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FOREWORD

This report documents the results of the On-Board Attitude
Determination System (CADS) study for advanced spacecraft migsions.
It is submitted in accordance with contract number NAS5-23428,

modification 27, and covers the work performed from 11 October 1977

through 11 April 1978.
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1.0 INTRODUCTION

The purpose of the six-month study was to determine the requirem?nts,
capabilities and system design for an on-board attitude determination
system (OADS) to be flown on advanced spacecraft missions. The specific
objectives were directed in two areas; first, an OADS design that Gns
spacecraft independent and second, an QADS design to be-tncorporated on
the multi-mission spacecraft. Each design was required to provide the
required attitude and pointing information for three badic missions--Earth,
stellar and solar-oriented missions. The related mission parameters were
sgelected by GSFC on those missions that were considered typical for
advanced spacecraft missions.

The basic study approach taken to determine the OADS system capability

ard preliminary design was as follows:

e The first step was to establish a specific set of mission require-
ments and st;dy ground rules that would permit achieving meaningful
results within the time and budget constraints of the contract.

® The second step was to develop the attitude determination aigorithms
to process the sensor data'considering, 1nléially. the NASA Standard
star tracker and gyro and the GPS receiver.

e The third step was to evaluate other candidate sensors and compare
their characteristics to the NASA Staadard components.

o The fourth step was to use a computer simulation to evaluate the OADS
performance characteristics and to esteblish the CADS so{twarc and
hardware desien parameters.

e lhe f1fth step was to design a microprocessor system that would

mect the derived rcquirements estahlished in Step 4.
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Fallowing this basic approarh, we were able to establish an OADS ' @
design for the spacecraft iidependent concept. The OADS design for the

multi-mission spacecraft was established by first, investigating the :
implementation of the OADS derived software requirements fn the NSSC-1
;nd secoqd, investigating the implementation of the same requi;ements using
the NSSC-1 supplemented by a microcomputer system. The latter is by far the
most promising.

A summary of the proposed OADS concept and basic study results is
presented in Section 2.0. The content of Section 3 through 8 generally
follows our study anproach. Section 3 discusses the selected orbit features
and the coordinate ;ystgm definition used in the study. Section &4 discusses
the OADS sensor evaluation showing the candidate sensor characteristics and
the trade studies that were run to select the OADS attitude sensors. As
part of the sensor evaluation, the GPS Magnavox receiver/processor assembly @
is discussed showing how it will be contrclled and used to provide the
necegsary position and velocity information for the OADS design. Sectfon 5
discusses the mission performance studies.showing the sensitivity analysis
results and the nominal performance results from the computer simulation.
Section 6 through 8 discusses the microprocessor software, hardware and
system analysis for the spacecraft independent concept. Section 9 discusses
the implementation of the attitude determination algorithms in the NSSC-1
showing the resulting time analysis. Section 10 discusses the investigation
of supplementing the NSSC-1 with a multiple microcomputar system and what
the impac: might be for such a system. Section 11 discusses the OADS
«oating possibrlities. Aloo, a peneral description of an OADS hardware
test bed presently being pursued at Martin Marietta Aerospace for another

prograr is discussed. [fiually, Sectio@ 12 presents some recommendations ~

for further studies.

1-2
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material we used for the study,

We have also fncluded an appendix
. the ti

detailing
ming and sizing analysis for the NSSC-1I. . -




Mol add - 5 icn e diingtiad - = Kl s
e Eeam g L 0 Canantl 8 e e ntaet e . - > v
e ar T padtead T TN
q:“- paseiie it T e - ~ -
..

.
t ..

2.0 OADS SYSTEM DESIGN CONCEPT SUMMARY

Based upon the QADS requiremants and system performsnce evalu;tton.
a preltminaty—on-board attitude determinition aystem is propoaed; Tﬂg
propased OADS systen consists of one NASA Standard IRU (DRIRU-II} as the
primary attitude determination sensor, twc improved NASA Standard stor tracker
(SST) £br periodic update of attitude information, a GPS receiver to
provide on-board space vehicle position and velocity vector information,
and a multiple nicrocomputer system for data processing and attitude
deteruination functions. The functional block diagram of the proposed QADS

+system is shown in Figure 2-1. The computetional requirements are evaluited

based upon this proposed GADS system. The major conclusions from the OADS

study are summariced in the following subsections.

2.1 OADS System Sensor and Performance

Based upon the trade study of current existing sensors, the NASA
Standard TRU system--DRIRU-II is far supsrior to any of the current
exigting gyro system operating in the gtrapdown environment. In order to
increase the life-time reliability, a backup DRIRU-II unit may bc considercd
in conjunction with the primary unit proposed. The f{mproved NASA standard star
tracker is the best candidate for the MMS mission at the present time, The
SST should be used only when the spacecraft slew rate is less than O.Solsac.
The GPS receiver, with the assistance of an on-board position and velocity
propagator, when operating under the spacecraft user envitonme;t, is able
to provide orbit information for which the {mpact to OADS system accuracy is
fasignificant.
The proposed on-board attitude determination system, with the described

<f:> attitude determnation procedure and algorithm, is capable of providing preciston

on-board attitude informatfon for all three MMS missions.
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As expected, the Earth mission posses the most demanding OAD% system
processing among the three MMS missions. For the same maneuvering sequence,
the 400 km affitude Earth mission requires most frequent update by the star
trackers. The OGADS Star update frequency decreases as the spacecraft
altitude increases and 1s relatively independent to the orbit plane
inclinations. : t

The most significant IRU errors experienced in the slewing mode
environment are scale factor and misalignment and bias drift in the non-
slewing environment. Therefore, as the maneuver rate increases, the
required time interval between star update becomes shorter. The most
signifi{cant star tracker error is the tracker boresight axis misalignment.
lmprovement of overall OADS performance is anticipated if better knowledge

of this error is available.

2.2 On-Board Computation Requirements

Our 1nvest1gations show thnat use of a multiple microcomputer system
for onboard attitude determination i{s quite feasible from a software
performance view. The timing estimates for the baseline microcomputer we
examined are summarized in Table 2.1, A system level block diagram of the
baseline multiple microcomputer system 18 shown in Figure 2-2, It should
be emphasized that the baseline configuration, which we examined, utilized
commercial LSI devices. The performance of these devices have been derated
to accommodate operation in an exc.ended temperature range; however, radiation
threshold levels for the devices are far below the levels needed for
flight quality microcomputer hardware. While performing this OADS
analysis, we could not find microcomputer devices which were ideally suited
to the spaceborne cnvironment and had the necessary performance to support rie.

onboard -attitude determination system. Radiation hardened devices are a

2-3
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.najor problem although power consumption considerations come into play,
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but to a lesger extent. We have, tﬁerefore. included in chis repoyc
recommendations briefly outlining the type of LSI devices which we feel
would be appropriate in fut;re spaceborne applications such as OADS.

We algo performed a timing analysis to determine what performance
could be expected if the attitude determination’algorithms were executed
on the NSSC-I computer. It quickly became obvious that the NSSC-I could
not support these operations. This results from the fact that the OADS
algorithms are very computation oriented and not like the data management
tasks which the NSSC-I is tailored to performing. Table 2.2 summarizes

the NSSC-I timing andlysis. Because of these results, a top-level
1n;§stigation was performed to determine the feasibility of supplementing
the HSSC-I with an QADS microcomputer system. The results of this

investigation tend to 1lndicate that this approach could be very attraétive Q

if a flight quality microcouputer system were available.

2
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TABLE 2.1 SUMMARY OF ESTIMATED QGADS PROCESSING TIME
ECR BASELINE MICROCOMPUTER SYSTEM.-

- -
P

Processing Time (ms)

IRC Processing . ) ) 29.42
Star'Ttncknr Processing '
Phase I (star {dentification) 134.3
Phase II (1 tracker - quaternion 152,2
correction) )
Phase II (2 trackers - quaternion 235.8
correction)
Orbit Generator Processing - 3.421
Resolver Processing 38.518

TABLE 2.2 SUMMARY OF ESTIMATED OADS PROCESSING TIMES
FOR NSSC-I COMPUTER

Processing Time (ms)

TRU Processing T 44,575
Star Tracker - Star Identification 183.98
Star Tracker - Quaternion Correction

(1 tracker in use) 314.983
Star Tracker - Quaternion Corre:tion

(2 trackers in use) 609.468
Orbit Generator/Resolver 187.527
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@ 3.0 OADS ORBIT DESCRIPTION AND ATTITUDE DEFINITION
3.1 8 Mission Selected Orbits and Related Features -

A set of Solar, Earth, and Stellar migsions for the MMS satellite was

selected at the first GSFC interchange meeting. The selected orbits for the -

evaluation and its related features are described in the following sub-

gsections.

3.1.1

3.1.2

Earth Misston

Orbit: Circular orbit evaluated at altitudes of 400 km, 705.3 km
and 2000 km. The orbital inclination angles under consideration
are 56° for the 400 im and 2000 km altitudes and approximately 97°
(sun synchronous) for the 705,3 km altitude. o

Mianion Features: For the Earth mission; the spacecraft's nadir
axis is tracking along the Earth local vertical direction. That
10, the spacecraft nadir axis is rotated at the orbital rate
closely aligned with the local position vector direction, Pitch
maneuvers of #20 degrees at 400 km and 705.3 ka altitude and 15
degrees at 2000 km altitude should also be considered as the noxinal
mode for the Earth miasfon, The spacecraft nominal rate is orbital
rate with maneuver slew rates of 5°/min and 2%/sec.

Stellar Mission

Qcbit: Circular orbit evaluated at altitudes of 400 km and 2000 km,
The orbital inclination angle under consideration is 28.5°.

Mission Features: For the stellar misaion, the spacecraft body

axis is locked to the stars with onlylthe dwelling motion being
considered. Spacecraft maneuvers from one star to a new star with

slew rate range from Solmin to 2°/sec should alao be considered in

the QOADS system accuracy evaluation.
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3.1.3 Solar Migsion - @ .

Orbit: Circular orbit evaluated at altitudes of 400 km and
2000 km, The vrbital inclination angle for the solar miseiomm
orbit 1s 26.5°.
M{asion Feature: For the solar migsion, the apuecmft body axis
is mainly locked to the sun line vector with possible small angle
scan {n the planec petpen.dicular to the sun lina vector. Tha
possible scan rate is 5°/min for OADS evaluation,
3.2 Coordinate System Definition
In order to define the spacecraft attitude angles for a MS mission, the
reference coordinate systems must be defimned. The basic reference coordinate
systems defined in this report are selected for the conveniance of the MRS
missfon. It is subject to change when other requirements are inserted.
a, Inertial Reference Coordinate - I frame @

4 1950 cpoch imertial reference ia gelected as the inertiel ccordinate.

The reason for selecting this coordinate is that most of the existing
star catalogs exist using this coordinate, therefore, no extra trans-
formation 18 required; it also gives a fized reference in the gun-
centered heliocentric frame, )

The coordinate frame 18 defined as follows:

)LI axis along 1950 Epoch vernal equinox direction -

zI axis along symretrical earth rotation axis (North pole)

YI axis completes a right-hand criplet

Another commonly used inertial frame is the true-of-date Epoch
reference in which the truc of date (current) vernal equinox ditection

is used, There is a slight rotation angle between the fixed Epoch N\
_//

and true of date inertial syaéem. These must be corrected if any
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Inertial Reference Coordinate - I frame (Continued)

quantity is defined using the true of date Epoch reference

(1.e., Keplerian orbital parameters),

Barth Reference Frame - E frams

The Earth reference frame {g chosen wvith xz axis along the zaero
longitude (Greemwich) with a rotation angle from the xl axis, ZB is
coincident with ZI (North Pole). XE and YB are contained in the p_l.ano
of xI and YI. If we assume a constant earth rotation rate of Hg -
0.41667 x 10"2 ddg/oee, then xB has a rotation angle of wst from tha
xI axis (vhere t 13 measured €rom Greenwich noon-time), In general,
the Earth longitude and latitude 1s defined in the Earth reference
frame, ‘

The I and E frames are shown in Figure 3-1,

If Point P 18 defined as the target to be tracked on Earth surfaca

3
with longitude ¢ p 2nd lazitude Xp. then the tracking station P unit

vector expressed in the I freme will be:

{UI} - [Icg} {UE} . < (3.1)
(From here on,{ }denotea vector quantity, [ ] the matrix quantity,

dnd the symbol "A " indicates unit vector.)

Where:
{Ugf - {cosxp cosap, cosap sinop, ainop} (3.2a)
- 7
cos HEt -gin WE': 0
[ICE] o |ain wEt cos Wét 0
| 0 0 1_.1 -
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Ordit Reference Frame - ¢ Frams

The orbit reference frams defines the orientation of the S/C

orbit in the I frame, It is generaily defined by (3-1-3) Bul;r
transformation angles between the I and O frames. The relationship
between the orbital frams and inertial frase 1s 1llustrated in
Figure 3-2, The transformation of a vactor fro;n 0 frame to I frame

is given by letting
4 0 3.2
{t} = [aeofito} : . @.2)
. C&con §&ain
me- SSuCL =~ OSw - SQCLL  SOSL
SNCw + CNSWCL = SOSw + CCuCi - CO51 (3.2a)

SuS1 Cu51 Cci

The Local Vertical Frame - L Prams

The local vertical frame 1s defined by the S/C position along the
orbit plane, which is simply s rotation angle of the true anomaly,
parsneter £, (generally relarred to as fast moving Keplerian paramater)

fron xo about the orbit novmal axig Zo. The L frama i{s defined as:

XL « from center of Earth to S/C

2, = normal to orbit in the direction of the orbit anguler momentum

vector dicection.

YL - complete a right-hand triplet of XL and ZL. For circular orbit,

YL is in the direction of the velocity vector.

3-5




Orbit Normal
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FIGURE 3-2 ROTATION BEIWEEN I FRAME, O FRAME AND L FRAME

-

Where: Q- longitude of ascending node o’
{ - inclination angle '
W- argurcn~ of perigee
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4. The Local Vertical Freme ~ L Frams - (Continuad)

Because the L frome is a sizmple rotation angle of £ about 2, axis
from the 0 frams, the angles W and £ are in the rame plane and

additive, The transformation from th; L frame to the I frame replacos

W in (3.2a) by the quantity (¥ + £); {.e., R
(Oh = [xGtdd e
A Where:  caco - SRS6CL - CASH - SNCOCL snsj
[rcx.] - | sqce +casect - sase+caceCL -G8i (3.38)
 sest cost L |
o 4 w+ g

e. Body Refaerence Prame - B Frame )
' ) The body reference frama is fimed on the S/C bsdy and ia votated

with the body. The orientation of the body axeo in the I frams or
.o L frame is generally used to define the S/C attitude motion. The
B frema {s selectsd usually due to the convenience of mission require~
mant, S/C geomatrical symmetry, and m_{or instrumant location. For
convenience, we assume the MMS gpacecraft {s a cylindrical shspe with
X, Yy fixed in the 3/C equatorial plane. The Zg axis is along the

cylindrical longitudinal axis as shown in Figure 3-3,

3-7
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FIGURE 3-3 BODY FIXED AXES

Body Reference Frame - B Frame - (Continued) ~°

From the definftion descrived above, the zB exis {8 gererally ' @
referred to as the nadir pointing axis (especially for Earth

Migsion), The five reference frames described above are the

basic coordinate systems recommended for the mé'misuion. To

summarize they are:

Inertial Reference Frame - I Fo

Earth Reference Frame « E Frams
Orbit Refarence Frame - 0 Frame
Local Vertical Reference Frame - L Frame
Body Raference Frame - B Frame
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@ 3.3 d De on_and QADS cutput deffaiti

3.3.1 Attitude Angle Definitions -
As montioned in 3.1, the S/C attitude is defined as the orientation

of the body axes in the inertial frams or in the local vertical reforance
frams. Thore are folr ways to represent the spacecraft attitude:
Direction ¢osines
Quaternion
Buler attitude angle
Gibbs vector presentation
The direction cosines {s the most gtraight-forward way to deacribe :
the S/C attitude. The other mathods can be derived from the direction
cosine tepre_sentatlon end are directly related to eagh other., The

Euler attitude angle representation gives a much baetter physical

visualization of the attitude and {s generally the quantity delivered

to the user although the asystem may not use it as the iaternal gtate

variables. For MMS missions, there are three sets of attitude angles

to be.defined and are described in the following paragraphs.

a, Attitude angles in inertial reference framn

A 3-1-3 Euler rotation is used to define the body azes orientation

. in the inertias frame. The rotation 18 {llustrated {n Figura 3-4.
The a, 3,¢ attitude angle set is the right ascension, declinatfion,
and phase angle, reapectively. This set is convenient for the
inertial attitude angle expression for the Stellar and Solar Misasien,
The inertial position of a star or sun i{s defined in the frame by
right ascengion and declination angles., The body ZB axis orientation

ffj) is also represented by the same att{tude set; therefore, {t iz very

convenient for inertial pointing missions.

3-9
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Sun Angle Dafinition
This set of attitude angles is defined strictly for the Soler

wisoion. For the Solar mission, the aspect engles betwesn tha -
1ina vector and -the spacecraft body frame may be useful to the

aser, The definition of the sun agpect anglas 18 described in
Figure 3-5,

?ﬁ Sun

FIGURE 3-5 SUN ASPECT ANGLE DEFINITION

as shown in Figure 3-5, the sun aspect angles %8s and 8Bs are

defined as the sun line orientation jn the body frama, where agg

is the .vight aséension sun aspect angle &nd 8BS ia the declination

sun aspect angle.
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tude Angles {n local vertical Reference frama - pitch, roll and @

yaw angles
This get of attitude angles is very convenient for the Earth mlssion
of the MMS satellite. In order to follov a conventional manner of
pitch, roll and yaw angle defintion, an Anterwediate roference
frome called local flight frame, F frame, is fntroduced and the -
pitch, roll end .yau angles are actually defined in the F frame,
The F frame is obtained by two 90° rotation from the L frame dafinad
ia Section 3.1. The relation between F frame and L frame is shown {in
Figure 3.6,

The F-frame axes are d.efined as:

xF - in the + flight ?ach direction

YP - oppogite to the orbit normal

z? - alcng the local vertical, positive pointing toward @

the ecarth center

A 1-2-3 Euler rotation is used to rotate the pitch, roll, and yaw
angles from F-frame to B-frame. The rotatfon is shown in Figure 3-7,
This set of attitude aengles defines the body axes in the flight path
frame, It is used for an Earth pointing spacezraft —and is very useful
to control system work. For a single rotation sense, the @ sngle {a the
voll angle along the flight path. The @ angle is the pitch angle

along the negative oroital norwal. The ¥ aagle is the yaw angio defined

along the nadir vector. -

g

1.1

to
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3,3.2 QADS Output Definftion

Py

The required sttitude information is different for different MMS

mission modes. The intent of this gubsection is to define the pre-

"1iminary OADS attitude output format. The output set is subject to

change upon user request or future mission requirements.

Earth Miss{on
Record Description
Time (t)
Pitch Angle (6)
Roll Angle (¢)
Yaw Angle (%)
Target Longitude ¢p
Target Latitude ,

P
Target Altitude (hp)

Solar yiaslou
Record Description
Time (t)
Right Aacension Angle (3)
Declination Angle (8)
Phage Angle (¢)
Sun Aspect R.A. Angle (“SB)

Sun Aspect Dec Angle (ssn)

Unit
Seconds
Degrees
Degrees
Degrees
Degrees
Degrees
Em

Unie

Seconds
Degrees
Degrees
Degrees
Degrees

Degrees

Remarks

Seconds from S/C clock apoch

As described

L 1]
"

Nadir axis pointing target
"

Remarks
From S/C clock epoch

As described
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Stellar Mission Lo

Record Description Unit Remarks
Time (t) Seconds From S/C clock Epoch
Right Ascension Angle (=) Degrees As Described
. - DPeclination Angle (3) Degrees "‘ .
Fhage Angle (¢) Degrees e

PR .

Uncertainty (or confidence level) of each output record may be
attached with the preliminary output records described above. The

orbital information received from the GPS sensor may also be attached.

Howaver, it is nct directly required for the GADS functioa.
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4.0 QADS SENSOR EVALUATION ‘ -

4.1 Inertial Reference Urit

4.1.1 Description of MASA Standard Unit - DRTRU-II

The NASA Standard IRU unit is the DRIRU-II (Digital Redundant.
Inertial Reference‘Pntt = II) manufactured by Teledyne. It consists
of 3 SDG-5 two-degree~of~freedom (TDF) dry-tuned gyros mounted ortho-
gonally in a single unit. ?he schematic diagram te shown ia Figure 4-1.
Each TDG gyro has i{ts own power supply with independent electronics for
its two output channels. Tempefatnre computation of scale factor and bias
are included in the electronics. The DRIRU-II unit is to be mounted directly
upon the spacecraft body (in strapdown enviromment); thercfore, the IRU
gyros sense the body rates in inertial space directly. The body rates

are output in the foim of digital pulse counts via a Voltage to Frequency

(V/F) Converter. The three TDF gyros provide full redundancy of vehicla's
body 3-axis rate measurement. In the case of one gyro failure, the
remaining two TDF gyros still provide the full 3-axis measurement,

! therefore, no rate data measurement is lost. In order to reduce the rate
errors of the TDF gyro related errors, an on-board software compensator
(rate filter) is required other than the temperature compensation
provided by the output chann:l electronics. Periodic update of gyro
error parameters are necessary to maintain the rate output ac;uracy.
In-flight recalibration may also be necessary to maintain the knowledge
9£ ma jor-error source uncertainty due to environmental and space

vehicle control impact. Because of the on-board compensa;Ot and
temperature compensation—by the output channel electronics, thermal

(;;;) control of the IRU system is not required under nominal temperature

range.

4.1
Y
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FIGURE 4-1 SCHEMATIC DIAGRAM OF DRIRU-II SYSTEM

A éyatem evaluation of the DRIRU-II system was conducted and the

results are presented in the following Table 4.1. @

TABLE 4.1 DRIRU-II SYSTEM EVALUATION :

CONSIDERATION FACTOR

DESCRIFTION

Life Cycle Costs
Design and Development

Build

2C0K for a system.
Breadboard was built to verify design
requirements.

Modular assembly and cimplified gyro
design for production build.

Test plans and specifications written
in accordance with NASA requirecents.
CGyro is two degree of freedom dry
tuned gyro.

Most components manufactured at
contractor's facility

Electronic components compliance with
MIL-STD-975.

DM509306 Rev. A

MSFC Std 136

NASA Standard parts

()




TABLE 4.1

Y

CONSIDERATION FACTOR

" Tast

Weight

Volume

Complexity - Passive

Electrical

Mechanical

Growth
Access1b£11t§/ﬂaintainab111ty
Potential for 1g demonstration
Modularity

Technical Uncertainty

Performance-Functional Attributes

EMI Susceptibility
Maintairability/Accessibility

Power Consumption (users)
Standby power required
Average power required
Cuntaninat{on to spacecraft

Mission Effectiveness

DRIRU-IX SYSTEM EVALUATION -

(Contiaued) ’

4-3

DESCRIPTION

Complete step-by-step qualification

and acceptance test procedures will -

be available for system test. A
Test points will be available for . s
verification of system level interface - -
testing. . .

-

System weight 25 1lb. each.
Vbluma/systee 1183 1@?:'
3 gyroals;s;e; Hot;ts Hystress Synch.
Mechanically and thermally mounted

to veunicle.

Electrical Boards only 707% full,

Modular design built for maintainability
Verification in 1lg field very acceptable
Yes

None

Random Drift .0005°/Hr. Attttude nolse
.33 arc sec. Continuous rate 1009/gqc.
First difference for 1 sec sample

interval .00425°/Hr.

Meet MIL-STDs 461, 462, 463 for
susceptibility and genevation.,

Modular design for maintainability and ‘
accessibility.

20 watts/system

None

20 watts

Materials selected to prevent outgassing.

Meet overall system requirements.

e T 4
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TABLE 4.1 DRIRU-II SYSTEM EVALUATION - (Continued) @

CONSIDERATION FACTOR DESCRIPTION
. Lifetime 5 years i
Reliability System religbility .853 at end of
three years. No single point failures.
Survivability . Designed to meet transportation,

Nat=ral Environment
Mar=ade - Internal to S/C

Mapmade - External to S/C
Technical Uncertainty ;
Growth

Software Complexity
Airborne

Ground Support - Update

Downlink processing

In-Flight Calibration

Gesond C-eckout
Coz=plexity

Testability

In-Field Calibration

Crradllec

Tezipn

b=l

storage and handling requirements.
TBD

Designed to meet vehicle launch
vibration, shock and temperature

Contractor has good track record
in the technical field,

Growth potential is available within
present envelope.

Require on-board data reduction of
gyro data, error compensation and
numerical integrator

Simple failure detection and parity
check

Required for calibration (bias updatae)

Required periodically to update scale
factor, misalignment and bias

Verification of system operation not compler

Verification of system i§ relatively
easy. Adequate test outputs,

Not Required.

Design engineering based on DRIRU-II,
No facility mod requir>d. Completion
by December, 1977. >

o/




+ . —————— T BT T (A vy a1 et meioery e . . e

TABIE 4.1 DRIRU-IT SYSTEM EVALUATION - (Continued)

CONSIDERATION FACTOR

Build

.

Tests

Ground Checkout

Interface Testing

Subsystem

System level

Qual Article, Structures Test
Articles, Launch Activity
Timeline

4-5
<& &

DESCRIFTION -

Subcontract procuremeant total DRIRU
System. Approximately 12 montha
from go-ahead to delivery.

Yes - Procedures exist
Yen = Procedures exist
Yes - Procedures exist
Yes - Procedures exist
Bagsed on NASA qualification 1977-78




4.1,2 Trade Study T @ -
A trade study was conducted between the DRIRU-1I system and other

¢andidates. The significant factors considered in the trade gtudy

ere: -

l. The syatem must be capable of operating under all three MMS
mission environments and be able to provide rate information as -
accurate as possible.

2. The system must be capable of maintaining accuracy and stabillty

’ under a wide dynamic1range of zero rate to 2°Iaec with possible
acceleration and jerk motion due to the control system. Moreover,
a fast qe;cling time i3 required.

3. The system must be operating continuously during the missions and -
must have IQng life time and high reliability,

Based upon the above criteria, a trade study between the DRIRU-Ii @
system and a single degree of freedom (SDF) gyro system (Bendix 64 PM)

was conducted. A comparison of error budget between the DRIRU-II

sy;tem gyro (SDG-5) and two other TDF dry tuned gytéa. C-6 and G-1200

manufactured by Litton, was also conducted. Results ara preseanted in

the follouving paragraphs.

4.1.2,1 Trade study between DRIRU-II and Bendix Redundant. Strapdown IRU

The Bendix Redundant Strapdowna IRU System consists of 6 SDF 64 PM
RIG (Pate Integration Floated Gyro). Each gyro channel is capable of
being operating independently and can be "powered down" in case of
failure, The Bendix system has becn used in HEAQ-A and IUE missions.

MMA has conducted the first difierence drift rate and PSD (Power Spectrum

Density) of the SDG-5 gyro and 64 PM gyru using the facility in our 7~ N
] §
Incrtial Guidance Laboratory. These trade study results follow, -~/
ty=b
<V e ::..~, B
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(1) Transient Settling Time

The 65 PM~RIG gyro has s drift characteristic associated with
output axis slew rates that fe undesirable. This drift could induce
pointing errors as high as 35 arc seconds after slewing asbout the
output axis at 6 deg/sec. The settling time after slewing about the
output axis i{s about 250 seconds which i3 excessive. The SDG-5 gyro
does not exhibit this slew rate drift or long settling time. This {s

due to the tight capture loop about each axis of the two degree of

freedom gyro.
(2) FPirst Difference Drift Rat: Compensation
First difference tests f{ndicated that the SDG~5 gyro has less

output noise when the sample interval is short as shown in Table 4.2

TABLE 4.2  FIRST DIFFERENCE DRIFT RATES

Sample
Interval
Second Teledyne SDG-5 Gyro Bendix 64 PM Gyro
o1 0.0432 High
1.0 0.0046 0.038
10. 0.00077 0,0046
100, 0.00035 0.00028
1000, 0.00011 0.0002

(3) Power Spectral Density Comparigon

Power spectral density (PSD) was also taken on the candidate gyros
and are {llustxated in lrigure 4-2, The Teledyne PSD {s an order of

®
magnitude less than the Bendix unit, also indicating- less output noise,

-
- -
4 -
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{(4) Exror Character Comparison

The error character reflects the accuracy and stability of the
IRU system, The comparison is summarized in Table 4.3 From the
table, one can see that the DRIRU-II system is superior to the

Bendix system in almost every category.

TABLE 4.3 _GYRO ERPOR CHARACTERISTICS COMPARISON

! ‘ DRIRU-II Bendix 64 PM

Random Drift (deg/hour) - (lo) . .0005 .0005
- Long-Term Bfas Stability (deg/hr/yr) - (1= ) § .09
Torquer Scale Pactor (deg/hr/ma) - (1) «6 230.0
Torquer Linearity (PPM) - (10) 25 37
Torquer Asymmetry (PFM) - (lo) 3 27
Angular Rate Capability (deg/sec) -~ 100 20
Angular Momectum (gm-cmzlaec) 1% 10° .'43 x 10°
' Anisoelastic Drift (deg/hr/g) - (19) .01 .04

(5) Physical Charscteristics and Reliability Comparison
The comparison between DRIRU-II and Bendix Redundaat Unit s
. shown in Table 4.4, Again, the DRIRU-II system is superior in

almost all respects.
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TABLE 4.4 COMPARISON OF PHYSICAL CHARACTERISTICS AND RELTABILITY @

DRIRU-II BENDIX 3YSTEM
Weight (1bs) 25 65 )
Power (watts) . 21 : 115 \
Cost 200 800K
*Reliability (2 years) 0.958 0.914

*Baged upon 6-gyro configuration for both systems

4,1.2,2 Trade Study between SDG-5_and Other TDF Dry Tuned Gyros
A comparison of performance between the SDG-5 (DRIRU-II gyro) aad

other TDF dry tuned gyros was made. Tha reason of this gyro level
comparison rather than the system level comp.visoa is because the other
TDF gyros do not exist {n a system configuration. The comparison {s
made between SDG-5 and Litton's G-1200 and G-6 series TDF gyros. Both @
Litton gyrog are dry-tuned gyros; however, the G-1200 was manufactured
for the purpose of a 3-axis platform and not for a strapdown usage.
Therefore, although G-1200 possess better stability performance than G-6
(a strapdown unit), extensive effort is required in order to convert
into a strapdown gyro. The comparison of performance 1s shown in

Table 4.5, It 18 observed that the SDG-5 gyro i{s superior to the

C-6 gyro in almost all respects (both are strapdown gyros). Although
the stability performance of G-1200 gyro is slightly better than SDG-S
gyro, its dynamic range is far too narrow (lolsec gteady state and -
2°/sec transient), therefore, it is not applicable in the st;apdawn

environment. -

)
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Parameter
c-lnaensitivq Drift
Abgolute value

Stability
Random drift
Shutdown

Long term

Temp Sensitivity
chompensated
Compensated

G-Sensitive Drift

Absolute value

Stability

continuous operation
Shutdowm
Long term
Temp. Sensitivity
Uncompansated
Compensated

Torquer Scale Factor
Absolute Value
Stability

Linearity

Asymmetry

O

- e —
-

- -~

Units

-~

deg/hr °

deg/hr 1°
deg/hr lo

deg/hr/yr

deg/hx /°F
PPM/°F

Ceg/hr/G

deg/hr/G le
deg/hr/G 1o

deg/hr/G/yr

deg/hr/G/°F

PPM/°F

°fheva
PPM lo
PPM peak

PPM peak

411

YR

-

o A, TR T AN T o At e ey e ey 11 e

.

