the complemented SEQUENCE STATUS in
adder 134, the result represents the difference of these numbers
minus one. 13M14 will be high if the SEQUENCE STATUS is less than
the DISPLAY WORD plus 1, and lTow otherwise. Since the sequence
counter increments following the calculation of each parameter,
13M14 indicates whether or not the selected parameter was calcu-
lated. I 13M]4 is h1gh the display is blanked.

The bit- and digit- scanning of the RAM 1is prov1ded by 13X and
13W, respectively. A 156-KHz clock 1ncrements the bit counter on
positive transitions. The RAM data enters 13H via gate 1243,
which zeroes the display data at the start of a measurement se-
guence. ' ‘

The correspondence between display d1g1t and RAM address is not
always one-to-one, as indicated on Figures 6- 42 through 6-49.

This condition arises because a prev1ous}y_bu11t g-digit display
is used to display the ten-digit-plus-sign RAM contents. N

- When displaying the NO’ NB+D’ and COINCIDENCE DELAY parameters,
the display digit and RAM address agree. Addresses 1 through 9
correspond to the nine MSD positions in memory These parameters
.do not carry a sign. '

The remaining parameters carry a sign, which occupies digit posi-
‘tion 1 of the display. Display digits 2 through 9 correspond to
 RAH addresses 1 through 8, ‘the eight MSDs of the RAM word.

/

Counters 13R, 137 and 14BB scan the display. 13R scans the B
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dfsp]ay, while 13T and 14BB scan the A display. Counter 14BB is
functionally identical to 13T, and was provided to reduce the num-
ber of output leads on pin-limited board 13. The display and RAM
address counters increment on the positive transition of the 156-
kHz clock. . The resulting serial data at 13H7 are clocked into 13H
on the negative transition of the 156-kHz clock. On the next posi-
tive 156-kHz transition the-para11e1 BCD data are clocked into
register 13G, where the data are held for display. {bserve that =
13R and 13T increment on this second positive transition, and that
these counters energize the digit scan for data corresponding to
the previous count of 13W. The correct synchronization for the
display of signed parameters is obtained by setting the digit scan
and RAM address counters to the same value. }

Decoding gates 130, 13P6, 13111, and 1314 detect the selection of
a signed parameter and place a zero at 13U6, 1gaving the DISPLAY
DIGIT address at the 13U outputs unchanged. '

When NO’ NB+D’ ANO, or COINCIDENCE DELAY 1is se]eéted, 13U6 will be
high. Adder 13U will increment the 13W count by one to form the
correct DISPLAY DIGIT address. T -

Observe that the RAM will always carry at least one significant
digit more than will appear on the display. This provides maxi-
mum accuracy when multiple calculations are made.

The A and B displays are alternately scanned, with the A or B digit
counter enabled and the corresponding disp]ay select code accessed
depending on the state of 13J13. When operating ih synchronization,
one of counters 13R and 13T will be enabled via 13L13 and count
through to zero, whereupon 13313 taggles and the other counter

will be enabled. The use of 13L13 allows the counters to count

to zero before being disabled. One of 13R or 13T will be count-
ing, with the other counter disabled in the zero state. JShould

the counters lose synchronizétion (both counters out of the zero
state)}, 13L71 will be set, re-synchronizing them; The STROBE 1is
also used to set 13L1, synchronizing the counters with each new
data readout.

-The decoded outputs of 13R and 14BB drive the digit scan circuits
on board 14. When activated by a high input level, the digit
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‘drivers (detail YY on board 14) place about 4.4-volts on the cor-
responding LED display digit anodes, activating them. Counter
position 0 is used for synchronization, as just described. Posi-
tions 1 through 9 are used to scan the 9-digit A display, while
positions 7 through 9 (corresponding to the three L3Ds of the full
display word) are used to scan the 3-digit B-display. The 12-digit
display is scanned every 0.512-milliseconds.

Uisplay data held in 136G normally passes through multiplexer 13F
and 12- to 5-volt level shifters 13E to decoder 14AA. The result-
ing decoded outputs operate the segment drivers {detail XX an
board 14). These drivers ground'the cathodeé'of the LED displays,
causing the appropriate segments of the activated digit to 1ight.

The decimal points on the two LSDs of Display A are used. When
AR is displayed, 13A4 will be Iow, causing driver 13V to activate
the LSD decimal poinﬁ. When FD, VR’ or TEST ERROR are displayed,
13A6 will be low, causing driver 135S to activate the other deci-
mai'point. I

The Display A sign is generated as follows: When one of the signed
parameters is selected, 13111 will be high. ihen the Display A
scan counters are in the dfgit 1 {sign) position, 13B4 will go low,
activating the bTank1ng input of decoder 14AA. This input forces
the T4AA open- collector outputs to be “off" \h1gh level), regard-
less of the levels at any other inputs. The sign is stored as a
TMS-0117 NO-OP code (1111) if positive, and as a SUBTRACT code
'(0110) if negative. If a positive sign is present, the sign dis-
play is left blank. If a negative sign is present, decoder out-
put 13D7 will go high, grounding the segment g cathode via driver
13A2 and the diode. This will cause the minus sign to appear on
the display. Since segment g is also 1it when decimal 6 (also
coded. 0110) appears on the display, the OR arrangement formed by
the open-collector 14AA output and the diode provides proper oper-
ation of the segment g driver.

,when 10Q12 indicates a m1croprocessor ERROR, mu]t1p1exer 13F will
force 1100 onto the display data 11nes, causing the error symbol
() to appear on the display. This symbol will not.appear in the
sign position, since the blanking action of the 14AA4 input will
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override it.

When flip-flop 3K13 provides the DISPLAY TEST signal, this signal
js level-shifted by 3C10 and the associated resistor-diode network
and activates 14AA3. This action lights all of the display seg-
ments (with the exception of the Display A sign position, where
the 14AA4 input again overrides). The sign position may be tested
by selecting one of the unsigned parameters; ‘

The extractor display must be b1ankeg under certain conditions.

If the display parameter was not calculated, or if the TEST ERROR
parameter is selected when not in the self-test mode, or if the
COINCIDENCE DELAY parameter is selected when in the ARO mode, or

if the display logic receives an INTERRUPT from the microprocessor,
the display is blanked. Leading zeroes of displayed parameters

are blanked. These blanking operations are provided by logic an
~board 13.

If the display parameter was not calculated, 1304 will be Tow.

If the TEST ERROR parameter is improperly selected, 13110 will be
low. When the microprocessor provides an INTERRUPT, input pin 18
of board 13 will be low. A low at any of these points will cause
13C10 to go high, causing T13Al15 to go Tow.

If the COINCIDENCE DELAY parameter is improperly selected, 13I3
will be Tow. ihen the'two display counters are in the initial
position (representing the start of a new scan) 13BT1 will be low.
If any of 13A16, 13I3 or 13B11 are low, 13C9 will be high, biank-
ing the display through 13K4, 13E4 and 14AAS5. The 14AA5 input '
will not blank the display unless the BCD lines are zero. Gates
13Q3 and 13Q11 disable multiplexer 13F, forcing the BCD lines to
Zero.

Uutput 13C9 will set flip- f]op 13J2 Due to the feedback thfough
gate 13P10, 13J2 will remain set until either 13K3 or 13C6 go high.
_Odtput 13K3 will be high when a non-zero/non-sign digit is present

h_'on the BCD lines. Output 13C6 will be high when the last display

ﬁ1g1t (least s1gn1f1cant) is being scanned or when the d1g1t pre-
ceding a decimal point 15 ‘being scanned. With 3P10 high, the
d1sp]ay remains blanked until one of these conditions is met.
- Leading-zero b]ank1ng is thus provided, with the display b]anked
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at the start of each new scan, and unblanked either by a non-zero
digit or by the scan of the "units" display position.

The minus sign display is not blanked. The microprocessor error
1nd1cat1on and the display test will override the blanking of lead-
ing digit positions.

Due to the storage in registers 13H and 13G, these registers must
be lceared to prevent data from INTERRUPT operations or data rep-
resent1ng uncalculated parameters from improperly unblanking the

" -display. At the same time, register 13H must be allowed to store

the sign of a valid word (which is available while 13B11 is Tow).
Output 13C10 is therefore used to clear the data registers.

The zero-blanking circuits will not unblank the disp]aj following
an INTERRUPT until the start of a new scan. The display scan rate
is a compromise between noticeable disturbance caused by the blank-
1ng action (scan rate too slow) and background "nojise" caused by
the relatively slow display driver switching (scan rate too fast).

The display drivers introduce excessive noise on the display power
input leads. This noise is decoupled from the other extractor
circuits by the filters shown in Figure 6-29.

Table 6-4 details the wiring of the diSplay drivers.
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TABLE 6-3. COMPUTER INTERFACE CONNECTIONS

COMPUTER DIGITAL NEST ~ BOARD

DESIGNATION " CONNECTOR CONNECTOR © CONNECTOR BUFFER DRIVER N
21 et PIN PIN PIN (INPUT/QUTPUT)  (INPUT/QUTPUT)  NETWORK
INPUT REQUEST 1 19 0:40 K: 7/6 Jass o *

INPUT ACKNOWLEDGE 2 20 T 6:14/15 | --= No
EXTERNAL INTERRUPT. - 3 .2 K: 5/4 3:13/14 *

0 o Rr 1 Fi 7/6 J3mnz. Noo
2 10 17 S V' F: 9710 J: 8/7 " Nqg
22 - 22 L. 13 F:11/12 _ J: 6/4 Ny7
23 S R - - 14 F:14/15 J:3/2 - Ng
S 24 1 15 F: 3/2 J:10/9 ‘Nﬁ
S s RER £ 5/ L 138 Ms
26 26 12 17 E: 9/10 . R EHIAN Nyg
2l 27 1 | 18 E:14/15 1:10/9 - Ny
2 28 0 19 E:11/12 1:11/12 Ny
29 29 9 00 E: 7/6 I: 8/7 Mo
210 | 0 N Ca . Esm . lie/ Mg
o 1 7 oose E: 3/2 . I: 3/2 Ny3
21? 32 6 om p:11/12 H:11/12 Mg
AN 5 M p: 910 H: 8/7 Nyg
14 a8 4 .35 p: 7/6 B 676 Ny,
215 49 3 .3 . D5/ S OHz3/2 Ny
216 | '50‘ ' 2 ‘ 37 D:14/15 H13/14 N
217 s o 38 n: 3/ Hi16/1 My
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e,

TABLE 6-3. COMPUTER INTERFACE CONNECTIONS (Cont'd)

DESLGNATION

-15VDC

Returns
Shield
1218 OUTPUT

Ext. Function

Ext. Function Req.

Returns

Shield

. COMPUTER

DIGITAL NEST BCARD -

CONNECTOR  CONNECTOR - CONNECTOR BUFFER . DRIVER :
PIN ' PIN __ PIN {INPUT/QUTPLT) (INPUT/QUTPUT) NETWORK
88 Wired Directly to Pover Supply ' |
1 11-13,19-20  32-37 Wired to Ground at Digital Nest Input
33-43,58-62 o
45,69 Grounﬁed at Computer Connector
3 25 9:6 G:11/12 ----- ‘ .‘ Nig
8 26 | 21 K: 32 H:10/9 *
9 24 2 6:3/2 memee Ny
10 23 3 G: 5/4 - Ng
.2 22 4 6:7/6 T . e Nag
23 21 5 ~G: 9710 S Moy
24 27 10:40 ST S — +
25 28 o C 1 9710 R +
2% 29 a2 176 g +
27 3 63 I: 574 [ +
13-14,1?-26 32-37 Wired to Ground at Digital Nest Iﬁput
13-38 |
45,69 :

.Grounded at Computer Connector

* Network Components Wired Point-to-Point on Wiring Side of Board

+ Network Assignment Not Dccumanted for Board 10.



Pt

5.

et

"o

[N

)

"~

5

\jr,‘%j.

EAT Fung
(4€

[TYs

6-90

Miscellaneous

Board 10,

Schematics,

Figure 6-36.
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TABLE 6-4
LED DRIVER PIN ASSIGNMENTS

$6-9

BOARD 14
SEGMENT DRIVERS
SEGMENT 0 Q» LED CATHODE
(B/C) (B/C)
a A: 13/14 M: 13/14 B-J, N-P : 1
b 11712 11/12 13
¢ 6/4 6/4 10
d 3/2 3/2 g
e 16/1 16/1 7
f 10/9 - 10/8 2
g 8/7 8/7 11
DIGIT DRIVERS
DIGIT Q3 Q4 Qs LED ANODE
(B/E) (B/E) | —
DISPLAY A:MSD DD: 16/12 FF: 11/12 S B: 3, 14
6/4 6/4 -y ¢
| 10/9 - .10/9 U D
CC: 16/1 EE: 16/1 X E
3/2 : 3/2 W F
i 13/14 13/4 7 G
11712 11712 y H
6/4 6/4 L I
' 10/9 " 10/9 K J .
DISPLAY B:MSD DD: 16/1 FE: 16/1 R N
3/2 : 3/2 Q 0
13/14 13/14 T P
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SECTION 7
BREADBOARD OPERATION

7.1 GENERAL DESCRIPTION

The breadboard model of the vernier doppler extractor caentains
the analog circuitry required to obtain a 1 MHz bias frequency
containing approximately the full S band doppler shift. This
is accomplished by translation and multiplication of the B
76.083 MHz transponder output frequency. The transponder out-
put contains 8/221 of the S band doppler shift and after trans-
lation and multiplication by 24, the bias frequency contains
192/221 of the S band doppler shift.

The digital portion of the one-way - doppler extractor recovers
the doppler shift information from the 1 MHz bias frequency
and passes this information to the spacecraft computer via a
suitable interface, and to an operator via a visual display.

Doppler extraction is accomplished using the zero-crossing
coincidence technique. Simultaneous zero-crossing of the 1 MHz
input signal and a 1.25 MHz reference signal is used to define
the start and stop of each measurement interval. In this way
the quantization error in the measurement is reduced to the
resolution of the coincidence detector. HLigh-resolution is
obtained without the use ofrhigh clock frequencieg;

Two counters count zero crossings of the input signal (FB+D)
and the reference signal (FO), respectively. Since the counts
of both counters always contain an integral number of zero
crossings, the ratio of the two counts will be proportiohai to
the ratio of the two input frequencies. The doppler shift on
Fgep Can be obtained by solving: -

B+
N
_  B+D
FD = NO X F0 - FB
WHERE FD = input doppler shift,
Fo = reference frequency (1.25 MHz),

741



Fg input bias frequency (1.00 MHz),

NB+D count of input signal counter and,

N0 = count of reference signal counter
Once the input doppler shift is obtained, other navigation
parameters (such as range rate and change in range) may be
der1ved using standard formulas.

The counter outputs NB+D and N0 are sent d1rect1y to the spaceQ
craft computer, which uses these numbers to obtain the naviga-
‘tion parameters desired. To provide a useful display to the
operator, the digital extractor contains a microprocessor'which
“calculates and displays the navigation parameters.

The extractor may be controlled either from computer commands
or from push-buttons located on the front panel.

7.2 FUNCTIONAL CHARACTERISTICS

The breadboard extractor meets or exceeds the following per-
formance characteristics: - ‘

1. The coincidence aperture (resolution) adjustable from 8
to 200 nanoseconds in 2 nanosecond increments. Adjust-
ment is made by using plug-in tapped delay lines and mov-
able straps. AbsolutE‘accuracy‘of the coincidence aper-
ture is + 10%. | | |

2. The input (FB+D) and reference (FO) frequencies may be
varied, as long as FB+D'and F0 are less than 1.5 MHz and

2/3 < FB+D < 2. {Front panel display of navigation para-
C h .
0 ,
meters is accurate only for FB = 1.00 MHz and‘F0 = 1.25
MHz.)

3. The reference freQuency'(Fo) is internally generated using
an external 5.00 MHz standard. A rear panel connector is
provided for an external Folinput which can be different
from the internal 1.25 MHz. The external source should

“provide a 12-volt square wave into a 600-ohm load.

‘4, The 5.00 MHz standard input level should be from 1 2 volts
peak into a 50-ohm load.

7-2



10.
il.
12.

13.
14,

Thé'Integratﬁon (measurement) time can be fixed or adjust-
able. Fixed integration periods of 0.5, 1, 2, 10, 60, or
600 seconds are interha]]y generated from the 5.00 MHz
standard. Integration periods are synchronized to an ex-
ternal command and to zerg-crossing coincidence. Anytime
readout commands may be given to provide externally-
generated integration periods from 0.5 seconds to 600

- seconds.

»

. The measurement delay (from external command to actual

start or stop of the integration period) is less than 100
microseconds for coincidence apertures of 180 ns or more.

- The doppler frequency resolution is better than 0.25 Hz

for a 200 nanosecond coincidence aperture and a 1-second
integration period. '

The actual integration period is known to ]0'7 seconds or
better.

Computer interface: compatible with Univac Type 1218
computer “"single port" mode. \

Control - either v1a'computer_interface or via manual pdsh-
button.

Test points are provided for external monitoring of zero-
crossing coincidence and readout time synchronization.

 Test point levels are 0 and 12-volts into a 600-ohm load.

The maximum doppler shift is + 60 kHz at the 1.00 MHz
input frequency. This corresponds to greater than + 8230
meters/second range rate. '

Power requirements: 115 VAC 60 cycles.

Self test: a reference test frequency of 5/7 MHz is
generated from the 5.00 MHz standard. A fixed 2-second
doppier count is performed and FD is extracted. FD is
transformed to the transponder input frequency and checked
for accuracy. A go-no go signal is generated and will
indicate a "pass" condition if the transformed‘FD is within

7-3



15,
16.

0.3 Hz of jts nominal value, and if the measurement delay

is less than 100 microseconds.

The counter readout is either destructive or non-destructive.

Front pane1 display:

a.

Light-emitting diodes (LEDs) indicate mode, self-test
results, counter readout, interval control, integra-
tion period of the un1t and navigation parameters
selected for visual display. . The LEDs are multi-
colored, and will be gréen when the unit is operating
normally under computer control. Red LEDS will light
whenever an error condition occurs or when the unit
is under manual control.

A 9-digit decimal readout displays the following:
1) NO’ the period count

2) the bias plus doppler count,

Ng+p» .
3) Fp (doppler shift transformed to transponder input
frequency) in Hertz, displayed to .01 Hz. Accu—

racy better than Q.25 Hz. |

4) VR (range rate) in meters per second, displayed
to .01 meters/sec. Accuracy better than .04
meters/sec.