COMPARISON OF PERPCRMANCE

8DG-5
<.5

.0005
.0016
01

.00059
1.0

£1.0

.0007
.008
.02

.0032-
£1.9

160
27
25

g=6 G=1200
4.0 23
.003 .0009
.01 T ,0023
.03 .015
002 0014 -

~==Not Compensated=--~-

5.0 .23

.0003 .0005
.008  .0035
.04 .015
.02 .0017

--=Not Compensated---

1250 3
50 50
30 No data
30 No data




Paramaetey

Temp, Sensitivity

Uncoupensated
Compensated ‘
Axis Alignmeat
Absolute
Stability

Angular Rate Cap

‘ Steady state
Transient

Anisoelasticity

Uncompensated

TABLE 4.5  COMPARISON OF PERFORMANCE

arc sec

arc sec leo

. deg/sec

deg/sec

deg/hr/G2

SDG-5

229
1.0

30
10

100

.01

6 ¢-1200
250 3?7

--;Not COmpenaatéd-‘-

2000 26
10 10
120 1
60 2
.02 .008

@
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4.1.3 Conclusion of Trade Study
Based upon the trade study presented above, it is obvious that

the NASA Standard IRU system--DRIRU-II--is far superior to the curreat
existing gyro systém operating in the strapdown environment. Better
performance could be achieved using gyro platforms; however, the gyro
platform suffers the long-term reliability problem. Therefore, fhe‘
performance could be degenerated quite rapidly. Therefore, the NASA -
Standard Uait of DRIRU-II IRU system is recommended for the proposed
MMS migsion. It 1is also recommended that two DRIRU-II systems be used
for the mission with one as primary unit and the other one as a backup
unit, Under this consideration, the system redundancy 4s extremely

high and the 0ADS mission successfulness is highly warranted.

Star Tracker System

4.2,1 Description of NASA Standard Star Tracker (SST)
The selected NASA Standard Star Tracker (SST) is an electro-optical

gsystem manufactured by Ball Brothers Research Corporation. The SST is
an-all electronis strapdown device which automatically searches within
its field of view (FOV) for a target star., Once a target is acquired,
it provides the target position and star intensity data for spacecraft
attitude determination and navigat{on. The major components c;nSISt of
a one-inch magnetically focused, magnetically deflected ITT ETD F4O12RP
image dissector tube, a 70 mm £/1,2 lens and associated signal
processing electronics.

The SST operation function consists of two modes, the search rode
and track mode. When SST is activated, it irmnediately gets into a

raster scan search mode to locate the candidate star target., When a

4-13
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target is brighter than the commarded threshold setting, the SST will @ |
go into track mode and the two axis, 12 bit digital and/or analog output
signal represents target position within its 8° x 8° FOV, The SST

resumes the search mode function if either the target leaves the

fiald of view, the amplitude falls below the commanded threshold or

it receives a "bregk command” from an external sourca. Regardless of ‘
the reason for returning to the search mode, it will search the remaining
_portion of the FOV,
The SST is very‘similar to the CT401 (See Figure 4-3) star tracker
f£lown on SAS-C mission with minor differences. First, the time
required to scan through the entire FOV is 10 seconds for the SST
instead of 4 secondr as fgr the CT40l. Secondly, it has the following
options: ‘ )
e Position output calibration ' @
e 8elf Test .

¢ Internal compensation

o Offset pointing

e Bright object protection

e Sun shade
The NASA SST specified by GSFC-S-712-9 is the basic SST with the
position output calibration and bright object projection options. The
SST has a ground command star magnitude threshold setting of +6, +5,
+4 and 43, When the magnitude is set to acquire +6 or brighter stars,-
the position inherent output accuracy is 120 fec RMS with peak errors
of 240 fec. The major error components are measurable and repeatable
functians of tempersturc, star location in the FOV and external

magnetic fields. A set of calib%ation data sufficient to effect
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‘ position output accuracy of 10 arc sec BMS is supplied with each @
tracker having the position output calibratioa option. Via a
ground calibration process, this position output calibration 1;
actually accomplisted by a set of third order, ten-term polynomial

in each output axis. The position calibratioa equations are:

2 2
v =c ey +ct 4o + o e +c7a3+c8u +
CgH + Cy oHV . 1)
2 2 3 ..
He = dl + dzv + d3V2 + d4v3 + dSV H+ dGVH + d7H +
au? + 1 H+ 4 W %.2)
8 "9 10 , *
vhere Ve = Compensated vertizal reading
He = Compensated horizaontal reading
v,H n Vertical and horizontal readout before compensation
! Cn, do = Coefficients obtained from ground calibration @

One gshould bear in mind that this position output calibration 1is a
software package and can reside in the onboard computer. It is & "must"
item in order to maintain the basic SST accuracy to 10 5:3. thereZore,
it must be considered in the onboard computation consideration. when the
target is acquired and the SST enters the track mode, the V and |

. reacouts are delivered at the rate of every 40(1) mg. Thus, the position
output compensator represented in Equation (4.1) and (4.2) is also
evaluated at the interval of 40 ms or multiples of this, A SST system

evaluation wa3 conducted and the results are presented in Table 4.7.

(1) This time specification corresponds to Ball Brother's anticipated "\
rerforr:nce of an fmoroved version of the BRAC-SST




YT TYRNY 1 S A T PRSI T Y

- . A . -

gl ARCAAC i Acidi g

TABLE 4.7 _ SST SYSTEM EVALUATION

CONSIDERATTON PACTOR

E St i dane L atan A has wd- Sasit i Mahd

e s AT TV R STt - et vt T - e e
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Life Cycle Costs

Design and Development

Build

Test

Tarformance-Physical Attributes
Weight and Mass Properties

Volume, Area, Size

Conplexity-Passive Electrical

Mechanical

Accessibility/Maintainability

Potential for 1lg demonstration

Modularity
Technical Uncertainty

Performance-Functional Attributes

EMI=Susceptibility

ol NN
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DESCRIPTION

200X /systems

Erngineering is complete. Flight build
in progress for Shuttle.

1 Y
Most components manufactured at
contractor's facility. Assembly is
verformed at contractor's facility.
In production.

Ground checkout procedures and test
equipment available at suppliers. System
level testing limited. Qualificeation .
test to te conducted,

-

Weight 25 1b including sunshade.
Sunshade weight 5 1b.

4 x 6.5 x 6.5 not including sunshede.
Sunshade 16 in diamoter x 24 inch length.

Modular electrical construction
non-redundant.

No movable parts except shutter for sun
protection.

Designed for accessibility and
maintainability

Testing in 1 g field for verification
with no problem,

Yes
None )

Thermal - 10°C to 50°C .&°/sec rate
16.7 g RMS random 10g sinusoidal

SST 1s designed to meet EMC requivements
of MIL-STD-461 equipment

-
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CONSIDERATION FACTOR

TABLE 4.7 SST SYSTEM EVALUATION ' ’ @

DESCRIPTION

Maintainabilicy/Accessibility
‘Power Consumption (users)
Standby power required -
Average power required

Peak power required

Mission Effectiveness

Targeting, Pointing, Coverage

Lifetine

Reliability
Survivability

Technical Uncertainty
Growth
Software complexity

Ground support-updates
Downlink Processing

In-Flight Calibration

Cround Checkout

Testability
Schedules

‘Desicn

4-18

Modular design
19.0 watts
None °

19.0 watts

22 watt when shutter {s operated

Accuracy 11.3 arc sec with sll errors
considered

3 years
System reliability 0.9978 at end of

3 years

Designed for launch enviromments and
operating orbit environment @
None

Unknown at this time

Simpler, only periodic update neceasary

Require storage of star catalog-
smaller sub catalog generation

Require gtar identification and sub
catalog linking

Egsiar under low slew rate

Verificatiun of system operation not
complex

Adequate test output available

System developed and in production.
No facility mod required. ™\
Sutcontract procurement ' -«j

Interface avatlable to perform self
check and verify system level iaterfaces

— w o=
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6,2.2 Trade Stud
A trade study was conducted betwaen the NASA Standard SST and

other calestial sensor systems using celestial stars for the attitude

determination function. First, a trade study between the SST and a star

mapper is presented. Second, a comparison between the SST and other fixed-

head star trackers is presented and finally, a comparisor with the next

generation star tracker-Charge Coupled Device (CCD) is presented. The

two significant factors considered in the trade study ara:

(1) The system must be able to operate in both the inertial hold and
dynamic environments of MMS solar, earth, and steller missions.

f2) The system must possess high accuracy with good drta coverage

probability.

4,2,2.1 Comparison with Star Mapper

The Star Mapper is generally a slit type sensor which uses the
spacecraft rotational motion to provide set :ch and sensing functions.
The spacecraft rotation causes the sensor to scan the celestial sphere.
As the star image on the focal plane passes e glit, the star is sensed
by the detector. If the signal is above the threshold, a pulse i3
generated by the electronics, signifying the star presence. The
crossing time of the first slit and the elapsed time between the
crossing of first slit and the following one(s) together with the-star ’
catalog provide the target star attitude information.

The trade study was made between the SST and a Beadix SSA star

mipper. The trade studv results cre presented in Table 4.8.
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TABLE 4.8 _ COMPARISON BETWEEN SST AND BENDIX SSA STAR MAPPER %
/ ) .
CONSIDERATION FACTOR SST BENDIX SSA STAR MAPPER
Dynamic Range °/sec) Zexo to 0,7 0.05~ 6
Accuracy 2¢ - Arc Sec) 10 . 5.
Reliability (MIBF-Hrs) 188,680 : 429,400
Cost (Per Unit) 200K 1,000K
Weight (1bs.) 25 . 63
Power (watts) 19 7
 stze (i) ' 16 x 6.5 x 6.5 12x12x10 :
Star Magnitude +6, 45, ¥, 43 +%
Software Requirement Less Requirement More Complex
In-Flight Calibration Easy Difficule

From Table 4.8, one can see that although the S:ar_uapper uas better
accuracy and reliability, the SST i{s superior in all other aspects. .
The most important factor i{s that the Star Mapper cannot be used in
the stellar mission and the inertial hold mode of the solar mission
because it depends upon the spacecraft motion to acquire stars.
Therefore, for MMS mission consiJderation, the SST should be selected
over the star mappers.
4,2.2,2 Compavison with other Fixed Head Star Trackers

A comparison between the SST and sther star trackers was conducted.
The comparison is shown in Table 4.9. Although both the Honeywell and
TRW tracker have better accuricy than the S5T, there are two major

problers to use these two treikers for MMS M{ss‘on. First, the star e,

=20
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tracker sensitivity for chose twq trackers are 48 and brighter.
This creates numerous data and storage and procesaing problems fof
onboard systems because there are avout 14,000 stars for +8 msgnitude
and brighter. Secondly, the smaller FOV of those two trackers impose
8 problem under dynamic environment since fewer good quality'st;i -
signals may be obtainable before it leaves the POV.. Because of those
two restrictions, both the Honeywell and TRW star. trackers can be used
on}y during the stellar mission but may have difficulty for the_solaf
and Earth missions. There are other star trackers such as the ITT

’ tracker which haﬁ large FOV and dynamic range but do not possess

required accuracy. Thus, the SST is still superior for MMS OADS usage.

TABLE 4.9 COMPARISON OF STAR TRACKER CANDIDATES

SENSITIVITY CALIBRATED
STAR TRACKERS (MAGNITUDE) FOV ACCURACY (2
SST +6, 45, %, 43 8° x 8° 10 fe&
Honeywell Photon ° ° -
Counting Star Tracker +8 2" x2 3 sec
TRW PADS Tracker " +10 1°x 1° 3 Sed

4.2.2,3 Comparison with CC» Unit

The CCD Star Tracker uses a charged-coupled imaging array as a
detector in place of an image dissector. The detector 13 a buried-
channel, line-transfer, charge-coupled device {CCD), with vertical and
horizontal picture elements. A typical detector contains 488 vertical
by 380 horizontal picturc elements within an active image arca of 8.8 mm

€i:3 by 11.4 rm. The detector is cooled to an operating temperature below

0°C with an array of peltier affect thermo-electric junctions.

. t 4=21
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The detector array is readout with h.igh speed microprogrammable @
logic. At those places in the field of view where star ener’é’y is )
s ‘detected, the operation is gslowed to allow analog to &tgttal. conversion
‘ : of the signal charge of each picture element, or “pixel™ in the region.
A uwicro-processor 1is et;tployed to compute the location of the centroici of
the star images to an accuracy of about 1/10 of the tnter-pixei distance °
and to provide sequencing and control functions. The CCD unit posses
some distinct advantages over the image dissec:-or star tracker (i.c.,
SST). Those are: the ability to track multiple stars simultaneously,
no sensitivity to magnetic fields, and improved accuracy. At the present
tim:, TRW, BBRC, and l{a;ieywell are evaluating the performance of CCD in
the laboratory using experimental breadboard models. The preliminary
characteristics of both the BBRC and TRW CCD units are presented in
i Table 4.10. Because the CCD unit ‘has approximately the same FOV and @
dynamic range as cl'\e SST unit with better accuracy, it can be considered
as the primory alternative for the SST for the MMS mission once it 1is
fully tested and qualified, :
4.2.3 Conclusion of Trade Study
Based upon the above trade studies, we conclude that the NASA<
Standard Star Tracker is the best candidate for MMS mission at tlhe
present time. An alternative of using the CCD unit after full develop-
ment is recommended. It 1s also recommended that the SST should be
used under the condition that the spacecraft slew rate i{s less than
0.5°/sec in order to maintain its accuracy. Considering most of the
MMS mission modes, this restriction is justified and the method of

using the SST in combinat fon with DRIRU-II unit will be presented in the

next section, ﬂ \J
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TABLE 4.10 _ PRELYMINARY CHARACTERISTICS OF CCD STAR TRACKER

CHARACTERISTIC

Pleld of View
Total
Instantaneous

Optical System
Focal Length
£/vo
Transmission

Datector
Type
Number of Clements
Image Area

Cenfiguration

Elactronics

Integration Time
(for 46 M Star)

Readout Rate
(for 46 M Star)

Star Position Output
Vertical
Horizontal

Star Magnitude

Update Interval
(for 46 M star)

© deg

UNITS

arc min

sec

sec

Digital
Digital
Digital

e
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TRW

maw—

- 6.60 x '8.53

«81 x 1.35

76
.87
73

Fairchild CCD
488 x 380
8.8 x 11.4

Front Illuminated,
Interline Transfer

«100 max

" .100 RS

12 Bit Serial
12 Bit Serial
12 Bit Serial

100 max

BBRC

7.1 x 9.2

70

488 x 380
8.8 x 11.4

Front Illuminated,
Interline Transfer

«100 max

.100

<100 max
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CHARACTERISTIC

Accuracy (1 sigma)
Vertical
Horigontal
Total

Physical
Weight
VOiume
Power

Development

Status

R e e e e DI

UNITS TRW

arc sec 2.4

arc sec 4.1

arc sec 4.75

1b 7

in. 6 x6x 12

watts

. 9.5 @ 28 VbC

Breadboard
in Test

4-24
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TABLE 4.10 PRELIMINARY CHARACTEPISTICS OF CCD STAR TRACKER - (Conttnue@

BERC

5.0

26 @ 28 VDC

Breadboard
in Test

. 1
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CPS Magnavox Receilver/Processor Assembl

4,3.1 Global Positioning System Summary
The Global Positioning System (GPS) consists of 24 navigation '

space vehicles (SV) at an altftude of 20,182 km with an orbital
period of 12 hours. A minimum of six and a maxioum of eleven space
vehicles will be visible at one time. The Host Vehicle (HV) GPS
Recaiver/Processor Assembly (R/PA) will receive data from the GPS
apace vehicles when they are five degrees above the horizon. The
expected position and velocity accuracies for a 500 km e¢irculur polar
orbit were determlned by a camputer program at Martin Marietta and
are listed below. [Satin, 1]

Position: 12 M (19)

Velocity: .0061 M/sec (19)

Time: 9 nanosec (39)
The above time accuracy was taken from [bitnbaum, 1]. The problem of
determining the Host Vehicle's position and velocity was solved in two
phases. The first phase was to determine the GPS space vehicle ephemarii
using the ground control segment., The second phase was to determine the
Host Vehicle's position and velocity accuracies using the GPS pseudo-
range measurements for navigation purposes. The a priori user position
and velocity errors ih the radial (U), downtrack (V) and out-of-plane

(W) coordinate ar~» listed below:

U - 9144 ¥ - 30 U - 21.4 M/S - 3¢
V- 14240 M - 3o V- 7.6 M/S - 3¢
W- 2134 M- 3¢ W - 3.05 M/S - 3o




The position and velocity errors ccmputed are conservative since
it wvas later determined the error in the Earth's srav:ltationa-iw

constant was an order of magnitude too large.

4.,3.2 Host Vehicle's Command Interface to the Magnavox Receiver/

Processor Assembly - . . .

-

The Receiver/Processor Assembly receives from the Host Vehicle
external control signals, pulse commands and data commands. [APL. 1]
gives a complete description of these commandg, A summary of the
important commands is given below.

The significant external control commands are:

'o HV Thrust Flag - The R/PA accepts a command which indicates an

adjustment to the HV orbit is in progress.

e Time Strobes - The R/PA can receive four independent time strobes

@

from the Host Vehicle, For each time strobe, the R/PA time code @

generator contents are saved with the leading edge of the KV
time strobe and stored in R/PA memory for transmission to the
ground. Each HV time strobe ‘has an identification and quality
flag.

The principal function of pulse commands is to operate the systenm.
The maximum number of pulse commands is twelve. Specific functions of
the pulse command are:

® R/PA power on/off

o Select R/PA mode of operation. Mode of opetétion include

boot, comnand and navigate.

o Selection of R/PA oscillator

® Operation of R/PA time code generator

)

- 4




Date commands are used to initialize the system., Specific
datg commands are listed bélow. h

o Select data file output - The R/PA generates twelve data
files for outpﬁt. The user selects which files are to be
sent to the Host Vehicle, .

-~ @ 1Initjalize the R/PA time code generator.

e HV almanac upload - The HV almanac is required at 1n1£iaiizetion.

® GPS space vehicles almanac upload - The GPS space vehicles
almanac upload is optional., If it 18 not uploaded, it will he
collected from the GPS spsce vehicles by an almanac collection
command., The GPS space vehicle almanac is used by the R/PA for
selecting GPS space vehicles for navigation.

o Other data commands are gset receiver chaanel, set mode of opcration,

and memory dump,

4.3.3 GPS Magnavox Receiver/Processor Assembly Output to the Host Vehicle

The Host Vehicle is required to sample ten analog measurements at
least once every eight seconds and 16 binary measurements st least once
every four seconds. These measurements represent the health and status
of the R/FA,

The R/PA outputs twelve data files. Each data file is output once
every six seconds or multiple of six seconds depending upon user
requirements. As indicated in the previous section, the user can specify
which files to output. File 7 (navigation best estimate) 1is the file of
interest to OADS;.although, at the last interchange meeting at GSFC, it
was recormmended that we use both files 6 and 7 since they may merge

somertine 1n the future,

4-27
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The contents of File 7 are listed in Table lo.il. Position and
velocity in File 7 are given in the Barth Centered -~ Earth-Fixed
(ECEF) Coordinate System which is designed as follows.

TABLE 4,11 CONTENTS OF FILE 7

]
'

Rl USER TIME CODE GENERATOR MARK INDICATING WHEN THE

TIME MARKER (EPOCH 1) ON THE GPS SIGNAL ARRIVED

TDE - RECEIVER'S GPS TIME OF ARRIVAL OF EPOCH 1
X, Y, Z - USER POSITION IN THE EARTH CENTERED - EARTH-FIXED
(ECEF) COORDINATE SYSTEM
VY, - USER VELOCITY IN ECEF COORDINATE SYSTEM
¢, - USER DRAG COEFFICIENT
op? - USER POSITION VARIANCE
o2 - USER VELOCITY VARIANCE

4-28




e X is {n the true cquatorial plane in the direction of

Greeawich Meridian
® 2 is along the true earth spin axis, positive in the
Northern Hemisphere
o $o2x%
QADS requires the position and velocity im the inertial reference
frame defined in Section 3.2. The transformation between the ECEF
and inertial reference coordinate system {8 shown in Figure 4-4,
The ECEF coordinate system is identical with the Earth reference
coordinate system defined in Secticen 3.2,
A summary of the relationsh;f between the GPS Rece’ver/Processor

Agsembly and the Host Vehicle is shown {n Figure 4-5.

4-29
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‘Z (ECEP) -0
X o s o] [x | & ,
Yy = W oo 0} v AN " GREENWICH MERIDIAN PLANE
z “lo o 1 z \Y/
ECEF . \

Y

, . \ ¥ ecer)
Y

EQUATORIAL PLANE

WB = Earth Rotation Rate

tGPS & GPS Time

INERTIAL REFERENCE AND EARTH CENTERED -
EARTH FIXED COORDINATE SYSTEMS

FIGURE 4-4

Pamant

4-30




~
)

3 T e A,
.
L4

AT AT v v s S T TS S s eI S T N ey

S=% NO11

YZAIA0AY Sd9 ANV SAVO NAAMLad FOVANAINI 40 XYVIHAS

{035 9) = £ F114"]

(038 8 ® %) SAWVIS SAAIIOTE

+ SANVIHOD ‘TVNIEALX:

SANVIZ0D T0UINOD VIVd

Y

M € SI

; . ATEHASSV
YUSSIO0Ud .

, . J9IATIOTY

. Sd9

i

i

i

SANVHHOD T0¥INOD 3SINd

Savo

R /f.w;
14
\
s
S 7
& hW. K
,ﬂp.o. ,
sS o
%/e.p |
0 ,
|
|
|
-
..q [}
N
! {




5.0 MISSION PERFORMANCE STUDY

A performance study was done on the attitude determination ayatog
(ADS) for the misaions defined in Sectinn 3. Section 5.1 describes thn
simulator and the IMU and star céacker dente algorithms used {n this
study, Sensors errors are given {n Section 5.2. Section 5.3 presante the
sensitivity study done on the OADS sengors and onbosrd integrator. ‘fhe
performance regults for each mission are presented in Section 5.4.

5.1 Simulator Descriptfon

A schematic diagram of the simulator used in the performance atudy {s
shown in Figure 5-1. The system has two basic subgystems: the inertial
wmeasuremsnt unit (IrlU) subsystem and the star tracker update subsystem.
Each subsystem 18 deseribad {n the follcwing sections.

5.1.1 Inertial Measurement Unit Subsystem

A dotailed IMU block diagram is shown in Figure 5-2. Three two
degree of freedom 3ry-tuned gyros are modellad to provide redundaat
vehicle rata measurements, Pulse counts are sampled at 20 He frequency
and converted {nto angular rates in deg/sec by rate reconstruction
gsoftware. The raw chaanel output angular rates are compé#sated for
static and dynamic errors by compensation software. The 6 compensatad
angui;r rates, ubich represent a get of redundant vehicle 3-axia body
rates, will pass through the onboard data reduction processor and the
vehicle rate vector W, 18 obtained. The W, vector will be used for
attitude knowledge, star update compensation end the etrapdown {ntegrator.

As showm 1a Firure $-2, the =ate vector can alea be used for attitude

contvol of the spacecraft. A rinimm variance weighted least square

processor {s uied aa the daty red:ctlon proceasor [Yong. l] o The
reduced body rate vector gv ts fed {anto a aumerical integrator. The

qucteralon vector ia used as the {nternal state vector with peciodic updatae

ac . . ’,
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from the star tracker attitude update software. A second order Runga-
Kutta integrator --ith ; 20 H_z iategration frequency 1is cutﬁntly
selacted for the strapdown system,

5.1.2 Star Tracker Subsystem

Figure 5-3 shows the detailed star tracker algorithm block
diagram. Yong [Yon_g, 2] discusses the star update analytic details
of the star tracker subsystem.

when the star tracker(s) acquire and lock on to target atars, a
set of tim-eattached raw two axes U (vertical) and H (horizontal)
readouts sre generatad at the rate of 40 ma, Temperature and
magnetic sensitivity to the V and H reasdouts are compensated by a
10 term 3rd order polynonmial onboard compensator. Bad V & H
readings are rejected via the data editing software, When more than
ona tracker acquires a star, the V and R reading from each tracker
18 eynchronized in tiwve using the rate knowledge obtained froam the
IMD i{f the satellite possesses angular rates i{n inertial space., The
target uait vectors in the star tracker frame arc then constructed
for attitude determiaation processing. ’

A atar catalog 1s generated from SAO star catalog which contains
the right ascensioa, declination, visual magnitude and other essentiai
information, For star magnitudes of +5.0 aud brighter abecut 1500
tars will be stored onboard {f enough space {s available. A trade
study should be conducted to determine the number of stars to bes stored
ooboard for the MMS missions. Star subcatalogs are geaerated containing
stars within +5,6 degrees radius from the boresight of each tracker,

A direct matching algori+hm {s employed for atar identification betweeﬂ

the accuired target and catalog stars. Once identification is confirmad,
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" doth the target unit vector in the tracker frame and selected @
/

5.2

used

catalog stars in the inertial frame ave sent to the filter for the
gtar attitude update procesa.

A pulti-stage sequential Kalman filter was developed for the
star attitude determination system. The state variables are defined
+5 the small angle rotations between the computed (from Inh) and the
<rue vehicle body frames. The filter 1s opcrated at a frequency of 5 Hz
-z less. A meesurement equation is estsblished relating the measurement
zuantities (star unit vectors) and state variables. Through filter
srocessing a best estimate of the state variables and its error covariance
matrix is obtained. When the update of the IMU is desired, the small
error angles are converted into the quaternion errors to update the
strapdown IMU system. , ..

~engor Error Sources @

This section discusses the nominal gyro, star tracker, and GPS errors

ifn the mission performance study.
5.2.1 Gyro Errors
The nominal gyro errors used in the mission performance study
are given in Table 5.1. The nominal arrors were given by the vendor
freledyne, 1]. These nominal errors were based upon the testing of
the SDG-5 gyros in the past two years and are believed to be the
maximum possible uncertainty errors fo; the SDG-5 gyros used in the DRIRU-II
system. Explanations should be given regarding the nominal purameters
shown in Table 5.1. Pertaining to the gyro-to-gyro misalignment in
T hle 5.1, Teledyne has ind{cated that the {adividual gyro to the

%% IRU-1T mounting block r lsalignment can be measured on ground to the

imeurscev of 10 arc seconi .. This {5 an 1hsolute measurement accuracy

)
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Teledyne has been asble to achieve on ground; therefore, it should be

considered at more than 3o accuracy value. It is, however, quasticnable

that the misalignment values will remain the sama after the launch

_enviromment, flight tewperature variation, and other environmental

impacts. An onboatd calibration method has been studied by Martin

Marietta [Hartin Marietta, 1]. From the simulation results, it is

believed that we can calibrate the gyro-to-gvro misalignment to the

value of accuracy uncertainty of 20 arc seconds 2¢. This is a rather

conservative value, especially if we know the non-orthogonality as

accurate as 5 arc-seconds.

TABLE 5.1 TELEDYNE SDG-5 TDF NOMINAL ERROR PARAMETERS (20)

ERROR SQURCE ITEMS

Gyro~-to-Gyro misalignment

Scale Factor

Linearity Asymmetry
Temperature Sensitive

Nonorthogonality

Blas Drift
Temperature Drift

Motor Dynamics

Cross Coupling

Uncompensable Errors

Random Noise Standard Deviation

Temperature Variation During Simulation

ACCURACY UNCERTAINTY

20 arc-sec

1

S0 PPM
2 ppM/°F

20 arc-sec

0.001°/hr
2 PPM/OF

0.006°/hr
0.01%/hr
0.004° /hr
0.1 x 107

s°F

The SDG-5 gyro physical progerties used for the simulation are

piven {n Table 5.2,




TABLE 5.2 SDG-5 _GYRO PHYSICAL PROPERTIES

Tranaverse Moment of Inertia 2380 gtam-cmz
Polar Moment of Inertia 1600 gran-mz
Angular Momentum . lx 106 cgs unit

The lo scale factor accuracy given by the vendor is 25 PPM for
linearity and asymmetry, and 1 PPM/°F for temperature sensitive.
Assuming the ‘accuracy uacertainty foilows normal distribution, a 2¢
value is then used to represent the scale factor uncertainty. This
assumption is also used for the other error source uncertainties,

such as bias, dynamic errors, and uncompensable exrors, etc. The
nonorthogonality accuracy is taken the same as the wmisalignment

value (2C arc-seconds - 20). However, it was later learned from @
Teledyne that this value can be measured to the accuracy of S arc-
seconds - 10¢ uncertainty on ground and 1little change i{s anticipated
due to launch and flight maneuvering i{mpact. Thus, the 20 arz-second
nonorthogonality value is a very much exaggerated value to be used

for the nominal error simulation. The random noise value is obtained
from the SDG-5 gyro PSD and first difference test value conducted here
at Martin Marietta [Har:in Marietta, 2]. The value of transverse
moment of inertfa given in Table 5.2 18 computed from the SDG-5 gyro
size and configuration [Yong, 3]. '

]
5.2.2 Star Tracker Update Error Sources

The star tracker i{s u-ed to periodically update the IMU
reierence to maintain attitude determination accuracy. The attitude
upd.ate error scurces con be divided into star catalog and star tracier

i —

ereors.




§.2.2.1 Star Catalog Error '

Star position uncertainty - The average star position error for the
SAO star catalog ig 0.5 arc-second le. Thus, wve assume the 2¢ position
error 15 1 arc-aécond.. '

é:ar Motion Error.- The highest annual motion for +5 visual
magnitude and brighter stars 1f 0.75 x 10'3 deg/yr. ihis-error .
depends upon the frequency of updating the onboard star catalog., 1f
the star cataiog is updated every half year, then the maximum possible
position error due to star motion is 1.35 arc-second.

Aberration Error - Aberration is the apparent shift of the star
position due to S/C motion, and for an earth-orbiting S/C is approximately
5 arc-seconds maximum. However, this error can be estimated by a
software relation and can be estimated and reduced to 1 arc-second 2¢.

Other star related errors such as faint background, multiple star
mis-identification and quantization €rfrors are relatively small compared
to the zbove three error sources, Therefore, they are assumed negligible

and are not {ncluded in the similation error model.

5.2.2,2 Star Tracker Errors

Basic Tracker Accuracy - The BBRC-SST star tracker can achieve
10 arc-seconds (2¢) accuracy after onboard temperature, magnetic and
star intensity compensation if the S/C slew rate is lower than 0.5°/sec.
For MMS missions, the star tracker update shall always onerate during
the non-maneuvering mode, therefore, the 10 arc-second basic accuracy
can he assured [Clcvin:cr. 1].

Quantization Error - The star position of BBRC-SST is indicated
by a 12-b:t digital word for V & H and will produce an error of about

2 arc-seconds (20).

‘
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Boresight Axis Misalignment - The tracker can maintain a null _ -- @
accuracy of 10 arc seconds (20). At the time being, it 1s not certain
how unch this misalignment error can be removed from on-orbit
calibration. Thus, a 10 arc-second (2¢) misaligoment error is assumed.

T{me Tagging Error - With the S/C ia the Earth mission environment
the V & H readout time differential must be compensated by knowing the
orbital rate vector in the tracker trame. Asguming the time tagging
accuracy of 5 ma and the rate error of 0.1 x 10'?°/sec, this error is
negligible.

The star tracker basic acctfracy, quantization and boresight mis- :
alignment errors are modelled in the simulation program. The time

tagging error, although unimportant in the MMS case, is also modelled.

The significant star tracker update error sources:are summarized in

Table 5.3. @

ERROR SOURCE N ERROR LEEL (20) ARC SEC

Star Catalog Error
Position Uncertainty - ; 1.0
Star Motion Error 1.35
Abexrration Error 1.0

Star Tracker Error

Basic Accuracy 10 -
Quantization 2
Boresight Axis Misalignment 10

TABLE 5.3 STAR UFDATE ERROR SOURCE SUMMARY TABLE

5.2.3 Global Positioning System Orbit Errors

The glob1l positioning system errors used in thevinission performance,
stuly are listed i+ Towin 5.4 [S itin, 1._‘. . The satellites position and- -
velocity errors in the performance study were modelled using a Gaussien

distrivicion.
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TABLE 5.4 GPS ORBIT ERRORS USFD IN PERFORMANCE STUDY

Position 24 o (20) ' T -

Velocity «0122 w/gec (2¢)
Time 18 nano sec (20)

As indicated in Section 4.3, the GPS Magnavox receiver sends to the
user position, velocity, and time every six seconde. The errors ir
Table 5.4 apply only to the beginning of the six-second interval.
Between the six-second intervals, the user satellite's orbital position
and velocity deteriorates. The amouant of deterioration depends upun
the onboard orbit propagator accuracy. How much the user orbit accuracy
deteriorates and the effect on the satellite’s attitude i{s discussed in
Section 5.4.4.
5.3 Sensitivity Study
A sensitivity study was done on several integration methods, gyro
- errors, star tracker errors, and orbit errors. Results are presented in the
following sections. The pointing error angle used in the Earth missions and
gensitivity study 1s defined as the RSS value of the pitch and roll error
angles. The pointing error used in the solar and stellar missions 'is defined
as the RSS value of the right ascension and declination error angles.

5,3,1 * Maneuver Profiles

The maneuver profiles used in the performance and sensitivity
studies are shown in Figure 5-4. The sensitivity study maneuver
profile was the 2°/sec., 20 depree maneuver for a 400 km circular orbit,
The fnitial att£CuJ§ state was zero yaw and roll errors with a .004

degree pitch error., All mancuv?rs were along the pitch axis.
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5.3.2 Sensitivity Due to Numerical Integration

Three numerical integration methods were investigated to
determine whi:h integration method provided the best pointing
asccuracy with a nintmnm computational requirement. The three
1nteg§ation nethods were first order Taylor expansion, second order
Runga-Kutta and fourth order Runga-Kutta. The sensitivity study
maneuver profile discussed in Section 5.3.1 and nominal gyro and orbit
parameters discussed in Section 5.2 were uged. The crirericn used in
determining which in*egration method and step size would be satisfactory
was to maintasn a pointing error of less than .01 degree duri-g the
2 deg/sec maneuver, for a 400 km circular orbit,

Tne results of the study are shown in Table 5.5. From Table 5.5
the first order Taylor expansion method did not satisfy the pointing
requirement. The second and fourth order Runga-Kutta methods do satisfy
the pointing requirement for integration stepsizes of 0.05 and J.01
seconds and give nearly identical results.

Because the effect of the control system on the satellite attitude
motion is unknown and high frequency motion may exist, the 0.05 second
integration stepsize was selected. Since the second order Runga-Kutta
method requires less computations and storage than the fourth-order
Runga-Kutta, the second order Runga-Kutta method was selected with the
fixed integration stepsize of 0.05 seconds, for use in the performance
study as well as the OADS onboard integration requirement,

The integration error occurs from the size of the intcgration
stepsize (truncation error) and for a maneuver whether the start time
of the integration interval coincides with the start time of the

maneuver acceleration phase [Yong, 1] . The latter errcr is {llustrated

5-13




{n Figure 5-5. As gshown in Figura 5-5 (a) the start of the
integration interval coincides with the start of the accelération
phase and no integration error occurs. In Figure 5-5 (b) the stert
occurs before the acceleration phase and an integration error {is
introduced. Since it is doubtful the integration interval will
start at the acceleration phase or any attempt vili be made to

coordinate with the start of the integration interval and maneuver-

acceleration phare, this type of integration error should be considered.

This error can be reduced by using a small integration stepsize.
For the OADS study, the 0.05 integration stepsize was chosen tn

handle the above errors and still maintain a 0.01 degree pointing

accuracy for a maneuver rate of 2%°/sec. If the maneuver rate is lower

or a constant rate exists, a larger stepsize can be used. Therefore,

for CADS-type missions it may be desirable to have the capability to

change the integration stepsize onboard as a function of sensed rates or
by ground command for different maneuver and tracking aeqdénces. Studies

will be required to determine the effcct of changing integration step-

sizes on the satellite computer configuration since less computing

power would be requiied at a larger integration stepsize. This would

also have an impact on the upe.ational aspects of the missions.

5.3.3 Gyro Error Sensitivity Analysis

Sensitivity of various gyro error sources were studied using the

maneuver profile discussed in Section 5.3.1. The gyro error

-~

parameter uncertainty values in Table 5,1 were used as the nominal case.
Sicmulation runs were wade 5y settliag each individual errov source to
zero while the other error sources remained at the nominal value. The

result on the pointing error oif zeroing edch error source is compared

®

O

N

- -




RATE LEVEL

RATE LEVEL

At = Integration Stepsize

At t

INDUCED INTEGRATION ERROR

(2nd Order R-l%

ot §at

INTEGRATION ERROR DIAGRAM

FIGURE 5-5

L

',




S321Sd31S NOILVHOAINI SNOIYVA LV SYOLVHYOIINI SNOIUVA ¥OJ HONMYI ONIINIOd 6°§ F19VL

o

€10°0 %20°0 ---- 0z°0
800°0 8Cc°0 s01°0 01°0
L00°0 L00°0 $50°0 $0°0
VLLI-VONNY VLI~ VONAY NOISNVAX3 (sanoo3s)
Y3IQUO HLY ¥AQUO aNZ YOTAYL 221S431S
¥2mio 1st NOILIVYOAINI ;
(3F453A) WOWHA ONTINIOI WARIXVR

IR




e ——— ————n - - -

wvith the pointing exrvor of the nomival case. The purpose of this
senaftivity analysis is to see vhat are the dominaat arror sources
for the type of misa’on being considered, The results sre given in _
Table 5.6. As shown by the table, the scale factor, gyro-to-gyre
misaligomant and nonorthogonsiity are the dominant error sources. A
sensitivity atudy on the three dominan. error sources vas conducted
The results are p;eeented below.

Gyro Scale Factor Error - The nominal 2a scale factor value is 50 PPM
for linearity and asymmetry, 2 PPM/°F for temperature sensicivicy. The
linearity and asymmetry are the domipnant error sources compared to the
temperature sensitivity in the scale factor sensitivity etudy; therefore,
only the lineacity and asymmetry scale factor {8 varied except at zero
vhen both are get equal vo zero. The range of variation is from 0 to
200 PPM and the result is shown {n Figure 5-6.

Gyro-to-Gyro Misalignment Error - The ascumed nominal 2a gyro-to-

gyro ulaslignmeni value 1is 19 arc-seconds. As indicated by Teledyne
[‘l'eledyne, 1] this ie a conservative migsalignmant accuracy uncettalnt’;
from on-orbif calibration. Assumptions are made that the misalignment
value .can be compensated by the onboard compensator to a valus of 20
arc second uncertainty. The range of misalignment variation {s from
0 to 40 arc-seconds for all three gyros in the DRIRU~II sysfems‘. The
results are shown in Figure 5-7, ’

Nonorthogonalicr Errer - The anominal 2u nonsrthogonality error s
20 arc~seconds. The error was varied from O to 40 arc-seconds and

the recults are shown in Figure 5-8,

5-17
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. TABLE 5.6 POINTING ERROR FOR EACH INDIVIDUAL GYRO ERROK TEPM

Cyro Error Term - Pointing Error Difference -

From the Nominel-€ase—
- « * =  “""lare-sec-20)

Scale Factor 3.768

Gyro-to~Gyro Misaligmment 2,312

Nonorthogonality 1.270

Drift Bias 0.251

Motor Dynamics 0.0

-Random Noise 0.011 .

Dynamic Errors .0.018
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POINTING ERROR (ARC-~SEC 24)
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POINTING ERROR (24) AS A FUNCTION OF SCALE FACTOR

FiGURE 5-6
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POINTING ERROR {(2¢) AS A FUNCTION OF GYRO NONORTHOGONALITY ERROR
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. %.3.4 Star Tracker Update Error Sensitivity Analysis

Aa indicated in the previous sections, the star trackgr undate @
is employed when the pointing error reaches a certain value by using
the MU strapdown integration alone and while the S/C 1is in orbital
rate or in a vertically fixed condition. After the tracker acdui;ee the
stars, the compensated and edited V and H readout of the target star is
processed by a Knlyan filter processor after a star in the catalog is
identified. Assume the star tracker update is activated when the pointing
error of IMU determination approaches 0.01 degrees and the Kalman
filtering update frequency is S Hz. After & seconds of continuous star
acquisition, the pointing error is reduced to 0,004 degrees (14.4 arc sec).

Although further star acquisition continues, there i3 little improvemant {n

the performance results, (The filter converges rather slowly after the

first 4 seconds.) This result indicates that if continuous star infor- <::E?
mation is ¢vailable (fo. SST tracker, this is highly possible), the star
tracker updute software package needs to be activated only & - 10 seconds
after the initial star acquisitiom. -

The star update errors discusged in Section 5.2,.2 are all modelled
as Gaussian white noise except the boresight axis misalignment, which {s
treated as bias error. Sensitivity analysis has beén conducted on the

star update rclated errors and the result is summarized in Table 5.7.

TABLE 5.7 STAR UPDATE ERROR SOURCE SENSITIVITY

Percentage of Error Condition

Boresight axis misalignment 72
Basic V & H readout accuracy 17
Star catalog related criors 8

Others g 3
()




o

As fndicated in the table, bdoresight axis misalignment {s the
dominant error source for star tracker update. Improvement of-
performance 18 anticipated if better informatioa can be achieved from
periodic calibration procedure on this bias error.

5.3.5 Orbit Errors Sensitivity Analysis

The orbit errors consist of an error from the onboard orbit
generator when it computes the satellite's position and velocity between
the GPS receiver six seconds update interval and the GPS receiver time,
position, and velocity errors.

Two oaboard orbit generators were investigated:. a two-body orbit
generator and a position and velocity propagator. The two-body
orbit generator inputs Keplerian elements and outputs position and
velocity. The position and velocity propagator computes an acceleration
from the current and previous GPS velocity. Usinz the current position,
velocity and the acceleration, the position and velocity propagator
computes the satellite position and velocity. The algorithm for the
pogition and velocity propagator is listed in Pigure 5-9.

To determine the accuracy of the above orbit generators, a six-
second computer run was done using the Goddard Trajectory Determinagton
System (GIDS) [GCoddard, 1}simulation orbit as the true orbits A 12th
order Cowell/Adams predictor-corrector integration scheme with a 9th
order polynomiel geopotential mod;I was used in GIDS to integrate
the Cowell equations of motion., A comparison of the GTDS orbit to the
two-body o;bit generator and the position and velocity propagator with
a stepsize of .05 sec at the end of six seconds given in lable 5.8,

As can bhe seen in Table 5.8. the errors from either method are small,

Since the two-body orbit gencrator requires a large amount of computation,

5«23 : -




the posit!- and velocity propagator was selected as the GADS onboard @
-orbtt generator. )
The results for the orbit position and velocity propagator, as
shown in Table 5.8, are based on computing a new posttio; and
velocity every 50 ms. Since the orbit position and velocity may
not be required every 50 ms (or the onbserd computer may not be
able to compute position and velocity every 50 ms); a study was
done to determine the effect on position and velocity if the stepsize
was increased., No difference in the velocity errors occurs for
various stepsizes when using the position and velocity propagator.
For all cases, the velocity error was 0.4 m/sec. The posit}on errors -
for various stepsizes are presented in Figure 5-10.

The satellite position and velocity errors from the Global

by

Positioning System listed in Table 5.4 were modelled in the @
simulation as a Gaussian distribution and added to the position and

velocity propagator output. A sensitivity study using the designated
maneuver profile was done on the GPS errors by varying the nominal

20 values from 1 to 10 times the nominal values. Using the nominal

orbit errors the eftfect on the pointing error angle was 0.73 arc sec.
Increasing the orbit error 10 times results in a pointing error of

6.83 arc sec. From the above results it was determined that the nominal
orbit errors have a relatively insignificant effect on the satellite's
pointing error.

5.4 Nominal Performance Results

The proposed OADS attitude determination procedure is to use the MU
straprown package as primary scnsor to continuously provide the refereace -.

10i0rmulion trom the rate integrdation. As the reference accuracy gradually .
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CGiven:
. Position (Pi-l." Velocity “’1-1’ and time (ti.-l)
Position (P‘), Velocity (Vi) and time (tt)
A » Accelerstion
At = Stepsize
a) Compute Acceleration
Agm O (v -V e () (&g -8y )
Ay - (vy () - vy (e N/ (e - ¢, )
Az ® (vz (tt) " Ve (ti-l))/ (ti N ti-l)
° b) Compute Velocity
v; - Vx *-Ax at
- + A t
v} vy v a
Vz = Vz + A‘ at
c¢) Compute Position
P; - Px + Vx At
P =P +V at
y y y
Pz - Pz + Vz at
3 FIGURE 5-9 POSITION AND VELOCITY PROPAGATOR ALGORITHM
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ONBOARD ORBIT GENERATORS
DIFFERENCE FROM TWO BODY POSITION AND
GIDS AT END OF ORBIT VELOCITY
SIX SECONDS GENERATOR PROPAGATOR
BPOSITION
(ERROR (m) 0.202 1.54
VELOCITY
ERROR (m/sec) 0.061 0.40

TABLE 5.8  COMPARISO! OF MOTCSID OMRCARD O2BIT GEWERATORS TO GTDS
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5.6 Nominal Performance Results - (Continued) @
deteriorates due to the cumulated gyro errors, the star zr;cker will be
activated to update the reference information after star acquisition and

the filtering process. By properly mounting the star trackers such that

the tracker data will not be reduced significantly by Earth, sun, or bad
geometrf the star updatg performance is relatively independent of the

three different MMS missions.' However, the orbit rate corvection reduced

the error in the earth mission, which is relatively small as indicated by

the error sensitivity analysis. With the error parameter values described

in ‘Table 5.3, the star update giveg 0.004% (14.4 arc sec) 2¢ pointing accuracy
after a continuous sighting of stars, Thus, the performance analysis in the
following paragraphs 19‘;oncentrattng on the primry attitude determination

sensor, the IMJ, The pexformance study determined what was the resultant error
efter a_certain type of maneuver under different mission environments and the @
time interval between star tracker updates,
Performance resalts are presented in the following sections for the
Earth, stellar and solar missions. Due to the star tracker update accuracy,
an initial attitude error of 0.004 degree along the pitch axis is imposed on
all missions being studied. All maneuvers were along the pitch axis using
the maneuver profiles discussed in Section 5.4.1, The nominal sensor errors

discusgsed in Section 5.3 were used.

5.4.1 Nominal Earth Mission Performance Results

The earth missions of interest are 400 km, 705.3 km, and 2000 km
orbits at inclinations of 56, 98.2, and 56 degr ‘es, respectively. -
Performance results for nadir tracking, 5°/ninute and 2%/sec
mancuver profiles defined in Section 2.1 are presented in Tables

5.9 - 5.13, Tables 5.10 - 5,13 present the performance results for ~—
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each vaneuver profile at the different altitudes. Table 5.9
pressnts the three maneuvers for LANDSAT-D (705.3 km altitude,
98.2 degrees inclination). As shown in Table 5.9, the pointing -
error rate decreases as the maneuver rate decreases. This occurs
because the effect of the gyro scale factor errors and gyro-to-gyro
misalignzent errors are directly related to the body rates. From the
sensiti{vity study, Section 5.3.3, the above gyros errors were the most
gignificant. ‘

The pointing error rate provides a way to determine how often
the attitude state needs to be updated by the star tracker. Assumig
the nominal mission gequirement is to maintain a pointing error of .01

degree and c star tracker accuracy of .004 degrees, the pointing error

change between star tracker updates is 0.006 degree. The time interval

between star tracker updates for each study case was computed and is

presented in Table 5.14. Table 5.14 shows that as the maneuver rate
incresses for a specific orbit, the more frequent attitude updates
become. This occurs because the gyro errors are directly related to

the satellite body rates as discussed above. As the satellites altitude
increases, the orbital rate decreases resulting in a lower pointing
error rate and longer time intervals between star tracker updates. Thus;
the lower the orbit and the higher the maneuver rate, the more frequent
star tracker updatea will be required for each Earth type.mission.

S5.4.2 Nominal Stellar Mission Performance Results

The stellar miasions investigated were 400 and 2000 im at an
inclination of 28.5 degrces. The star lock and dwell maneuver was
sioulated by coumanding a neyative ‘pitch rate. The vesulting potnting
error, pointing error rates, and time between star tracker updates are

presented in Table 5,15.
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e e S are =~y e vy Y S SvA_ -
s A -

LANDSAT-D CRBIT PERFORMANCE RESULTS FOR VARIOUS MANEUVER RATES

TIANDSAT-D ORBIT

ALTITUDE = 705.3 km
INCLINATION = 98,2 D-og

NADIR s° MINUTE 2° /SECOND
TRACKING 20° MANEUVER 20° MANEUVER -
60 SECONDS 245 SECONDS 13 SECONDS
FINAL PIICH -
ERROR (ARC-SEC) 15.11 24.59 19.21
FINAL POINTING i
ERROR (ARC-SEC) 15.14 25.87 20.33
IATITUDE ERROR :
(ARC-SEC) 1.88 3.129 2.10
LONGITUDE ERROR .
ARC-SEC) 0.14 0.52 0.65
ALTITUDE ERROR :
on 24.0 25.0 25.0
POINTING ERROR
RATE (ARC-SEC/SEC) 0.012 0.047 0.46
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TABLE S$.10  NADIR TRACKING PERFORMANCE RESULTS FOR EARTH MISSIONS

NADIR TRACKING RESULTS FOR THE EARTH MISSION

2000 km

400 km 705.3 km
1 = 56° i = 98.2° i = 56°
60 SECONDS 60 SECONDS 60 SECONDS
FINAL PITCH
ERROR (ARC-EEC) 15.43 15.11 14.86
FINAL POINTING
ERROR (ARC-SEC) 15.46 15.1 14,87
LATITUDE BRROR -
(ARC-SEC) 1,40 1.88 3.60
LONGITUDE SRROR
(ARC-SEC) 10 16 0. 14 " 3 -57
ALTITUDE ERROR .
) 25.0 24.0 22.0

POINTING ERROR
RATE (ARC-SEC/SEC) 0.018 0._012 0.0078
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TABLE S.11 _ PERFORMANCE RESULTS FOR A 20 DEGREE MANEUVER AT 5°/MINUTE
= FOR THE 490 %m AND 705.3 km -AR7H_MISSIONS

S°/MINUTE - 20° MANEUVER - 245 SECONDS
P—
400 kn 705.3 km
1 = 56° { - 98,2°
FINAL PITCH
ERROR (ARC-SEC) 27.63 24.59
FINAJ. POTNTING
ERROX (ARC-SEC) 27.67 25.87
LATITUDE ERROR )
(ARC-SEC) 1.3 3.29
LONGITUDE )
ERROR (ARC-SEC) 1.56 0.52
ALTITUDE ERROM
™) 25.0 25.0
POINTING ERROR
RATE (ARC-SEC/SEC) -054 - 047
5-12
/c' i




TABLEZ 5.12  PELFORMANCE PESULTS FOR A 20 DECREE MANEUVER AT 2°/SECOND
FOR THE 400 km AND 705.3 km EARTH MISSIONS
2°/SECOND - 20° MANEUVER - 13 SECONDS
400 kn 705.3 lm
1 = 56° 1 - 98.2°
FINAL PITCH = ..
ERROR (ARC-SEC) 264,33 19.21
FINAL POINTING ' I
ERROR (ARC-SEC) 24.35 .~ 20,33
IATITUDE ERROR ,
(ARC-SEC) 1.12 2.10
LONGITUDE ERROR
(ARC-SEC) 0.79 0.65
ALTITUDE ERROR
™) 26.0 25.0

POINTING ERROR
RATE (ARC-SEC/SEC) .77 .Y

i
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TABLE 5.13 PERFORMANCE RESULTS FOR A 5° MANEUVER AT 5°/MINUTE
AND 2°/SECOND FOR THE 2000 km EARTH MISSION

5° MANEUVER, ALTITUDE=2000 km 1 « 56°
(o] o
5° /MINUTE 2° /SECOND
(64 SECONDS) (6.5 SECONDS)
S
PINAL PITCH ERROR
(ARC-SEC) 18.06 16.77
FINAL POINTING
ERROR (ARC-SEC) 18.09 16.78
IATLTUDE ERROR
(ARC-SEC) 4.21 . 3.9
LONGITUDE ERROR .
(ARC-SEC) 3.96 - 3.61
ALTITUDE ERROR
) 25.0 26.0
POINTING ERROR
5-34
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TABIE 5.14 TIME BETWEEN STAR TRACKER UFDATES FOR THE EARTH MISSIONS

TIME BETWEEN STAR TRACKER UPDATES
QMINUTES)
ORBIT NADIR 5° HaNuUTE 2° /SECOND
ALTITUDE (km) | TRACKING MANEUVER MANEUVER
, 400.0 20.00 6.67 0.47
705.3 30.00 7.66 0.78
2000.0 46.15 #6.21 0.97

*This data is based on a 64 sec Solmin.. 5° maneuver instead of 20° -
maneuver at 400 km and 705.3 km which has larger scale factor error

effect

5-35
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5.4.3 Nominal Solar Mission Performance Results _ @

The solar missions investigated were 400 km and 2000 km at an
tnclination of 28.5 degrees. The sun lock and small ecan maneuvers
vere investigated. The sun loock is the same as the star lock and the
results are presented in Table 5.15. The small scan mneuv;er vas
simulated by scanning .5 degrees (the diameter of the sun) at 5°/mtnute,
Associated pointing error, pointing error rate, and time between star
updates is presented in Table 5-16.

5.4.4 Summary ‘

Based upon t‘he sensitivity and performance results, the following
obsexrvations can bde made. ‘

(a) The proposed On-board Attitude Determination System consisting
of RASA Standard MU (DRIRU-II), NASA Standard ster tracker (SST), and
GPS receiver, with the described attitude determination procedure and @
algorithms, is capable of providing precision on-board attitude information
for all these MMS missions (Earth, solar and stcllar).

(db) The most significant IMU errors due to maneuvers are scale
factors and -gyro misalignmznt. 1In non-slewing environments, bias ‘;!rift
is more important.

(c) The most significant star tracker error is boresight axis
misalignment. Significant improvement of performance is anticipated
if better knowledge of this error is available.

(d) If the Global Pointing System is able to maintain its specified
accuracy, the impact to the OADS accuracy is insignificant.

(e) As expected, the Earth mission i{s the most demanding oae
among the MMS missions for QADS system. For the same maqeyuvering sequenci
the 400 km altitude Earth mission requires the most frequent updates by !
star trackers.,

=30
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(£) As the spacecraft altitude increases, the time required for
star update to maintaia a certain accuracy level also increases. The
QADS performance is independent to the change of orbit plane inclination.

(g) As the um;euver rate increases, the require time interval
between star updéie decreages due to large IMJ error buildup during

’
maAneuvers.
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6.0 MICRGPROCESSOR SOFTWARE ANALYSIS ]

This section describes our software aéalysia for a wlcrOpzocgssOt
based spaceborne attitude control system. PFigure 6-1 illustrate; the
O0ADS elements which we have examined. A timing analysis was pecformed to
detervine what throughput could be expected and whether this throughput
was coasistent with OADS objectives. To perform the detailed timing

analysis, the actual code was written for a baselire configuration containing
Intal 8080 microprocessors and Advanced Micro Devices AM 9511 arithmetic 4
proceagsor units. There were two reasons for chosing this configuratton.
,First, these devices are representutive of current large-scale integratinn
(LSI) fabrication technolugy. Secondly, because the devices are N-Channel
silicon gate metal oxide semiconductor (NMOS) *echnology, the 8080 and

AM 9511 are relatively power conse:vative;~moderace speed devices. This
latter characteristic helps to provide conservative timing e~stimates,
Section 7 discusses the hardware aspects of our baseline configuration as
well ;s the use of other types of fabrication techaology in Spaceborﬁe
processing applications such as QADS.

The following paragraphs describe the results of our software analyais
of an OADS microprocessor system. Although star tracker processing is only
performed a few times per orbit, very fast processing is required whea star
tracker measurements are being taken. We, therefore, performed a special IRU
and star tracker integration analysis to insure thait petiorman;e objectives
could be maintained. Total system integration, involving all QADS processing
.elements, 18 described at the end of this section.

6.1 IRU Analysis

Figure 6-2 shows the five steps required for IRU processit,. Previous

analysis showed that-rhe gyr> inputs were to Ye sampled every 50 milliseconds (ms).
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This implies a 50 ms cycle time cor IRU processing, however, the

quaternion must be produced as early as possible to minimize the {mpact
on star tracker processing.

The algorithms associated with IRU processing are: data edit, rate
computation, compensation, data reduction, and integration. Although there
are many methods of editing gyro data and isolating bad readings, the
algorithm used in our timing analysis simply consisted of reading six gyro
input channels and checking that the readings be between. preiefined maximum
and ninimum values. Rate computation consist of differencing consecutive
gyro readings and wmultiplying this value by the rotation rate. Since the
gyros are sampled at fixed time intervals, the rate conversion factor is a
_eonstant. The equation therefore becomes:

Ve - K

For six values of W, compensation is necessary to correct channel race @
measuremeats for static and dynamic gyro errors (see Section 5). Two
equations must be evaluated:
a ] - - - t
ch A (Hx pzwy + Py "z By B waz + C' Hy}
and

W =E' + (o, + - - -
e E (wy (», Uez)"x e W, B’t B’ Hywz+c"wy)

for three values of wxc and three values of wyc' The data reduction algorithm

is a least squares algorithm for computing body rates from the corrected gyro

measurements, The equation is of the form:

[+]- <[][][] Il (]

Once Jdata veduction is periermud, 1t is then possible to evaluate the

quaternion differential equation using a second order Runga-l\utta integration. .

[LTYA
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The equations involved with this step are of the form:

ol e ] T
] (a0
R Gl ¥ G L)
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For a more detailed explanation of the algorithms associated with IRU :

wvhere

processing, the reader should consult Section S.-

As can be easily seen from the algorithms just summarized, IRU processing
1s a computational oriented problem. Microprocessors have for some ysars bean
used as circuit simplification devices as well as {n many small process
control applications. Only recently have the computational capabilities of these
these devices been examined for use in applications such as CADS. The Intel
8080 microprocessor is an 8-bit general-purpose processing unit. Its rglacively
primitive 1nstr§ction set (as compared to miniccmputers) makes the 8080
undesirable for performing the arithmetic co;;utational réﬁuireﬁenés needed
for on-board attitude determination. The Am9511, on the other hand, is
tailored to performing arithmetic computations (refer to Appendix I) but fts
data management capabilities are extremely limited. IRU processing vas,
therefore, initially analyzed for a system containing both an 8080 and an
Am9511.

In our analysis, worst case timing was always used.  For example, a

floating point eddition $n the Am951]1 requires between 28 and 175 microseconds

Jepending on normalization. A high deéfte'oi confidence can be placed in the

results we obtained since our analysis used not only conservative tlming

,I'./ ) i
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estimates for individual instructions but also because all of the @
algorithms were coded at the instruction level without any attempt to
optimize the code. The following table shows the results of our timing

_ analysis.

TABLE 6.1  FSTIMATED IRU THROUGHPUT USING SINGLE APU

ALGORITHM PROCESSING ACCUMULATIVE PROCESSING

ALGORITHM TIME (ms) - TDME (ms) 2
Data Edit S .132 J132
Rate Computation . <157 . 2.289
Compensation ' 15.242 15.531
Data Reduction 21.534 37.065
Integration 12,924 49.989

Wae detarmined that all nominal IRU processing can be accomplished by
one 8080 microprocessor and one Am9511 arithmetic processor in 49.989 ms. @
Although it is interesting to note that this NMOS configuration is capable
of meeting IRU throughput requirements (50 ms), the analysis shows that there
is virtually no room for expansion.

It was initially felt that OADS processing could use a multiple micro-
processor configuration to improve throughput by parallel processing.
Assuming that parallelisms exist in the IRU algorithms, dual microcomputers,
each consisting of an 8080 and Am9511, could be 1mp1émented to improve IRU
processing throughput. There is, however, an alternate configuration which
proved to be much more favorable. Figure 6-3a shows the microprocessor unit
(MPU) and arithmetic processing unit (APU) activities durirg a segment of IRU
processing; The gaps in this timeline figure represent periods during which
a device (MPU or APU) canrot perform usefu’ work because it is waiting on v

data “eing used by the other device. To illustrate how much this conliguratiovn

“
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characteristic was degrading throughput, a processor efficiency term
was calculated. This term, E, was Jefined as the amount of time a
processor was performing useful work divided by the total algorithm
processing time. Processor efficiency in the single MPU, single APU
configuration is shown in the following table.