5) AR (range change) in meters, displayed to 0.1 meters,
either for given integration period (DRO) or
opt1ona1 cumulative measurement in NDRO mode
selected by rear panel switch. The accumutator
capacity is + 4 X }06 meters. Accuracy of non-
cumulative display is better than 0.2 meters.
Accuracy of cumulative display depends on the
number of 1ntegrat1on per1ods accumulated and 1is
"approximately 0.1 meters per period plus 0.1
meters fixed error. '

6) Self-test error in Hz diSpTayed‘to'.01_Hz; The
accuracy is .01 Hz. ' : '

7-4
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17.

8.

19.

20,

21.

7.3
7.3.1
The extractor may be manua]ly operated by using the. push outton

. switches.on the front panel as shown in Figure 7-1.
"is connected to a 115-volt, 60 Hertz power source and is turned

¢ A 3-digit decimal- readout dispiays the following:

1) Three least-significant digits of NOJ.

2) Measurement delay in microseconds, dﬁstayed to
1 us accuracy. o

Leading zero suppression is provided on the decimal dis-.
plays. The display will be blanked if the parameter
selected has not been calculattd by the microprocessor.
An error symbol (half size U's) will appear on the dis-
play if the microprocessor produces.an error sﬁgné] dur-
ing the calculation of the navigation parameters.

- Measurements are either repetitive (successive integra-

tion periods) or hon—repetitive {single integration
period). ' '

An overflow indicator is provided to indicate when the
time between anytime readout commands exceeds 0.5, 1, 2,

10, 60, or 600 seconds (computer or manually selected)

or when the AR accumulator is full.

Flag bits are sent through the computer interface to
alert the computer when the unit is under manual cdntro],
when an overflow condition occurs, or when the display
m1cropr0cessor produces an error signal. | '

Se]f test pass/fail results are sent to the computer
using an external interrupt command.

Measurement data are sent to the computer regardless of
mode or manual/computer control selection. The computer

‘must acknowledge all data to enable subsequent data output.

QPERATION OF THE BREADBOARD

MANUAL OPERATION

The unit

on using the POWER switch on the front panel. The lamp adja-

cent to the power switch indicates the presence of power into

:.7_5.
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the unit. The fuse located next to thé power lamp protects
the circuits at the 115-volt input. It should be replaced with
a 3-Ampere fuse when required. '

The extractor MODE is selected by operating the proper push-
button: '

COMPUTER - places the unit under computer control (see
Section 7.3.3 on "computer controlled operation" for more
information). ilhen pressed, this button disables all of
the remaining push-buttons on the panel, except for the
“display select" buttons, which are always manually oper¥
ated. MWhen released the extractor is in the manual mode
and all thé_other push-buttons are activated.

SINGLE COUNT - will cause the unit to perform a non-
repetitive measurement. The unit will peﬁform a single
count of the doppler frequency and will stop. This mode
is useful when manually recording measurements from the
visual display, since the measurement results are “hgld“
until the unit is reset. B

CONTINUOUS COUNT - will cause the unit to perform repeti-
tive measurements. The unit'wi11kproduce an output every
N seconds, where N is the selected integration period.
The unit will be stopped and the display cleared if the
reset button or the "self-test" button is pressed. The
unit may be stopped and the latest results held in the
display by pressing the "single count" button after the
completion of at Teast one count. The counting will then
stop imMediately.- |

SELF-TEST - initiates the self-test sequence. This sequence
will be described later in this section.

The type of counter READOUT'TS se]ected by opefating the proper
button: ' '

NDRO - When pressed, the NB+D and ND counters will be read
out non-destructively. Both counters have sufficient capa-
city to accommodate a single 600-second integration period
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"without overflow (in the continuous count mode) this con-
dition is detected and corrected by the computer and the
display m1croprocessor

DRO - Pressing this button causes the NB+D and N0 counters ;
to reset after each measurement. '

Readout may be changed in the course of a series of continuous
'counts. when the réadout is changed by pressing the proper

- READOQUT button, the readout operation will change with the
start of the next integration period. The measurement in pro-
gress when the buttons are changed is undisturbed.

The INTEGRATION PERIOD is selected by operating the appropri-
ate button (0.5, 1, 2, 10, 60 or 600 seconds). When using the
unit in the "anytime readout" function, the "integration period"-
' buttons_SeIect the maximum tihellapse between anytime readout

- commands before an overflow condition is indicated. The in-
tegration period will self-complete) and the period will change
with the start of the next measurement. In tﬁis way integra-
tion periods may be concatenated to. form a net integration
 period anywhere from 0.5 to 600 seconds in 0.5 second incre-
ments. The period may be changed to speed up the display up-
date (such as when landing or docking) or to slow.down the dis-
play update (for best measurement accuracy).

'Nofe that when the integration period is changed from .5 second or
1-second to 2, 10, 60 or 600-seconds the AR cumulative readout

and coincidence delay readout may be in error. The operator

will not receive an indication of the erroneous readouts in

this instance.

The INTERVAL CONTROL buttons are momentary-contact types which
function as follows:

INTERVAL START - Pressing this button causes a master

reset to be given. A1l counters and fégisters within the
unit are initialized. The unit does not contain power-on
initialization circuits. The interval start button must
therefore be operated when power is turned on. This button
is ‘used: l ' ' '
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a. To 1n1t1a11ze a single count measurement.
b. To reset the NB+D and NO counters when us1ng NDRO
¢. TJo stop a continucus .count measurement.destruet1ve1y.

d. To synchronize the %ntegration period with_externaT
events. ' ‘ '

ANYTIME READOUT (AR0O) - this button is pressed after a .
count has begun to cause an anytime readout.' The over-
flow timer is set by selecting the pr0pef integration
pericd button. The count is initiated by pressing the
interval staft button. Anytime readout is accomplished
by pressing the anytime readout button before the inte-
gration period timer times out. Once an anytime readout
is requested, the unit is forced into a continuous count
mode {(regardless of the setting of the mode buftons) and
. readouts will occur only when the anytime readout button
isrpressed. An overflow indication will be given if the
time between ARO commands. exceeds the setting of the in-
tegration period timer. The integration perioﬂ timer 1s
reset with each new ARO command. This overflow 1nd1catioh
is harmless, and only warns the operator that the display
data may be invalid. The unit remains 1in ARO operation
until the interval start button is pressed to reset it.

7.3.2 SELF-TEST OPERATION

The self-test sequence is initiated by transfer of the proper
code from the computer or by pushing the "self-test" button on
the front panel. The sequence is as foi]ows; ‘

1. ln1t1al1zat1on phase - The digital circuitry is held in a
.master reset condition while the phase- locked loops are
allowed to lock to the se1f—test frequency of 714,285.7 Hz.
During this phase a "lamp test" signal is given and all
segménts of the digital readouts will be 1it, along with
all of the status indicator lamps (except the mode lamps
"if the test was manually initiated). The colior of the
status lamps will depend on whether 'the seif-test was
initiated manually or by the computer. This phdse'wi]]
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last approximately 1.5 seconds.

2. Measurement phase - The unit makes a single count, NDRO,
fixed 2-second measurement of the self-test signal. The
microprocessor will then calculate all parameters and load
appropriate latches if the accuracy and delay tests are
passed. The digital self-test data will appear on the
display as soon as the micro-sequence is complete. Data
from the start of the measurement will be displayed in a
manner similar to normal unit operation. Raw data is pro-
vided to the computer in the normal manner during this
phase. '

3. Decision phase - A 3.5 second timer. is started upon com-
pletion of the 2-second fixed measurement. When this
times out, the contents of the pass/fail latches will
appear on the front panel and will be sent to the computer
via an interrupt signal. The "pass" indication will be
given only if both the accuracy and de]éy tests are passed
“and the display microprocessor has successfully completed |
its operations without an error indication.

The sé]f-test results will remain on the display until the unit
is returned to either the single or continuous count modes or
the self-test is repeated.

The measurement phase of the self-test sequence may be repeated
by pressing the "interval start” button. The pass-fail indi-
cation will appear immediately. This is a non-standard use of
the self-test mode, and is provided only as a convenience to a
manual operator. When under computer control, the self-test
should be repeated only by Teaving and then re-entering the
self-test mode. '

7.3.3 COMPUTER-CONTROLLED OPERATION

Control of the OWD extractor. by the 1218 computer may be accom-
plished by pressing the COMPUTER mode button on the extractor
front panel. Operation is functionally identical to operation
in the manual mode. ATl front panel buttons (excepf_the display
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se]ecﬁ buttbns) are disabled.

7.3.3.1 Output Format

The format of the 1218 output used to control the extractor
is as follows. A logic one on the EXTERNAL FUNCTION REQUEST
lead indicates that the extractor is‘ready to accept a con-
trol command. The 20 through 27 data leads define the com-
mand, according to Table 7-1. The command is read into the
extractor on the positive transition of the EXTERNAL FUNCTION
lead. The positive transition of the external function lead
is used to start and stop measurements when using "interval
start”" or "ARO" commands. - ' |

7.3.3.2 Input Format

The extractor will provide data to the qomputerrinput in the
form of four 18-bit words. The format is as follows:

13 218 31

Word 1 - Bits 20 through 2
of NO’ respectively.
214

equal bits through 2

Bit will be a "1" if the display micropro-
cessor has‘made an error,

Bit 21°

1it during the measurement interval.
2]6

will be a "1" if the overflow lamp was

Bit will be "1" if the extractor is under
computer control. ‘This bit will be "Q" if the .
unit is under manual control.

17

Bit 2 will be a "1" if the RUN/HOLD switch on
Board 8 of the digital logic is in the run
position. This bit will be "0" if the switch
is in the hold position. "Data is invalid if this
bit is "0".

Word 2 - Bits 20 through.le equal bits 2
NO’ respectively. '

0

0 17

‘through 2'7 of

18 23T

17

through 213 equal bits 2
214

Word 3 - B8its 2
of NB+D’ respgctive]y. Bits
should be "0O".

through
through 2
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TABLE‘?—]. OWD EXTRACTOR COMMAND FORMAT

COMPUTER

v

outPuT BIT | 2% ol 52 2’ 2 2 26 27
INTEGRATION INTERVAL
FUNCTIQN PERIOD COUNT ARD SELF-TEST _READOUT START
INTEGRATION | |
PERIOD '
0.5 Sec o 1-‘ 1 = Contin. 1 = Anytimel] =‘Se1f- 1 = DRO 1 =.Interval
1 Sec 1 1 0 Coun;c Readout ;ggg 0 = NDRO Start
= Single _ '
2 Seg 0. 0 1 Count
10 Sec 0 ] 0
60 Sec 1 0 0
600 Sec 0 0 Q
Bit 25 = 1 will override all other bits except bit 2’.
Bit 2% = 1 will override bit 23, Bits 2% and 27 must never be 1 simultaneously.




17 0 17

Word 4 - Bits 20 through 2
of N

equal bits 2° through 2

B+D° respectively.

The. INPUT DATA REQUEST lead will be high when valid data is
at the input cable connector. All four input words must be
read and acknowledged using the INPUT ACKNOWLEDGE lead. The
input data request lead will toggle to zero and back to lagic
‘one when a new data word is at the interface. The input words
must be acknowledged whether they are used or not, otherwise
Subsequent data will not be valid. Input data is present at
the start and completion of each measurement interval, in
both computer-controlled and manual operation.

The EXTERNAL FUNCTION REQUEST lead on the cutput cable will
be a "0" while input data is being read into the computer,

" and will return to the "1" 1level when all four input words
have been acknowledgedﬂ This prevents new control commands
from being given to the extractor until the data from the
previous command has been acknowledged.

Self-test resu1té are provided to the computer using the
EXTERNAL INTERRUPT lead. When this lead is a "1%, the 2!/
data bit will indicate the results. A "1" at the 2/ bit
position indicates the self-test has FAILED; a “"0" indicates
that the self-test was PASSED. A1l other data bits should be
“ignored by the computer. The external interrupt lead will
return to a "0" when the computer acknowledges the self-test
resuTt. To obtain subsequenf data from the extractor, the
unit must be taken out-of the self-test mode. '

Input data in the four-word format described above will be
present at the start and completion of the self-test measure-
' ment interval, and must be acknowledged as described.ear1iér.
The raw data mdy be used by the computer to independently
check the self-test results. ' '

7.3.3.2 Computer Interface Test-Unit

An interface test-unit is supplied with the extractor for two
purposes: 1) to allow the user to empirically determine effects
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of various command sequences on the extractor; and 2) to verify
‘the operation of the interface 1ogid. The_unit is plugged into
the input and output connectors at the rear of the extractor,
and is powered via pin 88 of the input connector. LEDs indi-
cate the status of bits from the extractor to the computer.
Switches control bits from the computer to the extractor.

Command codes may be set up using the eight toggle switches,
as shown by the front bane] layout of Figuré'7—2; and read in-
0 the extractor using the EXT FUN button. The INPUT ACK but-
ton is pressed to acknowledge data from the extractar, 'Refer
to Table 7-1 for the conversion of computer commands to the
~appropriate toggle switch positions. '

Operation of the computer interface lbgic in the extractor
may be verified with the test unit in the following manner:

1) Remove the cover from the digital nest.
2) Throw the switch on Board 8 to the HOLD pos1t1on
3) Push the COMPUTER button on the front panel. .

4) Set up a command word for a SINGLE COUNT, NDRO measurement.
A self-test command may be used. |

5) Press the EXT FUN button and then immediately press the
INPUT ACK button four times. The EXT FUN REQ 1amp should
now be 1it.

6) Permit the selected interval to time out. The INPUT DATA
REQ tamp should now be Iit. -Input word 1 will: appear on
the LEDs in the test unit. Pressing the INPUT ACK buttom

should access words 2, 3, and 4 in succession. The EXT

“.FUN REQ lamp should be extinguished during this period.
This lamp should once again be 1it after INPUT ACK is
pressed for the fourth time. '

7) Compare the data words at the test-unit with the extractor
data. There should be a one-to-one correspondence between’
the test-unit indicators and the LED indicators on Boards
4-8 as shown in Figure 7-3. The data should represent the
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binary egquivalent of the correéponding raw data appearing
on the front panel decimal display. '

8) If a self-test was used for (4) wait for the self-test
result. The EXT INT lamp should be 1it when the front
panel pass/fail indication is given. The 2]7 indicator

should indicate the proper result. Pressing the INPUT ACK

-button should extinguish the EXT INT Tampu

 9) - This completes the interface logic validation. BE SURE
to return the switch on Board 8 to the RUN position before
rep]aCTng the dthta1 nest cover.

7.4 STATUS INDICATORS

LED indicators are provided to indicate the status of the unit.
" These indicators are associatéd with the appropriate conirol
buttons, and indicate the actual status. If the control but-
tons are overridden {when under computer contro] during a
self-test, when using ARO, or when the 1ntegrat10n period is
changed and the current period is not complete) the indicators
show the current status of the unit, regardliess of the over-
ridden button settings. {Exception: . the single/continuous
count indicators are not overridden in manual operation, al-
though the push-buttons are overridden.)

When the unit is under computer control, the status indicators
will be GREEN. When the unit is under manual contro] the
status indicators will be RED.

LEDS disp]ay the resu]ts of a self-test when in the self-test
mode, and indicate an overflow condition when the AR accumula-
tor is full or when the ARO interval timer has timed out. The
PASS indicator is GREEN, while the FAIL and OVERFLOW indicators
are RED.

The overflow indicator warns that the dfsp1ay data may be in-
valid. - If it was set due to an ARO time-out, it will be reset
with the next ARO command. If it was set because the AR accu-
mulator is full, the LED will remain on to indicate that the
AR accumulator has been disabled. (The readout for AR will be
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forced back to indicating the change in range for the giveh
integration period only.) In this latter case the overfiow
indicator will be reset only when the counters are reset either
by use of -the interval start button or by changing to DRO.

This indicator is "harmless", in that other measurements are
not disturbed when it is set.

The "interval start® indicator will be 1it when counting is
in progress. The ARO indicator will be on when the unit is
"locked" in the ARO mode.

Integration period indicators display the actual integration
period of the unit. '

7.5 DIGITAL DISPLAYS

A dual display is provided on_the unit to allow direct readout
of important parameters.

A 9-digit display (designated display A) dispTays'one of the
following, depending on the DISPLAY SELECT button pushed:

a) Ny - 9 digits

b), NB+D -'9_d1gjts |

c) Fo (in Hz) - sign, 8 digits, and decimal point

d) Vo {(in meters/sec) - sign, 8 digits, and decimal point
d) aR (in meters) - sign, 8 digits, and decimal point

f) TEST ERROR (in Hz) -~ sign, 8 digits, and decimal point

A 3-digit display simultaneously displays one of the following,
depending on the DISPLAY SELECT button pushed:

a) ANy - last 3 digits of N
b) COINCIDENCE DELAY (in microseconds) - 3 digits

Green LEDs above the display select buttons indicafe the para-
meters appearing on the displays. '

An option is provided when using NDRO and viewing aAR. By
throwing the AR ACCUMULATOR switch, located on the rear lip,
to the ENABLE position, the AR display will be the cumulative
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total change in range since the last master reset. The accu-
-mulator capacity is + 4 x 106 meters. If this capacity is
exceeded, the accumulator will be disabled by the digital logic,
and the overflow Tlamp will be 1it. With the accumulator dis-
abled, the display &R will indicate the change in range for a
given integration period only, and not the cumulative total.
The accumulator may be reset in one of two ways:

~a) Depressing the INTERVAL START button {resets all
counters}.

b) Selecting DRO, and then returning to NDRO operation
(this maintains the synchronization of the integra-
tion period timer).

" The overflow indicator will be extinguished when the accumu-
Tator has been reset.

The TEST ERROR display will be .blanked unless the self-test
mode is selected. The COINCIDENCE DELAY display will be
blanked in the ARO operation, since coincidence delay calcula-
tions depend'on a priori knowledge of the nominal integration
period. ' ‘

Leading zeroes {except for zeroes in the last digit position
or immediately preceding a .decimal point) are blanked on both
‘displays. An error symbol {u) will appear on both displays

if the microprocessor gives an error indication during the
calculation of the parameters that otherwise would have appeared
on the display. This error may be caused by erroneous input to
the microprocessor from the counters or from the microprocessor
'memory, or by a malfunction of the microprocessor itself.