TABLE 6.2  PROCESSOR EFFICIENCY IN SINGLE APU SYSTEM

ALGORITHM EFFICIENCY ACCUMULATIVE EFFICIENCY

ALGORITHM EMPU EARU EMPU EAPU.
Data Edit 1.0 0.0 1.0 0.0

Rate Computation .46 .54 .49 .51
Compensat ion .33 ' .67 .36 .64
Data Reduction .34 .66 .35 .65
Integration .38 .62 .36 .6?

As can be seen in the table, during IRU processing the 8080 {s
performing useful work only 36% of the time while the Am9511 is busy 64%.

This fact, combined with the timeline characteristics (see Figure 6-3a),
suggest that throughput could be 1ncféased significantly by the addition of
a gsecond APU. Such a multiple APU configuration can take advantage of
parallelisms in the IRU algorithms but would be much less complex, in both

hardware and software terms, than a dual microcomputer configuration.

'
r—— faata s TN TSN LA

Figure 6-3b illustrates the overlapped processing that can be obtained in the

single MPU, dual APU configuration. The following table shows the results of

the software timing enalysis of the dual APU system.
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TABLE 6.3  ESTIMATED IRU THROUCHPUT IN DUAL APU SYSTEM

ALGORITHM PROCESSING ‘ ACCUMULATIVE PROCESSING
ALGORTTI —IDE (ms) TDE (us)_ ok
Data Edit .132 132 -
Rate Computation 1.245 1.377
Compensation 7.198 : ’ 8.575
Data Reduction 13.521 ‘ 22.096
Integration 7.324 : 29.42

In our klning analyses, numrerous ways were found to code the software
‘and obtain different degrezes of overlapped execution, Jo attempt was made
to optimize parallel execution and the results of our analysis for the dual
APU configuration are even more conservative than for the single APU
configuration. Two performance items are important in the dual APU configuration.
First, MPU and APU efficiency are ouch closer., Accumslative Pmpu 135 .61 and
accumulative Fapu 1s .56. This means that although performance may be further
improved by adding arother micrcprocessor or arithmetic processor, the
improvement would not be dramatic. Secondly, the 29.42 millisecond accumulative
IRU processiag time represents 607, machine utilization.—eAlthough many flight
computer designs are based on timing estimates showing 507 machine utilizatlon.
we do not feel this extra safety margin would be necessary in an IRU micro-
computer system. Most flight computers are in%ended to be general purpose
systems whose processing requirements ares dependent on total spacecraft
engineering and sclence needs, These needs may change during the mission
and the general purpose flight computer must accommodate these changes. An
IRU microcomputer system is dependent only on IRU processing requirements.

The microcomputer handles a very limited and (hopefully) well-defined requirement.

6-9
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Purthermore, changes in these requirements during a mission are limited by

the fact that the IRU mtcrocomputer will have limited interfaces to other'
spacecraft subsystems., For these reasons and because very conservative
timing estimates were used, 60% wmicrocomputer utilization appears to be

very reasonable.

6.2 Star Tracker Software Analysis .
Figure 6-4 shows the steps involved i{n processing dgta from a sinéle

star tracger. There are basically ten algorithm sets involved. The first

of these algorithms is to simply read the star tracker and convert V & H

grid values to engineering units. This is a straightforward conversion

process:
V.=V *®
E lcV

By =B * Ky -

Once V and H are computed in engineering units, it 18 necessary to synchrontz@

the readout by "moving” the V ard H values forward or backward in time. This

is necessary if a quaternion, a3 supplied by the Ikv, is to be used in star

rate must be computed,

R R Y L

and converted into the star tracker reference frame,

[t « = el [ »

The synchronized V and H values may theu be calculated.

|
|
tracker processing. To synchronize the V and H reading, the average gyro

VS-VE+WzsAt. -

Hg = Mg + Wyg st

()

ik
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Siogce star tracker readouts are sensitive to both temperature and E @
wmagnatic field, compensation is required. To accomplish this temperat;:re -
and magnetometer readfng must be made and using these valt:les 1nt‘e;:polatton
in lookup tables is performed to determine twenty correction coefficients.
Compensated V and H values may then be obtained using the following
cquations: )

V. =C, +CV .+cvz+cv3+c5vszns+c6vsasz+c,ns3+

c 1 2'S 3s 4's
2

Cglls” + Gl + C) BV
2 3 2 3 2
Hywd +ay +av2sav’e dsvszﬁs +ayp’ean’sant+

dg Hg + d,gfVs '

Jhere c1 and 4 g are compensation coefficients computed by linear interpolation

Zn lookup tables. @
After compensation, the data should be edited as was done in IRU

processing. This simply involves insuring that Vc and He lie between

minimm and maxivum limits. To perform star identification, it is necessary

to convert Vc and He values to inertial right ascension and declination.

This is accomplished as follows:

S - -
[s] sin Hc cos vc

cos llc cos Vc .

-gin Vc

()

147
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\ c 2_2_2 2 ,
E {" 91 "9z 93+, 29,9, ¥ 9,390 a5 - 6y9,) ]

2 2
20,9, - 9,9, 9,0y Ny 2,9, 44,9,

' 22, 2 2
| 2(q,q, + q,9,) 2(q,q, = 9,9,) “q) “q; +qy*q,

where qi 1s an element of quaternion to which V and H were previously

synchronized. Then,

ARAISIR

,and .
a = tan'l (s,/8,)
VH 2'7)
R -1
Son ® ain (53)
<:::; Knowing the right ascension and declination associated with V and H readings,

it is possible to search a star catalog and determine what star is in the
tracker’s field of view. This i{s accomplished by determining which star has
a right ascension and declination closest to that predicted by the V and H
readings. Therefore,xthe equation:

Dp = (4g = o)’ + (5 - s’

must be evaluated for every candidate star i{n the catalog. After the proper
star has been {dentifi{.d, a Kalman filter process is used to correct the
quaternion for the difference between the known attitude frame and the ideal
attitude frame. The equations associated with the Kalman filter process are

shown below:

P -

[G] - -co8 Hc cos Vc sin Hc sin Vc

O -sin K, sin Ve -cos Hc sin V,
L_ 0 -cos Vc |

[ s
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Once the updated quaternion has been produced, it will be necessary @
to integrate it forward in time to catch up with the IRV processing that
has becn going on asynchronously. The same Runga-Kutta integrator that
was used in IRU processing is used again {a this phase. In this case,
however, an average gyro rate evaluated cver the las* N IRU‘ processing cycles

will be used. For.a more detailed discussion of the star tracker algorithms,

. r

consult Section 5.

We performed the software timing analysis by writing the actual code
needed in star tracker processing. Baseline configurations containing a
single 8080 microprocessor and one or two Am9511 arithmetic processors were

evaluated just as in the IRU t.ming analysis. Worst case instruction execution

times were ugsed and no attempt was made to optimize wverlapped execution {n the

dual APU configuration. The individual processing times for the star

tracker algorithms are as follows: Q

TABLE 6.4 ESTIMATED STAR TRACKER THROUGHPUT

SINGLE APU PROCESSING DUAL APU PROCESSING

ALGORTYHM TIME (ms) TIME (ms)

Units Conversion 20.612 20.3605
Synchronization 4,233 2.551

Compensation 27.970 19.987

Data Edit .G9% T .09 -
Inertial Conversion 29.92 16.83

Star Identification ‘ 142,776 74.526

Kalman Filter 133.0745 83.179

Integrazion 15.676 9.159




The following characteristics ware assumed in genevating these timing
estimstes. First, there is a 20 millisecond latency between V and H readouts.
Secondly, the lookup tubles used for compensation contained 100 entries each.
Finally, the star identification algorithm is based on a search of 100 star
catalog entries. Although there are approximately 1500 stars of magnitude
five, it will be shown in a later paragraph that searching the entire catalog
is not necessary.

The primary difference between IRU processing and star tracker processing
1s that star tracker processing is 3 two-phase problem. The first phase
’1nvolves determining Jhac star 18 in the tracker's fleld of view. Our )
analysis shows that it requires over 1100 milliseconds to accomplish a ifnear
search of a star catalog containing 1500 stars (using a dual APU configuration).
This time might b2 reduced by using a binary search, however, the 8080
microprocessor instruction set does not lend itself to this type of algorithm
for large tables. Another approach we considered is to use an indirect indoxing
table. If the star catalog is sorted by right nscension, an indirect indaxing
table containing 360 entries is constructed. Each eatry in the index table
corresponds to one degree of right ascension and points to the star catalog
where stars of corresponding right ascension are stored (see Figure 6-5).

For example, assume that & given V and H reading and a quaternion produce a
predicted star right ascension of 263.875. This right ascension value is
truncated and used as an {ndex table position. The 263 entry in the index
table contains an address in the star catalog where stars whose right ascension
i3 263 deprees are stored. The star catalog entries around this potnt are
then searched (using the star identitication algorithm previously described)

to detenmae which star best tits the predicted star raight ascension and

declination. It is estimated that this may'require searching 100 star catalog

L)

L
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@ entries imd use 1146 milliseconds (in the dual AM) configuration).

Once a ‘star in the tracker's field of viaw has been identified,
searching the astar catalog is not required again until that star lesves
the field of view._ Phase two of star tracker processing favolves using
V, H and IRU quaternion, and star catalog data to produce an updated
quaternion. This updated quaternion is then intograted fot;mrd in time
and used in succeeding Iiw processing. Our analygis shows that for a
single star tracker, generation of a corrected quaternion will require 152
milliseconds in the dual APU configuration. 1f two trackers are used, each
having their own microcomputer system, star identification processing can
be overlapped but most of phase two processing must be executed pequentially.
This results in 235 milligecond processing tima when two atar trackers are

active, The inllowing table summarizes this information.

TABLE 6.5 MULTIPLE PHASE STAR TRACKER THROUGHPUT

PROCESSING TIME WITH PROCESSING TIME WITH
SINGIE APU (ws) DUAL APU (ms)
Phase 1 265.6 134.3
Phage 2 -
Single Star Tracker 231.6 152.2
Phase 2 - )
: . Dual Star Tracker 366.0 235.8

6.3 IRU and Star Tracker Integration
From the beginning of this study it was felt that the combined IRU

and Star Tracker processing would place the greatest demands upon an onboard

nicrocomputer system. IRU processing time is constrained by the fact that

@ gyro readings are to be made every 50 millisecomds, Star traccer processing

'I,'\) r
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must be synchronized to IRU processing and must be performed in a @
sufficiently short time to correct the quaternion to the required accuracy.
Becauase of the high demands on the IRU and star tracker microcomputers, {t
seemed appropriate to integrate these subsystems before investigating the
remaining elements of the QADS system.

Since IRU data is re_qaired for star tracker processing and vice verss,
a shared memory unit {s anticipated for the two microcomputer systems. It
would have been possible to directly connect the microcomputers uaing input
and output ports; nowever, this technique would require higher software
overhead. Because of the independent prucessing of the IRU and star tracker
microcomputer systems, a synchronization mechanism is required to insure
raligble results. Two levels of synchronization are anticipated. First, a
hardware semaphore is needed to prevent inconsistencies in shared data memory.
For example, the IRU microcomputer must not be allowed to modify rate and @
quaternion data the star tracker microcomputer is reading. The hardware
semaphores would prevent this by permitting only one microcomputer system to
access shared memory at a time. To avoid long access delays, individual
microcomputers could move shared data iéto local memory and then operate upon
that data while it is in local memory. The hardware semaphore need not be
co~rlex circuitry; in fact, it need only emulate a slow input/output port.
The techniques for implementing such microcomputer logic are well known.

The second level of synchronizatfon 1is required to logically associate
IRT and star tracker data, For example, the time between gyro readouts and
star tracker readouts must be known to agsociate V & H readouts with IRU

«..vity... Obvicusly, a common clock and time tagging hardware is an essential

v’.~ont in this synchronizatien. It will also be necessary in software to
N
7/
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carry time tags kin the form of counter values) along with rate values,
V & H values, quaternion values, etc. This type of software logic 1is
common in wost process control applications.

It vas wentioned earlier that if two star trackers are operating
simultaneously, star identification may be performed in parallel but that
correction of the quaternion (using two stars) is basically a sequential
process, For this reason, it is desltablé to put the two star tracker
microcomputers in a master-slave relationship. This can be achieved by means
of a "smart" switch. The function of the smart switch is to direct the data
generated by the first tracker to lock on to a star to the master microcomputer
system. The master microcomputer system may then proceed to {dentify the star
and correct the quaternion. Should the second tracker acquire a star during
this tima, its data would be directed by the smart switch to the slave
microcomputer system vhich would then proceed to identify the ster. When c@e
master microcomputer has finighed correcting the quaternton.based on data from
the first star tracker, it would check with the slave microcomputer to

determine if a second quaternion correction can be performed. If the Kalman

filter can be run again, it 1s done at this time by the master microcomputer

using data supplied by the slave microcomputer.,

The master-slave relationship between sta; tracker microcomputers is
suggested because it reduces the complexity of softwarc needed for star
tracker processing and because {t minimizes the interfaces between the IRU
subsystem and the star tracker subsystem. Implementation of the smart switch
i{s not envisioned to be a difficult problem. Even {f star tracker electronics
cannot be extended to make a smart switch, it is possible to use normal

switching logic driven by the 'mster microcomputer system.

[ 5¢
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6'.6 Orbit Generator and Resolver Software Analysis i ) @

The final elements of the OADS technique wa examined were the orbit
generator and the resolver. A detailed timing analysis of these two
elements was conducted using the single and dual APU configuretion described
earlier. The orbit generator consists of accepting a spacecraft state
vector from GPS and then propagating this state vector forward in time to the
points at which spacect;ft attitude 1is being generated. A Urief analysis
showed that for the missions being examined, only very slight errors resulted
from using linear progagation as opposed to two body (conic) propagation.’
This fact may, of course, not be true in other wmissions having highly —
eccentric crbits. Linear interpolation can be veiry simply performéd. First,
an acceleration vector is computed based on consecutive GPS supplied velocity
vectors. Once this is done, the state may be propagated us}ns the equations:
v, = Y, +ac R @

N B .
P

-l -

P -

a
“+1 +4at Vv

i i

uhereiris the acceleration vector. Analysis shows that these operations
require 5.498 milliseconds in the single APU configuration, and 3,421
milliseconde in the dual APU configuration. These times include calculation

of the acceleration vector which in actuality is perforwmed only once in
every six seconds.

The function of the resolver module is to calculate spacecrafr attitude
and orbit in tha format of the end user., This data is then relayed to
Earth as part of the downlink-telemetry. The resolver software timing

' 1lysis was performed for an Earth mission since {t was felt that thesc

algorithms would place the gveatest processing demands on the resolver ( )
. a .

- 80

=22




e —
.
.
1
i

v
s - —m——

O

microcomputer system.

The first algorithm in the resolver ie to transform

the GPS provided state vector to the proper reference frame:

(b=
] o]

vhere [P] 1s 3 function of CMT and Earth's rotation rate. Next, ;he[

and [’_’cﬂ matrices are constructed:

i -l el
Z = P x V
—tt -t -l
Q = 2 x P
“ - T e 7 .
Z = ZZ|
Q = el
[Lcl:ln B, P P
% Qo Q
y %4 Z,

and[ICBJ is a function of the quaternion as discussed earlier (see Star

Tracker Software Analysis). C

°p
- B0
vhere .C, ) 0 -1.0
1.0 0 0
0  -1.0 1.0

Pitch, roll and yaw are then:

Roll = tan” !

Yaw = tan -1

-2

Pitch = um-l B

€5 1.3/ E,c

C
{Fs @, ¢, 6,3}
¢S LD/ L (1,1

(2,3) +

157
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may then be constructed using the equation:




t

Finally, sltitude, latitude, and longftude are calculated: @

Mo [ - '

-1 -~ .
LA = gin (PRz)

- tam.1 (;;ylfix)

Ly

Lo

Por a more detailed discussion of resolver algorithms for the Earth mission
and other missions, congult Section 3. Our timing analysis showed that it
requires 59.5637 milliseconds to perform resolver processing using a single
APU configuration. Since this exceeds the maximum allowable processing

time (S50 milliseconds), this configuration i3 not satisfactory. Resolver
timing in the dual APU configuration was 38.518 milligseconds. Performing
both orbit generation and resolver algorithms in the same dual APU micro-
computer would result in 41.939 milliseconds throughput or 84% system
utilization. This was considered tolerable sirce worst case timing estimates <::29
were used throughout the analysis. It would also be possible to unload some
orbit generator and resolver processing into the IRU microcomputer, if
necessary. The primary reason for long processing times in the resolver
algorithms is the heavy use of sine, cosine, arc tangent and squsre root

functions.

6.5 QADS Microcomputer Systems Intepgration

The composite microcomputer system's block diagram is shown in
Figure 6-6. For more information on the hardware aspects of this configuration,
the reader should consult the next section. The following table summarizes

the software timing analysis for the entire system.
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TABLF 6.6 SUMMARY OF ESTIMATED OADS THROUGHPUT

ALGORITHM PROCESSING TIME (wms)
IRU Processing ) 29.42 i}
Star Tracker Processing .
Phase I (star identification) 134.3
Phase I1 (1 trecker - quaternion 152.2
correction)
Phase 1I (2 trackers - quaternion 235.8
correction) o
Orbit Generator Processing 3.421 >
Resolver Processing 38.518

4

L]

Since parallel, processing is used quite heavily in this system it {is
not possible to sum processing time and compute the throughput. The reader
should consult the timeline diagram shown in Figure 6-7. The sum of IRU,

orbit generator, and resolver processing times is equal to the latency time

@

from when the gyros were read to when the downlink telemetry is available.
This time is slightly greater than 71 milliseconds, As can be seen in Figure 6-7,
all star tracker processing can be performed in parallel with IRU processing.
Quaternion correction, Phase 2 star processing, requires 152 milliseconds for
single tracker updates and 236 milliseconds for Zual tracker updates. These
time periods are noted on the figure asc points ql and q2, respectively. It
should also be noted that Phase 1 star tracker processing is only required when
a star is first identified. Therefore, consecutive star tracker measurements
only require Phase 2 processing.

Our investigations show that use of a multiple microcomputer system for
unboard attitude dctgtminatlon is quite feasible from the softwareA;iming
vit<d, Although our orily.is did not cover sone necessary housckeecping softwe'/'~\

--4
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these items are considered minor compared to the computational processing
that must be performed. It should also be remembered that in our analysis,
vorst case instruction times were used and no attempt was madc to optimize
overlapped execution in the arithmetic proceasing units. Timing analysis is,

therefore, very conservative.
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7.0 HMICROPROCESSOR HARDWARE ANALYSIS

The purpose of tuls section is to provide some insight into the
feasibility of using currently qvailable LSI hardware in spaceborne
applications. Also included in this section is a discussion of OADS
mass storage requirements and LSI technology trends.

7.1 Analysis of Baseline Configuration Hardware

A system level block diagram of the baseline CADS microcomputer
system used in the software timing analysis is shown in Figure 6-6.
Table 7.1 shows estimated parts count and power consumption for the
different elements used in the baaelthe configuration. Maximum power con-

sumption occurs during Phase 1 star tracker processing and {5 estimated to

be 363 watts. This may appear to be a very high power reqﬁirement; however,

it must be realized that the duration of this peak power consumption lasts
for only a few seconds; three or four times per orbit. Average power con=
sumption estimates are considerably less, 39 watts, ass£n1n3 that the star
tracker microcomputers and bubble memory star catalog are powered down when
not in use. It should be noted that the component count znd power consumptio
estimates are very rough numbers since & detailed hardware schematic was
not developed during this study. The component count is only based on SSI,
MSI, and LSI devices and does not include discrete devices such as resistors,
capacitors, etc. There are numerous semiconductor memory devices available
on the market and semiconductor memory demsity is rapidly increasing. Since
semiconductor memory is the largest contributor to both power consumption and
conponent count, detailed compronent count and power consumption estimates
should be delayed until breadboard prototying is initiated.

The primary components of the baseline configuration are Intel 8080

microprocessors and Am9511 arithmetic processars (see Appendix I).

rp s
4
’),5’
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TABLE 7.1 OADS BASELINE MICROCOMPUTER CONFIGURATION
PCWER CONSUMPTION ANC COMPONENT COUNT .

COMPONENT TYPICAL POWER MAX POWER

COUNT (WATTS) ATTS
IRV 7 13.5 ) 26.4
Star Tracker 653 107.6 213.3
(Master) . -
Star Tracker 149 25.3 49.7
{Slave)
0G/Resolver 77 13.5 26.4
Bubble Memo:cy 30 48 N/A

4

)
-~

As was previously noted, these devices are fabricated using N-channel

metal oxide semiconductor (NMOS) technology. This technology is considered

feasible for spaceborne applications from the viewpoints of throughput,
. . povwer consumption and temperature hardening. We have, however, discovered @
that NMDS devices are very susceptible to radiation contamination. Depending
on crbit geometry, a total dosage of over 107 Rad (si) can be expected in a
multi-year mission. The radiation dosage threshold for NMDS devices'is
approximately 1.5 x 103. Upwards of 3 gm/cm2 of aluminum would be required
to shield NMOS devices on long-duration missions. This is considerably more
than the shielding requirements on most present-day f£light computers, Circutit
redegign of NMOS components could increase their radiation tolerange by an
order of magnitude; however, even this dosage does not appear tc be satisfactory
for many gpacecraft requirementa.

-

7.2 Available Fabrication Tccholopy

The following paragraphs qualitagively summarize the advantages and

21udvantages of otlier fabrication techniques, Table 7.2 is included at

= s, /
-7 -~
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the end of this discugzsion so that the reader may quickly compare the

performance features of alternate fabrication techafjues. The reader

> should also consult Appendix I.for greater detail on the specifications of
{ndividual LSI components. Section & contains supplementary informatiocn on
the requirements for manufacturing LSI products specifically designed for

gpaceborne applications.

P-Channel Metal Oxide Semiconductor (FMOS) - During discussions with Eob

Stermer (NASA Langley) regarding bubble memory technology, mention was made

of the radiation hardgging problems associated with microprocessors. Because
of NMDS vulperability, Bob Stermer has been examining PMOS devices for space-
borne processing applications; specifically, the Western Digital LSI 11. This
device i3 soid in packaged form by Digftal Equipment Corporation (DEC) as the

PDP 11/03. The LSI 1l is a very powerful multi-chip microprocessor. It is

a 16-bit device that exccuces the FDP 11/40 instruction set including 32 bit
floating point arithmetic. Since the LSI 11 {8 custom made for DEC, detailed
data on the microprocessor's architecture and circuitry are not generally
available. It is koown that the processor {8 microprogrammed and hence it
cculd be customized for certain applications such as OQADS., PMOS, although
using less power than NMOS, also results in slower machine cycle times,
Furthermore, Bob Stermer indicated that he felt the radiation dosage threshold
— was around 5 x 10‘ RAD (si) which is st{ll far below tne requiremeants needed

for five-year or longer missions.

Integrated Injection logic IzL - Texas Instruments was the first company to

announce a major microgrecessor family based on IZL technology, the SBP 9900.

2
{ff? Typically, I'L has greater power consumptfon than NMOS, however, slightly

ey (
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higher machine cycle times should be possible. In its commercixl form,

the SBP 9900 kas only slightly better radiation hardening than the NMOS 8080. \
Texas Instruments, under contract by thae Navy, has been able to produce the
SBP 9900 vttf\ a radiation tolerance of better than 2 x 1()6 RAD (si). With
pinimal shielding, such a device could be used in spaceborne processing

applizations such as CADS,

Bipolar - Although there are many vendors of bipolar LSI devices, the AMD 2903

is representative of microprocessor technology in this area. The most

obvious disadvantage of bipolar processors is their very high power consumption.
This, of course, must be weighed aga‘i.nst processing speed and environment ’
considerations. Bipolar microprocessors are five to ten times faster than

NMOS and can withstand total radiation dosages of better than 107

RAD (st).

. The shielding supplied by the spacecraft structure itself is probably sufficien
for five-year missions. Ualike the microprocecsors previously men'cioned. the @
bipolar AMD 2903 is supplied as a 4-bit wide slice of an arithmetic and logic

unit (ALU). This has two important impacts. First,.by cascading slices

together, an arbitrarily wide processor can be butlt. Very long word length
processors, however, become slow because of the latency associated with
propagating signals through the bit slices., The other important aspect to

" the AMD 2903 bit slice is that the processor instruction set is taflored by
the user to hls.appltcation by means of microcode. Since the Interdata 8/16
minicomputer i1s made from bipolar bit slice architeckure, very re;Iisctc

softwar~ estimates can be made using the Interdata 8/16 instruction times.

Silicon on Saphire (SOS) - For the past two years, the industry has been

awaiting the release of LSI devices based on SOS technology. Articles publlshc;!

in teciinical journals and other trade literature indicate that SOS devices ! /
7
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are capable of having most of the advantages associated with other
fabrication techniques and fcw of the disadvantages. Unéortunately,

the production development process :eqntted for S08 appears to be mﬁ%ing
very 6lowly, Hewlett Peckard announced an SOS microprocessor last year
but the processor is imbedded in other Hewlett Packard equipment.and
detailed information is not generally available. Rumors have been
circulating that RCA will relcase a version of their 1802 microprocessor
ugsing SO0S; however, no such announcement has beex made by R7A nor does

one app;ar to be forthcominé in the near futdte. One very significant
item discovered during our study was an ALU slice developed by Rockwell
using CMOS/SOS technology. Rockwell, under the Advanced Computer
Technology (ACT-I) contract from SAMSO, developed their ALU specifically
foc use in military appiications such as spaceborne processing. The B-bit
wide ALU i3 radiation hardened and presently being evaluated for use on the
MX Program. Rockwell also has an internal study task in progress that is
building a breadboard computer using the CMOS/SOS ALU. This computer will

be evaluated for GPS applications.

7.3 Mass Storage Requirements

As part of this task, we performed an analysis of the feasibiiity of
using bubble memory mass storage for saving the star catalog. To minimi;e
star tracker processing, it is advantageous to not only save right ascension
and declination in the star catalog but also matrices which are functions
of sine and cosine. This results in a total of 14 parameters per entry.

Assumine 1500 stars and 4 bytes per entry, then 84,000 bytes of storuge ure

AR A ]

necded for the star catalog. Since 84,000 bytes is beyond the dircct addrcseing

A
range of prescut wicroprocessors, memdxy paging hardware would be required to
[y 2
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store the star catalog in main memory. This, of course, increases both g
hardware and software complexity. A second disadvantage 48 that if the

. star chtalog were stored in read/write random access memory (RAM), then
pover would have tu be maintained since this is a volatile storage medium
Bubble memory, on the other hand, will not lose its contents when power
is removed. The primary disadvantage to bubble memory is the long access
time. Up to 2 milliseconds latency is associated with a random access and
approximately one tenth millisecony latenty for queued access. If the
indirect indexing table technique (described in Section 6) Ha;e used, quéued
access into a bubble memory star catalog is possible. “It would also be
possible to overlap processing of star identification algorithms with access
to the bubble memory star catalog. Since Phase 1 star tracker processing is
only performed once for each series of tracker measurements, the worst impact
that a bubble memory star catalog would.have would he a slight increase in éz;z
the lead time required for quaternion correctinn,

Two vendors are predominant in the bubble nemory area: Texas Instruments
and Rockwell, A Texas Instrument brassbzfrd system is presently under
evaluation at the Air Force-Avionics Laboratory, Wright Patterson Air Force
Base. Another prototype system based on the Rockwell unit is under evaluation
;t NASA Lanéiey. In very general terms, power consumption is around 6 watts
per 100,000 bits, Hence, a 100,000 byte unit (the size needed for tha star
catalog) would require about 48 watts of power. Also of interest is the
fact that radiation hardeaing of the bubble memory itself is not a problem,
The sense amplifiers, howaever, are radiation sensitive. It was learned in
discussions with Texas Instrument engineers that they are presently

conductine internal studies to determine if alternate fabrication teckniques, .~~~
I 1)

]
7

such as IzL, can be used to eliminate this problem area. v

1%
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The primary advantage of bubble memory is that it is a non volatile,
read or write storage medium. The analysis curreatly being done by NASA
and the @it Force 18 to study the feasibility of using bubble memory to
replaca spaceborne tape recorders and drum memory systems. Bob Stermer of
Langley feels that fliéht.qdality systems should be availabl; as early as
1980, He has indicated that work is presently going oa to define a NA;A
standard low-cost bubble memory system,

TABLE 7.2  PERFORMANCE COMBARISON1 OF NMOS AND
ALTERNATE FABRICATION TECHNOLOGIES

DEVICE PERFORMANCE FACTOR
pos> 1.29

1’ .489
BIPOLAR .07

M08 /508 Not Available

NOTES:

1. Comparison was done using a portion of IRU algorithms and
gshould not be construed as a benchmark test,

2. Performance factor is defined as alternate device timing
divided by NMOS device timing. Hence, the smaller the
number the better the relative performance.

3. Comparison based on commercial versinns.

i




fe

@ 8.0 MICROPROCESSOR SYSTEMS ANALYSTS
The two previous sections described the results of our aralysis of a
baseline microprocessor configuration executing the nominal processing
associated with on-board attitude determination. This section discusses
other aspects associated with this application, the conclusions we h;ve
reached after performing this study, and suggestions as to wh;t activities
should be pursued to realize a flight quality OADS microcomputer ayatén.
8.1 Supplementary Design Issues
There is one impurtant operational aspect of an OADS microgomputer
system which has not been addressed: 'In-flight software updates. Most .
special purpose ground based microcomputers have their programs stored in
read only memory (ROM). The reason for this i{s that ROM {s non volatile and
will not lose its contents when power is removed. The contents of read/write
% RAM will be lost if power is not maintained. If !.n_-fl:l.ght: reprogremming ls &
requirement in the CADS application, it will not be possible to use the presently
available forms of ROM. The power consumption estimates skown in Table 7.1
are based on the use of RAM. If ROM could have been used, these estimates
would be reduced by approximately fifty percent.

Assuming that it is desirable to maintain an in-flight reprogramming
capability, there are geveral implementation strategies available to the
designer. First, if RAM is used throughout the system, it will be necessary
to either maintain power to all subsystems at ail times or o reload memory
after power is first applied. Since the star tracker is used cyclically,
it would not be economical to keep power applied to this subsystem; a memory

) reload strategy would Le much more desirable. To reload memory, it is
g;;; n.cessary to have a8 mass sturage medigm, such as a tape recorder, avallable,

I1f a bubble memory unit i{s used to store the star catalog, thi:z device could
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also be used to save the program during power down. '

Two other design possibilities may be possible. The first alternative
is to use core memory. This technique has the advantage of being non-
volatile and has already been used in flight computers. The primary draw-
backs to core is that it requires considerable expense to constructnit. it
{58 much less modular than semiconductor, and it is slower than many of the
presently available semiconductor units. The second design possibility is the
use of electrically reprogrammable read only memory. There are many reprogrammable
read only memories currently available, These devices are programmed
'electrically but can Qe erased by exposure to high intensity ultraviolet‘
light. Recently, the industry has been investigating the design of
electrically reprogrammable read only memory.- Should such a technology come
iato production, {t would be highly desirable in many spaceborne applications.

A design issua which comes into play from the moment flight hardware is
being considered is quality assurance. The testing that semiconductor vendors
are doing for their commerical components is completely inadequate for flight
use. JPL has started a testing program for the 8080, Am2900 and RCA 1802.
Thus far, they have found many variations between manufacture's specifications
and test results. Perhaps, more importantly, RCA is the only semiconductor
vendor to take advantage of the JPL findings.

Many of the present testing techniques used with today's flight computer
c?n be applied to spaceborne microcomputer systems, These techniques include
factory acceptance testing and burn-in testing at both the component and
system level, Component traceability must be maintained throughout the

testing phase. Self test software must also be written for flight qualification.

Unlike present flight computers using SSI and MSI components, microprocessors . ~.

'y (.
o




@ and other ISI devices cannot be decomposed to force some error
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conditions. Because of this characteristic, the test software must
be mneh.more extensive and detect input patterns to which the devices
" are sensitive. This same software, or elements of it, can poaaibzy be
executed as a background t;sk during the flight. _
8.2 Conmclusicns
The primary conclusion we reached after performing our analysis af e

a microcomputer based on-board attitude determination system £s that

presently available coumercial ISI devices can be configured to oﬁtaln

the required performance. The important phrase in the previous sentence

i3 commercial LSI devices, During this study we were not able to find any

microcomputer system which was ideally suited for the spaceborne environment
and had the necessary performance for applications guch as OADS, The
major problem associated with most LSI hardware was lack of radiation hardening.
Power consumption problems also influence the hardware selection bﬁt to a
lesser extent. We feel that no significant benefits will be derived from
further microprocessor pe;formance analysis until standard flight quality
1SI hardware has been defined. The following paragraphs describe what
components are necessary to realize the benefits of spaceborne microcomputer
s&stems. Power congsumption problems also influence the hardware selection
but to a lesser extent. We feel that no significant benefits will be
derived from further microprocessor performance analysis until standard
flight quality LSI hard.are has been defined. The following paragraphs
describe what components are necessary to realize the benefits of spsceborne
microcomputer systems. These recommendations are based not only on our OADS
<fff> analysis, but also on previous investigations we have performed and on
discussions with other {ndustry and DOD personnel,

/17
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It is unlikely that one microcomputer system will be sufficient to @
properly handle all the spaceborne applications that are becoming
evident. Therefore, it would be advantageous to have a number of low-cost
standard systems from which a designer could select. We eavision that three
types of- mic'rocomputér ays-tem are needed. At the low of the perfo;mance
spectrum, 8 single chip microprocessor should be available for non time-
critical process control applications., By supplementing this microprocessor
vi:ch. an arithmetic processor, many computational oriented applications such
as OADS could be handled. For high performance proeéss control and compu~
tational oriented applications, a multiple chip bit slice processor sppears
to be appropriate. IzL technology could possibly be used for both the
single chip microprocessor and arithmetic processor. The SBP 9900 processor
is, in fact, very close to the desired hardware. Its primary drawbacks are
its register and CRU architecture and the limitation of memory expansion beyo@
32K words without mapping hardware. The Roclwell CMOS/SOS arithmatic and logic
unit appears to be the most likely candidate for use in a high performance
bic slice processor. Its primary drawback is that there is not an extensive
selection of SOS support devices that would be needed to construct a full
microcomputer.

The microcomputer systems just outlined would probably be considered
congservative development efforts. There have been many exaggerated claims
by quasi technical observers of the semiconductor industry that today's
most powerful computers will one day be available on a single chip. While
it i3 true that the semiconductor industry is only {n its {nfancy and that
significant LSI performance gains will be obtained, it is unlikcly that

even moderate performance minicomputer systems on a chip will be avatlable

in the next few years. It should afso be remembered that semiconductor -
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vendors are primarily commercial oriented. Their earnings are based on

sales of calculators, digital clocks, and home video games, Without the

proper technical guidance and financial encouragement, semiconductor

vendors will not producé flight-quality 1SI hardware, i

e .
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8-5




9.0 NSSC-1 SOFTWARE Y818

This section describes our softwars anslysis for the NSSC-I based
aspaceborne attitude control oystem, The OADS elemants which we have
exaemined are dascribed l;: Section 6, m.eropmea.aor Softwara Analysis,

Tining anclysis and mawory cige analysis was done for cach elemant of
the aystem. Data used in the analysic was essumed to be a double preciecion
(36 bits) £ixed point format, It was also assumad that data did not exceed
" this range and that the wide range of vaiues of deta could adequately be  _
handled by scaling. The tt;ins analysis draws heavily from work dore by
Computer Sciences Corporation (see reference CSC 1976 and Appendl.x II). These
estimates assume a NSSC-l cycle tima of 1.25 microsaconds, The memory sige
analysis consists of both data and code estimates. The data required are
listed in the data table. The code estimates were determinai by changing &ll
macroa for comwon routinee (sea CSC 1976) into subroutines and then estimating
the code neceasary to invoke these subroutineo.

For more information on the algorithms used in this section, tﬁe reader
is referred to Sections 3 and 5.
9.1 IRU Softvare Analysis

There are five steps required for IRU processing. The algorithma
in;olved are: data editing, rate computation, rate compensation, data
reduction, and integration. The timing is shown in Table 9.1, Memory
eatimates are shown in Table 9.2,
9.2 Star Tracker Software Analysais

Thera are eight steps required for Star Tracker processing. The
algorithms include: conversion to engineering units, aynchronizacion to the

IRU, cowpensation, data editing, convercion to inertial system, star identifi-

‘cation, Kalman filter correction, and i{ntegration.

19470
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TABLE 9.1 ESTIMATED TRU PROCESSING TIMES FOR NSSC-I_COMPUTER @

-~

ALGORITHM PROCESSING ACCUMOLATIVE PROCESSING

Data Edit 378 378

Rate Computation 1.860 2,238

Compensation 10,703 12,941

Data Reduction 19,770 32,711

Integration 11.864 44,575

4 L] ]
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[¥s]

M.'/z

. )

[41]
[(24]
(3
[v1]

(31 + 1]

TZABIR 9.2 IRU DATA m

(3xz3)
(6 = 6)

(3 x6)

3x1)

bzl
(bxz1)

(4 x4)

(b x 1)

(4 x1)

(6 x1)

NSSC~I SIZE (18 BIT WOosDS)

12
12"

72




TABLE 9.2 IRU DATA TABLE - (Continued)

DATA YTEM(S) NSSC-1 SIZE (18 BIT WORDS)
(4 % 4) 32
b =x1) 8
Total Data 302 Words
Code Estimwate 300 Words
[ ]
53

I/‘
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The timing 1s shown im Table 9.3. The memory estimates are shown in
Table 9.4, The multiple phase star tracker throughput timing is ghowm in

Table 9.5. The description of each phase is found in Microproceseor

Software Analysis, Section 6.

.

9.3 Orbit Generator and Resolver Software Analysis

The timing analysis of these two steps are shown in Table 9.6,
The primary factor causing large processing times for the resolver algorithms
is the use of trigometric functions., If less accuracy wers required or
fast table lookup operations could be used, resolver proceasing could
be significantly enhanced. Memory estimates for orbit genarator and .esolver
processing are shown in Table 9.7,

9.4 OADS NSSC-I System Integration

Tables 9.8 and 9.9 summarize the timing and memory requirements needed
for processing the OADS algorithms., These estimates do not include overhead
ugsed by any NSSC-I executive software. The largest single factor {n
wemory usage is the star catalog. This table requires 42,000 words or 82%
of the total memory requirement. 1t is suggested that the full star catalog
be placed in a mass storage eystem, such as & drm or bubble memory system
(see Section 7).

Because the NSSC-I must perform all processes sequentiaily, it is
obvious from the timing analysis summary (see Table 9.8) that it it not
possible to execute the OADS algorithms on the NSSC-I in SO willisecond cycles,
The reader should consult the following sectfon for a discussion of how a
multiple microcomputer system could be integrated into the Multi Migsion

Spacecraft and interfaced to the NSSC-1 torprovice the onboard attitude

determinat{on capability,
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TABLE 9,3 ESTIMATED STAR TRACKER PROCESSING TIMES FOR NSSC-I COMPUTER @
*  ALGORITHM ALGORITHM PROCESSING TIME (ms)
Convert to engineering units 20,466
Synchronize to IRU 6.555
Compensator 14.539
Data Edit 274
Convert to Inertial 58.546
Star Identification 85.600
Kalman Filter 196,105
Integtation 20,498
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TABLE 9.4

DATA ITEM(S
vV, H, Ve, He, C

[HB] (previous valua held)

Mas)
{s%)
(¥s]

At

V2, V3, H2, H3, VH2, V2H, VR (Temporavy Variables)

[Texmperature])
(Magne::lc]
['remp Slopes]
[Mag SIOpea]

VMAX, HMAX
[831]
(x%]

© k%)
[*,]
a, 5, x2, 2, 22

[Qtar Cat]

[Ind 1cea]

@

Mt dend ) Sasni Abadans gt

Al ]

STAR_TRACKER DATA TABLR

1, T2, T3, T4, TS, T6, T7, T8, TO

NSSC-I SIZE (18 BIT WORDS)

10
(3x1) 6
(3x1) 6
(3x3) 18
(3x1) 9
2
14 ‘
18 =
(100x10) 2000
(100x10) 2000
(100x1) 200
(100x1) 200
4
(3x1) 6
(3x3) 18
(3xn3) 18
(3x1) 6
10
(1500x14) 4200
(360x1) 720
(3x23 12 N

(V)




~—a N v

- .
- - = ey g A vay= . aa e
PO U e e tate i e D et et B ol iideing e m— e N i -
e ek 2 s i et Lo S " . '
- e b @7 W TR ACNLEN S GOn s v ey 1y o

i
]
H

TABLE 9.4 STAR TRACKER DATA TABLE - (Continued)

_ ) M(S
g : - .
' (%) 3y - 18
[aarat) (3x3) 18
] (3x3) 18
[Y] (3x1) 9
[Pra1) (3x3) 18
[teat) (3x3) 18
[raT) (3x3) . 18
I o (3x3) 18 y
[vag] | (3x1) 6
[eat) (3x3) 18
[pMa] (3x3) - 18 @
(] ' (1x3) 6
Kq 2
[iu] ’ (3x7) 42
TOTAL DATA . 47,522 words
CODE ESTIMATE 2,030 words
o]
r N\
/ .— ) o
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IABLE 9,5 MULTIPLE PHASE STAR TRACKER THROUGHPUT FOR NSSC-1
MM

PROCESSING TIME_(ms)
Phase 1 T 183.98
Phage 2 - ._
Single Star Tracker 314.983
Phage 2 - ‘
Dual Star Tracker 609.468

TABLE 9.6 _ ESTIMATED ORBIT GENERATOR AND RESOLVER
PROCESSING TIMES FOR NSSC-I COMPUTER

PROCESSING TIME (ma)

Orbit Generator 9.608

Resolver 177.919

Subtotal 187.527
/ P 4

——— /
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TABLE 9.7 ORBIT GENERATOR AND RESOLVER DATA TABLE @

DATA_LTEM(S) SSC-I SIZE (18 BIT WORDS
@) ' (3x1) 6
0] (3x1) 6
[P] (3x1) 6
) [ (3x1) 6
(%) (3x3) 18
[¥°L) (3x3) 18
(%) (3x3) . 18 (
Roll, Yaw, Pitch, Dum 8
Altitude 2
‘Latitude 2 @
Longitude 2
. TOTAL DATA ' 92 WORDS
CODE ESTIMATED 350 WORDS
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SUMMARY OF ESTIMATED PROCESSING TIMES FOR NSSC-I COMPUTER

TABLE 9,8

IRU Processing
Star Tracker - Star Identification

Star Tracker - Quaternion Correctinn
(1 Tracker in Use)

Star Tracker - Quaternion Correction
(2 Trackers in Use)

Orbit Generator/Resolver

-
.

PROCRSSING TIME (ms) -

44.375
1£3.98

314.983

609.468
187.527

TABLE 9.9 _ SUMMARY OF ESTIMATED MEMORY SIZE FOR NSSC-I COMPUTER

IRU Processing Data
Code

Ster Tracker Data
Code

Orbit Generator/Resolver Data
Code

General Routines Code

TOTAL DATA

TOTAL CODE

TOTAL MEMORY SIZE

.

9-11

u§§£-; SIZE ‘18 BIT WORDS)
302
300

47,522
2,030

T 92
350

670

47,888 WORDS
3,350 WORDS

51,238 WORDS
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10.0 NSSC-I PERFORMANCF ENHANCEMENT APPROACHES

Our analysis showed that it was not feasible to {mplement the attitude
determination algorlthms,.previoualy deseribed, in the NASA Standard Computer
=1. We have, therefore, investigated the concept of supplewmenting the ‘
NSSC-I with mictocomput;r equipment. This concept is in complete agreement
with the specification for MMS attitude control subsystem which suggested the
use of a dedicated processor if it i{s determined that the NSSC-1 is not
capable of supporting the total ACS computational requirements. The following
paragraphs describe some design approaches which could be used to enhance the
NSSC-I for use in computational oriented applications such as OADS.

Figure 10-1 is a block diagram of the present ACS module configuration
for the Multi Mission Spacecraft. It appears that a multiple microcompufér
system, such as the baseline configuration described earlier, could be added
for on-board attitude determination without a large fmpact. Although the
system's physical layout has not been exemined, it may be possible to replace
or expand the ACS Interface Assembly with the CADS microcomputer system. Such
a configuration is shown in Figure 10-2, Functionally, the NSSC-I would be
responsible for major data management operations such as control of the
interface tetween GPS and the OADS computer and the control of the telemetry
to and from the QADS microcomputers. It apﬁears that the attitude control
algorithms could be implemented on the NSSC-I or a dedicated microcomputer
system could be assigned this task.

Another spaceborne microprocessor application which is related to
OADS {s the Instrument Telemetry Packet (ITP) concept developed by Mlbert
{irrds and Edward Greene of GSFC., Their concept .is to improve onboard data

ranperent <o that wround teleretry processing functious may be made more
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responsgive to eclentifi; {iavestigators. ITP requires that tﬁe telemetry
data for a single spaceborne instrument or subsystem be assembled into a
telemetry packet containiné only the data from a single 1nstrument'al?ng
with any required ancillary data such as spacecraft clock and possibly the
spacecraft state and attitude vectors. The MMS data management architecture
does not appear to be well suited to this approach since the central
computer is not the focal point for the downlink telemetry. If such a
configuration is considered in the future, an OADS microcomputer system
could be conveniently incorporated 1nt; the design. Figure 10-3 {llustrates
such a system.

As mentioned in Section 8, we feel that microcomputers having the
necessary characteristics for the OADS spaceborne environment do not
presently exist, Although construction of such devices are well within
the state of the art, it could very well require three or more yeard
before flight quality hardware was ready. It, therefore, appeared judicious
to investigate wiat short-term solutions exist for improving the NSSC-I
performance to the point where it could handle applications such as OADS.
Figure 10-4 skows an NSSC-I computer interfaced t» an arithmetic processing
unit. The APU could be constructed using bipolar bit slice processors such
as the AMD 2900 series. These devices are very fast and radiation hardened
to over 107 Rad (Si). The bipolar bit slice processors are very power
consumptive devices and if an entire spaceborne computer weré built around
these devices, power requirements could be too great. By limiting their
use to the arithmetic processing function, this drawback is tolerable. It
tppears that che bipolar bit slice processor would require approaimately 40

to 50 watts but could be powered down when not in use. Floating point adds

/e ‘/
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would require five to si. mizroseconds and floating point multipites could
be accomplished 4n -13 to 20 microseconds depending on normalization and
precision. Using these performance numbers, it was determined that the IRU
algorithms could be proceésed in eleven milliseconds, which {8 four times
the performance of the NSSC-I computer by itself, If trigometric functions
are placed in microcode, even greater performance benefits could be obtained
for star tracker and resolver processing.

It may be possible to interface the bipolar APU to the NSSC-I in a
number of different ways. The most attractivc manner, because of its
simplicity, is the use of an external register file. The NSSC-I could
load or read operand registers using it« standard input and output
facilities. It would also load an opcode ragister which informs the APU
wvhat function is to be performed Upon completion of the operaticn, the
APU loads the status register for the NSSC-I.

Should NASA decide to postpone usage of stand-alone microprocessors
until more desirable devices are uvailable, the bipolar APU appears to be a

reasonable.interim solution.

e
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11.0 OADS TESTING, OPERATIONAL UPDATE REGUIREMENTS AND POST LAUNCH VERIFICATION

11.1 Testing Requirements

In oxrder to insure the success of the MMS mission using OADS,
performance testing {s vitally important. The OADS testiang shall contain
two levels:

o Hardware component testing under the MMS environment

e Overall OADS system closed-loop testing
The testing requirements of these two test levels are discussed in the

following paragraphs.

11.1.1 Hardware Components

The study results presented in this report indicated that the NASA

Standard IMU (DRIRU-II), NASA Standard tiacker (SST), GPS, and micro-

% processors aie recommended for the on-board attitude determination
system. To insure performance, easch hardware umit of the 0ADS syatem
must be fully tested.

NASA Standard IMU (DRIRY-II) - Testing procedure and facility
proposed by Teledyne Teledyne, I 1is sufficient to verify the DRIRU-II
system specification. Additional emphasis should be placed on thie MMS
environment and requirements. The error parameters of scale factor,
spin axis orthogonality, misalignment and bias are crucial to the MNS
mission successtulavss and, therefore, should be verified carefully.
The on-board rate compensator accuracy should be fully investigated
of ies ertor reduction capanilite,

NASA Standard Star Tricker (SST) - Testing procedure wd lacllity

@ proposed bbbt heerboe ot o utticfent to verfer the S0 certotrance.

Additional emphasis should be placed on the star signal acquisticion
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and accuracy when the tracker is operating under the MMS orbital
rate, and the V, H readout compensator due to temperature, magnetic
field and star intensity varfation of the MMS missions. -

GPS - The testing of the GPS Recciver/Processor Assembly with
QADS consists of testing and 1nterf€§e between the GPS Receiver/
Processor Assembly and QADS and 1nvéstigating the accuracy of the
onboard orbit propagator. Once the receiver is integrated with CGADS,
the onboard orbit propagator accuracy can be investigated on the
ground usinrg real GFS data.

Microprocessor - Testing of the microprocessor is discussed ;n

Section 8.1

11,1.2 OADS closed-loop system

T

A complete OADS closed loop system testing is recommended to test
the interface among OADS components, da.a processing, and system
capability under MMS operational environment. An overall OADS testing
gset vp flow diagram, shown in Figure 11.1, is suggested. A major
portion of this breadboard wiil be cumpleted in the later part of
1978 and ready for system testing in 1979 by Martin Marietta Aerospace
for another spacecraft application. With minimum modification, this
breadboarc can immediately be used for OADS overall system testing.

Operational Update Requirements

The operational update requirements of OADS can be saparated into

two categories; the onboard system update and the ground operational update.

The preliminary onboard update requirements were discussed in Sectioa S

ased

upon the study results of the 0ADS pertormance of various MMS missions.

e rajor ww'ate requirements are summarized in the following tahle.

(v /
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TABLE 11,1 MAJOR ON-BOARD SYSTEM OPERATIONAL UPDATE REQUIREMENTS @
i . FUNCTIONS TIME INTERVAL BETWEEN UPDATE (sec)
MU Sample Rate ) ) 0.05
Strapdown Integrator Sample Rate 0.05
Star Tracker readnut sample rate 0.20
Filter processor rate 0.2

™Y updat from star trackers

Earth mission - nadir pointing 1200.0

= 5" /min maneuver 400.0

- 2°/sec maneuver 28.0

Stellar mission 2130.0
Solar mission 2130.0

GPS Orbit information update rate 6.0
Internal orbit propagator update rate 1.0
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Because of the on-board autcntomous sattitude determination and

orbit information system concept for the OADS, the ground operational

s e

update requirement should be minimized. When s ground update i{s necessary
because of the on-board storage problem or system degenerstion, the update
i{nterval should be long such that {t will not lose the meaning of on-board
autonomous systems. <he UADS system should have the capability of updating
the data base parameters on the ground and uplinking to the spacecraft on-
board system processors. There are two major items required for periodic
updates from the ground station. One is the update of IMU error parameters
and the star tracker boresight axis misalignments. This will be discussed
in the next subsection. For the time being, it is felt that those error
parameters should be updated depending upon the mission ruggedness ({or

instance, how frequent the spacecraft is in and out of the earth shadow,

how much enviroumental vibration occurs due to VCS burn, how tight is the
onboard system temperature control, etc). This update frequency can be

. varied from a few days to one month, and further study should be conducted
vwhen more mission phase knowledge is aveilable., The other sets of information
wvhich require periodic update ts the on-board star catalog, {f the annual
wean wmotion cannot be included due to the restriction of space. By using
+5.0 visual magnitude and brighter stars, for example, {f we do not include
the mean motion parameterr, then the star catalog needs to be vpdated every
six months to keep the star positiovn error less than 3 arc seconds. If the

mean moticn parameters for each star is included, then this periodic update

procedure car be neelected,

1’

11-5




11.3 Post Launch Verification @
The OADS requires knowledge of the form and magnitude cf specific

error contridbutions to provide precise attitude information to the niqpton

phase. The ground preflight testing and calibration of the sensors can

provide initial values, but extended operations can result in long-t;tn

variations in the parameters. To maintain the precisfon of the system, some

weans of poat launch verification, such as on-orbit calibration ;f crit}csl

error sources in IMU, star trackers, GPS systems is required. Methods

have been developed Headley, 1 to provide the on-orbit calfibration of

>1nd1v1dua1 gyro scale factor, bias drift, gyro-to-gyro misalignment, and

‘star tracker to IMU migsalignments. Specific spacecraft maneuver sequences

are required for the collection of most calibratiun data. Using ground

computational facfilities as mentioned in 11.2, the data is reduced to

provide refined compensation coefficients. The GPS receiver data can be @

telemetered to the ground station to compmare with the tracking data processed

by the ground computer. By periodically resolving and updating the error

paramiters of each OADS components, the OADS accuracy can be maintained through-

out the mission period.




12.0 RECOMMENDATIONS FOR FUTURE INVESTIGATIONS

In the course of this atudy, ‘everal asystem deaign a‘ternattven
presented themselves. We would, therefore, like to describe to GSFE topico
which we feel are of special iﬁteraat but were not includad in the Statement
of Work. The following paragraprhs highlight four areas concerning GADS inatru-~
mentation and proces3ing alternatives which should be considered in future
investigations.

12.1 Control Law Processing

The proposed OADS concept provides attitude information as a fnnction of
fime to be derived on-board and made available as downlink data to the pa}load
user. A natural follow-on, or subset, to the proposed OADS concept would be
to modify the existing OADS algorithms to generate spacecraft attitude and
attitude rute error signals. These signale would be used to drive the associated
control laws which would be incorporated in the OADS multiple microcomputers.

In the case of the M:S, this would off-load the control laew processing burdan
presently being accomplished in the NSSC-I computer, thus allowing the NSSC-I
computer to be used for additional processing and/or switching functions for
aclentific payloads. To wmake this realizable on a multiple microcowputer system,
flight quality LSI hardware would have to be developed. Since this may take
several years, we suggest that GSFC consider the bipolar arithmetic processing
unit -approach outlined in the following recommendation p ragraphs.

12.2 NSSC-I anc Bipolar Arithmetic Processing Unfit

Section 11 described several approaches for enhancing the performance of
apacecraft avate~s vhich use the NSSC-1 One of the approaches ontlined 1s to
supplement the NSSC-1 with a bipolar arithmetic processing unit. This concept
Pan seveoal advantaces, however, the oost Liportant feature {s that sucn a

hich performance system could be developed in a very short period of time,
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Algo imporrgat is the fsct that such a configuration could be utilized . @

{n a number of different spaceborne processing applications and not just
OADS, Since it :nay be several years before high performance flight
qualifiable microproceagor hardware 1..3 availsble, we feel that the
development of an NSSC-I)bipolar APU would be tne most direct mechanism
for i.nprovin‘g spacabor;te pr&ceaaing systems,

12.3 Replacement of the SST with the CCD Star Tracker

As mentioned in Section 4.2.2.3, the CCD unit currently being
developed has certain advantages vhich make it a prime alternative to the
Staudard Star Tracker for MMS OADS missions. The advantages of the CCD
unit over the SST are:
o The CCD has a self contained heating unit and is insensitive
to magnetic field intensity variations. The on-board temperature
and magnetic compensation algorithms used with the SST for better @

accuracy can be completely omitted for the CCD unft. This

results in a significant reduction in star tracker update softwara,

e Use of the star field brighiness map in the CCD 8° x 8° field of
view can significantly reduce the star identification software.
Furthermore, the probability of falsc; or ambiguous gtar fidentification
can be reduced and hence, star tracker update aceuracy can be
improved,

e The CCD's self contained microprocessor can be programmed to
simplify the user supplied data editing and syn;htonization
processor,

Thus, the CCD unit, which i3 considered to be the next generation of atar
tracher, can not only provide better accuracy but also simplify the 0ADS

‘ttunre 1t has the sace dunaric range and £7-1d of view as the standard )
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star tracker and, therefore, can be vsed in the same manner as the -

SST in MMS missions.

12.4 Replacement of Star Tracker with Landmark Tracking Syatem -
Attitude determination for Earth viewing satellites; e.g., LANDSAT,

-SEASAT, requires accuracies consistent with the imagery devices (e.g.,
Multispectral Scanner). ‘Star tracker systems, in general, are not accurate
enough due to sensor inaccuracies, misalignments, and the difference between
the Earth image sensors and the star system. A possible solution to the
above problem is to replace or supplement the star tracker with a landmark
tracker as a source of attitude information., Studies [ﬁatttn Marietta, i]
have shown from temporal registration of {mages; {.e., pixel, that attitude
accuracy of 7 arc-sec (14 M on Earth surface - 20)~c;n be achfeved for a

LANDSAT type orbit, The star tracker system, at best, can achfeve 14.4 arce~

sec (30 M on Earth gurface - 24) accuracy.

Currently, one of the major data proceasing log jams in the processing
of Earth resou'ce-type data is the necessity for calibration, correction and
reformating of .rbit, attitude end geientific image data by ground facilittes
before it is available for recognition processing. Pre-processing this dats
on-board the spacecralt in real time would provide a significant reduction {n
the cost of processing Earth resource-type data as well as reducing the end-
to-end processing time. Once the data is processed on-board, a direct link
to the user of attitude, orbit, and image data could be established creating
a real-time system,

Areas of studv for a Landmark 0ADS concept are:

o Landmark tracker configuration interfaces with the NSSC-I, micro-

<::> processors avl a NauC-1 utcrﬁprocesso: hebrid svstem.

e
.
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Landmark/star tracker combination configuration trade study
for attitude determination.

Landmark OADS configuration using the landmark tracker for both
attitude and orbit determination.

Processing algorithms and hardware configuration for the landmark
OADS concept. _

A computer simulation study of the landmark OADS concept.

1
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APPENDIX I
MICROPROCESSOR SPECIFICATIONS

DISCLATMER

The microprocessor description material contained in this appendix
has been reproduced from literature supplied by various vendors with their
permigsion. This information is supplied for the sole purpose of giving the
reader greater insight ints the LSI devices discussed in the text of this
report. This information is NOT to be used as a detailed device specification.

L4 ¢
Detailed device specifications may be obtained by divectly contacting the

vendors whose addresses are listed at the end of this section.

[7J
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“AmI080A

The 8080 microprocessor first produced by Intel Corporation is now

available from a number of different gsemiconductor vendors., The foudwtng
data sheet describes the AmS080A microproceasor produced by Advanced Hic;o

Devices. This device ie functionally equivalent to the Intel 8080 microprocessor,

L XN]
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\GINAL PAGE
gfé POOR QUALITY

@Disﬁncﬁw Charactaristics

o Plug-in replacements for 8080A, 8030A-1, 8080A-2
o High-speed version with 1usec instruction cycle .
@ Military temperature range operation to 1.5usec

- AmS08CA ™=

. 8-Bit Microprocesscor
. Advanced Micro Devices g
Advanced MOS/LSI -

® lon-implanted, n-channel, silicon gate MOS technology
© 3.2mA of output drive at 0.4V (two full TTL lcads)
@ 700mV of high, 400mV of low level noise immunity
& 820mW maximum power dissipation at :5% power
® 100% reliabitity assurance testing to MIL STD-883

GENERAL DESCRIPTION

The AmS080A products are complete, general-purpose, single-
chip digital processors. They are fixed instruction set, parallel,
8 bit units fabricated with Advanced N-Channel Sihcon Gate
MOS technology When combined with external memory and
peripheral dewvices, powerful microcomputer systems are
formed. The Am9080A may be used to perform a wide variety
of operations, ranging from complex arithmetic calculations to
character handling to bit control. Several versions are available
offering a range of performance options

The processor has a 16 bit address bus that may be used to
directly address up to 64K bytes of memory The memory
may be any combination of read/write and read only Data
are transferred 1into or out of the processor on a bi-directional
8-bit data bus that 1s separate from the address lines. The data
bus transfers instructions, data and status information between
system devices All transfers are handled using asynchronous
handshaking controls so that any speed memory or /O device
are easily accommodated.