The display microprocessor may not complete all of the para-
meter calculations before the data for the next calculations

are ready. This condition occurs when the integration period

is less than 2 seconds, and continuous measurements are being
made. In this case, the microprocessor will reset with the
receipt of the new.data, and abandon the remainder of ‘the micro-

_sequence. The'display.wi11 be blanked for those parameters
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which were not calculated when the micko-sequence'was aborted.
The blanking function overrides the microprocéssor error in-
dication. Error symbols will appear only for those‘parameters
calculated before the error-occurred. The parameter calcula-
tion where the error occurred may thus be isolated.

The displays will odccur in the following sequence:

1) The display-will initially be'bjanked following an interval:
start command.

2) The display will then indicate the results for the start
of the first interval, either when the microprocessor has
completed the micro-sequence for the initial data, or when
the micro-sequence is aborted due to the receipt of new
data (representing the completion of the initial count).

3) The display will next indicate the results for the com-
pletion of the first integration period, either when the
micro-sequence is completed or aborted only if continuous
measurements are being made. '

4) If continuous count measurements are being made, the dis-
play will indicate the results of subsequent measurements,
in a manner similar to (3).

The delay from the completion of a measurement to the'comple—-
tion of the micro-sequence (when the results of that measure-
ment are displayed) is approximately 1.8 seconds. When using
the uynit in the 0.5 second continuous count mode, only Norp o
and N0 will be displayed. When using the unit in the I-second
continuous count mode, NO’ NB+D’ FD’ and VR will be calculated.
When using larger integration periods, or when in the single
count mode, all parameters are calculated.

When in the single count mode with a 0.5- or 1-second inte-
rgration period, the AR and coincidence delay calculations are
not made on the data at the start of the measurement. The
.data appearing after the completion of the integration period
will always be invalid for the coincidence delay, and will be -
invalid Tor the AR display if the AR accumulator was in use.
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Since no indication of this erroneous condition is given to
the user, data should not be used. Similarly, ignore the aR
accumulator and coincidence delay data if the integration
period was extended from the 0.5- or 1-second periods in the
continuous count mode. |

The microprocessor calculations should be the same whether in
the DRO or NDRO modes of operation, with the exception of the
AR gccumu]ator display. On]y the change in N0 and NB+D over
‘the given integration period is used in the calculations. The
resolution of the displayed navﬁgation parameters will not
jmprove with subsequent continuous measurements. The NDRO

raw data is, of course, available to the 1218 computer, and
improved resolution may be obtained with appropriate algorithms
in the computer software. The improvement in resolution by
using the NDRO mode of operation may be observed by comparing
the éomputer results to the OWD extractor dispiay.

ilhen comparing the extractor display to external parameter

measurements, the following parameters are to be used:
FB - input bias frequency = 1.00 MHz

FO - inppt reference frequency = 1.25 MHz
Fp (at transponder input) = Fy {at digital input) x 221/192

FD {at transponder input)} appears on the extractor
disp1ay.
‘7 AT - transponder input wavelength = 0.1641799015 meters
Nominal self-test equivalent doppler off-set frequency =
-328,869.0477 Hz (at transponder input)
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7.6 EXTERNAL CONNECTIONS

Connection of the extractok unit dis illustrated in Flgure 7-4.
Input and output cables for ‘the 1218 computer plug into the
appropriately marked connectors at the rear of the extractor.
‘The AC power cable is plugged into the 115 VAC connector.

~The 76.0833 MHz transponder intefmediate frequency output is
connected to the "76 MHz" input. A 5-MHz precision frequency
standard should be connected to the "5 MHz" input. The 5 MHz
“input levels are sensitive, and should be no less than 1-volt
peak and no more than 2-volts peak into a 50 ohm impedance.
Input Tevels outside of this range will cause erroneous
operation of the extractor.

The 1.25 MHz Fjy signal is internally generated in the extractor.
If a different FG is desired, such as when making resonance

or accuracy tests, a T2-volt square wave signal {never greater
in frequency than 1.5 MHz) may be connected to the “FU”_
connector. The connector input impedance is. 600 ohms. The.
extractor will automatically detect the presence of the
'signal at the F0 input and switch to the external reference.
The extractor will switch back to the internal 1.25 MHz signal
upon loss of signal at the Fo input. Remember ‘that the d1sp]ay
microprocessor assumes a 1.25 MHz reference frequency, and
displayed parameters will be correspondingly in error when
using different reference frequencies '

Two other connectors are provided at the rear of the extractor.
The COINCIDENCE output provides a 12-volt, 1 - microsecond
_bos1t1ve pulse whenever zero-crossing coincidence of the F0

and FB+D signals occurs (within the aperture of the coincidence
detector). This output is useful when observing measurement
delays and resonance effects.

The STROBE output provides a 12-volt, 300'nanosecond, positive
pulse at the beginning and end of the actual integration periods.
The positive transition of this pulse may be used to measure
the actual integration period length, or to synchronize the
measurement period of an external counter (such as the HP
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computing counter) to the extractor measurement period. In
this way accurate comparisons may be made when sweeping the
transponder input frequency.

The coincidence and strobe -outputs are capable of driving a
©600-ohm load.

7.7 CHANGING COINCIDENCE APERTURE

The coincidence aperture may be changed by moving the straps
located on the coincidence detector board (Board 1). Remove
‘Board 1 from the digital nest, and set the straps as desired.
The straps (one per delay line) are located on the wiring
side of the board in bhack of the delay lines. From the
wiring side, the delay line to the left controls the Ngsp
putse width, while the delay line to the right controls the
Ny pulse width. Strap Positions 1 through 10 correspond to
10% through 100% of the total delay {in nanoseconds) stamped
on the delay line. The straps are run from the desired delay
line tap to the path running between the taps.

The coincidence aperture is the sum of the Np.n and Ny pulse
widths. It is preset at 200 nanoseconds, the minimum aperture
to eliminate resonance effects over the doppler range.

Smaller apertures w§11 result in greater frequency resolution

at the expense of increased time delays. The test points on the
coincidence board may be used to verify board operation. Test
point A corresponds to NB+D and the width of the pulse at this
point should match the delay line setting. Test point B
corresponds to the NO bu]ses. ~Test point C represents

‘the coincidence of the pulses at points A and B. The test

- point signals are .standard ECL level outputs.

100-nanosecond delay lines are normally used on the coincidence
board. 20-nanosecond delay Tines are also supplied with the |
unit. These delay lines may be plugged in the desifed delay
line sockets to obtain very narrow pulse widths.

71-24



SUB-MINIATURE DELAY LINE

DUAL IN-LINE CONFIGURATION
10 DELAY POINTS

Each Delay Line has ten tap delays spaced‘
et equal intervals wich accuracy of t5%, : :
Attepuation 15 less thano 1 db, » CQ:%_:’
Temperature coefEicient L5 leas than 60 PPH/C, T
Haximum operating voltage is 25 ¥. .
Encapasnlated in =poxy resin.

L]
Meete all applicable military specifications,

MODEL DISIlI SERIES
MODEL NO. DELAY RISE TIME | IMPEDANCE
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FIGURE 7-5 DELAY LINE DATA SHEET
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When using the 20-nanosecond delay lines, do not set the
taps below d-nanoseconds (Tap 2), since the l1-nanosecond
propagation delay and rise time of the coincidence logic
will severely distort the coincidence pulses. ‘

A data sheet for the delay lines is shown in Figure 7-5
for the users information.
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SECTION 8
PERFORMANCE RESULTS

8.1 PERFORMANCE TEST PROCEDURE

The vernier doppler extractor breadboard was tested to
verify that required specifications were met and that the
performance analysis of Part I was valid. The test procedure =
included five separate tests of accuracy and time delay ‘
under various- conditions of coincidence aperture width
(coincidence pulse width into the "AND" gate), doppler
off-sets, doppler rates, integration period Tength and S-
Band signal level. ' ‘

The test procedure used the test equipment configuration .
of Figure 8-1. The Hewlett-Packard L-Band frequency '
synthesizef was used, along with a frequency doubler, to
generate a reference S-band sigﬁa1 for the, S-band trans-
ponder. The extractor breadboard obtained the doppler
measurement from the 76.083 MHz transponder output (J7

of Chassis Sub-Assembly Al). . The Hewlett-Packard computing
counter supplied a comparison doppler measurement from the
one megahertz bias frequency in the extractor. A common
quartz oscillator supplied clock and synthesizer reference
signals to all units through the distribution amplifier.
Since a common oscillator was used the tests did not
include frequency drift effects in the measured results. -
The purpose and procedure for obtaining the five extractor
sensitivity tests follows:

8.1.1 TEST #1 - COINCIDENCE APERTURE SELECTION

Purpose: . _
To initially define an operational coincidence aperture

which will produce the greatest doppler measurement accuracy
for a maximum time delay {skewness) of 100 wus.

/
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Procedure: ‘ o
“The time delay (skewness) statistics depend on the coin-.
‘¢cidence aperture and the ratio of the bias plus doppler
frequency to the clock frequency. At the clock frequency
of 1.25 MHz the maximum delay accurs at zero doppler where
F(B+D) F = 4/5. Thus, at zero dopp]er about 100 weasure-
ments of time delay will be made to determ1ne the delay
statistics for coincidence aperture (sum of the two pulse
widths) of 50, 70, ¢0 and 100 ns. From these measurements.
the expected time delay and 95 and 99 percentiles will be
computed. From these computations a minimum aperture will.
be selected which produces a 99 percentile time delay of
less than 100 us. The selected aperture will then be used
- for all other accuracy measurements of the doppler extractor.

At the selected aperture, about 400 additional measurements
of the time delay will be made to construct detailed
statistics of the time delay such as histograms, cummu1at1ve
probability curves as well as mean and percent11e levels

of time delay.

8.1.2 TEST #2 - DOPPLER SENSITIVITY TESTS

~Purpose: _
To verify the extractor accuracy at various values of

doppler off-set.

Procedure: _ _ o

The doppler accuracy measurements will be made using an
integration time of 0.5 seconds and a S/N ratio into the
S- band transponder of about 30 40 dB.

Approx1mate]y 30 measurements will be made at doppler off-.
Vlsets of approx1mate1y 0, 30,0-0 and 60 OOO Hz.

8.1.3 TEST #3 - SENSITIVITY OF DOPPLER ACCURACY TO SIGNAL.
LEVEL

_ Purgose
" To determine the range of signal levels over which the
- doppler extractor 1is capab]e of meeting the accuracy

requ1rements



Pracedure:

‘The S-band transponder threshold s1gna] level Wthh :
maintains continuous lock will be determined. Approximately
30 measurvements of doppler accuracy will be made at signal
levels of 3 dB, 10 dB and 30 dB above this threshold
']eve1,zusing an 1ntegrat1on period of 0.5 seconds and a
nomina1‘dopp1er off-set value.

- 8.1.4 TEST #4 - SENSITIVITY OF DOPPLER ACCURACY TO
INTEGRATION PERIOD

Purpose: : _ |
To verify that the doppler extractor can meet the accuracy

requ1rements at 1ntegrat1on per1ods of 0.5, 2, 10, 60 and
600 seconds. |

Procedure: 7 . _

Using a nominal signal level 30 dB above threshold and a
"nominal doppler off-set, approximately 30 measurements of
doppler accuracy will be made at integration periods of
0.5, 2 hnd 10 seconds. At integra?ﬁoh'pehiodSVOf‘GO and
600 seconds approx1mate]y 10 doppler measurements will be
made.

8.1.5 TEST #5 - SENSITIVITY OF DOPPLER ACCURACY TO.
DOPPLER RATES

Purpose: . o :
To verify that the extractor can meet the accuracy require-

ments at the maximum doppler rate of about'4000'Hz/§edond.

Procedure: _

The L-Band synthesizer will be frequency swept at approx—
imately 2000 Hz/sec (4000 Hz./sec at ‘S-Band). S-band signal
level about 30 dB above thresho]d and a doppler integration
period of 0.5 seconds will be used. Dopp1er measurements
will then be obtained simultaneously using both the OWD |
extractor and the computing counter. The computing counter
will be used to define the actual average value of doppler
- over the integration period. These values will be.compared
to the extractor values to determine'the_measurehent errors.
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‘Since it is important to have a small time delay for good-
doppler accuracy, when a doppler rate is present, the '
initial and final time delays will also be measured. With
the time delay measurements, any large doppler errors can be
“analyzed to determine if they weve caused by large time
delays.

8.2 PERFORMANCE RESULTS

8.2.1 DOPPLER EXTRACTOR ACCURACY.

Figure 8-2 shows the results of the sensitivity of doppler
accuracy to integration time and coincidence detector
aperture (twice. the pu]se‘width)ﬂ The results indicate

that the extractor is capable of measuring the S-band
doppler to an accuracy of 0.03 Hz or better if aperture
widths of 15 ns are used. This error is primarily caused

by the quantization error for short averaging intervais

as shown by comparison with the éxpected quantization error.
At long averaging intervals (>5 seconds), the error is
greater than the expected quantization error primarily due
to clock and reference frequency instébi1ity. With an
aperture of 180 ns, the accuracy degrades to about 0.3 Hz

in a 0.5 second averaging period. This can be compared to a
conventional zero crossing counter which would normally
have a peak error of 2 Hz in a 0.5 second averaging period.
Measurements of doppler accuracy with apertures less than
15 ns were not made aTthough the breadboard was deSTQned
to operate with an aperture as low as 2 ns. Had this 7
“aperture been used in the measurements the expected peak
quantization error would be 0.008 Hz in a 0.5 second
averaging period, :

8.2.2 TIME DELAY STATISTICS

As described in Part I, the peak time deTay between a
command and actual start of the counters, or time between
coincidences, is sensitivie to the aperturé width and the
‘ratio of .the bias frequency to clock frequency -(N/M).
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"

If the aperture width (2P) is made~$horter than-To/N_(T0=1/Fo
clock period) the time delay could be infinite. That is,

‘a coincidence will never occur and the logic circuits

would receive no command to start the counters. 1In a

- practical system, however, phase J1tter will eventually

. ‘cause a co1nc1dence to occur,

If the aperture width is made 1ess'than TOIN,.the maximum
detay will occur when N is a minimum value. Over the

doppler range of + 60 KHz, N is a minimum at zero doppler
[(Fg + Fq)/Fy = 1.00/1.25 = 4/5] and has a value of 4. There-
fore, large delays can be expected whenever the aperture

is less than 200 ns (TO/N = 800 ns/4).

Figures 8-3, 8-4 and. 8-5 show the statistics of the time
delay for apertures of 200 ns, 180 ns and 15 'ns, respectively.
With an aperture of 200 ns the delay is uniformly distributed
with a maximum delay of four microseconds. As the aperture

is decreased to 180 ns the distribution of delays appears to
follow a Rayleigh distribution with large values of delay
occurring occasionally. At an aperture of 15 ns very large
delays are common. With this aperture delays above 30
milliseconds occur half of the time.

Figure 8-6 shows the sensitivity of the 95 percentile value .
of time delay to the aperture width. The results show a
nearly linear relationship between the Togarithm of the time

1

delay and the value of the aperture width.

As the doppler shift changes from the highly resonant
condition of zero doppler the time delays decrease rapidly.
For example, at an aperture of'15'ns,'the 95 percentile time
delay is about 50 us at zero dopp]ér. However, at a '
doppler off-set of Tess than 500 Hertz, the 95 percentile
delay decreases to only 300 us. *

If there would be a range rate when the doppler shift is
near zero, the zero doppler resonant condition would be
short lived. For example, a doppler rate of 1 KHz/second
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would cause a shift from +500 Hz of doppler to -500 Hz in
1 second. Thus, the resonance would not last more than
one second and time delays in excess of 300 microseconds
would 6ccur only rarely even with aperture widths of 15 ns.

8.2.3 SENSITIVITY TO S-BAND SIGNAL LEVEL

The resu]ts of the error sen51t1v1ty tests to S-band signal
level ‘are shown in Figure 8-7. These results show that the
error is constant{primarily due to quantizatioh error at the
wide aperture of 200“nanose¢onds) at less than 0.5 Hertz

as long as the signal Jevel is about -118 dBm or larger.
These measurements were made at .an integration period of 0.5
seconds. . The threshold signal level of the S-band transpondér
(serial number 127) was determined to be about- —128 dBm.

This is the signal eveT at which phase Tock was sporadlc
Thus the dopp]er extractor is capable of resolving the
S-band doppler offset to an accuracy of 0.5 Hertz with
S-band signal levels only 10 dB above the transponder thres-
hold signal level.

8.2.4 SENSITIVITY OF EXTRACTOR ACCURACY -TO DOPPLER QFFSET

‘The extractor accuracy was determined for three different
doppler offsets (10,30,000 and 60,000 Hertz) at a constant
integration period of 0.5 seconds. These results are '

| presented in Figure 8-8 along with the predicted-variation.

The_prédicted_variation is 2P (FB+Fd).' Since a 60 KHz

. . T
variation in Fd varies FB ¥ Fd_by 6%, a 6% variation in

the doppler error is expected. The actual variation was

- observed to Le about 30%. These results, however, agree
within. the statistical accuracy of the tests. With 50
measurements at each doppler offset, the actual errbr_cou]d'
differ from the measured error by as much as 20%. The
curves of Figure 2.6 show that no Iargé deviatﬁdn from

the predicted results is present.

The curveé also show that the measured errér is less than
‘the predicted error for all doppler offsets. This.could-
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be due to an actual coincidence apefture differeﬁt from the
200 ns assumed in the tests. - The aperture results from a
tap oh a 200 ns delay Tine and the actua1 de1ay was not
measured.

8.2.5 SENSITIVITY TO DOPPLER RATES. ~

The accuracy of the doppier'eXtractor was also tested with
doppler sweep rates of 4600 Hz/sec, - The doppler extractor
meas ured the net doppler shift over a period. of 0. 5 second
in the range of zero doppler. That is, the extractor

began counting when the doppler shift was in the range of
+ 10 KHz and was stopped 0.5 seconds later. The Hewlett-
Packard computing counter was s1mu1taneous1 (within the
time delay statistics) started and stopped over the same
time intervals. The peak averaging time difference between
the two counters could have been as high as 171.6 wus. (+4.8
4s variation for the extractor time interval and + T us

for the comput1ng counter). - At a ‘sweep rate of 4600 Hz/sec
and an 11.6 us time skewness, the peak error caused by the
-6 Hz. Thus,
the extractor error should not increase with a sweep rate of
4600 Hz/sec. |

time interval skewness should not exceed 107

Based on 50 measurements of doppier, the peak extractor
error was 0.409 Hz when compared to the computing counter.
The standard deviation was 0.185 Hz. - This compares with
predicted values of 0.4 Hz peak error and 0.163 Hz for the
standard deviation. These predibtions are based on an
averaging time of 0.5 seconds and a coihcidence aperture
of 200 ns. Thus, even with 'the high sweep rates the
vernier extractor is able to measure the doppler to within
+ 0.4 Hz peak error over an integration period of 0.5 seconds.
This corresponds to a peak cycle count error of + 0.2
cycleg regardless of the averaging time.
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PART III
 FLIGHT HARDWARE DESIGHN.

This part of the report discusses a preliminary
flight hardware design of the verhier doppler
extractor, This design was in reSponse‘tO'a'.
Rockwell International specification for an
extractor to interface with $TON and SGLS trans-
ponders and extract doppler to an accuracy.qf

0.3 cycles, Additional extractor specifications
and a design approach are discussed, A descrip-
tion of the preliminary design is presented
showing both the electrical and mecﬁahicai designs.
‘-Topics discussed in this part include: |

SECTION 9 EXTRACTOR SPECIFICATIOHS
SECTION 10 DESIGHN APPROACH |
SECTION 11 PRELIMINARY DESIGN '



SECTION 9
EXTRACTOR SPECIFICATIONS

9.1 SPECIFICATIONS FOR A FLIGHT MODEL DOPPLER EXTRACTOR

A preliminary design . of a f]ight‘hardware vernier doppler
extractor has been made in response to a Rockwell International
'Specification; The specification calls for an. extractor
capable of obtaining doppler measurements to an accuracy of
-approximately 0.3 cycles (9 cm/secrin‘a half second averaging
period) referenced to the S-band frequency. The extractor
is required to interface with STDN or SGLS transponder output
frequencies. Two output frequencies are specified which
could have lowest values of 18.47917 and 19.0625 MHz,
respectively. Additional Rockwell specifications which
directly affect the doppler extractor performance and design
are shown in Tables 9-1, 9-2 and 9-3. These specifications
include extractor performance requirements (Table 2-1), -
extractor interface requiremeﬁts {Table 9-2) and environ-
‘mental conditions in which the extractor must operéte
(Table 9-3).

The extractor is further specified to perform the functions
of RF mixing and translation;,freQUency synthesis, control-
logic and timing, digital counting, storage, buffering
and digital input/output. These functions are to be
performed with the following requirements: _ -

a) Receive and select from one of two inbuts the.
“RF output signal from the associate energized
‘S-Band receiver from which doppler is to be
determined.

b) Receijve from an'éxterna1 frequency standard a
4.608 MHz reference signal.

¢) Generate, in synchronization with the 4.608 MHz
reference, the internal frequencies and timing
signals required for the functional operation.
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TABLE 9-1
PERFORMANCE REQUIREMENTS‘

OPERATING

RANGE RATE: O to * 8230 mtrs/second
RANGE ‘ (+ 60 kHz) N
ACCELERATION: 0 to + 610 mtrs/second2
(+ 4500 Hz/sec)
ACCURACY INTEGRATION 1 3 SIGMA 3 SIGMA
INTERVAL (SEC. ) MEASUREMENT MEASUREMENT ;
ERROR {CYCLES)} ERROR (HERTZ) |
0.1 0.3 3 Hz
0.5 0.3 ; ! 0.6 Hz
1.0 0.4 2 0.4 Hz
_2.0 | : 0.5 i 0.25 Hz
10.0 2.3 ‘g 0.23 Hz
30.0 6.0 | 0.20 Hz
60.0 12.0 L 0.20 Hz
600. o 120.0 | 0.20 Hz
The maximum bias error of the doppler shall
not exceed the effect of a 2 Hz drift of the
stable reference frequency (at S-band) per day.
ME ASUREMENT The start time of the‘doppTer'aﬁd time interval
- TIME ~counts 'shall be synchronized to within 100 |
CORRELATICN microseconds of the initiation of the start

interval time discrete. .The data output from
the doppler extractor shall be the actual time
interval specified to an accuracy of 100 nano-
seconds. The doppler and interval counter shall
start within 1.0.nanoseconds of each other, and
shall be outputted within 1.0 nanoseconds of
each other.
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TABLE g-2

AFTER FULL MTU STABILIZATION
 IMPEDANCE

MTU QUTPUT =

EXTRACTOR TINPUT 75 OHM PLUS OR MINUS

POWER LEVEL (INPUT TO EXTRACTOR)
OR MINUS 3 DB

6 DBM

) . INTERFACES -
S-BAND | MODE.  S-BAND FREQ. Fyco
TRANSPONDER - SGLS-LO  1775.733 MHz  18.479166 MHz
EXTRACTOR SGLS-HI  1831.787 MHz  19.062500 MHz
- INTERFACE STDN/TDRS~ 2041.947 MHz  18.479166 MHz
FREQUENCIES LO '
(ZERO DOPPLER) | =~ STON/TDRS- 2106.406 MHz  19.062500 MHz
S HI B '
TRACKING TDRS '! STDN SCF
; ‘ 7 _
STATLON SHORT TERMN 2.x 10 TBD*
FREQUENCY (ONE SEC.)
2 x 10712
UNCERTAINITY |
LONG TERM 5 X 10712 TBD*
(ONE YEAR)
5 x 10712 _
* NOTE: THOUGHT TO BE COMPARABLE T0O
TDRS AND STON
MASTER FREQUENCY 4.608 X .10° Hz
TIMING STABILITY (1 SECOND) 1 x t0~'0
UNIT (24 HOURS) 1 X 1077
(MTU)

75. QHMS PLUS.OR MINUS 7 OHM

7 OHM
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B TABLE 9-3
~ ENVIRONMENTAL CONDITIONS
Performance shall be within specification under the:
operational conditions, and subsequent to the nonoperational
conditions, given below: o '
Operational

Temperaturef' Mounting surface from 35° to 120 F
Pressure: 12 to 18 psia , - '
Humidity: 8 to 100 percent relative

Lightning: In accordance with MFG04-002 for
' indirect effects '
Random Vibration {Qualification) E
20 - 150 Hz, +6 dB/oct to 0.09 gé/Hz
150 - 900 Hz, 0.09 g 2 tH2 '
_ 900 - 2000 Hz, ~9 dB/oct.
Duration, 48 minutes/axis o

Random Vibration (Acceptance) .
20 - 80 Hz, +3 dB/oct. to O 067 g’ /Hz
80 - 350 Hz, 0.067 g2/Hz. '
350 - 2000 Hz, -3 dB/oct.
Durat10n, T8D m1nutes/ax1s '

Acce1erat10n + 5 g, all axes

Nonoperationa1 {Packaged)
Temperature: -65 to +150°F
Pressure: 3 to 16 psia
Sand_and Dust: Desert and ocean beach area
"~ conditions; also suspended dust
Shock: 20 g terminal sawtooth shock pulse

of 11 ms duration in all axes.
Other: ' Sun, rain, hail, snow, ozone, fungus.

Detailed requirements are TBD.
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d) -

e)

f)

Provide RF mixing and_frequency translation as
required to obtain a known bias‘frequencylupon
which a known fraction of the S-band doppler
shift is impressed.

Provide continuous digital COunting capability to -
simultaneously count both the bias frequency p1us
doppler shift and some mu1t1p1e of the stable

reference frequency. Both counters shall operate

for a continuous period of time of not less than

10 minutes before counter recycle and the counting
process shall not be disturbed or interrupted by the
data read out process. The counter which counts
bias frequency plus dopp1ér shift hereafter shall

be referred to as the doppler counter and the
counter which counts some multiple of the stable
reference frequency shall be referred to as the inter-
val counter. The interval counter shall be
continuous and have the same type recycle character-
istics as the doppler counter. ' | |

Provide two modes of counter operztion:

1. Continuous counting of bias frequency h]us y

doppler and continuous counting of the multiple

of the reference stable freguency with independent
automatic recycle fo zero when either register

is full without stopping continuous count.

2. Continuous counting of bias frequency plus

doppler and continuous counting of the multiple
of the reference stable frequency after the
doppler counter has been reset to zero at
computer command. The interval counter shall be
reset to zero when the doppler counter is reset
to zero at computer command.
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| g‘)

)

3)

.k)

1)

m)

Pfovide for transfer of.the cbunt number from tﬁe!
doppler and interval countersfto témborary digital
storage upon receipt of an-extérnai]y computer
generated transfer pulse or an 1nterna11y generated
transfer, pulse d1screte, w1thout interrupting the
continuous doppler and interval count.

Provide for generation of the_dopp1ericounter transfer
pulses at precise intervals of time as -commanded

in advance by receipt and storage of digital command

words from the computer. Measure the required command
time interval by counting cycles from a clock
synchron1zed to the external. frequency standard

1nput signal. C

1n1t1ate the start of the time 1nterva1 measurement
upon receipt of a "start interval time" discrete

signal from the computer interface.

Temporarily store the “oppler counter meaéureménts
along with any required auxiliary digital measurements
in inbut/output buffers within the extractor,

Accept input d1g1ta1 command read out digital data
from/to the external fomputer as s9ec1f1ed herein.

Accept digital and.d1screte mode status information
from each of the two associated S-band receivers.

- Adjust mode operation within the extractor to the

proper operational mode to match the S-band receiver
mode in use. Qutput the mode status tb the computer
along with each associate doppler data digital
readout. The receiver mode status shall identify
SGLS, STDN, or TDRS mode, high or low frequency

in use, and VCO coherency condition.

Receive and select from one of two inputs the

digital signal containing ground station identification
data and clock from the associate énergized Network
Signal Processor (NSP). '
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n)

o)

p)

q)_‘

)

‘Temporarily store the inputted eight bits of digital

ground station data which shall be updated at a 9 Kbps
rate at successive 20 milliseconds time .intervals
from the network signal processor.

Provide for transfer of the eight bits of ground
station data to the input/output buffers within the.
extractor to permit readout of this data to the |
external computer along with the doppler, time
interval, and discretes block of words.

Initiate the start time of the transfer of. the
eight bit ground station data from temporary input
sforage to the extractor computer input/obtput
buffers as follows: ‘

1.  Monitor the 8-bit input'groﬁnd station data
and the start aT discrete‘sjghal from the
computer as input to logic: - -
2. Llogic shall initiate data transfer pulse within
" . one millisecond foTIowfng conclusion of the-8-bit
read-in period provided that a start AT discrete
“has been received from the coﬁputer.

Provide two instrumentation outputs.

Perform an end-to-end self-test of all functional
paths within the unit upon receipt of a .test
mode discrete.

The extractor shall operate from main DC power in.
accordance with MF0004-002. The maximum power shall
not exceed 10 watts at 28 volts DC main bus. The
extractor shall be designed for continuous operatibn.
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- SECTION 10
DESIGN APPROACH

10.1 VERNIER DOPPLER EXTRACTOR REQUIREMENT

The transponder output frequenc1es conta1n en1y a fract1on of
the S-band doppler frequency f]ess than 1% typical). Thus,
to ach1eve a 0.3 eycle accuracy for the S-band doppler '
frequency, the extractor must be capable of measuring the
transponder output doppler to an'eceuracy up to 100 times
better than 0.3 cycles (i.e., up to 0.003 cycles). . Further,
if the transponder VCO loop S/N ratio is 10 dB, then VCO
phase jitter will contribute about .0015 cycles (30) to the
total error at the VCO output frequency or .15 cycles referenced
to S-band. To maintain a total error of 0.083 cycles on the
VCO reference frequency the vernier extractor quantization
error must be less than .0026 cyCTes. The time delays
~associated with the doppler measurements are not to exceed
100 us. The selected vernier extractor approach is capable’
4of-meeting the. accuracy reguirement by obtaining a 1 MHz
bias frequency containing the -partial doppler, and using
"AND" gate apertures of 2.6 nanoseconds. However, the time
delays associated with this narrow aperture would result
in measurement delays of as much as 714 microseconds. This."'
. is obtained from the relationship between doppler accuracy

and time delay discussed in Part I. That is:
X -
2F + :
EN T - dmax tdmax = < .0026 cycles
O .
‘where ey 1s the cycle count error (<.0026 cyc1es),'Fd nax
is the maximum doppler shift on the bias frequency (600

He maximum), td nax
the clock reference frequency.

is the maximum time delay, and F_ is
Re-arranging the above equation and using a clock reference

frequency of 1 MHz results in the following- relationship.

f .
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4 max =€NF0 -2 Fdl

or

tg max = Ta07 < 714 »s

It is possible to obtain thé-required7reso]utioanithin the
'-required time delay limits by operating the extractor with
higher clock and bias frequencies and shorter co1nc1dence -
apertures. However, from the above expression, the clock
frequency {(and hence the b1asrfrequency)uwou1d need to have

a value of about 4.3 MHz,'and the coincidence aperture would
need to be 0.6 nanoseconds. These requirements would place
extreme demands on circuit power, complexity and re11ab111ty
for a f11ght hardware extractor. To relax the requirements
for high clock and bias frequenc1es and short coincidence
apertures, the transponder doppler reference frequency could -
be_mu1t1p11ed to achieve a doppler signal closer to the true .
S band dopp]érlr With such a multiplied doppler reference, -
the extractor resolution (quantization) requirements could be
increased above the required 0.0026 cycles, resuiting in
Tess time delay for the same clock frequency. For examp]e,
if the doppler frequency were multiplied by 10, then the
maximum time delay would be decreased by 10. That is:

- 1 ‘ < 71 s

£ _
dmax " ( 0026)(10)(1x10° Hz) ~ 2(10)600

for a 1 MHz clock frequency.

This delay assumes that the bias frequency is carefully
chosen very close to the clock frequency. In practical
systems with small integer frequency multipliers and dividers
if is not always possibie_tb select thé optimUM'bias
frequency. Thus, additional doppler mﬁ]tip?icatidn'may be
requirédjto simultaneously obtain the resolution and

time delay requirements.

/
i
z

v
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'In addition to operating'with a'bréféfred biaS”fréquency no
greater than about 1 MHz, the flight hardware vernler extractor
should ‘operate with coincidence’ apertures that. do not 1mpose
severe hardware cocnstraints on the co1nc1dence c1rcu1ts

Pulse widths of about 5 to 10 nanoseconds, which resu1t in

~ coincidence apertures of 10 to 20 nanoseconds, would not be
difficult to obta1n for a high re]1ab111ty Tow power extractor.

A pulse width of 5 nanoseconds (aperture = 10 nanoseconds) would
limit the vernier extractor ?asolut{on to about 0.01 cycles

with a 1 MHz bias frequency. These restrictions would thus
'-require a doppler mﬁ1tiplication of about 4 to achieve the
~desired S-band doppler resolution of 0.26 cycles.

'10.2 DESIGN DESCRIPTION , _
" A response to the Rockweell specification is shown by the

general circuit configuration of Figure 10-1. The objectives
of this circuit will be to obtain a suitable, injection
frequency'which will allow high multiplication and obtain the
multiplied doppler on apprbx{mate]y a 1 MHz bias. If the
vernier extractor is to obtain the required doppler resolution
of about 0.2 cyc1es (so that the RMS error < 0.3 cycles) with
pulse w1dths of 10 ns or more, then the requ1red mu1t1p11cat1on
mus t be at least the following:

eFD =‘112'5 (EPFB) =< 0.2 cycles
or K > 1.105P where P is in nanoseconds and Fp = 1 MHz,.
‘with P = 10 ns
K> 11

To obtain high multiplication (of 11 or more) the frequency
output of the first mixer should be nearly the same regard-
less of which VCO input frequency is selected, to allow

the multiplying loop to easily acquire the signals with
narrow bandwidths. A system which meets the desired goals
-and can thain‘doppler resolutions of 0.2 Hz or better
with =21 MHz counters is shown in Figure 10.2 ‘A variable
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mu1t1p11er is used in. the c1rcu1t to obta1n near]y 1dent1ca1
fmu1t1p11ed output frequenc1es “Thus, the mu1t1p11er €O
-1oop ,can use a very stabile VXCO allowing ‘the use of re]at1ve1y
narrow Toop bandwidths.  The bias frequency output to the
‘vernier extractor is approx1mate1y 1.4 MHz containing
approximately 1/2. t0'3/4 of the full S-band doppler. To
obtain the required reso]ut1on of 0.2 Hz, the vernier '
extractor must provide an add1t1oma1 resojution 1mprovement
factor of at least 2. From the accuracy/time delay trade*_'A
offs of Part I, M must be at least 9, so that the ratio |
N/M (the ratio of bias plus doppler to clock frequencies)
cannot be less than 8/9. Thus, the c1ock frequency must be

no more than 9/8 of the minimum bias plus doppler frequency

( 9/8 of 1.357 = 1.515 MHz) if the clock reference frequency
is chosen greater than the bias frequency. 'If the clock
reference is chosen below the bias plus doppler freguency,

it must be no smaller than 8/9 of the maximum bias plus
~doppler frequency. That is, the clock frequency_must be
greater than or equal to 1.286 MHz (8/9 of 1.447 MHz).

In the system of Figure 10-2, a clock reference frequency
greater than the bias frequency was chosen since a convenient
‘ratio of the available clock frequency could be obtained
which nearly meets the restrictions described .above. The
chosen c1ock_referente frequency of 1.536 MHz is-slightly
above the maximum allowed frequency of.1.515 MHz, however,
this simply means that the_extractof error will be slightly
more than the desired 0.2 cycles (0.26 cycles is the

maximum allowabTle quan1tzat1on error). With the selected
c1ock frequency, the f0110w1ng paragraphs will show that

the extractor quantization error will be no greater than 0.216
Z;Cycles.u Thus, selection of a more desirable clock reference
(for improved accuracy) is probably not worth the added
c1rcu1try required to generate the more desarab]e frequency.

E Nlth a c1ock réference frequency of 1.536 MHz, the ratio
of the bias plus doppler to clock frequency {N/M) will vary
over the limits from 0.87695 to 0.94206. 1In terms of the

-~ 10-5
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~ratio of the smallest integers'for N and M, the ratio N/M
‘will not exceed the range from 8/9 to 16/17. Thus, N has a
‘minimum value of 8, and the minimum pulse width in the
'vernier'éxtractpr (to allow short time delays) must be 40.7
ns (P3T0/2N, T,=651ns and N=8). Since M ranges from 9 to 17,
the maximum possible delay will be less than 11 us (MTO).