An accumulator plus six general purpose registere are available
to the programmer. The six registers are each 8 bns long and
may be used singly ar in pairs for both 8 and 16 bit operations,
The accumulator forms the primary working register and is the
destination for many of the arithmetic and logic operations.” -

A general purpose pus.<down stack 15 an important part of th~
processor architecture The contents of tne stack reside in R/W
memory and the control logic, including a 16 bat stack pointer,
is located on the processor chip. Suoroutine call and return
instructions automatically ase the stack to store and retrnieve
the contents of the program counter Push and Pop wistruc-
tions allow dir_ct use of the stack for storing operands, passiyg
parameters and saving the achine state

An asynchronous vectored nterrupt capab lity 1s included to
allow external signals 1o modify the struct.on stream, The
interrupting device may specify an interrupt instruction tu be
executea and may thus vector the program to a purtscular
service 'ocation, or perform some other direct funstion Duea
memory access (DMAY) capability s also included.
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CONNECTION DIAGRAM INTERFACE SIGNAL SUMMARY
. l0p View
[ {
.o e S M= an TYPE PINS | ABBREVIATION | SIGNAL
KOGy N » D ard INPUT 1 vss Ground
o ) h =) ars INPUT 3 Voo Vce. Vas *12V, +5V, -5V Supplus
INPUT 2 01.02 Clocks ~
[ L} » :——o ar?
INPUT 1 RESETY Reset -
o —{]s %[ J—ean INPUT 1 | wowo Holg
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b o3 =—={}1 [ INPUT v | Reaov Roady
o =10 n a INFQUT 8 | 0g-0 Date Bus
0-Y7
o e 32 [ Jemem a8 ouTPUT -3 Ag-Ats . Address
o0 8 A »n E—-—. A ouTPUT 1 INTE {atecrypt Enable
1-30Vivey __-C 1" o A [ e a4 ouTPUT 1 OBIN Data Bus In Cuntrot
sy ._...: ) »n - A) QuUTPUY . 1 WR Write Not
“0L0 o ™ — Vg *12ur OuTPUT 1 SYNC Cycle Synchronizstion
. - 1e 2} a7 ouTPUT -1 HLDA Hold Acknowleiige
o (:1 " ») a ouUTPUT 1 WAIT Wait
wvg-m——i{ |18 » D—— 0 ) R
(01 Q—C "” 2 :———. walr
' wa '8 I REAGY
SYNG 1] n 'l (]
sovivee ——{ | ® n LOA -
Note Pin 1 s marhed for orentation
. ' {
“INTERFACE SIGNAL DESCRIPTION handled efficieatly with the vectored interrapt pro
cedure and the general purpose stack Interrupt
01.02  The Clock inputs provide basic timing generation for . processing is described i more detail on the next
all internal operations They are non overlapping page
. two phase, high level signals All other inputs to the Dp-D7 The Data Bus 1s compnised of 8 bidirectional signil
processor are TTL compatible lines for transferning data, mstiuctions and stdtus
RESET The Reset input imializes the processor by clearing "‘f‘:"“am" between the processos and all external
the program counter, the instruction register the urits
interrupt enable thip-flop and the hold acknowledge Ag-A1s The Address Bus 1s compnised ot 1€ output signal
. { fhip-tlop. The Reset signal should be active for at lines used to addiess memory and perspheral devices
least three clock periods The general registers are SYNC  The Sync output indicates the stait of each o
,  notcleared cessar cycle and the presence ot pracesst status |
. HOLD  The Hold input allows an external signal to Lause the intormation on the data bus
processor to relinquish control over the addrc;slmes DBIN The Data Bus In output signal mdicates that the
and the data bus When Hold goes actie the pro bidirectional data bus 15 1 the mpat mode and !
cessor completes 1ts current operation, activates ncoming data may be gated omty the Datg flus !
the Hic'a output, and puts the 3 state address and '
data lines nto thewr high impedance state The WAIT The Wait outout indicates that the processor has
Holding devive can then utilize the address and data entered the Want state and 1s piepned to noept
Lusaes wWithout inter ference a Ready from the cutrent externat apetation !
READY Tn. R ad, mput synchionizes the proce”sor with WR The Wiite ovtput indicates the valufity of outpat on
, thatte bus Jur v r oo e an
. oo
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iNSTRUCTION SET INTRODUCTION

The nstructions executed by the Am30B0A s+e variable length
and 17ay be one, two or three bytes long. The tength is deter-
mined by the nature of the operation being performed and
the addressing mode be ng used

The instruction summary shows the number of successive
memory bytes occupted by each instruction, the number of
clock cycles required for the exevution of the nstruction,
the binary coding of the first byt of each instruction, the
mremonic coding used by assemblers and a brief description
of each operation Some branch type instructions have two
execution times depending on whether the conditional brarch
1 taken or not Some fields «n the binary code are labeled
with aiphabetic abbreviations That shown 33 vvy 1S the address
pointer used n the one byte Call instruction (RST) Those
shown as ddd or sss designate destination and source register
fields that may be filled as follows

1"
000
oNn
010
on
100
101
110

The reqister ciagram shows the internal registers the. are
directly avaiiable to the programmer. The accumulator 1s the
prumary working register for the processor and (. a spectfied
or implied operand 10 many mnstructions  All /O operations
take place via the accumulator Registers M, L, D, E, Band C
may be used singly or in the indicated pairs The H and L pair
15 the imp'ied address pointer for many instructions

The Flag register stores the program status bits used by the
conditicnal branch instructions carry, zero, sign and panty
The fifth flag bit 1s the intermediate carry bit The flags and
the accumulator can be stored on or retrieved from the stack
with & zingle instruction. Bit positions in the flag register when
pushed onto the stack (PUSH PSW] are

A register
B reg.ster
C register
D register
E register
H reqister
L register
Memcry

7 ]lefsla]3a]2]1]o

s |z ]olevi] o P |

where S = sign, Z = zero, CY1 = intermediate carry, P = panity,
CY2 = carry

Cy2

REGISTER DIAGRAM

FLAG 5
ACCUMULATOR 8
H REGISTER LREGISTER | B+8 | |
r L
i U HeGISTER l € REULISIER B+8
—
"I aRecisTrn cREGISIFR | 8.
[ J D -
,
| l’ PROGRAM COUNTER 16
'
' I STACK POINTER 16

-

Ouring Sync time at the beginnuing of each instruction cyce
tme dats bus contamms operat:on stat.i information that
des-nibes the machine cycle beirg executed. Positions for the
status bits are. -

pes

7 6 5 4 3 2 1 o
MEMR| INP | MY | OUT |HLTA] STK | WO | INTA
~TATUS DEF:NITION:. )

INTA Interrupt Acknowledge. Occurs n response to an

Intarrupt input and tndicates that the processor will
be ready for an ntenupt instruztion on the data bus
when DBIN goes true

WO  Wnte or Output indicated when signal 15 low When
high, 2 Read or {nput will occur

STK Stack indicates that the content of the stack pointur
s on the address bus.

HLTA Halt Acknowledge

OUT  Output instruction s being executed

M1 Furst instruction byte is being tetched

INP Input instruction 1s being executed

MEMR Memory Read aperatiaon,

INTERRUPT PRpCESSINQ

When the processor inteitupt mechanism s enabled (INTE = 1),
interrupt  signals from external devices will be recoguzed
unless the processor is i the Hold State In handling an 1oy
rupt, the processor will complete the execution of the ¢ irrent
tnstruction, disable further interrupts and respond with INTA
status instead of executing the next sequential tnstruction in
the interrupted program.

The interrupting device should supply an instructior opcode
to the processor during the next DBIN ume stter INTA status
appears.

Any opcode may be used except XTHL If the mstruccion
supplied 15 a single byte instruction, it will be executed (The
usual single byte insttuction utiized 1s RST ) If the inter
rupt instruction i1s two or three bytes long, the next one or
two processor cycles, as indicated by the DBIN signal, should
be used bv the external device to supply the succeeding byte(s)
of the interrupt instruction. Note that INTA status from the
processor 1s not present during these operations

if the interrupt instruction 1s not some form of CALL, it s
executed nermally by the processor except that the Program
COUH!EI’ 15 not incrementcd  The next nstruction i the
nterrupted ProGgram s Den letche and exctuted Slotice
that the interrupt mechanism must be re erabied by the
processor before anotker interrupt can occ i

H the intereops unitro e 5 s torm o CALL at 14y cor
uted notmally  The Program Coutter s stosed and control
transferred to \he inte;rupt service suhroutin  This routine
has responsibility tor saving and restorning the machine state
and for re enathr g interrupts of cdesired When the interrant
service 15 LoTplete @ RETURN nstraction amll transfer
control back 12 the interrupted § rogram
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Storage Temperature

——— e

-65°C 10 1150°

“AmbienT Temperature Under Bias - - ~65°C to +125"
All Signal Voltages W.th Respect to \;g_g— - =0 Vo 026
All Supplv Vollages With .l'\-t.:s-p;ct— ;O.Vgg e -—0 3Vt +20
l;;wgv-Dussnpmon T ’ ) 1 5\

The products described by this specification inctude internal Circuitry designed to protect input devices from damaging accumulations g

static charge it ss suggested nevertheless, that conventional precautnons be observed during storage, handling and usen order to avou_

exposure tu excessive voltages. -

NPERATING RANGE

.

-

Part Number Va Voo Vee Vap Vss
An 9080A XOC
C8080A X 0°Co +70°C 12V 15% 50V S% ~50V :5% ov
Am3080A XOM -55°C 10 +125°C $12V - 10% +50V -10%° | -50V :10% ov -
No ugnal or sunply vo’1age should ever be greater than 0 IV more nogative than Vgg. ) '
ELECTRICAL CHARACTERISTICS over operating range {note 1)
CB0BOA-X Am9080A-XDC Am9080A.XDM
Parameters  Descripyon Test Conditions Min. Typ. Max. Min. Typ. Max. Min Typ Max Units
Vie | tnout LOW Voitege 10 o8 | -10 ) 10 o8 [ vem
Vin } 170ut RIGH Vollege a3 veert| 30 veeet| 20 - V—CC o v:‘“'.
Ty Vot ) - ]
Vie | o Lowvole -0 08 | -ro o 10 o8 | v
Vine ! Ingut HIGH Vaitage, 90 vooet| 90 1 voo''{voo 217 " Tvan -
+ Clocw [amocsoa « ] Voo 7 vonet 1 1™
—— -— — - e o - -
) WOL* 32mA 0460 040 | viin
A/ Ourout LOW Voltzgy f— s —oe —n e e = | —— " R
o, ioL < 19mA - [ 648 i ven
l 104y 2004A 37 = 1Y) 1 =
v Output MIGH Vot ————————————e - - 4 - . d
[+ ] }' tout ottage r-'o—u' 100sA ~ 37 T i Veiy
i Am9080a |TACBC «© n—f . _4 ‘ %0 f
] Overarng Am90BOA 21T +0 C v 70 3 50 T T W T s
l lootav :?.::m COt | menum et | 499808 17T | ENEREY
' Perion a5 C a5 0 - .- - H
| Am30G0A & ol b 4
. T.°0C 55 7 A
Al Rl o R - p—
v Am9080A | YA - *75 € 60 i 30 |15 35
' ! Operanng Am308082[74 0 C 80 20 31 T T | @0
b ojeetavy  YEC Supply Current Am9080A 1 = . N
. CCZT L savrege I:""""“"‘ Ctock ar-S5¢€ » 0 | ma
¢ s '61:00 Ty, ce25 C —— - e
] ! ' r-maon “— = — < 4 35 0. '
N <« 60 o '
vsa Supply Current ) Coecanng 41
! tearavi vei oge Aimmum Ciock Persod 10 10 ‘0 LY
’ e rl'\nul Leaksgr Curreny | iNNate 8) - 10 0 =T ["’ 'T' o wA
1 T Lu.h;q:a;u; Veg s Vo~ V : Py e -

- ’__-C_t-__.__’__ e i nany s ) 00 — e ‘r 1 - 10 a «A |
i | Data ut Curren ViN Vg5 08V . _:vw X 100 ) wA
{oor . fnout Modte INote 21 1 /)y + Vg5 + 0BV - T 230 N M “20 1 0] .a
'[ " | Amtress ans Oata s (VA O Veo —_— _ - B 10 : w0 " e

tetnage n OFF Sute v o vss e ""‘m o )
L ! L LA
CAPACITANCE
O T vz L OV a2
) Ny, oy n g
‘atatetess Usscnhipuon Typ tAax Unats Wy, b
f n T T M .
[ Ciock Input C iwacitance 12 0 ! £ 1 A
L€ G A D A L€ & i Ly
(o] 1npt C. uuu nge 40 80 . of ' *
to Dutput Cipaee wnes Y -1-‘ "1 —-1’ "oF ’
e e e e e e B [ B3 SIS, - e
. C o 100 Capare mn " o -
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" SWITCHING CHARACTERISTICS over operating range™™ ™~ ‘An_.seaoA-a "AmS050A-1
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AmS080A-2 AmS080A _

Boldtace numbaers are B080A specs which ate axcesded. s - CBO80A-1 C8080A-2 CS080A
Porametars Descrption Test Conditions Min. Max., Min. Max. Min. Max., Min. Max. Units
tDA Clock 02 to Address Out Detay ~  Load Capearithes- 125 150 175 200 { ns
0D Clack 02 ta Data Out Delay * 1000F 140 160 200 220 | ™
(]} Clock 02 to Daws Bus input Mode Detay (Note 5) OF 1 toF tOF (1113 'C
oSy Qate 1n 1o Clock ot Ser-up Tume Buth tngy and 1nga 10 {. 10 20 30 "y
0s2 Data in to Clock 02 Set up Time must be satisfied no 120 130 150 n
toe Clock 0 Conteol Output Delay Losa fapacuance = S0pF 100 10 120 120 | ns .
tas Ready 0 Clock 02 Set up Time _ 80 90 S0 120 |
™ Ctock 02 10 Cnnirol Signat Ho'd Time 0 0 0 0 ny S
) 1s interrupt to Clock 52 Set-up Time 90 100 100 120 L]
tns Hoid .0 Clock 02 Set-up Time 100 120 120 140 ny
JE Clock 62 10 INTE Delay Load Capacitance = 50pf 100 220 200 M ns
- 171} Clock 02 to Address/Data OFF Detay 100 20 120 120 ng
i F Clock 02 to DBIN Delay Loxd Capacitance = S0p! 25 110 25 130 25 140 25 140 ns _4
T Clock 52 10 Data In Hotd Time i 1Note 5) -1 - - - - -1 - - 1my
._TAW Adaress Vaid 10 Weite Deley (Note 8! - - =] - - - - -—* R
Yotow Qutput Data Vaiid to Wr te Delay {Note 8) - - - - - - - N ns
. WA Address Valio to Write Incremant {Note 8} 9 |- 10 130 140 ns
wo Outout Data Valid to Write Incremant {Note 8) 130 150 170 170 ns 7
wa Weite (C  ddress tnvatid Dalay (Note 8} - -1 - gl o o) —Tm i
L) Wrste 10 Output Dats Invalid Delay {Note 8) - - - - il U B 1. o
IHF HLDA 10 Address/Data OFF Detay {Note 9) - - - - - - - ns
1 tWE Write 10 Address/Data OFF Detay {Note ) - - - - T : ) . -4: ..:4... ns
wH HLDA to Address'Data OFF Incremant (Note 9) N a0 - S0 50 50 ny
tar DBIN 1o Address Hotd Trme ) ~20 207 1.1 "1 o’
Notwes ; Typical values ar@ 8t T 4 v 25°C nominal supply voitegss and ncminal urocessing Daramaters. -

~op »

8 transient cur/ent must De ab1oTDed by the arving device unti) (NG irput resrhes 8 LON teve!

Pull up devices are connected 10 the Data Bus lines when the input signal i3 high during DBIN time Whan swiic? ing the mput trom HIGM 10 IQ

Turung ceisvence levels -
Clocks
inputs

Conuat

-

RIGHR » B3OV LOW - 10OV

WIGH = 33V LOW « 0 8V

Outputs HIGH = 2 0V LOW - 08V R

O an e duving ugnatl durieng HIGH to LOW ¢
Current during traNKILIoN 18 88 much es | OMA

Values sh

Bus contentiOn caNAOT ocCur and data hOIG LiMes e 80PQUALEe when DBIN 18 u.ed to engble Date In 1)y 13 the smaetier ot S0r s ar tpg
RESFET should remain active 107 ot least three clOCk Ddr0ds
With intereupts enaDled the interrupted INKIFUCTION with be 0N with an (NterruPt snput stablile during the indicated tntervel of tie test ¢1OCk pPurwit
of the Dreceedng 1Nt7ucioNn Additigns! Sy . NICNIZELION NOL Necottaly

taw * 2tcy-103 o2~ KA
oW * Y -'D3I -2 'R0

For MLDA Ot twp “ twa " 103 * teg2 ¢ 1008

For HLDA On 1wp * twa = twE
TME D3 * Yrp2- KM
TWF * 103 * Yoz~ 10ns

or0 for togit high Or 10giC 10w levels Peak




/. *$312A3 8uN19s300 103332003 12N1IC MOYS 104 SIOP PUR SdIySUOIIRII WIDHIARM Sun) Ar 11213 SIUISIIL 1.8Yd S1y)

r
b ' | St »~f _ll

| T\

i o o, e
| =T T
¥ — N

| _ 1

i |

CYom

“- m 1y
}
|
-*m avie
[ o
| ' w_ / .
M | Tl.l?.l& l;l —
S H AT _ |
, ouy, e | _ 1_8 W - -
' T ] _ X | _ \ - —
Wa’_ ,Ti.s. m o~ | - -
ﬁ s G D NN AR N 600
m ! ! nq‘.”'. i ] e —— “..~. v, .LF -
—C T T | VI
on=r— ! ! I ! |




Ly .
' 4 CLOCK WAVEFORM DETAIL ;
S % .
- .:‘ ey '
' et £ ) ] @—
l i ﬂ r ) y
I
-——.' 01 |—— -.—.'—
. L | .
'03 L (]
o2 IZI IS|
1 ra
ICY = tD3 + td2 + 102 + a2 + 1D2 + o
CLOCK SWITCHING CHARACTERISTICS over operating range
Am9080A-4 Am9080A-1 Am9080A-2 Am39080A
. C8080A-1 C8080A-2 c8080A
Parameters Description Min. Max. Min Max, Min, Max. Min, Max. Units
cv Clock Period 20 | 2000 | 320 | 2000 | 380 | 2000 | aso | 2000 m
.Y Ciock Trinuition Times 0 [ | 1 0 25 “ o 56— [ 0 ! 50 m
1 Clock 01 Pulss Width 50 S0 60 . 60 s
a2 Clock 62 Pulss \Vidth 120 145 175 2.20 ny
. t01 o1 10 62 Offset (1] o 0 - T 0. _4 ) ns
) 02 10 01 Otfset 50 | 60 70 e | n
[ 03 o1 1062 Dolay 0 | 60 10 T oo "
PHYSICAL DIMENSIONS
40-Pin Hermetic DIP
Lﬁ 21000 030 ‘{
© m
“wo o1 )
. . » .
-[ == SHOULDELA WIDTH 086 0TS
T w0 vmcu OIOMAR LID TAICKNESS “"“’:‘"G'" 20 uax
-.L- R AR A A & ]
R |
ﬁ‘ ! muninm !l s et
lnmu ":’\%‘:. ot m‘__._ ::.;:‘:'. R -
Metallization &nd Pad Layout
¢ — 32 iclennu % ..' !
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The following data sheet describes tha Am9511 arithmatic processing
unit produced by Advanced Micro Devices. Tha vendor is preseatly
sampling the unit and is oxpected to be in full production later this -
year.

"Copyright ¢ 1977, by Advarced Micro Devices, Inc. All Rights

Reserved. Reproduced with the permissfon of Advanced Micro Devices, Inc."
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7~ PRELIMINARY INFORMATION
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Arithmetic Processing Unit !
Advanced Micro Devices | ~wwyp .

DISTINCTIVE CHARACTERISTICS .

Advanced MOS/LS! L_..,@Z

GENERAL DESCRIPTION

@ Fixed point single and double precision (16/32 bit) The Am851 1 Anithmetic P-ocessing Unit {APU) s amunotitiue
@ Floating point singte precision (32 bit) MOS LS| device that prcvides high pertormance fixed and
@ Binary data ‘ormats , floaung point anthmetic and floating point trigonometrs.
® Add, Subtract, Multiply and Divide * operations. It may be used to enhance the mathematical capa
@ Tngonometnc and inverse trigonometnie functions bility of a wide variety of processor-oriented systems. Cheby
@ Square roots, loganthms, exponentiation shev polynomials are used in tha implementation of the APU
@ Float to fixed and fixed to float conversions algonithms
® Stack oriented operand storage - All transfers, including operand, result, status and command
o Direct memory access or programmed 1/0 data transfers information, take place over an B-bit bidirectional data bus
® End of execution signal Operands are pushed onto an interr.al stack and commands are
o General purpose B bit data bus nterface 1ssued to perform operations on the data w the stack Resulis
® Standard 24 min package are then avaldable to be retrieved from the stack
® +12 volt and +5 volt power supplies Transfers to and from the APU may Le ha'udled by the assucs
® Advanced N-channel silicon gate MOS technology ated processor using conventtonal proqrammed 1/0, or may hio
® 100% MIL STD 883 retrability assurance testing handled by a direct memosy access conttoller for improveed
performance Upon' completion of sach command, the AP
issues an end of execution signal that may be used as ap
- terrupt by the CPU to help coordimate pragram uaecution  *
BLOCK DIAGRAM CONNECTION DIAGRAM
vas (] ° 2 [ Jewo
a " vee (] 2 nlJan
w» [—‘—! -
a a:v"-u «ORaING €AcK 3 a REsse
co onan0 ntGariag .
o atv SVACK 4 n cp
svaea 18 2 [ ] on
I N on
, =il Amgs11 =
oe0 oo wwe] WO tomten ' | . D X
unC [} " [] rare
a
CONTROL1 8 er (] v [Tjveo
O =—=—0) = ru::,:n l\u: 0 " :]-w
—aC)
‘::: B N mE " Wl Jme
.t « —=d oo {12 1» Yo
-t 4t )
CLS commpnd

Top View

Pin 1 s marked for orientation
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INTERFACE SIGNAL DESCRIPTION

VCC: +5 Volt power supply

0D +12 VoIt power supply
@: Ground

CLK (Clock, Input)

An external, TTL compatible, timing source is applied to the
CLK pin.

RESET (Reset, Input)

The active high reset signal provides initialization for the chip.
RESET also terminates any operation in procress. RESET
clears the status register and places the Am9511 into the dle
state Stack contents and command registers are not affected.

€S (Chup Setect, Input)

CS 15 an active low input signal wiich selects the Am9511 and
enables communication with the data bus,

C/D (Command/Data, tnput)

In comunction with the RD and WR signals, the C/D control
hne estabhishes the type of communication that 1s to be per-
formed with the Am9511 as shown below*

c/d RD WR Function
0 1 0 Enter dawa byte 1nto stack
0 (1] 1 Read data byte from stack
1 1 1] Enter command
' 4] 1 Read status

& _‘ﬁ: {Read, Input)

==hs active low input indicates that data or status is to be read
from the Am9511 1f CS 15 low.

WR (Write, Input)

This active low input sndicates that data or a vommand 1s to be
written into the Am8511 «f CS s low.

EACK (End Acknow'edgs, tnput)
Thus active low input clears the end of execution output signal

* (END). 1 EACK 15 tied low, the END output will be a pulse

that is ons clock wide.

SVACK (Sorvice Acknowledge, Input)

This active low input cleers the service request output (SVREQ).
END (End Executio, Output) )

This active low, open-drain output indicates that execution of
the previously entered cammand 1s comptete [t can be used as
an interrupt request and s cleared by EACK, RESET or any
read or weite access to the Am9511

SVREQ (Servica Request, Cutput)
This active h.gh output siynal indicates that sommamd exe-

quested in the previous command byte Itis cleared by SVACK,
the next command output tc the device, or by RESET

PAUSE (Pause, Qutput)

This active low output indicates that the Am9511 «s unable to
accept communication with the data bus When an attempt s
made to read data, write data of 10 enter 3 new command
while the Am8511 13 executing a command, PAUSE goes low
until execution of the current command 15 complete (Sec
Pause Operation, p 5)

DB0-D57 (Bidirect.cnal Data Bus, §/0}

These eight bidirectional lines provide for transter of com-
mands, status and data between the Am9511 and the CPU
The Am9511 can dnve the data bus only when CS and RD
are low,

COMMAND STRUCTURE

Each command entered into the Am9511 consists of a single
8 bit byte having the format rllustrated below

_.GPEPany
CODE

§5 HFD f- ce——
1 1Ry - SINGLE  FIXED !

| ' :
Q : v 5 4 ) : ' o i

f

1

b1a Q4 select the oueration to be performed as shownan the

» e Bits S 6y dect the data format apptoprgte 1o the seircted
. won 1Eet 55 91, 3 nxed point data format s sprcified

1f bit 515 3 0, floating point format s specified Bit 6 selects
the precision of the data to be operated upon by fixed pomnt
commands onty {tf bit 5 =0, bit 6 must be 0) f it Gisad
sevales puremigeany (16 Bttt g tanefs aree g eoamedd Bt 60 1 0
duuble preciaon (32 ) Opn tad, aie pubicatud Results we
uitdetaned tor 3 allegat combitn dtuen, of Tuts eyt commad
byte Bit 7 indicates whether @ service request 1y $o by issury
Wit Bergarae b svegted Pt 2l e sernee re
guest output (5 bEQ) A g g 8t e cunlusion of the
commanti and will remain high until reset by o low level on the
serv ce acknowledye gn {(SVACK) or until eompletior of e
cution of the succeering command where service  reguest
{tat 7145 0 Euch command visued 10 the Am9511 reqquests pust
exerution semate Haw ) vpon the state of bit 72 1 the com
mard byte Whenbit 21530 SVR 70O 1 mainc lnw




COMMAND SUMMARY
. .
Command Code Command Com: j Description (1) .
7]6[5]a[3]2]1]0]| Mnemome
FIXED POINT SINGLE PRECISION @
Rlt]r]o}lrirvi]ojo SADD Adds TOS to NOS Result to NOS Pop Stack ..
R| 1 1101 110} SsusB Subdtiacts TOS trom NOS Result 10 NOS Pop Stack
R| 1 ol ] 1 0 SMUL Multiphies NOS by TOS Resuft to NOS Pop Stack
R 1 o1l ) 1 1 Soiv Divides NOS by TOS Resutt 10 NOS Fop Stack
FIXED POINT DOUBLE PRECISION
RlIoOo]|v|O]? 1J]ojo DACO Adds TOS 10 NOS Result 10 NOS Pop Stack
Rlojt110}]1 110]1 osuB Subtracts TOS trom NOS Result to NOS Pop Stack - . ,
Riojl1]O] ] 1{0 oMuUL - Muttiplies NOS by TOS Result to NOS Pop Stack
RlojvY|joO vy g |t ooV Divides NOS by TOS Result to NOS Pap Stack >
FLOATING P+ INT
RjojJoO] o|jo]oOo|O FADD Adds TOS to NOS Resuit to NOS Pop Stack .
RlIOjJO}? ojojo! FSuB Subtracts TOS trom NOS Result to NOS Pop Steck
Rl]ojoOo] ojo]1 0, FMUL Muitipties NOS by TOS Result to NOS Pop Stack
Riolo]vr]lo]oOo]| 1L FOWwW Divides NOS by TOS Result to NOS Pop Stack
DERIVED FLOATING POINT FUNCTIONS (2)
RlojoJo|oJjo]o]: SQRT Square Root of TOS Result in TOS 7
RlojoOojoOojJoOo]|jOoO][|1}0O SIN Sine 21 TOS Resuhin TOS
plojolo]Oo]jo, 1 1 cos Cosine of TOS Resultin TOS N
RjojlOoOfO}jO}VYV]O]O TAN Tangent of TOS Resutt in TOS
R|ojfojOojOo ]y ]|O]|1 ASIN Inverse Sine ut TOS Resuliin TOS
R{iojofOtoO | 1|0 ACOS Inverse Cosine of TOS Result o TOS
Rjo]J]OoO}lO]O]"? 1 1 ATAN Inverse Tangent of TOS Resu.tin TOS
R|Oo|OlO}rY|O]O]|O LOG Common Loganthm (base 10) of TOS Rrsutt in TOS
Rl|olOjO}j1t{O]O]|1 LN Natural Loganthm (base e) of TOS Resuit in TOS
RlIojJO}jO}{Y 0|1 0 ExP Eaponential {(e*) of TOS Result in TOS
RiojOoJO{rY]o!i |1 PWR NOS raised to the power in TOS Result to NOS Pop Stack r%
OATA MANIPULATION COMMANDS (3) - &:
rfoJolof[o]o]o]o NOP No Operaion -
R|jcCcjoO} 1 ) ’ 1 FIXS Converts TOS from ficating point 10 single precision fixed point format
ARl O0jO 1 1 1 ] 0 FIXD Converts TOS trom floating point to double precision fixed point tormat
RO} O 1 ] ) ol FLTS Converts TOS from singte precision fixed pont 1o lHoating powt tormat
Rlojol 1 1 o}o0 FLTD Converts TOS trom doubl2 precision fixed pom1 to tivating pomnt tormat
R[ 1 ] 1101101} oO CHSS Changes sign of single precision fixed pont operand on TOS
RjO] 1" 1 [ I A ] olo CHSD Changes sign of double precision lixed point operand on TOS
RioOjO}v]O}rY]O]1 CHSF Changss s'gn of floating paint operand on TOS
R| 1 1011t 1 1 PTOS Push singlc precision fixed point operand on TOS 10 NOS.
Rl o] 110t ] 1 PTOD Push double precision fixed point operand on TOS to NOS
R|O}] O 1 o1l 1 1 PTOF Push floating paint operand on TOS to NOS
R| 1 1 ] 1 ojo0}10 POPS Pnp single precision fixed point operand from TOS NOS becomes TQS
Rlo| 1 ) t|J]ojo}o POPD Pop doubte precision fixed point operand from TOS NOS becomas TOS
Rinlo] 10j)01]0 POPF Puap flosting point operand from TOS NOS becomes TOS
, [ | ' ‘ 18 ] 0110 1 XCHS Exchange single precision tixed point operands TOS i NOS
i n : 0, 1 1 1]10}o0|1 XCHD Exchange doubte precision tixed point ope-ands TOS and NOS
Riolol 110]0 ] XCHF Exchange tioating puint operands TOS and NOS
| R J 0jO0] 1 0 1 0 PUPI Push floating point canstant =’* anto TOS Previous TOS Lecones NOS

*atm 1 NOMENCLATURE TOS s Top Of Stack NOS i3 Neat On Stack
2 AN denved Hoating pont funcuions destroy the contents ot the stack Onty the result can Le counted on 1o b valid upon eanunared
completion
3 Formar ;onvemon comnands (FIXS, FIXD FLTS, FLTD) cequire that tiaating pont dats tarmat be sin s ibied G mmumam? Ity 5 st
must bie Q)

11
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DATA FORMATS

The AmS511 anthmetic processing unit handles operands in
tasils tiacu pnft and floauing point formats. Fixed point

wands may be represented in either single (16-bit operands)
T/ double precision (32 bit operands), and are always repre-
»wented as binary, two's complement vatues.

SINGLE PRECISION FIXFD POINT FORMAT

DOUBLE PRECISION FIXED POINT FORMAT

| vaLve
Mot rirtr e ed ittt
» °

The sign {positive or negativel of the operand is lacated in the
most significant bit (MSB) Positive values are 1epresented by a
ugn bit of zero {S = 0) Negatve values are represented by the
wo's complement of the correspcnding positive value with a
sgn bit equal to 1 (S = 1} The range of values that may be
accommodated by each of these tormats s —32,768 10 +32,767
tor single preaision and ~2,14:,483,648 to +2,147,483,647
for ¢ uble precision

ating point binary values are represented in a format that
rmits anthmetic to be performed i1n a fashion analogous to
operations with decimal values expressed in scientific notation
(583 X 102) (8 16 X 101) = (4 75728 X 108)
In the decimal system, data may be expressed as values between
0 and 10 umes 10 raised to a power that effectively shiits the
imphed decimal po.nt night or left the number of places neces-
sary to express the result 1n conventionaf form (¢ g, 47,572 8)
The value portion of the data is called the mantissa The ex-
ponent may be either negative or positise.