10.3 DOPPLER EXTRACTION ACCURACY

Selecting a pu]se'width of 41 ns, therquantizafion errors of
Table 10-1 will result, It is seen that the maximum quant-
ization error will not exceed 0.216 cycles. The -combined
quantization error and noise induced jitter error is also
shown in the table. This total error will be no greater

than 0.27 cycles which is below the required maximum value

of 0}3'cyc1es. The error resulting from the clock oscillator
drift is not included in the table since this error depends
on the selected clock oscillator. If the clock is only
stable to one part in 10]0, the maximum oscillator drift
error (3c) could be as high as 0.6 cycles in a one second °
averaging period (0.6 Hz for all aVerag?ng_periods). -This
error alone would exceed the specifications, so that it is
assumed that either the clock stability error is not part

of the total error specification or a better oscillator will.
be selected. An oscillator stability of about 2X107'!' would
be required to obtain a maximum (30) root mean squared

error of 0.3 cycles or less.
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TABLE 10-1

MAXIMUM ONE WAY DOPPLER EXTRACTOR ERRORS

INPUT FREQUENCY
FROM S-BAND

TRANSPONDER

RATIO OF S-BAND

-DOPPLER TO COUNTED

DOPPLER (R/K)

RESULTANT PEAK
QUANTIZATION
ERROR FROM
COMPUTER DOPPLER
(e=+2P(Fy+F)R¥
| K

18.479167 MHz

19.0625 MHz

<0.216 Cycles

59.160 Cycles

e F SR i e Pt B S Ry

MAXTMUM NOISE

- ~ COMBINED

. INDUCED JITTER| ROOT SUM |
ERROR SQUARED ERRQR. .
(S/N = 10 dB) B

<0.158 Cycles

‘50.158 Cycles
| -

<0.268 Cycles

<0.225 Cycles

L

, N*Péﬁlhns (82

‘ns APERTURE)




'SECTION 17
PRELIMINARY DESIGN

11.1 ELECTRICAL DESIGN

The doppler extractor illustrated in Figure 11-1 contaihs
‘the circuitry.necessary to perform'the following functions:

“a. RF preconditioning and frequency syhthesis
b. Doppler extraction
c. Control and output data formatting.

The RF preconditioner selects the appropriate transponder
vCo signal upon command of the transpondér mode logic. It
provides the appropriate frequency translation and multi-
plication required to produce the bias and scaled doppler
frequenéy,necesséry to meet the specificatidns as outlined
in the previous sections. The multiplication ratio is
modified to produce the desired doppler frequency scale
‘factor for the various transponder modes. Im addition, the
unit derives the reference frequency for the doppler extractor
and the injection frequency required to perform the end-to-
end self test:function. ' '

The doppler extractor ut111zes the coincidence detect1on
'techn1que deve]oped by RCA. This technique has the advantage
in that it achieves the required precision at reiat1ve1y 1ow
count1ng rates (approximately 1.54 MHz). The doppler extractor
circuitry consists of ‘the doppler plus bias frequency and
reference frequency counters,'associated parallel to serial
'shift registers, and coincidence detector. The fixed time
interval counter provides the selectable time intervals of
0.1 second, 10 seconds, and 60 seconds,. required in the

fixed time interval readout mode. The extractor mode logic
provides the necessary configuration modification required,
in order that the extractor may operate in either the
Computer) ommand or the Fixed Time 1ntervé1'mode.

_ ; .
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The transponder mode 1ogic'accepts thé'transpoﬁder #1 and #2
~mode discretes which define the transponder frequency and
assoc1ated receiver circuit rat1o "R, The transponder #1
Data Good and transponder #2 Data Good discretes indicate

the phase coherency of the phase lock loop receivers. The
transponder select discretes #1 and #2 selects the associated
transponder mode status and data good discrete to control
the RF preconditioner, and provides the mode and status _
_cond1t1ons to the output buffer registers. The MTU good .
discrete and the selected Data Good discrete are combined

to provide a Data Valid discrete to the 1nstrumentat1on MOM.
The MTU Oscillator Switch discrete is strobed as a status 7
condition to the serial data output buffers. = The self test
discrete input to the transponder mode logic places the system
in the self test mode, and the status is indicated to the
output buffers for transmission to the MDM interface. |

Selection of the NSP #1 or the NSP #2 ground station data
and associated clocks is accomplished by the presence of
either the NSP.#1 or NSP #2 select discretes in the NSP
select logic. The ground station data is temporarily stored
for'subsequent readout to the MDM interface.

The measurement mode command data is demsdulated in the
-Manchester 11 data decoder and transferred to the auxitiary
storage register after a parity check is performed. The
command data indicates whether the measurement is to be

made in the Computer Command Mode or in the Fixéd Time
Interval Mode. The Fixed Time Interval Mode command
‘indicates the integration heriod.

In the Computer Command Mode, the data is read out at time
interva]s-determined by the computer. The Start ar discrete
from the MDM initiates the readout cycle. The first doppler
extractor coincidence pulse after the recéipt of the Start
At transfers the data in the FB+FD and FR counters to the
pdra11e1 to serial shift'regiSter,for tempofary-storage

and injtiates.the data transfer cycle. The maximum delay
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of the first co1nc1dence pulse w1th respect to the Start

At discrete is 11 microseconds.

Upon xgeceipt of the data transfer cnmmand the message
formatt1ng and data readout timing 1og1c initiates the
transfer of the transponder and measurement mode status and
the selected NSP data to the output buffer registers.
Transfer of the status data to the: output buffers results

in a data ready discrete. Receipt-of the MSG out and

word discretes initiate the transfer of data to the MDM.
Upon receipt of the word discrete, the message formatter
initiates the generation of the Manchester II Synch. pattern

.'and_the necessary strobes to transfer the extractor mode and

status from the output buffers to the MDM at a 1 MHz rate.
The data word is encoded in the Manchester II1 data format,

and the 1 bit parity is generated by the serial parity
“generator at the appropriate time. This results in a 20 bit

data word.

Subsequent word discretes transfer the NSP ground station
data and the contents of 'the doppler FB+FD and FR counters ' -
in a similar fashion. | '
In the Fixed Time Interval Mode, the data is repeatedly read
out at the specified time intervals. The Start ar discrete
resets the doppler extractor fixed time interval counter and
the FB+FD and FR counters. The first coincidencéﬁpuise
following the Start A7 discrete 1n1t1ates the fixed time
interval counter. '

At the selected time interval, the fixed time interval
counter initiates the mode Togic readout cycle. The first
extfactor coincidence pulse following the termination of the

integration period transfers the data in the FB+FD and FR
‘counters .to the parallel to serial shift registers for

temporary storage, and indicates the data transfer cycle.

_Thérdata-transfer cycle is the same as in the Computer

Command Mode. The fixed time interval tounter'contjnues to
initiate the readout cycle until the mode is changed.‘
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The computer has. the capab1]1ty of changing the doppler
extractor measurement mode at any time except when the
FB+FD and FR reg1sters are be1ng updated by an 1nterna11y
generated read command. In this condition, the mode change
is de]ayed by 100 nanoseconds.

The presence of the self test d1screte p]aces the extractor
in the self test mode. The measurement mode logic is
p1aced in the Fixed Time Interval Mode with -an integration
period of 1 second, and the BITE detector is activated.

A synthesized frequency is 1n3ected at the input to the RF
precond1t1cner to simulate a transponder signat. Data fis
read out to the MDM in the normal manner, and the mode -
status word indicates that the system is in the self test
mode. The BITE detector provides the necessary logic to
perform'a 60/NO-GO test and provides a BITE discrete to
the MDM interface. '

The doppler extractor contains a power . converter which derives
the required voltages from the 28 volt supply.’ A vo1tage
comparator provides an ON/OFF discrete to the instrumentation
MDM and a Power ON discrete to the MDM when the input voltage .
exceeds- 24 volts.

11.1.1 RF PRECONDITIONER

The RF precond1t1oner provides the necessary signal processing
for the doppler circuitry. It franslates the transponder VCO
RF signal to a suitable frequency range which makes. the use

of low power CMOS logic in the extractor design feas1b1e

The RF signal is multipliied so that the doppler scale factor
approaches its S-band value and reduces the resolution require-
ments of the extractor logic. To perform the necessary
trans1au1ons, a local oscillator signal is generated by
frequency synthesis from a fregquency standard. The reference
‘clock signal for the doppler extractor.-is also derived from
the same source. A self test feature is included. Figure

11-2 is a block diagram of the RF preconditioner.
' !
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As shown in the Flgure 11-2 the RF 1nput s1gna1s from the

: transponders are buffered prior to the first trans]at1on
Selection is accomplished by a switch, S], which is under
control of the Transponder.Mode Logic. . The First trans1ation“
“with mixer, M1, develops a down-conversion.  Following this
conversion, the signal frequency:is multiplied by a program-
mable multiplier. After this process, the signal is down-
converted again, and provided as a.buffered output signal to
the doppler extractcr unit. Both conversions are developed
by injections from a common local oscillator with adequate
isolation betweén mixers. The Tocal oscillator frequency
Cis eStab1ished by frequency synthesis related to a reference
standard.

The doppler extractor reference clock signal is also derived
from this standard and provided as a buffered output .to the
-extractor.

A self test signal (normally disabled) is provided by the
BITE generator which is synthesized from the refererice
standard. When the Self Test Mode is initiated, a switch

$2, immediately following the first mixer, M1, interrupts the
normal Signa] path. This test checks the operational
integrity of all the networks, except for the first mixer

and input buffers which are regarded as reliable circuits.
The test has been implemented in this manmer and provides

the most cost-effective approach.

" When, for example, the transponder mode logic selects the
TDRS/STON signals, the first translation converts the high
signal to HI (+) 0.246500 MHz and the Tow signal to LO (-)
0.336842 MHz (the negative sign indicates a sideband inversion).
The programmable multiplier multiplies these frequencies by
~a factor of 82 or GD'respettiwely, depending on whether a
HI or a LO RF signal is being'processed. The resu]ting

. frequencies at the input to‘the second mixer are:
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HI 20.213000 MHz
L0 1 20.210520 MHz

After the second conversion, the output signals have the
following frequencies: o '

(Fg *+ Fply; = 1.397000 MHz (+)_
+49.2 kHz
and'
(Fg + Fp) g = 1.394570 MHz (=)

+36 kHz

The designation, FB’ indicates the bias frequency which
develops in each instance in the presence of zero doppler.
To positive and negative deviations indicate the values of
the reépective multiplied dopp]ers; FD'
The BITE test signal of 0.246857 MHz is synthesized from the
4.608 MHz reference. The unit is placed in the HI mode, and
the above signal is injected into the programmable‘mu1tip1ier.
The resultant BITE test signal is: '

(Fg + Fp) BITE-= 1.426274 MHz
The above design utilizes a single injection frequency for

down and up-conversion and results in a relatively narrow
bandwidth programmable multiplier,

11.1.1.1 Input Selector Buffers and Mixers

The input buffers are used tolisolate one RF channel. from

the other, and provide the required attenuation to develop a
signal level of 0 dBm at the mixer. The presence df.the
synthesized local oscillator at either RF port is significantly
reduced to acceptable levels.

Qutput buffering is also provided for the signals to the
extractor which include (FB+FD), the bias-doppler signal,

and FR, the reference clock signal. In the latter instance,
special precautions are taken to ensure that operations in the

-1
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extractor will not he reflected as virtual in-band components
with recirculation in the multiplier chain. |

The choice for the mixer networks in thelpresent application
favors a conventional ring-diode arrangement, using Schottky-
barrier type diodes. Typical operation prescribes. an
oscillator injection of +10 dBm to ensure adequate linearity
when related to the signal level of 0 dBm. Variations'of +
3 dB for the RF signal are of 1little conseguence since the IF
"signal is developed well above the thresho]d'of‘@wiogica1
conversion in a digitally controlled phase-locked loop.,
corresponding to the 82/60 multipiier chain.

11.1.1.2 Programmable Multiplier

Following the low pass filter, the translated signal is
Timited, and frequency multiplication is accomp1ished by

the programmable multiplier. 1In one mode, conforming to the
conditions that the HI signal is celected or the self test mode
is initiated, the multiplier ngtwork opefates with'a factor

g2. 1In its other mode,‘when the LO signal is se1ecFéd,_it

operates with a factor, 60.

Figure 11-3 shows a block diagram of the programmable
multiplier which is devised as a phase lock lozp. The phase -
lock loop consists of a phase-frequency detector, loop filter,
VCO, a programmable divide-by—N counter, and-a divide-by-2
prescaler. ' ' - '

The phase-frequency discriminator alleviates the need: for
acquisition circuitry. The bandwidth of the loop. is approx-
jmately 5 KHz and therefore, the multiplier does not impair
the overal] system accuracy.

The VCO signal, which operates nominally at 20.213 MHz, would
normally include undesirable modulation sidebands corresponding
to the input signal to the phase discriminator;. These.
sidebands are very effectively eliminated by including two
resonant traps.
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11.1.1.5 Bite Generator

The self test feature of the preconditioner provides an
équjvaﬂent ‘Ist IF signal which is normally disabled-by'
switch, S2, as previously described. This signal is
synthesized from the reference standard by'the following
relationship. |

. ) 3 .
Fpite = Fs (53! : |
Farrp = 0-246857 Miz

‘The divide-by-56 operation is implemented by a digital divider
and-a conventional x3 multiplier.

11.1.2 DOPPLER EXTRACTOR CIRCUITRY

The doppler extractor circuitry counts cycles of the analog
doppler-plus bias (FB+D) and reference (FR) signals from the

RF preconditioner in such a way as to permit accurate recovery
of doppler information frqm‘the analog signhals. The resuﬁting
counts (NB+D and NR) are held in buffer registers for insertion
into the output data stream. The spacecraft computer operates
on ‘the doppler and reference counts to recover the desired
dopp]er‘shift information.

11.1.2.1 Coincidence .Detector

The coincidence detector accepts the analog signé]s from the
-RF preprocessor and outputs a pulse whenever the zero-
crossings of the two signals are coincident within a
predetermined resolution or coincidence aperture. This
puise can then be used to start and stop the doppler and
referénce counters at or near the zero crossings of the

~ respective input signals. In this way, the quantization

error in the Ngyp and Np counts is reduced to the resolution
of the coincidence detector.

It was shown in Section 10 that a coincidence aperture of
41 nanoseconds is required to meet tiie accuracy and delay
requirements of the specification. This aperture must be .
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The multipiier is terminated in a bandpass crystal filter
with.a passband of about 0.5%. This assurés'that the

doppler signal with full deviation for both channel selections’
will be faithfully transferred to the 2nd mixer. The
corresponding band limits %or the filter are:

20.262200 MHz
20.164200 MHz

The filter is also characterized by a 40 dB Eejection band-
width of less than 2%, a condition which virtually eliminates
all reference-rate sideband components.

11.1.1.3 Extractor Reference C1oék

The extractor reference clock signal is generated very simply
by dividing the reference standard frequency by three. Thus,
FR = FS/B = 1.536 MHz. ' '
This signal is supplied as an ocutput to the extractor via
several stages of isolation. ' o

11;],1.4 Local Oscillator

The local osci]]ator signal is developed at 18.816 MHz and
is derived by the following rational operations, relating
to the reference standard:

F
_ Svi. o3y .
FLO - ('3 ) (E) (49)

Since the first factor is also developed as the extractor
reference clock, the latter signé1 is made common to ‘the
synthesis chain for the LO. This process is also implemented
by TTL logic, and after division by 4, the fixed multiplicative
factor, 49, is evolved in a manner similar to that used for

the programmable multiplier with a PLL. The LO signal,
however, is developed as a singTe spectral Tline, so that

the terminating crystal filter is designed with a very narrow
bandwidth. Otherwise, the PLL with the phase-frequency digital
discriminator and a fixed dividé«by-49 feedback loop operating
with a reference signal of 384 KHz is quite similar.
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maintained within a few nanoseconds under all conditions.

. Figure 11-4 s a functional diagram of the coincidence
detector. Two high-speed comparators square up the analog
signals. The comparator outputs drive the dbpp]er and
reference counters, and also trigger two one-shots on _
negative transitions. The one-shots produce precise output
‘pulses. Coincidence is declared when the two pulses coincide,
setfjng the output flip-flop. The output flip-flop is reset
.on the positive transition of the reférence signal. 'In this
way, a coincidence pulse 1is prddubed whenever the negative
zero-crossings of the input signals are within the coincidence
aperture. The output pulse width is one-half of the FR

period and is readily handled by the mode control logic.

High-speed logic is required 'in the coincidence detector

to insure that component and temperature variations in the
logic propagation delays do not produce a coincidence aperture
outside acceptable limits. Logic rise time must be fast
compared to the coincidence aperture so that the aperture is
not disturbed by threshold variations.

Worst-case analysis has revealed that ECL logic is required
to meet the above standards. ECL comparators and ECL 10,000
series devices are proposed. The ECL 10,000-series has
“velatively low power dissipation, 2 nanosecond rise time,
and less than 0.2 nano second variation in propadation

delay (per gate) over the specified ambient temperature
range. ' |

The precision one-shots are implemented using the standard

ECL delay-line technique. Availability of precision delay
lines with 60 ppm/°C temperature'coefficients make this
approach feasible. The delay lines will contribute less

than 0.5 nanosecond variation to the coincidence aperture

over the specified temp&rature'range. Coupled with the
propagation delay and threshold characteristics of the ECL |
10,000 logic, this gﬁarantees that the aperture can be held
within a few nanoseconds of its nominal value under worst-case
conditions.
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The'ECL logic, with its inheréntlyrlow output impedance,
"read11y drives the delay lines (whxch have nomlna] impedances
on theg order of 100 ohms).

The width of the coincidence output pulse is approximately
325 nanoseconds with a 1.536 MHz F This pulse width is

sufficient to operate TTL logic or CMOS logic operated at

12 volts.

5

11.1.2.2 Doppler and Reference Counters and Data Storage

Figure 11-5 depicts the counting and data storage arrangement
for the doppler and reference frequencies. Square wave
signals from the coincidence detector drive two 32-stage
synchronous counters. This counter capacity will result in
an overflow period in excess of 46 minutes.

- The cbunters increment on the positive transition of the input
-signalis. A strobe is generated in the mode contvrol logic
corresponding to the second half-cycle of the input signals.
This strobe will operate the parallel/serial control on the
parallel to serial shift registers, caus1ng the counter
results to be stored in these registers. Circuit parametérs
are adjusted to guarantee that the storage registers are
Tatched before the counter outputs change due to subsequent
zero cr0551ngs ' o

The message formatter circuit will access the counter data

in the form of four 16-bit serial words, as shown in Figure

- 11-5. The message formatter will produce four bursts of 1:MHz
clock, 16 cyclies per burst. A word selector in the formatter
circuit will insert the desired word into the output data
stream, while the remaining registers will simply recirculate. -
.In this way, the counter data is held in the para11e1/ser1a1
Treg1sters until it is inserted in the output data stream

The timing arrangement described above permits nearly a full
cycle (651 nanoseconds at the 1.536 MHz reference frequency)
“to é]apse before the data storage registers latch the ,
counter outputs. This represents the minimum acceptable worst-
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case driver plus counter propagatibn'delay plus register.set—
up time requirement. worst-cése speciffcations for CMOS -
components indicate that CMOS counters and reg1sters (operated
at 12 volis) can be used Ffor most stages.

The standard CMOS counters are not quite fast enodgh (worst
case) to operate synchronously at 1.536 MHz. [t is, there-
fore, proposed to use high-speed CMOS or low- -power Schottky
TTL components for the initial (high- speed) counter stages,
implementing the remaining stages with standard CMOS. A
technology mix is feasible due to the ready ava11ab111ty_of
TTL/CMOS Tlevel shifters. Power and package count estimates

- for this proposal were based. on the use of TTL counters and
Aappropr1ate level shifters for the initial counter stages.
The mixed-technology approach results in a substantTai power
dissipation saving (compared to an all-TTL approach) at the
‘expense of two packages for level shifters.

Observe that the approach of Figure 11-5 extracts counter
data non-destructively. The counters are unaffected by the
readout strobe.

11.1.2.3  Fixed Interval Timer and Mode Control- -

The mode control logic and interval timer are functionaT]y
il1lustrated in Figure 11-6." There are two basic modes of
operation: Mode a -- computer commanded readout, and Mode b --
fixed time interval readout.

In Mode a, the positive transitions‘of the A1 discrete from

the MDM will set a "Strobe Request" flip-flop. The first
coincidence following the strobe request will set a "Strobe
Enab]e“ flip-flop. The strobe enable output will reset the
strobe request flip- f1op (1nsur1ng that oniy one readout strobe
is produced for each positive ar transition} and allow the

| ‘generat1on of the readout strobe.
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The readout strobe is used to latch the doppler and reference
counts and to activate the BITE detector in the self-test mode.
The readout strobe also sets a "Data Transfer" flip-flop, which
generates the data transfer command to the message formatter.
The data transfer command is reset upon receipt of data shift
pulses from the message formatter.

In Mode b, strobe requests are generated by markers from an
interval counter. The interval counter counts cycles of a
precision 1 MHz clock from the message formatter. Markers are
produced every 105, 107 or 6 X 107 cycles, depending on the
ratio select leads. The resulting 0.1-, 10-, or 60-second
markers activate the strobe request flip-flop, initiating
strobe generation as in Mode a.

A "Reset" flip-flop is set in Mode b with each positive
transition of the At discrete. This action will reset and
hold the doppler, reference, and interval counters until
receipt of the next coincidence pulse, when the counters

are again permitted to count. In this way, all counting.

is synchronized to zero-crossing coincidence of the extractor
input signals, reducing quantization error as described in
Part I. '

A latch is provided to hold the mode select and fixed interval
select leads constant while data is being transferred to the
message formatter. The Tatch is activated by the data transfer
command. At other times, changes in mode or fixed interval
length select leads are allowed to pass through the Tatch.

Logic is provided to force the mode control logic to a 1
second fixed readout mode when the self-test command is given.

Propagation delay requirements for generation of the readout
strobe dictate the use of low-power Schottky TTL components

in the strobe logic. The remaining portions of the interval
timer and mode control are implemented with CMOS logic.

CMOS ripple counters are used to generate the interval
markers. These devices readily operate at a 1 MHz clock rate
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(under worst case conditions).. The sKewing of the interval
“markers with respect to At transitions will be less than

13 mi¢roseconds (worst case) due to ripple delay in the
counters. '

It was shown in Section 10 that the worst-case delay for

the coincidence pulses is 11 microseconds. The coincidence
delay will cause skewing at the start of a measurement and at
each readout. Since the interval timer . functions independently
of the coincidence pulses, hawever, the readout skew is not
cumulative. The total worst-case skew due to interval timer
ripple delay and coincidence is 35 microseconds, well within
the specifications. |

11.1.2.4 Doppler Extractor Package Count

A preliminary design (based on the design of the NASA bread-
board unit) was prepared for worst-case analysis and to obtain
accurate package count and power dissipation estimates.

The preliminary design results indicate that the doppler
extraction circuits will require 5 ECL, 7 TTL, and 39 CMOS -
packages. Of the 51 total packages, 5 are required for shifting
between the various logic levels

The mixing of technologies results in a substantial redUction_
in total power dissipation. '

11.1.3 INPUT DATA PROCESSING AND COMTROL

- The input data processing and control togic must monitor the
s-Band Transponder status, the NSP staths, the MTU status,

and the 28 VDC extractor powér input. It must generate
signals to select the proper transponder and Network Signal
Prdéessor (NSP) inputs and generate status data for subsequent
_tfansmission_to the computer. The input data processor and -
“control must also accept serial data from the computer through
the Multiplexer/Demultiplexer (MDM). The data must be decoded
~and checked for proper parity. " The decoded signals are then
used to select measurement mode and in Mobe b, select the
measurement interval, | S
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11.1.3.1 Input Status Monitoring

The extractor must receive and select one of two RF output
signé]s from two-S-band transponders and accept digital
information concerning the transponder operating mode. In
addition, it must monitor the transponder Data Good line to
insure that a valid signal is being received from the
‘transponder over the entire measurement period.l'If the trans-
“ponder Data Good signal goes Jow for a period of greater than
10 usec., the measurement must be considered invalid. '

In addition, the Master Timing Unit (MTU) status and NSP
status must be monitored in a similar manner. If both the
Pata Good and MTU status are high during the entire measure-
ment period, the measurement is valid and a Data Valid signal
is generated and sent te the "instrumentation MDM. The mode
status truth table is shown in Table 11-1. The mode status is
decoded and used to control the mode of the RF preconditioner.
Qutputs A, B, and C are sent to the message formatter where
they are strobed at the proper time and transferred to the
computer via the MDM.

11.1.3.2 Computer input.Data Processing

Computer input data processing includes message‘synch.
detection,rManchester II decoding, parity checking, data
‘storage and decoding. ‘The decoded data selects the measure-
ment mode and the measurement interval in the fixed time
interval mode. The measurement mode status and time
interval are also sent to the message formatter for
transmission to the computer.

The computer data processing circuits consist basically of

an input register, parity checker, auxiliary storage and

time interval decode. The input register is an 18-bit shift
register. Seventeen bits are used to receive data, one bit
for'parity, and one locally generated control bit. When

the Word Discrete goes high, an initialization pulse is generated.
This sets the control bit to a logic one and resets. the rest

of the register bits to logic zeros. Data and a clock are
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TABLE 11-1

TRANSPONDER MODE STATUS TRUTH TABLE

|

FREQ. MODE

TDRS

- MODE OUTPUTS PRIME MODE
A B C
o 0 o X X
00 1 X X
o 1 o SGLS Low
0 1 SGLS : HIGH
10 0 STDN | L oW
10 STDN : HIGH
11 o TDRS ! LOW
11 % I GH

SNV S
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~received from the Manchester decoder. The clock pulses:
shift in the data. When the logic one control bit reaches
the Tast stage of the shift register, a pulse is generated
which samples the output of the parity checker. If parity
15 correct, a store pulse is generated."This transfers the
three bits of data defining'the measurement mode and time
-interval to the auxiliary storagé register. The stored bit
defines the measurement mode. The other two bits are decoded
to.specify the measurement interval for the fixed time
interval mode. The contents of the auxiliary storage
register are sent to the message formatter output buffers
for serial transmission to the computer. The measurement
mode status. is used in the mode control circuitry to set up
the desired time interval.

Measurement mode commands that arrive during a doppler count
transfer are not read-into the auxiliary storage register
until after the doppler trahsfer.is complete.” ‘Therefore,

a one-shot, uses the Data Transfer signal to generate a 200
nanosecond pulse that delays transfer to the auki]fary
storage register until after the doppier count is transferved.

11.1.3.3 Ouﬁput Data Transfer

The message formatting-and data readout timing Togic must
“assemble the extractor status data into two 16-bit words.
Upon command from the computer, the status words and doppler
count words are encoded and serially transferred to the
computer MDM. FEach 16-bit word must be preceded by a

synch. pattern and followed by a parity bit.

Transponder status data is formatted into two 16-bit words.
The Iasf 8 bits of word 2 are used for NSP ground station
data while the remaining 24 bits are used for status data.
Status data will include measurement mode, time interval,
MTU Good, MTU switch, Data Good, Data Valid, transponder
mode, self-test mode. This is only a tentative list of
status data to be reported out. Additional outputs.wi1] be
added as required. '
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11.1.4 SELF TEST MODE

Self test is initiated upon receipt of a self test discrete
from the MDM. A precise, known frequency is synthesized by
the RF preconditioner. Thé doppler extractor is switched to
the fixed time interval mode with a 1 second integration
period. The doppléer and reference counts are outputted in
the norma] manner to the spacecraft computer, where frequency
and delay 1nformat1on is recovered.’

The self test approach verifies the operation of all extractor
circuits with the exception of the RF preconditioner first
mixXer and certain control inputs.

Verification of the extractor performance is made by the
spacecraft computer. It is also desirable to have a stand
alone self-test capability within the extractor. This
stand alone capability is prov1ded by the BITE detector
circuit.

The BITE detector monitors the doppler and reference

count outputs and determines whether these outputs represent -
reasonable counts. A BITE discrete is generated to indicate
the GO/NO-GO results of the BITE test. ‘

Both the doppler and reference frequenc1es are f1xed in the
self test mode. The only variations in the doppler and
reference counts result from skewing of the actual measurement
intervals. The maximum intervals skew is 35 microseconds.

'The 35 microsecond-maximum skew indicates that a valid N

count should deviate no more than 54 counts from its nom1na1
1,536,000 value. The NB+D count should deviate no more than
51 ‘Counts from its nominal 1,426,274 value. S1nce the interval
skew affects both counts in the same way {both counts will

. increase in porport1on to the actual interval length),

effective indicator is the difference between the two counts
-(nominal}y 109,726). This difference will deviate no more
‘than 4 counts from its nominal value as a result of interval
skew. These numbers are based on a nominal 1 second 1ntegratfon
period. ' I
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The BITE decoder will, therefore, perform the foT]owiﬁg two
tests on the counter output data:

a. Verify the N
value.

g s within 54 counts of its nominal

b. Ca]cu'late,NR - Naip and verify that this difference
is within 4 counts of its nominal value,

These two tests will verify that interval skew is less than

35 microseconds, and that the doppler frequency, as
synthesized by the RF preconditioner and counted by the
doppler counters, is within 11.5 hertz of its nominal value,
This provides a reasonable check of the extractor performance.

The BITE tests are repeated at 1 second intervals as long
as the unit receives the self test discrete. The use of
Jatches to sample the test results at the proper time results
in a BITE discrete output that will change at 1 second inter-
vals, depending on the results of each BITE test. '

The- BITE detector is implemenfed entirely with CMOS
components. It is estimated that 16 packages are required
to implement the circuit.

An alternate BITE detector approach would use a small dedicated
microprocessor to precise1y calculate the interval skew and
frequency error. This approach was used in the NASA bread-
board, primarily because the microprocessor was required for
display of the navigation parameters. The microprocessor
self-test was essentially free in that case.

It is estimated that 25 packages would be required to
implement a microprocessor BITE detector. This approach
would involve the use of read-only-memories and a calculator
chip. The a&ai]ability of these components tested to MIL-
STD-833 levels is not known. The use of the microprocessor
approach would require software development, increasing

cost by a modest amount. The microprocessor would provide
~an exact rosult. It is not felt that this precisiop is
required.
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"11.1.5 POWER SUPPLY

The doppler extractor circuitry, including the RF pre-
conditioner, coincidence detector and counters and contro]
and output formatters, have been estimated to require
“approximately 8 watts of DC power. Table 11-2 shows the
characteristics of the power supply which generates the

- required voltage levels at a combined output power of 8
watts. ‘ |

11.2 MECHANICAL DESIGN

The objective of the mechanical design effort on the

doppler extractor is to provide an equipment that will
functionally meet the specified requirements. To achieve
this objective, the mechanical desigh must provide the
necessary environmental protection to the electronic circuits
during the entire 12-year equipment life. The equipment

life includes the manufacturing process, earth transportation
and storage, checkout, launch .pad environment, launch boost,
flight, operation, and return. ' )

A pressurized case is used to provide a controlled environment
for the electronics. Thermal control is provided by
conduction cooling to the cold plate on the spacecraft.

The methods employed for pressure control (Parker Seal) and
thermal control have been space qualified and proven on such
programs as the CM VHF Transceiver, LCRU, énd CSAR. Special
consideration has been given to the vibration and stringent
shock requirements.

The packaging design for the Doppler Extractor equipment
has the following characteristics:

a. Size: 5.6 inches wide. 6.9 inches hfgh, 10.6
inches long.

b. Weight: 10.2 pounds

¢c. Center of Gravity: The C.G. is located approximately
in the geometric center of the package.
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TABLE 11-2
POWER SUPPLY REQUIREMENTS AND SPECIFICATIONS

: N %

CHARACTERISTICS , REQUIRED LEVEL E

_ T e

Input voltage: _ 24-32 volts {

. | | ' | |

Outputs: - +12 v +2% %

‘ | ‘ +5 Y +5% E

-5.2V +5¢ i

Ripple: - 5 mV PP max. E

Input Power: Less than 8 watts %
Efficiency: - 80%

DC isolation: Input power Teads to outputs

1 megohm min.

Reverse polarization: No performance degradation after

application of reverse polarity
voltages up to 32 volts
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d. Type of Construction: Unitized chassis with modular
subassemblies.

e, Thermal Interface: Heat transfer by conduction
from subassemblies to the base of the case. Heat
transfer by conduction from its mounting base by
conduction to the cold plate in the spacecraft,

The packaging concépt.for the Doppler Extractor represents
the implementation of the. following design objectives:
Minimum weight No special tools required for
jnstallation
Minimum volume Optimized thermal design
Minimum cost Optimized structural design

Maximum reliability Shbrt delivery cycle

Withstand environ-
mental extremes.

The outline drawings for the Dppp1er.Extractor is shown in
Figure 11-7. ' ‘

The Doppler Extractor units are divided into the following
major elements:

Case - Modules

Pressufe case pC/DC Converter

‘Pressure cover _ RF Preconditioner

Wiring and connectors Doppler Extractor/Control
Hardware. : Data Processor/ControT

The Doppler Extractor case is fabricated from aluminum alloy
6061 because of its ease of machinability, good strength
 characteristics, and its superior ability to withstand
corrosion. The case will be machined from a solid block of
material as opposed to other types of fabrication such as
forming and welding, to obtain the following advantages:

o Better packaging efficiency fhrbugﬁ the e]imination'
of lap joints, radius and weld or braze fillets.
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o Better structural integrity - the continuous and
homogenous nature of the material provides a stronger
and more predictable structure. '

o Closer control of tolerances effecting the positioning
of components.

o Almost limitless possibilities for partitioning and
cavities as required by the electrical design.

o Excellent shielding characteristics through the
continuous nature of the enclosure.

o Better thermal characteristics through continuous
walls, and flatter interface surfaces.

o Homogenous wall characteristics eliminate potential
Teak sources.

The shock and vibration spectrum that is impesed on the
'Extractor will be given special consideration in the packag-
ing design. The shock pulse will be transmitted through the
mounting of the case to the subassemblies, and in turn to
the individual electronic components. The level of shock
that will actually reach the individual components is a
function of the input shock pulse spectrum and the combined
natural frequencies of the-series of mounting interfaces
from the equipment mounting to the component. The mechanical
systém, in effect, behaves as a series of cascaded amplifiers,
each amplifier being a mechanical interface with its own
frequency response characteristic. . In ‘general, mechanical
systems of this nature have a tendency to attenuate all
frequencies above the natural frequency. This behavior is
favorable since by the time the shock piilse .reaches the
eTécfronic components the higher levels will be attenvated.

- By propeﬁ control of the design of the interfa ces and
structures from the case to the éomponent, the levels that
. the components see can be brought within safe limits.
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The natural frequency of the case and.other structuratl
membérs will be below 1000 Hz. Since the G Tevel increases
with increasing frequency, the high peak shock Tevels will
not be transmitted and the ‘equipment will be capable of
withstanding the imposed vibration ard shock levels.
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APPEHDICES

‘Appendix A discusses the errors associated with
the conventionally used linear relationship be-
tweeh doppler off-set and range rate, when the
receiver is moving at orbital velocities. The
exact, relativistic relationship is also discussed
and it is shown that errors in range rate as high
as 13 c¢cm/sec can result from the linear approxi-
mation. A second order approximation to the exact
formulation is also presented., It is shown that
this second order approximation results in an error
no greater than 10'7 cm/sed, at velocities as high
as 100,000 ft/sec.

Appendix B is a brief description of the Vernier
doppler extraction system as presented in the New
‘Technology Disclosure to HASA,

Appendix C is.a reproduction of Texas Instrument's
‘data sheet on the 10 digit processor which was used
in the one way doppler extractor micro-processor,
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APPENDIX A
EFFECTS OF RELATIVISTIC VELOCITIES ON DOPPLER ACCURACY

The breadboard of the vernier extractor contains a miéro-
procesSor to compute the range rate and change in range from the
measured doppler shifts, The processor computes these
guantities based on the conventionally used linear're1ationship
between doppler and range rate, '

That is: : .
é = "E' . f = }t . f
f d d
t .
where f, is the S-band frequency, /~t is the S-band

t
wavelength,

C is the velocity of light
fq is the measured doppler and
R is the computed range rate.