The concept of tioating noint notation has both a gan und a
loss associated vaith it The gan is the ability to cepresent the
sigmificant digits of data with values spanning a large dynamic
range hmited only by the capacity of the exponent ficid For
example, 1 decimal notatiun it the exponent tieid 15 two digits

wida, and the mantisa «s fiva digits, a ranga of values (positive
or negative) from 1.0000 X 1029 to 99999 X 10*99 can
be accommodoted. The lo3s i3 that only the significant digiil
of the value can be represented. Thus there 1 no distinction n
this representation between the values 123451 and 123452,
for example, since each wouid be cxpressed as  1.2345 X 105

The sixth digit has been discarded In most applications where
the dynamic range of values to be represented is laige, the loss
of significance, and hence accuracy of results, is 3 minor con

sideration. For greater precision a fixed point format could be
chosen, aithough with a loss of potential Cynamic range

The Am9511 is a binary anthmetic procussor and sequires that
fiosting point data be represented by a fractional mantissa
value between 5 and 1 multiplied by 2 raised to an appropriate
power. This is expressed as follows

value = maiiuissa X 2exponent

For example, the value 100 5 expressed in this form s 0 1§00
1001 X 27 The decimal equivalent of this value may be com-
puted by summing the components (powers ot two) of the
mantissa and then multiplying by the exponent as shown
below:

value = (2-1+2-2+42-5+2-8) x 27

205 +025+0.03125 + 0.00290625) X 128
= 0.78515625 X 128

=1005

FLOATING POINT FORMAT

The format for fluating point values in the Am9511 s given
below. The mantisza i1s expressed as a 24 bit (fracuional; value,
the exponent 15 expressed as a two's complement 7-bit value
having a range of —64 to +63. The most siguficant bit o8 the
sign of tne mantissa (0 = positive, 1 = negative), ‘or a total of
32 bits. The binary point 1s assumed to be 1o the feft of the
most significant mantissa bit {bit 23) All floating point duta
values must be normalized Bit 23 must be ecqual 1o 1, except
for the value zero, which 1s represented by all zeros

e ]

l:[! EXPONENT
sisi 4t gty iyt e ittt it eet1tt
) FTY )

The range of values that can be represeted in this format s
21(27X10-201092 X 10'8) and zero
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1 FUNCTIONAL DESCRIPTION 1. A previously initiated operstion 1s in progress (device busy
. and Command Entry has been sttempted In this case, t+
) Stack Control PAUSE lina will be pulled low and remain low until coun
% Yhe user interface to the Am8511 includes access to an Y level pletion of the current command execution. It will then g
16-bit wide data stack. Since single precision fixed paint oper- “igh, permitting entry of the new command
~ ands are 16-bits in length, eight such values may be maintained 2. A previowly initiated operation 15 In progress and
inthestack When using double precision fixed point or tloating access has been attempted In this case, the PAUSE In)
pont tormats four values may be stored. The stack mn these be pulled low, will reman in that state until execution
two conhigurations can be visualized as shown below complete, and will ther be raised 10 permit corpletion o
t —] 7 the stack access.
::,: : :j_;: ,.:: —_— :: : :, : :: : :: t 3. The Am3511 s not busy, and data removal hes been re
i N N X ¢ quested. PAUSE will be pulled low for the length at um:
N . . necessary to transfer the byte from the top of stack to th
R 1 2 interface latch, and will then go high, indicating avaitability
N of the data.
N 4. The Am9511 s not busy, and a data entry has hecn re
- quested. PAUSE will be pulled low for the length of time
- 16 required to ascertain if the preceding data byte, if any, has
Data are wntien onto the stack, eight bits at a time, in the been wnitten to the stack if so PAUSE will immediately
order shown {B1, B2, 83 ) Data are removed from the go hugh if not, PAUSE will remain low untit the intesfacs
stack n reverse byte order {BG, 87, 86 ) Data should be latch s free and will then go high —
entered oato the stack n multiples of the number of bytes 8§ When astatus read has been requested PAUSE will e putlod
appropriate o the chosen data format. low for the fength of time necessary to transter the status
. to the interface latch, and will then be raised to perrait
Data Entry completion of the status read Status may be redd whother
Data entry 1s accomphished by bringing the ct 'p select (CS), orn_cllie-AmQSH '8 busy
the command/data line (C/D), and VR low, as shown in the ~ When PAUSE goes low, the APU expects the bus controf siy
uming diagram The entry of each new dat2 word “‘pushes nals present at the ume to remain stable unul PAUSE qoes
down"” the previausly entered data and places the new byte - high
the top of stack (TOS) Data on the bottom of the stack prior
10 a stack entry are lost Device Status
Device status1s provided by means of an internal status reqictoss
' Data Removal whose format 1s shown below
Data are removed from the stack in the Am93511 by bringing
chup setect (CS), command/data (C/D), and RD low as shown BUSY SIGN  ZERD |e——— ERROR COOE ———=] cars
1 » the tming diagram The removal of each data word redefines
TOS so that the next successive byte to be removed becomnes J J l J l
TOS Data removed from the stack rotates 10 the bottom of ? - °
the stack. ’ BUSY Indicstes that Am8511 15 cunentiy executing a cum
Command Entry mand (1 = Busy)
Atter the appropniate number of bytes of oata have been en- SIGN- Indicates that the value on the top of stack 1s n.gative
tered onto the stack, a command may be issued to perform an (1 = Negative)
operation on that data Ce.nmands which require two oper- ZERO Indicates that the value on the top of stack s zera (1
ands tor execution le g, 4dd) operate on the TOS and NOS Value 15 zero)
values Single operand corwnands operate only on the TOS ERROR CODE This field contains an indication of the validity
Commands are 1ssued to the Am3511 by bringing the chip se- of the result of the tast operation The rrior
et 1C5) ine tlow tommand data (C D ine high a3 1d WR hine codes are
fow as wndicated by ne timing diagrem  Atter a command s - 0000 — No error
1000 - Dwide by .ero
issued, the CPU can continue execution of 1ts program concur- 0100 - Sq | ‘
cently with the Am95;1 command execution vare root or log of negative number
- 1100 — Argument of inverse sine, cosine, or eX t0o 1arge
Command Completion XX10 - Underfiow
i The Am9511 signals the compiztion of each command exe c A)l(i’g(‘ ;0"""“'
tion by lowening the End Execution line (END} Simuitaa- fevious operatin resuited In carry of borrow
cously, the busy it in the status register 15 cledred and the most siyneficant bit. (1= Carry/Borrow, 0 No Canr,
Servece Request bit ot the command register 1s checked 1f 1t No Borrow )
1w & 1" the service request output fevel {SVREQY 1 taised it the BUSY bit in the statu, reqister « a one, the other status
Tt P O T VI TN S Wt LIV L SO 20T SR P gy ity ote ot dehined of 2010, mdicating nat busy, the ppee i o
— Lol L ubse Simoarly B serveee roguest ine oy d: '-v_-_:x*:_x‘; rump ete ard tne other status bits ase detined as given at -
tes o gution of dn active luw Scrvice Acnnowleiyge {SYACLK)
L Read Status ! L}
. Pia.0 Opesation 'Yhe AMISTY ratus 148t €an he e ad by the CHU -
H = q‘ tme (whether an_operalion s in progress of not) by brsy, g
¢ Archive 1o s 00Uk A JREY ¢ proadeu This hine is heghan the chip select (CS) lew the commuand/data tine (D1 o
- Wy o LT and S e By e AMALET wt ty tae - and ‘ocening BD Tne stitus re@ster s then cated ontg the
folloa g s v - . * data bus aral may be input by the CPU
LI Lad - .
« A
L wam—. . . AR I N —
C e AT B S ; ' ¢
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EXECUTION TIMES I

Timing forexecution of the Am3511 command set is contained

in Table 1 Al umes are given in terms of clock cycles. Where

stantial vaniation of execution times 15 possiole, the mim-

*#—. and maximum values are quoted, otherwise, typicat
acaues are given. Vanations are data dependent

Yotal exection tmes may require allowances for operand
transfer into the APU, command execution, and result retrieval

.

from the APU. Exezpi for command execution, these times

.. will be be heawily influenced by the nature ot the data, the

contral interface used, the speed of memory. the CPU .sed,
the prionity allotted to DMA and Interrupt operations, the size
and number of operands to*be transferred, and the use of
chained calculations, etc.

COMMAND EXECUTION TIMES

Command | Clock | Command | Clock | Command | Clock | Command | Clock
Mnemonic | Cyc.es | Mnemonic | Cycles | Mnamonic | Cycles | Mnemonic | Cycles
SADD 17 FADD 66-350 LN 4478 POPF 12
ssuB 30 FSUB 58-352 EXP 4616 XCHS 18
SMUL 92 FMUL 168 PWR 9292 XCHD 26
soiv 92 FOIV m NOP 4 XCHF 26
DADD Fil SQRT 800 CH3s 26 PUPI 16
’ osus 38 SIN 4464 CHSD LY
DMUL 208 [ol0 11 4113 CHSF 16
oDV «8 TAN 5754 PTOS 16
FIXS 92 216 ASIN 7668 PTQD 20
FIXD 100 346 ACOS 7734 PTOF 20
FLTS 98 186 ATAN 6006 POPS 10
% FLTYD 98 178 LOG 4490 POPD 12
|
r L
- » _N;
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MAXIMUM RATINGS above which useful life may be impaired

Storage Temperature - “E- _- =85°Ctos150°C
Amblent Temperature Under Bias . _ - “~88%C 10 +125°C
VDD with Respect to VSS . : _ T T -0svwesov
VCC with Respect 1o VSS TTUTTTTTT Zosv v
Aul Signal Voitages with Respect to VSS - R v
Power Dissipation -t i - - T T Ow

The products described by this specification include intemnal circuitry designed to protect input devices from demaging accumulations of
static charge. It s suggested, nevertheless, that conventional precautrons be observed during storage, handling and use in order to avoid
expasure to excessive voltages, i - .

- -

Ll
-

OPERATING-RANGE o .
Part Number Ambient Temperature VvSsS VvVCC vDbD
AmM95110C . )
| _Amssi140c 0°C < Ta < +70°C ov +5.0V 1 5% +12V 2 5%
Am35110M -55°C € TA < +125°C ov 150V - 10% +12V £ 10% .-

ELECTRICAL CHARACTERISTICS Over Operating Range (Note 1}

Parametors Descrniption Test Conditions Min. Typ. Max. Units
VOH Output HIGH Vaitage IOH » —2004A az Vaity j
VoL Guiput LOW Voltage 1OL = 3 2mA T 7 17 oe Valis
ViH input MIGH Voltage | T 20 - we Vals
viL tnput LOW Vol tage —0s | - 08 T vl
x Input Load Current vssewicvee | " Pt 10 Y
v0 =04V -100
102 Data Bus Laskage VO = VCe - '-6.7'--- »
Ta = +25°C 55 - :
e VCC Supply Current Ta=0C 7 ) m
To = —55°C N 7
Ta = +25°C s | It R
100 V0D Supply Current Ta=0C [ - mA
Ta= -55°C R
) Output Capacitance T8 10 oF "
Cct Input Capacitance fc = 1.0MHz, inputs = OV "_ 8 8 w
cio 1/0 Capacitance w | 12 pt

i . ~

.
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SWITCHING CHARACTERISTICS over operaung rangs {Note 1) .
i . v AmSS1Y . AmE3N14 R
Descripticn - Min, Max. Min. Max. Units
EACK LOW Pulse Width 100 j 50 ™
N [ - C/B 1o D LOW Set up Time ° 0 Y
; [~ C/D 10 WR LOW Sot up Time o 0 | s
Clock Pulse Wicth . 200 100 S T
€S LOW 10 RD LOW Setup Time 50 > .o
CS LOW to WR LOW Set up Time . 50 3 b
- Clock Period ] 480 | s000 250 2500 om
Data Bus Stax:e 10 WR HIGH Set up Time ﬂ 260 100 [ 1
EACK LOW to END HIGH Delay 200 100 n
- END LOW Pulse Width (Nats 2} 400 200 . n
Dato Bus Output Vaiid to PAUSE HIGH Delay ) ) o m
PAUSE LOW Pulse Wdih Reso 'Now3) __ | 1850 928 [ ]
PAUSE LOW Pulse Width Write (Note 3) « [} - -0 TTTTH T w7
PAUSE HIGH 10 RD HIGH Hold Tume _ o T ) o :—_J: .
PAUSE HIGH 10 WR HIGH Huld Time 0 4} ny
~ T ADHIGH o C/D Mol Tume ) 0 R
RD HIGH 10 CS HIGH Hold T-me . 0 0 ng
RO LOW 10 Dats Bus ON Delav $0 R %~ o J o .;s i
RD LOW 10 b—"le i)elav {Note 4) ES 26 BN 100 “ns 1
D HIGH to Data Bus OF F Drlay 50 200 | = - wo o l
SUACK LOW Pulse Width K R N T
‘ SVACK L LOW to SVREQ Low  Detay ) 150 ns
WR HIGH 10 /5 Hotd Time_ I A R R A | ) ns
WA HIGH 10 CS HIGH Hold Tume X I - o
WR HIGH to Data Bus tizldlnme B} L . I, [+] ng
Write inacuve Time {Command) ey 3Tey 2Ty _arey n ]
_ (Datal ITCY avcY |- 3vey arcy ns ]
WR LOW 10 PAJUSE LOW Delay (Note 4) 200 - 100 ng ¥

NOTES:

1. Typical values are for TA = 25°C and nominal supply voitage
. 2. END low pulse width is specified for EACK tied to VSS.

3. Based on stack access only. Vanable, refer to functional description for details.

4 PAUSE is pulled low for both command and data operations

5 TEX s the execution time of the current command (see the Command Execution Times table).
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APPLICATION INFORMATION

The diagram in Figure 2 thows the interface connections for 8 general purposs 8-bit dats bus and interface control so that it

the Am9511 APU with operand transfers handled by an  can be convoniently used with any ganeral £-bit procetsor.
9517 DMA controller, and CPU coordination handied by In ‘many-systems «t will be ient 1o usé the mics -
AmM9519 Interrupt Controller. The APU intorrupts the CPU puter systom clock to drive m”." APUI“ clock input. In d:omm“ ;

0 indicate that a command has been completed When the per- of BOBOA/DOBOA systems it would be the 62TTL signal. fs

formance enhancements provided by the DMA and Interrupt cycle time will usually fall in the renge of 250ns m'"" it )

operations yre not required, the APU intertace can be simpli- 000,

Pli- depand )
fied & shown in Figure 1. The AmS511 APU is desgned with > "8 0N the syitem spocd

oy OR jo———e0 Wb cb os
. Ame51Y
O D——) wi ARITHMETIC

cix PROCESSON -
/ov
| SYSTEM OATA 6US >

UNIT
Figure 1. Am8511 Minimum Corliguration Example.

3 L ADORESS sus
mesmF ! ' i i
u?t:v S [ A0-A ath
D1COOER
ADSTS
e r—. OMA CONTROLLER oe
HLODA . : IE o ; o
WORQ nAlG 4 I; 3 B B lg g Io H
)’
cLocx [ 4, L
wtwa - i
(1] tuw
10R
on —
ALADY l
11 P £ 1 1 1 ‘
wa R0 < B mgeRR %2
i facd - — 4 & v &
. infa iac m:l ::::n [LIT.X) by & H
it —Jio o CONTHINLER 19¢qs T R -".-“:"-r
) i ! MU ., UMl
. | v ca -

i1 e i}
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Figura 2 Am9511 High Performance Confiquration Exampte
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The following material deacrtbe; the Digital Equipmant Corporation
181-11 microcomputer system. UHhon packaged for an end-user, thio unit is
gold by the vendor as ths PDP 11/03 minicomputer,

“Copyright ¢ 1977, by Digital Equipment Corporation. All Rights
Reserved. Reproduced with the permission of Digital Equipmant Corporation.”
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INTRODUCTION

The use of large-scale integration (LSI) technology will
takes new and existing product designs past a gsenas of
trachiional barners such as suze, weight, packaging,
relability/maintainability and cost. ‘i

LS! technology enables DIGITAL to put an N-channel
MOS central processor, 4096 (4K)-word random-access
memory (RAM), vectored automatic prionty interrupt
fogic, real-ume clock input, power failure/autorestart
logic, and buttered parallel 16-bit mput/output port on
one 8.5-by-10+nch printed circuit board

Added to these LSI-11 features are an enclosure and
power supply (mcluding hights, switches and fan)lo
praduce the PDP-11/03—the LSI-11 inabox.

LSI-11 or the PDP-11/03 can be expanded by choosing -
from any of several memory and I/0 modules—RAM,
PROM/ROM or core memornies. serial and parallet 1/O
interlaces. printed-circuit backptane/card guide
assembly—all nterfaced to the LSI-11 bus.

LSI mpodularity means you buy oniy what you need. You
are free to concentre te your expertise and maximize
your profitability by agplying DIGITAL s microcomputer
capabity to » whole new range of controt and process-
ing opportunihies.

Choosing either LSi-11 or 11/03 enatles you to offer
the newest products in the popular DIGITAL PDP-11
famuly of municomputers, a family with unparalleled user
acceptance More than 30.000 PDP-11sare 1 use,

the largest number in processing and control applica-
tiong. Over four years of development and field experi-
ence are yours to profit from when you offer LSI micro-
computers (O your customers.

. The wealth of tools available to help integrate the

LSI-11 or PDP-11/03 into vour product means that ycu

can cut shert your development cycle and get to market

soonar.

Here's what is available

® Alarge, liexible instruction repertoire, including the
400-plus instructions of the basic PDP-11/40

¢ A simphfied, appliication-oriented bus structure for
maximum ease n handiing /O and memory aperationg.

* Off-the-shelf, plug-in expansion interfaces

¢ Off-the-shelf, plug-in core, RAM, and/or PROM/ROM
expansion memones

® Resident firmware debugging t2chniques and ASCHl
console routines

® Operating system development on standard
PDP-11/38, 117140 or LSI-1

® Software and hardware training classes

¢ Complete documentation, including user's program-
ming and maintenance manuals, configuration and
installation guides

? The unmatched resources of the DECUS Uibrary for
’1:‘0 1, ot eghor 0L rams

A
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LSI-11 HARDWARE AND FIRMWARE
Microcomputer Module KD11-F

The 16-bit contraf proccasor functions are contamed in
four siican gate N-channe! metal oxxde semconductor
(MOS), targe-scale mntegraton (LS, integrated cirewt
ching These chips prov:de all instructions, decodirg,
bus controf, and arithmetc/togic umit (ALU) functions of
the processor The central processor contains eight
general registers which can serve as accumulators,
mdex regsters, autoincremant/autodecrement
registers, or stack pointers.

4086-by-16 road/write (203 samiconductor oMoy s
contained on the microcomputer module This memory
1s composed of LS| dynam:c random-access memory
(KAM) ciups that require iittle operating powaer, provide
{ast access hme, and are refreshed automaticaily by the
processor's microcode, whrch 1s transparant to the user
A memary register on the KD11-F module addressas all
on-board memory pius LSI-11 bug-compatible expansion
memory up to 32K words or 64K byles

NMultiploxed parette! /0 bue port-DRA oparation. Tho
LSI-11 bus is a high-speed, 38-ine paraliel bus con-
taining data, address, control and synchronization lings
Sixteen hnes are used for time multiplexing of data and
addresses All data and control ines are bidirectional,
asynchronous, open-collector lines capable of providing
a maximum paralle! data transter rate of 833K words
per sacond under direct memory access oparation

Powerful FOP-11/40 basic instruction set. More than
400 powerlul instructions make up the LSI-11's extensive
bastc instruction set There are no separate memory.
170 or accu-aulator instructions Thus the user can
manipulate adta in penpheral dovice registars as fiaxibly
as in memury registers

The basic opsration code usas both singie- and double-
operand instructions for words or bytas, making it
possible to perform such operations as adding, sub-
tracting, or moving two orerands in one step This can
reduce the number of instructions needed for many
routines by as much as two-thirds Much of the LS! 11's
operating fiexibiity and processing power arg derved
from its wide vanety of addressing techniques Address-
ing can be direct, indirect, automcrement, autodecre-
ment, byte or word, indexing and stack-addressing This
flexaibility means the LSI-11 can deal with data in the
most efticient manner The general registers can be
used interchangeably as stack pointers, accurnutators,
and mndex registers Address modification can be done
directly in the general registers

The KEV-11 Extended instruction snd floating-point
instruction option provides tixed-point muitiplication,
division, and muitiple shifting in single-precision arnth-
metic as we!l &s floating-point addition, subtraction,
multiplication and dvision

et e g R S i g
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Single-levad, vactorsd, sutomstic pricsity intorrapt
provides for user-mplementation of a pnonty-structured
O interrypt system Devices electncally closest to the
microcomputer modute receve highest prionty, for
aither DMA or programmed (/O transters (DMA devices
have 8 higher prionty than programmed /O davices )
This structure allows nesting of mterrupts to as many
tavaly as there are davicas cannected to the LSI-11 bus.
Upon receipt 6t an interrupt grant, tha davico diracts
the processor to an intarrupt vector tocation which
conteing the starting address of the device nisrrupay
gorvice routine and the new processor status word.
Reel-timoe clock input signal ine functions as an
extarnal mterrupt ine When connected to a frequency
S%Urce, it can serve as a real-tme processor intarrupt
Ajumper on tho microcomputer module enables or
disabiles tiug highest priarity interrupt function

Asynchroncus oparation of all system modules permits
each to function at its tughest possible speed

Power fall/auto restart provides jumper-selectve restart
through a power-up vector, a gefined location, or an
octal de?uggmg"techmqua (ODT) mcrocode

Power tailure 13 one of a senes of arrors and program-
ming condtions wiuch wall cause the central processor
to trap to a set of fixed locations

-~
P e el ]
v
8
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-
- - — M - v
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Whenever de power SogquINCIng sionats indicate on

. impending ac power loss, a microcoded power-fad

. soquanca 8 inikated The microcomputar traps to loca-
tion 24 to oxecute a user's power-down routne. Thes wnl)
maks pogsibie an orderty system shut-down

Whan power s restored, tho ptoceuacmoxmm
of four jumper calccted options,

1 The procagsor traps o location 24 snd executes 8
usar-defined powor-up routing to restore the
machine to ito stats pnor to power talure

2. Power-up to a definad tocation n mamery

3 Power-up to the ODT/consolo firmware routne (this
assumaes that an (/O mta-faco that responds to ths
device address 13 present)

4 Power-up to a microcode bootstrap program (thws
assumas that the devica corresponding to the
bootstrap s resant)

COT/ASCH conasle routinn/bootetred all are residant
in microcode to provide sutomatic entry mto the dedup-
ging mode, replacement of conventional programmers’
panet ights and switches with any tarmrat davco
generating swandard ASCil codes, and the abiity tn
automatically commence operation through rasident
bootstrap routinag

W or Rvto procescing provides very etficrent handling
of B-bit characters without the need 1o rotata, swap, or
mask

8.3-by-10-inch board contams afl of thesa features

L 2 "
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Expansion femory Modules

4% Gynamic rendom-eccoss mamory-2A3Vi1-8 s a
dual-suze (8 S-by-5-nch) read/wnte memory module
uthzing dynamic MOS semiconducior memory devices.
Tha module capacity 138 4098 words of 16 bits, with
memory-seiect cacuilry {or operation on 4K address
dboundanes Dynamic memory refresh s pefformed
sutomatically every t 67 mitliseconds by microcode o0
the microcomputer module

168 dynamic MOS8 momory—M8SV11-L 18 g quad-size
{8 5-by-101nch} read/write memory module with 16K
words of 16 bits each This module features 4K dynamic
MOS technotogy internal refresh, 4K bank memory
addresses. and 750 nanosecond cycle tume with 380
nanosecond access ime There are no special power
requirements and memory contents can be protected in
the event of a power l0ss by user-implemented baftery
back-up power source. -

&X grogrommabie ropd-only memory-RIRV11-AA 15 a
dual-size (8 5-by 5-inch) tield programmmable, read-only
module utihzing either 256 x 4 or 512 x 4 fusible-hink
sermconductor devices The moduie s maxrmum capacdy
13 2048 or 4096 words of 16 bits (depending upon which
device 18 used), and 1s expandable in 256- or 512-word
mcrements Thig module 1s ccirtigured with 32 sockets

Interfacing Modules i

Saoris! tine unit-DLVTY s a universal asynchronous

recesver/transmitter senal interface module for use

between (he LSi-11 bus and senal devices 113 a dual-

sze (8.5-by-5-nch) module with the tollowing features

¢ Enher opically isolated 20mA current ioop or EIA
intertace. - - -

Selectabile baud rates 50, 75, 110, 134 5, 150, 200, v

309, 600, 1200, 1800, 2400, 4800, 8600

® Jumper-seiectable stop tits and data bits

© LSI-11 bus mterfaca and control logwc for nterrupt

processing and vectored addressing of nterrupt

service routings.

Interrupt prionty datenmnined by electncal position

along the LS+-11 bus _

Control/status register (CSR) compaiible with PDP-11 -

software routines CSRs and receiver data butfer )

registers directly accessed via processor instructions. :

Plug. signal, and program compatible with PDP-11

pL1C !

Perallal iine unit-DRV11 s a general-purpose, 16-bit i

parallel nterface between the LSI-17 bus and the user's

peripheral davice. It 13 a dual-size (8 5-by-5-nch)

module wmith the following features !

* 16 diode-clamped data input kines

for mounting memory IC devices of the user’s choice ® 16 latched output ines

PROM chips can be supphed as an opthon A pin- ® 16-bit word or 8-bit byte data transfers.

compatible masked ROM chip 1s avaiable for vclume * Complets device address decoding user-assigned

apphications so that the lowest possible cost can be - ..

achieved Board-mounted jumpers enable selection of ® LSi1bus ‘“:::’“ :‘“d:"::‘m' logic ":'“"';'e" “‘:'

the modulo's address ptocmme&vec ored addressing of interrup!

4K core mzmory modulo-RAY11-A 13 8 quad-size * iInterrupt nty determined b ctrical positon

(8.5-by-10-nch) core, read/write memory module along ;,T;::? bus edbyele pe

containing 4098 words of 16 bits, with memory address . ¥

satection circuitry for starting operation on any 4K %:?Z:::‘:;ﬁt:m:cgg g:'::’:é:?;’::m L

boundary Core memory provides non-volatile read/write butfer regrsters dwectly acce i3 DroCessor .

storage for applications requiring protection against mstruc eg ssed via p

power losses. bons {
* Plug, signal, and program compatible with POP-11 ,

DRU-C.

- * Four control ines availabla to the peripheral device :
tor output data ready, output data accepted, input - ;
data ready. and input data accepted logic operations

® Can be used with TTL or DTL logic-compatible ,
devices i
® Maximum data transfer rate of 30K words per second
under program control
® Maximum drive capabihity of 25 teet of cable
>
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Power Supply H7L0 -

The H700 powar supply provides the required de voitoge
and current for the HE9270, H8271, or cquivalent back-

‘ planeinthe LSH11 system

" The H780 fteatures.

® +5V23%, 18A (maximum) and +12V=3% 3.5A (max-
mum), combuned dc power must not exceed 120W.

o Overcurrant/shont circust protection—Cutput voi-
tagas return (0 normal after removat of overioad or
short Current limited to asproximataly 1.2 timesthe
required maximum rating.

® Overvollaga protection—+3Vlimited to +8.3V
{spproximately); + 12V imitedto + 15V
(approximately). >

s Dual primary power eonﬁgurataon-can be connected
for nominal 115 V, 60 Hz or 230 V, 50 Hz input power

* Line Time Clock~A bus-compatibie signal i3 gener-

ated by the powar supply for the event (ine time
clock) interrupt input to the processor Thissignal is
aither 50 or 60 Hz, depanding upon primary power
line frequency input to the power supply

Peraliol iine D2AA —-DRV11-B is a qued-cize (8.5-0\10
tnch) direct memory access interface module. it requires
- two devica locationg on the bus The interface 13 pro-

@ grammed by the processor to move vanable length

blocks of 16-bit data words to or trom specitiad locations -

in the system memory via the LS!1-11 bus. Once pro-
grammed, no processor intervention s required to com-
plete the data transfer The DRV11-8 3 capable of trang-
fer rates up to 250K, 16-bit word per second, and 18
capable of opsrating in burst modes and byte
addressing.

LS1-11 bus foundation—DRV1 1-P 13 a versatile wire
wrap modula on a quad-size (8.5-by-10 inch) board.

it requires two device focations on the bus. it contains

a preassembled bus interface logic and can accom-
modate up to 60 14-pin ICs

Because the bus interface logic 13 included. the module
can be ctficiently configured by the user to satisiya
vanety of device interface logic applications.

Backplane/Card Guide Assembly H9270
The H9270 backplane/card guide assembly is a pre- o Power Fail/Automatic Restart—Fault detection and
wired L31-11 structured backplane based on a stanriard status circuits monitor ac and de voltages and gener-
DIGITAL four-by-four slot configuration. The H9270 * ate bus-compatible BPOK H and BDCOK H signals
has the following features: (respectively) to info-m the LSI-11 system modules
* Dasigned to accept one microcomputer and up to six of power supply status Automatic power signal

10 and memory moduins

All LS1-11 bus deta, control, and power connections
are prewued on the printed circuit backplane to each
modu.e focation

Easily implemented, prionty-structured 1/O bus
system based upon etectrical position along the
LSI-11 bus. Device prionty leve!s established by a

. daisy-chained grant signai arrangement for interrupt

and DMA requests Placement of modutas into the
backplane automaticaliy passes the bus grant signal
to the next lower-prionty device

Backplane integral with card guide assembty
Mounting capability in all planes

Backplane size 1115 by 28 by 110.inches

gseguencing s provided

o Fans—Built-in fans provide cooling {or the power
supply and LSI-11 modules contained in an adjacent
HO270 backpiane.

Expanded Backplane ODV11-B

The DDV11-B without card guide 1S an expanded ver-
sion of the standard L3I-11 backplane for use when
additional LSI-11 opt on medute space 1s required. A
nine-by-four siot sertion of the backpiane s LSI-11 bus
structurad and will accept one microcomputar, up to 15
option modules and one bus terminator module An
additional nine-by-two slot section of the backplane is
provided with power connections.

Expander Box H909-C

The H809-C expander box provides a most canvenient
means for expanding the LSI-11 systerr Each box
includes the card guide and spaca tor the DDV11-B
and the power supply.

B H780-h pov.er Supply attacr.ed 10 Ine H9270 backplane

Sy
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LSi-1? BUS CONCEPT
The bus 1s a impile, fast, easy tO use interface batween
LSt-1 1 modules. All LSI-1 1 modules connected to thrs
common rdirectonal b 53 structure receive the same
. intertace s:gnal lines. A :ypical system apohcanon m

Vv - which the processor module. memory modules. and
‘ perphart device interface modules are connected to

. _ th@ bus 18 shown in tne diagram.