_The‘chahge in range is computed from the doppler count (Nd) over
the measured time interval, That is: |

L R= ;%" Nd = Nd ' At |
These formulas assume that the actual velocity of the S-band
-receivér,is sufficiently small that the relativistic effects
can be neglected., However, for a vehicle moving at velocities
approaching 30,000 ft/sec the relativistic effects can be
significant when doppler accuraciés to a fraction. of a Hertz
(or‘range rate accuracies to a few centimeters per second)

are desired,

Considering the effects of relativistic velocities, the true
received frequency, as given in Reference (1) is:

o C+R |
fp=fe v fg= /28 L 1
R = fe * Ty i t

where 'fR is the received S-band frequency and the other

parameters are defined ahove,

The doppler shift is:
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£y = ft' b/(] *RIC) oy |eq. (a-T)
(1 - R/c)-

Expressing the- range rate in terms of the doppler shifts
results in the equation:

| 2
{1 + fd/ft) -

=~
f

eq. (A-(?)
. 2
(1 + Fy/f,)

Expanding the terms in parenthesis results in:
. fq\ - .
R = (¢, _© ,iz + fy/f, ‘
| fy —— 51
2+ 2(f /F ) + (£ /1) J

Neglecting the third order effect of the term (fd/ft)z, and

noting that I/(1+x) - (]- ) if x <<= 1, then the above
equation can be s1mp11f1ed to:

= iC..iQ oy . fFa\|
fe /0 2f, Jea. (A-3)

The first term in parenthesis is the conventional linear

relationship between doppler and range rate. The second term
is a 2nd order correction to the linear approximation. The

- above expression is a second order approximation to the actual
relativistic equation (equation A-2) and is in error from the
tfdé value by no more than {(C/4) (fd/ft)4; Even if (fd/ft) is

as high asA1X10’4(correSponding_to a range rate of about
100,000 ft/sec), the error in equation (A-3) is no more than
1 x 107% cm/sec. |

Table A-1 compares the calculations of range rate from

A-2
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TABLE A-1

EFFECTS OF RELATIVISTIC DOPPLER ON COMPUTED RANGE-RATE

-

C assumed equal to 3X10

8

Measured Linear Compu- 2nd Order True Error in Error in
Doppler tation of Computation Range-Rate Linear Znd Qrder
Shift Range-Rate Approximation| Approximation
Hz Meters/sec Meters/sec Meters/sec cm/sec cm/sec
20,000 3,000 2,999.9850 2,999.9850 1.5 <7.5x10-11
40,000 6,000 . 5,999.9400 . | 5,999,9400 6 <1.2x107°
60,000 19,000 8,999.8650 8,999.8650 | 13.5 <6.0%107?
80,000 12,000 11,9989.7600 11,999.7600 24.0 i1.92X108
100, 000 15,000 14,999,6250  [14,999.6250 37.5 <4.7x10 -8
Equations R=C (f ,/f é-C(f [f.)e : R= C
-fq ’ d t) d t (]+Fd/|:t)2_] ‘E‘f?c 2 Ef_%.
or R P
(1-1/2 f,/f.) €= 3 (f /f,) (f,/f
doppler/error it (R /E )T q t o/
HOTE: £, = 2X10%Hz

meters/second for simplicity of the calculations




measurements of the doppler shift, when the conventional linear
formula is used, as well as the result of applying the 2nd
~order approximation (equation A-3) and *he true expression
_(equétion A-2), The results shown in the table indicate that
for doppler shifts of 60,000 Hertz (corresponding to range rates
of about 9000 meters/sec or 30,000 ft/sec) the linear approxi-
~mation can be-in error by 13,5 cm/sec. The 2nd order approxi-

-9 cm/sec.

mation, however, is in error by no more than 6X10
The linear approximation can give errors significantly greater
than the desired maximum range rate error of 3 cm/sec. The
2nd order approximation, however, produces an error well below
the desired bounds, even for range rates as high as 15,000
meters/sec (50,000 ft/sec). It is recommended that the Znd
order approximation be used for all range rate computations
requiring knowledge of range rate to within about 15 cm/sec

(0.5 ft/sec) of the actual value at orbital velocities.



| APPENDIX B
'NEW TECHNOLOGY. DISCLOSURE

B.1 INTRODUCTION _
In many electronic systems employing digital techanues to measure

frequency or range rate (radar, collision avoidance systems, navi-
gation aids, etc.) the primary source of error is Qery often the
~quantization (% 1.¢yc1e) resulting from the digitizing process..
In measuring frequency using conventional counters, for example,
the unknown frequency zero crossing§ are counted for a time
period determined by simultaneously counting a known stable
reference frequency. 1If the measurement period is one second.

the frequency error will be * one Hertz.

Several techniques have been developed to reduce the quanti-
zation error but most are either time consuming, do not offer _
" sufficient improvement, may increase other error sources, require
high frequencies and/or require high power, high speed counters.
'The technique described in this report can achieve a quantization
error reduction of 1000 or more without the use of high speed
counters and the majority of circuit elements can employ’ 1ow
. power, low cost, high reliability CMOS circuitry. The tech-
nique has beeh implemented in a breadboard model and measure-
ments made with the breadboard indicate that frequency can be
resolved to at least .02 Hertz over a one second counting period.
Higher resolutions are achievéb]e with the breadboard but the
uttimate resolution capability has not vet been measured.

B.2 SYSTEM DESCRIPTIQN
The RCA developed technique to achieve high resolution measure-

ments of frequency uses an electronic equivalent to the
mechanical vernier caliper. In the mechanical version, the
meqsurement precision is expanded by means of reading the
;bincidence of the scale markings of two nearly equal scales.

- . The RCA developed technique employs the zero crossing of a known

stable frequency and the unknown frequency as the scale mark1ngs,
~and a coincidence detector c1rcu1t to determ1ne when a zero

" B-1



crossing coincidence has occurred between the two.frequencies.'
A simple block diagram of the technique is represented in
Figure g-1. ' ' - -

A timing scheme to control the start and stop times of the .
counters is shown in Figure'B-E. The unknown frequency is repre-
sented by (FB+FD) or F (B+D) for convenience, since it often
develops from a known bias frequency shifted by an unknown ‘
frequency {e.g. doppler). From Figures B-1 and B-2, the unknown
frequency and the known clock frequency'are compared for a zero
crossing coincidence by means of an "AND" gate, Since the in-
put frequencies are typically sine waves, pulse generators are
used to generate very narrow zero érossing markers so that the
"AHD" gate can precisely measure the time of coincidence. The
counters are started and stopped at coincidence signals from

the "AND" gate. At the end of the counting period, the refer-
ence frequency counter contains a precise measure of the
measurement time interval since this counter counted from one
zero crossing to a later zeroc crossing. The unknown freguency
counter contains a precise measure of the unknown frequenéy
since'it is counted from one zeroc crossing te a later zero
crossing. Since both counters were started and stopped on

zero crossings, and were started and stopped simultaneously, the
quantization error is virtually eliminated, A small quanti-
zation error does remain, however, due to the fact. that the
"ANDB" gate will trigger on any amount of overlap between the
unknown and reference signal pulses., The residual quanti-
zation error is given by: | ‘

fFQ = + (Po+pB) (FB+FD) - cycles
o :
where f?q = residual quantization erfor_

Po’PB are the pulse widths for the

reference and unknown signals,
respectively.

(FB+FD) is the unknown frequency

B-2 -
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Figure B=1. Coincidence Detection Doppler Extraéto_r, Block Diagram
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Since the quantization error occurs at both the beginning and end
of the measurement period, the total quantization error over the
measurement period is distributed over twice the above range. The
standatd deviation of the quantization frequency error assuming

a uniform distribution, is given by

0 . fPo*Pe) Faafp)  werTz

vTVE

where “T 1is the measurement period.

B.,3 BREADBOARD PERFORMANCE

The technique described in this report has been jmplemented by
RCA under a contract with NASA (contract number NAS 9-13517}).
Measurements have been made using an unknown frequency of 1 MHz
(down converted from about 2 GHz) which had a 1 second short
term stability of about ,01 Hertz.

The pulse widths into the "AND" gate were 7.5ns (15ns aperture).
The resultant standard deviation of the measurements "is shown in
Figure B-3.  These results indicate that the breadboard unit
performed as expected and could measure the unknown frequency.
to within ,02 Hertz dver a one second measurement period.

Higher accuracies could be achieved with shorter pulse widths
into the "AND" gate. The breadboard unit is capable of oper-
ating with pulses as short as one nanosecond, which should
result in frequency resolutions of less than .001.Hertz over a
one second measurement period, Measurements of this small a
‘quantization error is difficult, since oscillator drift and noise
jitter will now become predominant systém errors,

B3
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APPERDIX €

MOS - ' ™S D‘HT NC
LSI - ‘lﬂ DIGIT DECIMAL ARITHMETIC PROCESSOR

10 Digits, 3 Register;

BCD Input and Qutput

Direct Add, Subtract, Multiply, Divide
Implied Constant in 4 Basic Modes
Add to Overflow, Subtract to Zero
Shift Left, Shift Right
Exchange Registers

Busy/Ready Interlocks

On-Chip Digit Clock

100 ms Maximum Operation Time
TTL Compatibility

CLBL "AYYNHATY

description

The TMS 0117 NC is an MOS/LS! digital building block designed to process numerical data in BCD format. The device
performs the most commonly required arithmetic operations, and numbers of up to ten digits can be processed in
under 100 milliseconds. :

Even when only partially utitized, the TMS 0117 provides a considerable cost saving' when compared with more con-
ventiona! arithmetic technigues. 1is applications include automatic control systems, on-line data analysis, digitat
correlators, weighing machines, and computing caunters/{requency meters, The device requires 2 minimal amount of
external contrel logic, and complex problems tnay be solved by using it as a 'mini’ central processor unit {CPU) in
conjunction with SN74188 bipolar integrated circuit Programmdble Aead Only Memories {PROMs} as the micro-
program store.

in addition to the four basic processes {Add, Subtract, Multiply, Divide), the TMS 0117 performs operations such as
Increment, Dacrement, Shift Left, Shift Right, Exchange Operands, Add to QOverfliow, and Subtract to Zero,

A BUS‘YJREADY signal generated on. the chip discriminates between the BUSY condition {output data invalid, no
data can be entered) and the READY condition {output data valid, data can be entered),

Oata input and output are in secial farm.

An putput eclock generated on the chip can be used to off load the aoutput data into a }nemorvk

operation

Functions that the processor will perform may be classified into three types — arithmetic, register, and internal
control (‘housekeeping’]. Register and simple arithmatic operations, such as data interchange and add/subtract 1,
require a minimal amount of internal micropragrams and are rapidly exécuted. More complex arithmetic operations,
such as multiplication and division, use a considerable portion of the program space and take proportionately fonger
to execute. The time taken. 1o carry out housekeeping instructions,-e.g. reset after error Hag, is variable, being depen-
dent on the state of the intesnal program.

The operations are defined as follows:

e Multiply .
Multiply the contents of the output reglster {multiplicand) by the last data entry [mu1t|p||er] and transfer the
product to the ouiput reguster

v — continued
PRELIMINARY DATA SHEET: _
Supplementary data may bs : TEXAS hl !:)IMS'_IH%[E' M EN 5
- publishad st & later date, POAT OFFICK BOX 5012 » DALLAS. TEXAS 73222



TMS 017 NC
10-DIGIT DECIMAL ARITHMETIC PRDCESSDR

operation {continued)

timing

Divide

Divide the contents of the output register (dividend} by the last data entry (divisar) and transfer the quetient to
the cutput register.

Add .

Add the last data entry to the contents of the output register.

Subtract ‘

Subtract the last data entry from the contents of the output register.

Increment B} )
Add 1 to the contents of the output register', {Decimal point and sign are ignored in this operation.)

Decrement

Subtract 1 from the contents of the output register. {Decimal point and sign are ignored.)

Add to Overflow '

Continuously increment at the rate of 1 per D scan, the contents of the output register until overflow is reached.
Subiract to Zero '

Continupousty subtract 1 at the rate of 1'per D scan from the contents of the output register until zero is reached.

Equal

-Execute instruction. Causes the processar to carry out the fast stored instruction. Equal also sets up implied

constant {last data entry and last function).

Right Shift ' .
Move the contents of the output register ane place toward the least significant digit [LSI_D].
Left Shift '

Move the contents of the output register one btace toward the most significant digit (MSD].
Exchange\ Operands

Interchange the last pair of numeric entries, e.9. a * b becamesb + a.

Clear '

Clear all stored instfuctions and data registers.

Reset

Reset is a master “clear and will operate under all canditions. 1t is used when the processor has entered a Iocked
state, IE error flag, and it resets the internal programs, - - '

L

The basis for the timing is an external clock applied to the device. Nominal frequency of the clock is 250 kHz.
An internal state time is equivalent to 3 external clock cycies. A digit time is equivalent to 13 internal state times or
39 clock tycles or neminally 156 microseconds, A digit time (D-time) corresponds to the time during which each digit
is displayed. A blanking of one state time is on the leading and trailing edge-of gach D output signal. Eleven digit
terminals are used to scan the data entry logic and to multiplex a display. Only one digit time is high at any given point.

Digits are displayed in scanning mode, thus any digit is displayed for ane D-time and displayed again one D-cycle later,
{A D-cycle’is equivalent to 11 D-times — i.e. 1.72 milliseconds.) '

A digit clock is brought out on SP {pin 24} 10 be used for clocking data to be stared from the TMS 0117 ta a mMernory.
The clack pulse is two state times wide {S4 and Sg out of 13 state times) and the data is valid on either edge of the

clock as shown below. The period of the clock is one digit time {13 state times).

— continued

TEXAS INSTRUMENTS

S IMLORPPORATED
CFOST OFFICE BOX 3012 = DALLAS, TEMAS 73223
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R TMS 017 NC
10-DIGIT DECIMAL ARITHMETIC PROCESSOR

* A
timing {continued)
. TIMING DIAGRAM
One Digit Time

¢ JUUTTUVUUTTYUTUY UL  EXTERNAL CLOCK)
o LU L W Lr

o2 TLMUTUTUTLT
LTI e 1S 1 B S W

451’432-453”54“55--5949-453&-9—051@-81%51- STATE TIMES

[INTERNALLCLOCK)

SEGA | |
SEGB __[ | I
SEGC
SEGD |
QiGN [ 1
DIG IN-1) | S
pigetock T
Two Digit Times, Displaying Number 97
. 9 7 ) ' -
8) . SA & —
1 - 2 o
2 sC o— o
T m so ©- _ &~ >
DIGITCLOCK  SP O—g S
D @ e - ‘
Dn-1 . [ ———
t -

The table bel.ow shows the time required to complete the functions indicated for a nominal 250-kHz clock rate.

FUNCTION

Numer gntry, single digit
Operation instruction entry

TIME

5.2 ms maxitnum
- 6.9 ms maximum

Shift left or right 172 my
. Increment or decrement J4ms
Exchange operands 5.2 ms
. Add, subtract 8.6 ms

Multiplication

T0 s (worst-case numeric inputs}

Division 80 ms lworstcase numeric inputs
Digit cycte time 172 ms
Digit time 156 p1

TeEXAS INSTRUMENTS

INCORPORAILD .

POST OFFICE BOK 5053 = DALLAS. TEXAS 7532}
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TMS D117 NC
10-DIGIT DECIMAL ARITHMETIC PRUCESSOR

TMS 0117 INPUTS, OUTPUTS, CONTROL TERMINALS

SA |—s—8 Y DATA OUTPUT
HESET —»—1 KO 58 a2

sC 2 PARALLEL BCD, DECADE
o S . SER!AL

SERIAL DATA IN —e— KO se | —e—pusvmeany | sratus
SF |— e _SIG
$G —.—-ERROR INFORMATION
) K :
DECIMAL POINT ~s— KN ysp | oI CLOCK
ENABLE —e 1 KP Dt —b—
L]
R . INPUT/OUTPUT TIMING
- .""_- -
cLock . DHGIT STAN
-
D1t }—»—

There are two types of data input, both of which are entered on the XQ terminal. They are:
° Numerical data
L Cperation commands

data input
The serial data input line requires its information in the form of a serial five-bit word. Four bits are used as a data/
instruction code and the fifth bit as a contrel. The control determines whether the four-bit eode is mterpreted as data
or as an instruction,

INPUT CODING -
CONTRDL 81T INPUT NOTATION
/— 23 #2 3 29
A5 Al A3 A2 Al
0 0 0 ) 0 0
4] [ 0 \] ] |
1] Q 1] ] 0 2
0 0 o 3 1 3
g g : . g ? ; . Numeric Data
0 o 1 ] [2) 6
0 0 1 1 1 7
0 1 0 o g 8
0 1 ] o 1 9
) 0 o o o " Clear N
1 [+] ] o 1 Equals
t 4] ¢ t a Multipty
-1 0 [+ 1 1 Divide
1 [ 1 0 1] Add
t o 1 ] 1 Add 1
1 a 1. 1 4] Subtract > tnstruction Codes
1 1] 1 1 1 Subtract 1
1 1 o 0 ¢ Add 1 10 overflow
-1 1 Li] 0 1 Subtract 1 to zero
1 1 [+] 1 0 Shift right
1 3 0 1 1 Shift seft
1 1 1 0 0 Exchange operands A
1 1 1 [+] 1 No operation
1 1 1 1 a No operation ’ Mot Used
1 1 1 1 1 No operation -

= continued

TEXAS' INSTRUMENTS

NCORPORATED
FOLT DFFICE BON 3012 « DALLAY TEXAR 73222
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TMS 0117 NC
10-DIGIT- DECIMAL ARITHMETIC PROCESSOR

data input (continued)

In order to reduce the number of package pins required for data entry, the fivebit code is serialized. The processor
generates sequential digit strobes, D1to 011, that enable the input data to be serialized.

The data input lines are KN, KD, KP and KQ. The toxes represent a |ogical or direct switch connection between the -
digit lines 01 te D11 and K inputs, -

DAYA INPUT AND DIGIT LINES

Vss
kP ‘-!ﬁ ENABLE ]

DATA ENTRY KG

DECIMAL POINT® KN

D11 D10 Ds DB D7 D& D5 D4 P03 D2 ol

"Decimal point — one switch and only one switch permanently closed.

A gate imp_lementation of the entry function and a simplified timing diagrarm are shown betaw, - h

ENTRY FUNCTION TIMING DIAGRAM
: ‘Vep  Vsg
o cC s§ 7 .
1D‘| | I D1
< D3 o ) M D3
DATA
™S
ot
b5 . ™ L D7
23 .
\_ _r:[}" : a1 D10
D7 . \
CONTROL —r-_D,__ b11 e
D10 -
. J1 mM M M
[ ' ' - ) KQ INPUT ~ INST. 5UB. 1———I

KQ INPUT -~ DATA

The data entries are controlied by the enable input, as described under Input Coding, Numeric entries are limited to
ten digits. Any zeros that are required to fill the unused most-significant-digit positions preceding number entry {leading
zeros) need not be entered: but if, frem a systems point of view, it is necessary 1o enter them, they will be ignored by
the processor. Data are entered mast-significant-digit first.

— continued

TEXAS INSTRUMENTS .
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TMS 0117 NC
10-DIGIT DECIMAL ARITHMETIC PROCESSOR

data input {continued)

data

The RESET terminal is an interrupt signal. It will clear all registers and status information under any conditians. This
is the only key operational after the machine enters a focked state. The CLEAR opcode clears in the same manner but
cannot be used once in the focked state (overtiow). RESET operates independently and does not need 1o be followed
by an ENABLE

output
The TMS 0117 has two types of data output — numeric and status.
numeri¢ data
Numeric data is presented as digit serial, bit parallel, Binary Coded Decimal (BCD) during digit times D10 {MSD) to
D1 {LSD) en outputs SA to SO. This serial infarmation repeats atter 17 gigit times, i.e. once every digit cyele. Outputs
D1 to D10 can be used to strabe an external display or indicate the beginning and end of the oulput data ward. An
output digit ¢lock is provided on output SP 1o enable the user to clock cutput data into an external register. The digit
clock timing is arranged such that cutput data is valid on either edge of the digit clock. Similtarly digit strobes D1 to
D11 also inset the data outputs.
- sA s8 sc 5o £ sFos6 aiT
" .0 0 0o 0 o o o o
' 6 0 o 1 a o0 o 1
1] L] 1 1] V] 0 o ‘ 2
1] ] 1 1 Q Q [+] 3
o 1 b o o 0o o 4
pata | o 1 o .t 8 o o 5
0 1 1 q 1] 1} Q 6
\ ] 1 1 1 4] 1] L} 7
1 0 3] Q ] 0o 0 a8
L 1 0. o 1 o 0 o0 9
NOTE: Data is extracted frem MSD (D10) first te LSD (D1} lasz.
status information

Status information, i.e. the internal state of the processor (housekeeping), is available on cutputs SE to SG during D11

" time. Qutput D11 may be used to clock outputs SE to SG into an external register.

STATUS CODING

S5F 506

. Busy
Ready INTERPRETATION
Sign Positive {where X represents a
Sign Nagative don't-care condition}
Error ’

ooooolg
oooocig
coooolg
xooo- @

x
'
0-
1
X

'oopoo.[g
loocoo]|

Error
Sign ouTPLT

Busy/Ready

— continued
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| | TMS 0117 NC
10-DIGIT DECIMAL ARITHMETIC PROCESSOR

- e
data output {continued)

During D11 time, outputs SA to 5D are zero. Output 5G indicates an error, such as numeric overflow or an invalid
operation. Status outputs have the following priurities-

1) Error output SG invalidates all other numeric and status outputs 1f an error indication occurs, the proces-
sor enters a lacked state and must be reset

2} Busy/ready output SE invalidates numeric and sign data, unless it indicates that the processor is ready to
accept new data or instructions, i.e. only when there is no error and the ready signal is present are the slgn
and numeric outputs valid.

An example of the data output timing is shown helaw.

DATA QUTPUT TIMING EXAMPLE

Dt 1
D2 | E |
(] _ -
4 —
D5 1
. DG . m

o7 ~ 1
o8 | .
] —_tn
Dio B eun B
o1 N I ’
S0 1 | — I e
sc | A | i . T i e
sB 'l ]
SA 1 :
oieiveLoek _J1 M n_ft. . n . n n n._n n__n_n
. se : ‘ '
s¢ SN e |
5G

[} 3 -—-SIGN O ? ] o & 4 /] 0 3

- NO ERROR
READY

As shown, the serial output data represents —0180654003. The numeric and sign outputs are valid smce the processor
indicates that it is READY and there is no ERROR during D117 time.

decimal pbint (DP})

The processor operates in fixed-point mode on input and output. The point is-not interpased between input digits, i.e.,
there is no input or autput data code representing DP. DP is, in fact, implied by the digit time at which input KN is
taken to a logic High. Decimal-point format is shown below. :

‘ — continued
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TMS 0117 NC
10-BIGIT DECIMAL ARITHMETIC PROCESSOR

decimal point {DP} {continued)

KN may be taken to a logic High by means of a fixed link with the required digit output 1 to D10, If the position is to
be deterrined by means of logic inputs, then open ceollector gates can be used to determine the KN-digit connection

.
L - i B
s

X)(XXXXXXX‘—;‘
L - 3 i

DECIMAL POINT.FORMAT

s

-QUTPUT
REGISTER

S0
X X X X X i L D10
¥ X X X X X 09
X X X X X X [=1:]
X X X X X X D7
XeX X X X X D&
X XeX X X X D5
X X XeX x X D4
X X X XeoX X D3
X X X X XeX bt

in a manner simitar to data entry.

The decimal point is not input in the normal flow of entering numbers but is set for any calcufation by a switch. The
position of the switch does not affect an addition or subtraction problem, but it.does affect muttiplication and division
(see the problem set below). The decimal is not stored internally; therefore, erronédys answers will result if the decimal
switch is changed while performing a series of calculations, To prevent errors, RESET or CLEAR the chip after changing
the decimal-paint switch, - - :

NOTES:

PROBLEM SET

Digit time at which KN = Vgg

MSPLAY
NUMBER ENTRY 7 ,DECI?.\-'IAF FOINT AT POSITION:
4] 2 4
500000 500000. - 5000.00 £0.0600
+ " 500000. 5000.00 50.0000
400 400. . 4.00 0.0400"
X 500400. 5004.00 50.0400
30000 30000. © 300.00 3.0000
+ (OVF) ) 1501200.00 150,1200
400 {OVF] ) 4.00 0.0400
- (OVF} 0. 375300.00 3753,0000
RESET o, 0.00 0.0009
1 1 0.01 0.0001
+ 1 . 0.01 0.0001
3 -3 0.03 0.0003
- 0. 0.33 0.3333
90 Q0. ) 0.90 0.0090
- 30. : 30.00 30.0000
4 4. 0.04 0.0004
EXCH OP 3. 0.03 0.0003
- 0. 0.75 0.7500

1. Decimal point i1 extarnat to chip.

2. Forclarity, insignificant laading zeros are nat shown.

TEXAS INSTRUMENTS
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: _ TMS 0117 HC
10-DIGIT DECIMAL ARITHMETIC PROCESSOR

overall operation .
The timing of the data entry and contro! is determined by the enable input in conjunction with the status outputs. It
is best expressed in 'digit times', i.2. the time between leading edges of successive digit pulses, and ‘digit cycles’, i.e. the
time between leading edges of successive D1 pulses. '

To initiate a data entry cycle, the enable input KP is taken to a lagic High (Vgg). After a variable delay, the status out-
puts will indicate that the processor is in the BUSY mode. Data entry will be possible during the READY mode anty:
The TMS 0117 will ignore inputs when perfarming an opergtion. The entry eycle will last 14 to 23 D-times, depending
on which digit is On when the enable connects 1o Vss. Enable must be released within 5 D-times from BUSY signat
unless & special mode of cperation is desired. 1n the speciai mode the enabie is kept High throughout the operaton.
Data inputs are changed each time the processor goes from the READY to the BUSY state untit the entire sequence is
campleted, This speeds up data input since the processor may be ready internally to accept new data, but, because of
the multiplexed cutput, the READY output cannot be given until D11 time. Since data entry and some operations,
such as Add 1, Shift Right, etc., are shart, the BUSY time will only be 1 to 3 digit cycies.

Data and instructions are entered in the same order as with a +, —, = type of keyboard. In addition to chain aperations,
eq. 2 x b x ¢ =, there is an implied constant. The processor retains the last operator and number entry before an
Equa! operatian, as a constant,

The + and ~ code is interpreted as a sign after a Muitiply or Divide operation, and as an operation at any other time.
Successive Equal operations cause multipie executions of the previously stored instructions and the associated data, i.e.
constant mode operation,

Examptes:
Entry Oisplay Comments . Entry Display Comments
1 100 . 100 Display entry 3] - 0 Stored as sign/instruction
- 100 Stared as instruction 5 5 Display entry
3 3 Display entry X -5 Enters instruction and interprets—
- 97 Executes previous instruction . as sign and displays
- 94 Constant mode, instruction is 3 3 Display entry
sub-3, executes and displays = -15 Executes previous instruction and
- 94 Stored as instruction displays tesult ‘
. 50 50 " Display entry
= 44 Executes previous instruction 4) - o Stored as sign/instruction
- -8 Constant mode instruction is 5 5 Display entry
- sub 50 X -5 Enters instruction and interprezs—
- —58 Constant mode instruction is © essign end displays
sub 50 ' - -0 Enters sign and displays
: & -5 Enters data and dispiays with
- 2) 104 100 Display emry assaciated sign
- 100 Stored as instruction ' a 25 Executes previous instruction and
3 3 Display entry displays result
+ 97 Causes prévious instruction to
be carried out and stores a1 160 100 Display entry
curfFent instrection. + . 100 Enters add instruction
10 10 Display entry . .- 200 Enters sub instruction and executes
+ 107 T Previous instructian carried out ' ’ Previous instruction
: &nd stores current instruction 2 -3 Display entry
3 3 Display entry - 197 Executes previous instruction and
- 110 Executes previous instruction and : . o displays result
stores curreat instruction '
o9 59 Display entry &} Ll 100 Disptay eatry
' - 11 Executes previous instruction and - 100 Enters sub instruction
stores current instruction - 0 Enters sub instruction andg executes
12 12 Display entry : previous instruction
- -1 Exgcutes previous instruction and 5 5 Display entry
: - = ~5 Executes previous instruction and

* displays rasult
. displays result
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TMS 0117 NC
10- DIGIT DECIMAL ARITHMETIC PROCESSOR

- absolute maximum ratings over operating-free-air temperature range {uniess otherwise noted) .

Supply voltage Vpp range (SeeNote 1) . . . . . . L .. . . . o oo e e e e -0Vt (d3V
Supply voltege Vo range (SeeNote 1) . . . . . . . o v 0 o o s s e e e e e s ~W0Viel3V
Clock input voltage range See NOE 1) . © v 4 v e e v e e e e e e e e e e . . =20V 03V
Datainputvoltagerange (SeeMNote 1) . . . . . . . . . . . L . o« . .. - .. ... =20V1w03V
Applied output voltage range {SeeNote 1) . . . . . . . L . o . o o o . o0 e . - 20V 103V
Operating free-air Lemperaturerange .. . . . . o« 5 o+ = - o+ . e . o« o« s s = e 0°C 1o +70°C
Storage teMPErAtUTE TANGE - . .« < = .« « & & = = e e e s e e e e o e ae ~B5°C 10 #150°C

NDTE 1: Thesa voltage valuas ara with raspect 1o Vgg [substrate).

recommended aperating conditions

CHARACTERISTICS CONDITIONS MIN NOM MAX LNIT

Qperating Voltages (See Note 2} )

Drain supply Vpp (See Note 31 ] [»] o v

Substrate supply Vsg 6.6 7.2 21 v

Gate supply VGG - —8.1 -7.2 -8.6 \
Clock Levels

.Clock high level Vi Vgg —1.5 Vgg -0.5 Vgg v

Clock low level Vit ! Vag -1 vag Vag +1 \
Applied Dutput Voltage . —03 i8 v
Clock Timing {See Clack Timing Diagram} ] _

Frequency ' 100 . 250 450 kHz

Period Tq E ; 25 & 10 us

Half-period T2 : $.26 2 8 55

Halt-period T3 ‘ 125 2 5 it}

Clock Ty and Tg f clock = 100 kHz a0 7 1000 | s

Clock Ty and T¢ ’ f clock = 250 kHz 30 650 rg

Ctnck Teand Tq f clock = 400 kHz 30 300 ns
Input Level K Lines

Low : ' voo VoD Vsg -6 v

High Vss -1 _ Vsg-05 Vsg v

NOTES 2. Effective zero suppression depends on a Transient free rise of Vg5 and Vg during power-up. Wlth certain supply systems it rhay
ba necessary to capacitively damp the supplies to ansure ZBro sUpEression.

3. Vpp is voltage reference.

CLOCK TIMING DIAGRAM

Veg o s e —

————— T2

L S
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| - TMS 0117 NC
10-DIGIT DECIMAL ARITHMETIC PROCESSOR

electrical characteristics at nominal conditions gver 0°C to 70°C temperature range

CONDITION | R MIN Tyet MAX UNIT
Input current an K lines |K input tow!) 1Al other ping GNEDY) . D1 10 uA
Input-pull-up resistance ) ) ki)
Qutput teakage {off state with Voyt = Vgg -10 V) [See Note 4) . ) 0.1 100 LA
Qutput resistance Ag {on state with VouT = Vgg 0.6 VI {See Typicat ) ’
Qutput Buffer Characteristics) A ’ 250 500 o]
Qutput saturation current Igat . 15 mA
Ciock leakage (Low Levei) ’ 'R ] 100 LA
K ling input capacitence (Vi = Vgg, F = 100 kiiz} 25 [} oF
Qutput capacitance {f = 100 kHz| - S 20 5 oF
Clock capacitance (f = 100 kHz) ) 10 20 wF
Average supply current lgg {See Mote 4} ' . : 1Q 15 ma
Average supply current Ipp (See Nate 4) 17 25 ma
Power dissipation {See Notes 4 and 5} 265 400 ! mvy

NOTES: 4. At 25°C. Output leakage cannot be measured with a curve tracer because capacitiva coupling will wra on tha output.
8. Power saving techniques, including pulsing of power supplies snd reduction of clocking cycla may reduce power 10 100 mW. These
technigues invalve special screening of the device,

Tan typical valuesare at Ty = 25°C.

TYPICAL QUTPUT BUFFER CHARACTERISTICS
Ro

15 IsaT /

i

14l !

I/
12p

0L

1ouT (mA)

i - | 1 3 X 1 L ] 1 1
-2 -4 -6 ~8 —10 —12 —-14 —-16 —18 -—20 '
VouT (RELATIVE TO Vgg)

computation times (see timing section)

TTL interface

The K inputs will interpret as a lagic High a voltage that lies between the substrate supply voltage Vsg and Vgg -1.5V,
and as logic Low a voltage between the gate supply voltage Vg and drain supply voltage Vpp +1.2 V. The simplest
input interface may be a TTL cpen-collector gate with a puil-up resistor to Vgg.

All data and control inputs have an ‘interr;ai pull-up resistar to ¥V gp. The load presented to an external driver is the
internal resistor {30 k{1) and the capacitance of the gate clamp protection diode. ) :
h — continued
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TMS 0117 NC
10-DIGIT DECIMAL ARITHMET[C PHUCESSOR

TTL interface (continued)

All autputs, D1 to D11 (data and status) are open-drain buffers. The output buffers have a typical channel resistance
fDS(on) of 258 {2 and can supply in excess of 5 mA to V5s. An economical output interface compatible with TTL is
shown below,

Any output, e.g. digit clock, that is required to drive 2 TTL clock input shauld be interfaced with a Schmitt triggar,
such as the SN7414N integrated circuit. The Schmitt trigger is required because the falt time of the open-drain output
is of the order of 150 nanoseconds aad is not directly compatible with edge-triggered TTL inputs.

INPUT INTERFACE : OUTPUT INTERFACE
' 47kn - [ Vss '
Vss
SN7405A OR OTHER - 1 ’ SN7404N T
OPENCOLLECTOR TTL & .._q £80 0 ' S
o P o D
- ) =
5 Ko ) 39k
g ——I So— ‘
F % Ko ! VGG sm7atan g
g __i ) 1 k52 2
__Dc KN TMS 0117 o
- <
5.6 k52 -
. . . _ Veg

mechanical data . .

The TMS 0117 NC is mounted in a 28-pin plastic dual-in-line package, designe}j for insertion in mouriting-hale rows on
0.600-inch centers.

v Clock input 1 [ U 2B Vgg substrate supply
Enable input - kP 2 [] :] 27 Serial data input Ka
Cigit output 1 ’ 3 E :] 26 Decimal point input KN
) Oigrt output 2 4 [ D 25 Master reset KQ
i Digit output 3 5 [ j 24 Digi? clack autput sP
Pigit output 4 B |: ] 23 Display dipstick output SH
Digit output 5 7 I: ] 22  Error putput ' 5G
Digit output 6 B [ :| 23 Sign output . Status © SF
Digit output 7 -] [ ] 20 B_usviread\r output SE
Digit output 8 10 [: ] 19 Numeric output 20 (LSBI sD
Digit output 3 1] [ :] 18 MNumeric output 21 sc
Digit output 10 12 [: j 17 Numoeric output 22 sB
Digit output 11 12 l: :] 16 Numeric output 23 (MSB) SA
Vpp drain supply 14 [: ] 15 Vi §ate supply

NOTES: 1. Digit outputs D1, DI, D56, 07 and D10 ara used to serialize input data,
. 2. Digivoutputs D1 — D10 aza used as digit enable for numaeric-display.
3. Status outputs are valid during D11 time.
4. K inputand S cutput notation per TMS 0100°'NC specifications
5. Disptay dipstick SH indicates the number of digits displayed in tha culput register by baing at lugu: High for the raievant partion
of tho digit cycle. It acts at 8 zera suppress latch.

PEINTED 1N U3 A
TF comnat assume ony responstnlify for onp cirtuly shown

TEXAS IN ST RU M ENTS . @ reprerent thot they are fier Brom palent nfragemsat
INCORIPORATED -
PORT OFFICE BOX 3012 o DALLAG, TEXAS P5313 TEXAS INSTRUMERTS RESERVES THE RIGHT 10 MAKE CHANGES Al ANY TIME

IN ORDER 10 MPROYE DESIGN AND TS SUPPLY THL BEST PRODUCK POSSIBLE.