Bus dats and control Lings are rdirectionat open-
collector ings that are agsserted low Tha busscom-
posed of 16 date/address ines. 17 control/synchroniza-
tton signat lines, and mamntanance lines.

z woe
.

g

N COMPONENT SIDE uP
PROCESSOP of 0
POSITION 2 POSITIOM 1 2
. POSITION3 POSITION ¢ 3
POSITIONG POSITION S L]
A 8 Cc ]

MOOULE INSERTION SIDE)

Control signal lines include two daisy-chained grant
signalg (four s:gnal pins), which provides a pnority-
structured I/0 system. The highest prinrity device is the

. module electricallv located closest to the microcom-
puter module Higher pnority devices pass a grant signat
to tower priorty devices only when not requesting
service Forexampie, Module A.” shown in Bus Prionity
Structure, 1s the highest-priority devico, and is capable
of interrupting processor operation {when interrupts
aro enabled) or executing OMA transters atany tire
Modules B and C have lower priorities, respectively, and
can recerve a grant signal when Module A 1s not
requesting service Simiarly, Moduie Ccanrecervea

: grant signal when both Modules A and B are not
requesting service

Both address and data words (or bytes) are muitipiexers

over the 168-bit bus. For example, during a programmed

data transfer, the processor first asserts an address on

the busfor a fixed time After the address time has been

completed, the processor executes the programmed

. nput or output data transter, the actual data transfer 1s

- asynchronous and requires a reply from the addressed

‘device Bus synchronization and contro! signals provide
this function

o o~

Tho processor module 18 capable of drving six davice
siots (doubla-hewght) along the bus. as suppliod. Davices
Or memory can be tnstalled m any focation alom this
(.17, 8

The processor s on-board memory address latch and
address decoder addresses both the processor
module s 4K RAM and generates bank-selact signats
onthabus

The bus provides a vectored interrup! intertace for any
deavice. Hence, device polling 13 not required m mter-
rupt processmg routines. This resuils in a considerable
$aVINgGs in processing ime when many devices requir-
ing nterrupt service are interfaced along the bus When
adevice recevesan interrupt grant signal the processor
inputs the device's interrupt vector The vector points

to two addresses which contam a new pcocessor status
word and the starting address of the interrupt service
routing for the de~.ice

One mnput signal Ime functions as an extamal event
interrupt line received on the processor module This
signal ine can be connacted to a frequency source,
such as a hne frequency and used as a real-time inter-
rupt Ajumper on the processor module enables or
inhibits this function. When enabled. the device con-
nected to this line has the twghest interrupt prionty
external to the processor Interrupt vector 100413
reserved for this function and interrupt requast via the
external event line causes new PC and PS vords to b
loaded from locations 100, and 1025

MASS STORAGE FLOPPY DISK

RXV11

The RXV11 13 a dual dnve floppy disk with interfece.

it has a capacity of 512K words with an average access
time of 483 microsoconds and provides untimited off-
line sorage.

R
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et oou GRANT
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BOMG € SYSTEM
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SYSTEM
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] Bus Structure
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LSI-11 INSTRUCTION SET
SINGLE OPERAND
Mnemonic  (nstruction
Gonerel
CLR(B) clear
COM(B) complement
INC(B) ncrement
DEC(B) decrement
NEG(B) negate
TST(B) test
Shitar sets .
ASR(B) anthmeticshift nght
ASUB) anthmetic stift ie’t
ROR(B) rotate night
ROL{B) rotateleft
SWAR swap bytes
Muitipls Precision
ADC(B) addcarry
SBC(B) subtractcarry
SXT sign extend
PS WORD OPERATORS
MFPS mave byte trom PS
MTPS move byte to PS
DOUBLE CPERAND
Generut
MOV(R) move
CMP(B) compare
ADD acd
suB subtract
Logical
8IT(8) pit test
BIC(B) bitclear
81S(B; bitset
XOR exclusive or
CONDITION CODE
CLC clearC
CLv clearVv
Lz clearZ
CLN clearN
CcCccC clear all CC buts
SEC setC
SEV setV
SEZ setZ
SEN setN
SCC setall CChits
NOP no operation

L

.t

e

Branch

B8R branch (unconditional)

BNE branchf not equal {to zera)

BEQ ~  branchif equal (to zero)

8PL branchf plus .

BM} branch f minus

BVC branchifoverflowisclea:

8vs branch if overfiow 1s set

BCcC branch if carry 1 clear

BCS . branch if carry is sat
Signed Conditional Branch

BGE - branchif greater than or equal

~ (o zero)

BLT branch if less than (zero)

BGT branch if greater than (zero)

BLE branchf less than or equal {to zero})
Unsignoed Conditional Branch

B8Hi branch if tugher

8LOS branchif lower or same
8HIS branch it higher or same

8LO branch f lower
Jump & Subroutine

JMP iump

JSR jump to subroutine

RYS return from subroutine

MARK mark

$08 subtract one and branch (1{=0)
Trep & Interrupt

EMT emuiator irap

TPAP trap

BPT breakpoint trap :

ja) g input/output trap

AT return from interrupt

RTT retum from interrupt
MISCELLANEOUS

HALT hait

WAIT wan for interrupt )
RESET  resetexternal bus !

FIXED POINT ARITHMETIC (EIS)

Mnemonic Instruction

MUL multiply
cw divide
ASH shift anthmetically

ASCH anithmetic shift combined
FLOATING POINT ARITIHMETIC (FIS)

Mnemonic Instruction

FAUD floating add
FSuB fioating subtract
FMUL fioating multiply

FDIV ficauny; divide ( }“

2077

I-30




LS!-11 SOFTWARE

LSK11 systems software includes a paper tape software
operating package, a vanety of operating systems, pro-
gramming languay,es, diagnostic softwara, andspecial
software cptions.

The LS!-11 paper tape software (QUV10-AB)

is available as a basic utifity package. It consusts of

an Editor, which allows the user to create and modify
ASCII source files to be used as input to other system
programs, an Assembier, which allows the user to trans-
late assembly tanguaye programs into execuytable
machine-coded programs. a Loader, which allows the
user to input programs and data from various media into
the machine, an On-line Debugging Technique (ODT)
Package, which allows the user to debug assembled
and linked programs, and an Input/Output Executive,
which allows the user to control the flow of data to and
from devices under program control

Resl-Time Opsrsting System RT-11 .
RT-11 15 3 floppy disk based, single-user, foreground/
background system that can suppori a real-time job exe-
cution in the foreground and an interactive o: batch pro-
gram devetopment job n the background. itisa tugh
performance systemwhichcombines fast, on-line access
with high level programming language capabilities and
user-peneficial features such as stack processing and
vectored interrupts.

Rasource-Shering Oparsting System RSX-118
RSX-11S 13 an execute-only operating system designed
to provide the most etficient resource-sharing environ-
ment for multiple real-time activittes without a mass
storage device This operating system featuras muiti-
programming, priority scheduling, contingency exiss,
and power-fail shut-down and auto-restart -

RT-11 Progromming Langusges

MACRO-1 1, the assembier. provides full macro pro-
gramming capabiities tn systems with 8K of memory

it has factlities for maintaining and using a macro library
and performing conditional assembly

Muttruser BASIC1s a fast incramental compiler devet-
oped by DIGITAL using a conversational programming
language developed at Dartmouth. It provides on-line
timeshared access to the LSI-11 Several users simul-
taneausty can develop programs, enter and retneve
data, examine files, and communicate It isone of the
easiar programming aids to master, yet it offers extremely
sophisticated techniques tor complex manipulations
and efficient problem-soiving

+FORTRAN-IV 15 an updated, improved version of a
widely accepted scientific problenm-solving language
and compiler, contamned in 8K words of memory itcan
be used to nerform intager. real and double precision
operations. Both program execution and compilation 13
much faster using this version Input and output cen be
accessed directly, and all RT-11 monitor functions are
completely accessible through catiable subroutings.
Object programs are put out in run time tormat without
gny intarmediate assembily

PROM Formatter QUV11-CB

This software generates correctly formatted tape from
which a PROM chip can be blasted.

LSt11 Paper Tapo Diagnostics ZJVO1-RB

Thesa tapes test the processar, exercise the memory,
isolate problem modules and exercise the 1/0 devices

I3\




.

DEVELOPMENT SYSTEMS,

Cevelopment of applications-onented software s a typi-

cal assignment for the PDP-11/03 and 11V03 systems
among ongimnal equipment manufacturers buillding the
LSI-11 board set into their products These systems,
integrated wath POP-11 saftware are designed ta offer
powerlful and flexible computation resources at a low
price .

PDP-1 1 /03

The PD™-11/03 13 formed by adding the ‘ollowmg
elements to the basic LSI-11 microcomputer module
the power supply (including hghts, switches and a dua'
fan assembly), standard rack mountable enclosure
measuring O'2 Dy 19 by 13 inches, H9270 backplane/
card guide assembly The 11/03:1s svailable in 4K RAM

(115 and 230 voit) and 16K RAM and 4K Core (115 and *
230 volt) versions. Each 1s expandable beyond the basic

configuration by adding the options currently avaulable
- as modules with the LS!-11

The PDP-11/03 1s designed with a removeble front panel

{pop panel) By removing this panel, you expose the
LS| modutes and cables for easy removal or replace-

ment from the front The power supply s lacated on the

nght side and has lights and switches attached so that

when the front panel is removed, the hghts and switches

remain functionat

PDP-11/03 Operating Specifications

Temperature 41°F to 122°F

Relative Humidity 10% to 95% (no condensation)

input Voitage

PDP-11/03-AA, BA 90-132 Vac, 115 Vac nomtnal,
47-63 H2

PDOP-11/03-AB, BB 180-264 Vac, 230 Vac nomina!
47-63Hz

input Power
POP-11/03-AA, AB, 210 watts max at tull ioad,
BA. BB 190 watts typical at full ioad

PDP-11V03

Tre PNP 1UAT cang s's of 1 PDP 11703 vith 8K of
sermiconductor reag wrnte memory dua!l drve floppy
U sk system terminator bootstrap morle with DFA
refre v 3 VT52 DECscope or LA36 DL Cwriter llinput/
COty TN g gt Tt er ount c Cot el with

£ ot 215U Luton Darezl anc ULV11 seqdl ine unit
e

a s Lot
IRAPTL

1.
s 13

N '; ;: \Jl

The 11V03 includes RT-11 which is a small, single-user
foreground/background system that can support a real-
time application job's execution in the foreground and
an interactive or batch program development job in the
background Programming ianguages supparted under
RT-11 are MACRO-11, Fortran IV and BASIC.

PDP-11V03 Operating Specifications

Temperature . -
Operating 15t0 32°C (59 ta 80°F)
Nonoperating  -35to 60°C (-30to 140°F)
(diskettes, ~35°t0 52°C (~-3010 125°F)

nonoperating)

Relative Humidity

Operating 20 to 80%

Nonoperating 5% to 98%, nonzondensing
(diskettes) 10 to 80%. nor ondensing

Magnetic Freld less than 50 c¢.rsteds
Mechanical
Cabinet size 26°Hx 280 x 1" W
Waight 205 pounds
Electncal
Input Volitage
PDP-11V03-AA 100 to 127 Vac, 60 Hz, +° Hz,
with VT52
PDP-11VO3I-EA 100 to 127 Vac, 60 Hz, +1 Hz,
with LA36
PDP-11V03-AD 20010 254 Vac, 50 Hz, 21 Mz,
with VT52
POP-11VO3-ED 200 to 254 Vac, 50 Hz, t1H2,
with LA38
input Power 940 watls max at full icad
Pa o
b
A
r.
e
$e
';:_ 3
L
t.

u\:‘. s .r 2
. K S £rg. oo " < .
[ 9 : ~ . . .
R o P ol
11V03 with VTS2 DECscope

MICROCOMPUTER APPLICATIONS
Conhiguration flexibility, unparalieled software provi-
sions, and a complete array of interface terminal and
MeMOry Ltiuns n.arke the LSI-11 anideal addition to
control communication and processing systems

The reliability cmall size, and cost-savings made pos- £ \
asitte by e LI 1-11 slarze-scab: inteqeation aschiic- .

1 re canjust iy ity use in many new apphcations. 1n- -

cluding those summarized below

Py
XL
1-32




B e i fabdainda s X 4

P Y

S,
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in a Remittance Processing System:

The LS!-11 1s both economical enough and powerful
enough to be incorporated in a new line of single-user
remittance processing stations Each station has its own
LSt-11 vath 30K words of memory This contrasts with
traditional shared-processor systems that divide their
computer power among a number of operator stations
Oue to their greater complexity, these older systems
are often both 1/0 bcund and computer bound The
LSt-11 based stand-alone systems avoid this problem,
yet cost iess than a shared procassor system with the
same number of stat:ons. .

Inen Ultrssonic Sconning System:

The LSI-11 serves as the central conticller in an ultra-
80nt¢ scanning system that uses high-freque:y, low
energy. pulsed sound waves to produce cross sectional
views of the human anatomy Unlike X-ray. ultrasound -
can distinguish between diftarent kinds of tissues,
diagnose pregnancy and its abnormalities, and visual-
ze a variety of conditions including tumors, certain
opthalmic lesions, and other abnormahties

In Distributed Process Controk:

LSI-11s are at the heart of a cost-eftechive distnbuted
process control system that is helping plastic sheet and
film manutacturers make better use of their increasingly
expensive raw matenals. LS1-11s control extruders to
minimize set-up times and start-up scrap and to hold
down variations in product thickness The controllers
all report to a supervisory LSt-11, which provides the
real-time operator information and control, and the
centralized management reporting, usually associated
with jarger, more expensive systems

in 8 Voice-Input Terminal System:

The LSI-11 allowed an OEM to develop a fess expen-
sive voIca Input terminal thdat can reach a much widuar
market than previous terminals of this kind The terminal
accepts the oparator s spoken words identities them
from among hi, prerecord: d socnch patteras andthen
relays the data in digital form to 1ha host computer In
industnial ptants, for instance. the voice input lerminal
allows quahty control inspectors to enter data while they
ook at and handle work pieces Since there 1s no time

lag for manuat data recording and subsequent kaying,
the host computer can provide the tnspectors with real-
time trend analysis results to help them sgot problems
early. o

inProgrammaeble Signs:

AnLSI-11 controiler is responsibie for many of thé
programmable signs used in commerctal and industrial
applications One OEM's signs display alphanumeric,
graphic, and high-contrast photographic infarmetion,
even animated cartoons—in 16,000-point dot matrix
formats. A single LS!-11 controller drives several signs.
Another OEM builds an LSI-11 into a stand-glone system
that has practical applications ranging {rom interactive
graphic des:gn and editing to classroom or other group
wvisual presentations BothOEMs chose the LSi-11
because it could handle the large amount of processing
their systems requncd In addition, the microcomputer
had the proven hardware and the software davelopment
and debugging tools to make one-of-a-kind applications
practical. .

In Processing Color Film: .
LSI-118 controi a fully-computerized colar film process-
ing system for phototinishing laboratonies. The system
reduces photographic papar waste as much as 50% by
minimizing operator errors, reducing set-up paper (0SS,
and providing tighter quality control. The added through-
put saves labor costs and lets photofiishers handle
more volume without having to buy additional color
printers. The system consists of from four to 25 LSI-11
controliers hnked to a host PDP-11/35, which providas
overall control and manages a central data basa
LSi-11s were ideal for this distnbuted contro! operation,
according to the OEM, becausa their local computa-
tionai power allows the central 11/35 minicomputer to
t.andte up to 25 printers at once The LSI-11 s software
and system compatibility with the 11/35, agswe'i asits
powertful set of 400 basic instructions, was a oig edvan-
tage in developing apolication software

In Computer Numerical Control;

LSi-115 control a new generation of gnnding machines
that produce more uaiform surfaces and require less
operator intervention than competing machines The
biggest advantage of the new grinding machines is that
their LSI-11 controllers can be easily programmed for
maximum productivity in performing a given application
The programmer typically prepares the actuai gnncing
prograsa and stands by to watch the fir<i workpiece s
it's pro Juced If the programmer <Ges a way {0 Simoify.
speed up, or in some other way imnrove the process. he
can actually cycle backward and torward through the
program, rewnting and testing as he goes The pro-
grammer can optirmize they software ana vahdsta the
results without ever having ¢ teave the production
{loor Hardwired controliers or tape-fed contrctlers just
don t permi* this kind of flexibrity
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SERVICE AND WARRANTY

LSI-11 microcomputers are warranted for 80 days
Return any detective unit dunng this penod and it will
be rapaired or replaced without charge

Post-warranty service can be provided in a variety of
ways, including complete repair through a local
CiGITAL depot, a contract with DIGITAL's Field Service
Group, or the purchaser’s own service organization,
with or without training at DIGITAL.

ORDERING INFORMATION
Forturther information on DIGITAL component products,
contact: .

Digital éaulpment Corporation, Components Group,
One iron Way. Mariborough, Massachusetts 01752 Calt
800-225-8480 toll-free tfrom 8.30 AM to 5.30 PM our
time.*

InCanada:
Digltal Equipment of Canada Limited, PO Box 11500,
Ottawa, Ontano, K2H BK8 Call(613) 592-5111, ext. 154

In Europe:

Digital Equipment COrnoraﬂon International (Europe),
81, route de 'Aire, C P 340,CH-1211 GENEVE 26
Call(022)42 7950 .

*U.8 only. Mazsachusstts residents pleass d:al (817) 431-7400

DIGITAL EQUIPMENT CORPORATION, Corporata Hesdquarters: Maynard, Massachusatts 01754, Telephone: (617)
897-5111—-SALES AND SERVICE OFFICES' UNITED STATES—ALABAMA, Hunisville ¢ ARIZONA, Phoonix and
Tucson o CALIFORNIA, El Sequndo, Los Angeles, Oakland, Ridgecrest, San Diege, S#n Francisco (Mcuntsin View),
Santa Ana, Santa Clara, Stanford, Sunnyva'e and Woodland Hills « COLORADO, Engloewood « CONNECTICUT:
Falrtield and Mericen ¢ DISTRICT OF COLUMBIA, Washinoton (Lanham, MD) « FLORIDA, Ft Lauderdale and Or-
lando ¢ GEORGIA, Atlanta o HAWAIL Honolviu ¢ ILLINOIS, Chicago (Rolling Meadows) o INDIANA, indianapolig
o |IOWA. Bettendorf ¢ KENTUCKY. Louisville e« LOUISIANA, New Orieans (Metairie) ¢« MARYLAND, Odenton e
MASSACHUSETTS, Marlborough, Waltham and Westliold « MICHIGAN, Detroit (Farmington Hills) ¢ MINNESOTA,
Minneapc'.. » MISSOUR}, Kansas City (independence) and St Lous ¢ NEW HAMPSHIRE, Manchestar « NEW
JERSEY, Chearry Hill, Fairfield, Metuchen and Princeton ¢ NEW MEXICO, Albuguerque ¢« NEW YORK Aibany, Bul- )

fafo (Cheektowaga) Long Isiand (Huntington Station). Manhattan, Rochester and Syracuse « NORTH CAROLINA,
Durham/Chapel Hill ¢ OHIO, Cleveland (Euchd). Columbus and Dayton ¢« OKLAHOMA, Tuisa ¢« OREGON, Eugene
and Portland ¢ PENNSYLVANIA Allentown, Philadelphia (Bluebell) and Pittsburgh ¢ SCUYH CAROLINA, Columbis
s TENNESSEE, Knoxville and Nashville ¢ TEXAS, Auslin, Dallas and Houston « UTAH, Salt Lake City » VIRGINIA,
Richmond « WASHINGTON, Bellovue ¢ WISCONSIN, Milwaukee {Brookfield) » INTERNATIONAL-ARGENTINA,
Buenos Aires » AUSTRALIA, Adelside, Brisbane, Canburra, Melbourne, MNerth and Sydnay © AUSTRIA, Vienna o
BELGIUM, Brussels » BOLIVIA, La Paz ¢ BRAZIL Rio de Janeiro ar:d Sao Paulo ¢ CANADA, Calgary, Edmonton,
Halitax, London Montreal Ottawa Toronto Vancouver and Winninea ¢ CHILE Santiago ¢« DENMARK, Conenhagen
o FINLAND Melanxe o FRLNCL Lyon, Coorobleand Pans » G AMAN FLOERAL HEPUBLIC, Cologne Frannturt, -
H .\ whurg Hannovor Munich Nuremburg, Stutigart and West Borlin ¢« HONG KONG o INDIA, Bombay ¢ INDONE-
SIA Djskarta ¢ IAELAND, Dublin o ITALY, Mdan, Romo and Turin ¢ IRAN, Tehran ¢ JAPAN, Osaka and Tokvo e
MALAYSIA Kua's Lumpur o MEXICO “*nxico City ¢« NETHERLANDS Ultrecht » NEW ZEAVAND, Aucklond and
Cherectnch o #7200 22 Dslg e “UT D) RICO S nlurer o SINGAPT *” o S SDAN Gothanhurg and Stock-
holm ¢ SViITLLKAND Conova and Zurch « UNITED KINGCOM, Birmingham, Hristol, Epsom, Edinburg., Leeds,
Leicoster, London, Hlanchastar and Fondiirg « VENEZUELA Caracas o
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™S_9900 K . !

The IMS 9900 1s a 16-bit NMDS ticroprocessor sold by Texao

Instruments Incorporated. It is functionally cquivalent to tha SBP 9900,
an Izl. varaicn &lso manufactured by Texas Instruzents Incorporated.
“Copyright ¢ 1976, by Texas Instruments, Ine., All Rights Resarved,

Portions of the IMS 9900 Microprocessor Data Manual reproduced with the

permigsion of Texas Instruments, Inc."
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Y 1. INTRODUCTION . ' )
i ~.
‘ 1.1 DECCRIPTION =
The TMS 0900 mucroprocetsor @ 8 snglech 16.bit central proensng uner (CPU) produced usng N channet
utcongate MOS technology (we Fgure 1) The iratruction sat of the TMS 9900 mctudes the caped hitss oftered ty
. full mmcomputers. The ungue v-to v srch e festures mutltihe wegrter hiles retcient o0 um. s 7
wluch sitow 153121 18300Me 1O INTIVTUOTS a0 proge W Haxibiity The separate DA ] S -
the ystem desgn effort Teuwss (nsrruments provides & compat:ble set of MOS and TTL memory and logre tunction .
areurts to be viad with o TMS 9900 syatem The system 1 lully apported Dy toftwars anvi 4 complets rotutvpny
tystom. - 7
1.2 KEY FEATURES -
16-81t fnstructeon Word .
e Full Mmm‘lmmm Set Capatelity includmg Multiply snd Deewie -
®  Up 1o 65,538 Bytes of Memory .
[} 3.3-MMHz Speed
' v ®  Advanced Memory to-Memory Architecture - .
®  Sepcrate Memoey 170, ond Intersupt Bun Structures - -
e 18 General Regrizers
® 16 Prontued intsrrupts '
[ Programmed ard DIA 10 Crgstulity
®  N-Channet Siican-Gare Technology
L ]
. 2. ARCHITECTURE
The memo:y word of the To25 9900 4 18 bits tong  Eadh wostd 18 alvo @dhned 3 2 bvtes 0f 8 vty The ingtructiun w1 o
of the TMS 8900 sliows both word and biyte operands Thus, &il mamory 10Catons &re On Swan codress bo Jrutarees st
Dyts mstrucons can ediress ethey the svon or odd byte The memory speee o 65.536 bytes or 32,768 words The word
- snd byts formats gre shown delow A
[ L5
v
0 1Jz]:lcls[ejrlalo]mlu[ulup:[ls_] .
. 4
Vv .
MIMOAY WORD (EVEN ADORERS)
[0 L33 W33 138
i °1']=I’I‘Flﬁl’]°i9|‘°l“[5]'3]"]'€|
N slc;o " -,
EvENOTTE QDD OYTE
29 REGISTERS AND MENORY ' T
. The TMS 9300 amptQys an . sdvpneed yto y srch

ture Blocky 0f memory desgnrated as work Jnece
toplany internpl-hardwiia .. Jsters anih Orogram-121s teqisters The TMS S900 memory map «s chown tn Fquie 7 The

first A2 worts ore e 100 MeIrUOl DD vectirs. The nxt contiguous BIOCK At 32 Amory words 8 uied fiy the
extended operstion IXNP) irstruction tor trap ves tors The a3t two memory worts FEFCyg ano FFFE g ae Ut to
the tap weet r gt tw LOAT senal The ton = memp 4 then vl latste e Deojrams st a0 wivkiae
ragiters If desired gny Of 1N L0SCH8) 31028 May ¢ . e UNed 85 Qenera! MRMOrY
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MEMORY
. Awﬂlﬂq’

>

AREA DEFINITION MEMORY CONTENT
————e UEMORY CONTINT
° )

WP LEVEL O MTERRUPTY

FC  LEVEL D INTERRUPY

Y LEVEL t IRTERRUPY

PC  LEVEL 1 INTERRUPTY

INTEARUPT VECTORS ﬁ

WP LEVa. 8 INTERAUPT

PC  LEVEL 13 INTEARLPT

\Y 2l

XOP SOFTWARE TRAP VECTOAS L L

aP xXoP s

fC Xorn

IR

—_—

GENERAL MENVOAY AREA

GERIRAL EIMORY FOR .
PROGRAN, DATA, AND £ MAY 82 ANV

COMBINATION OF
WORKSPACE REGISTERS
PROGRAN SPACE

OfR WORKSPACE
L]
®

LOAD SIGNAL VECTOR FreC WP LOAD FUNCTION

(2121 PC  LOAD FUNCTION

FIGURE 2 ~ MEMORY MAP

Three inteena) reginters are scceisible to the vier The program counter (PCY contnny the adrrets uf the mstrurtinon
following the current tnste being ed Tha sk 18 refecenced by the orocesus to teteh the twa
nstruction from memory and it then 2y inc ed The status register (ST contans the present state of
he processor and wili be turther detined . Seztion 34 The workspace puinte 1WPs contamy the silitrens of the § s
word 1n the currently active tet of workipace regiters

we

A wa bypace 1072100 fue Occumres 16 onn® 7 mis meend e, a ande o the qenerg! meuiey arpa e Fojure 21 fae
wnikipace reqister May hold A1 OF BHITEAWPY 37 funtt DN 83 ODPIANKY reQiitevs ACumulatory adiciess rapisters oo
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wnden reitert. During WMLruCHON EXECUTIoN, the Oroovsor asddrenaes Crvy FEgSTer on the workiDecs by edding the
reptter Pumber to tho contonts of the workspics POINTEY and wutsting 8 Mmemcry request for the word The
ret81:0mM D DItwIen the SOsk10808 PONLEr end IS COTTESDONGING WOrkPaCce o shown below -

L . L []
WORKSPACE REGISTER O L w A I -
WOoRKSPACE A
[ v A I
WORNSPACE REGISTER 15 o ] '
I S
PROGRAM 8 ) )
T, ) 3
WORKSIACE B

The workspace concope o partcularly vatuable dwmooaummauwnowm.i;\-:ﬁuom!m
one progrsm environmant to snother (as 1n the case of an interrupt) of 1o o sud Such an ope , uhng 8~
0 el > . reg that at least part of the contents of the register file be s:ored and
refoaded A memory m L unu-ud to store or fetch uch word andnmmg the proprem countar, stotus register,
4nt workspace pointer, the TMS 9300 plishes & ch wnth only threo store cycles snd three '
foteh cycies. After the wwitch the workspace ponter contans the starting address of & new 16-word workipace in

memory for use In the new A corre ding ime feving accurs when the ong:nal CoNaxt o restored

Instructions «n the TMS $900 that result «n ¢ conteat swntch include

.

1 Branch and Load Workipece Pounter (BLWP)
2 Retwn from Subreutine {RTWP)
J. Eatended Operatinn (XOP) N

Oeveew interrupts, RESET and LDAD a0 cane o context swatch by forcing the Drocessar to trep to ¢ ervese
wdrouting

22 INTERRUPTS

The TMS 9900 employs 18 interrupt lavels with 1he hrghast,prionty level 0 and lowest level 15 Leval 0 13 resorved for
the RESCT function ang ait other tevels may be uted for axternat devices The external levels may als0 be shared by
SEVETD VIS INTETTUDRS, GIERNGING UDON SYSTEM reQUINEMeEnts

The TUS 9900 contimucunty cOMPEet the mterndt code 11CO through ICI) with e mierTudt matk contaned n
s regater 1t 12 1meoumn 1S W en the 'eve af the paruling interrupt o 16y Than OF eQual 10 the enatiling mash
€sel (hGNET OF EULSI W Or Ty ALETIUD?] TN OFOCEILON 1ECOGNILES NS JNTBTILDL 80D PTALES 2 CONTERT SWitch following

'
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completion of the currently execvting wutruction. The procesor tetches the new context WP sndt PC trom the
interrupt vector locations Then, the premous context WP, PC, and ST are stored o worksosce seqisters 13 14 anct 15
retpactewdly, of the new workioecs. The TMS 9900 then forces the mterrupt mash 10 8 valtue tht 1 One lets than the
tovet of the intersupt beeng sernced, except for tevel 3870 tNTEITUPL, Winch 10808 2810 IO the mash The oW Only
interripts of Agher pronity 10 INtETRUDT 8 seTvice The or o MDIts nperuDls untt the fnge
atruction of the service routing has been executed L0 Preserve Program hinkage shoukd @ hagher prnonty ntprIunt
ottur Al mnterrupt requests should remain sctive until recognized by the " the dovcegtrwmee cout ne The
nthvidus! servics routings muast repet the iterTupt 7oquests before the routne is compiete

it 8 higher prionity interrupt occurs 8 aecond context twitch OCCUrS 10 £afvice the hgRer Drority terruDt When 1ot
routing 13 complete, & return wnstruction (ATWP) restores the hest service routine Daremetens 10 the process_to
complate processing of the lowerononty mierrudtl All interrupt subroutnet Should termengte with the etun

STrUCTION (O restore orginal program perameters. The interrupt-vector io Gevien alsgy engbhng-mash
valus, ares the uvtarrupe code are shown o Table V. . A .
TABLE ¢
- INTERRUPY LEVEL DATA .
Vestor Losauon tntsrrupe Ringh Velwes Vo l otorruot ‘
tatorrust Lavet (Marmory Aadvas Oovece Assgrenem Eand® Repertrs tntwrnn . Coom |
In Mo} 15712 vww BT15) | KOmweiCd
(Ftghest svonty) O on Rese © tvough F° oouo )
] [ Enternel dewce 1 trough & . oot |
2 | o : 2 voon F i co10 ‘
3 «< : . Snown ¢ [ e |
L] 10 4 theoups F ! 0100 l
[ " S e ¢ 4 (1011
[ ] L1 PY L i ong
? 1c : ? thegupn ¢ H one ,
) 20 B wmeow F 000
° > . 9 Oroup ¢ ' 1009 ]
10 n A Swoupr ¢ 1010
" b 0 Owougn £ 01 -
17 30 C theoaschr & * 1100
{1} ] ] O turmgn £ 101 '
" » ) Cmas "o
(Lowest pronty) 18 n € arrnal dewce ¥ onty ; 13A1L y
®Lowt § con w0t e dreabied.
The TMS 9200 intarrupt intevface utdues dard TTL s &3 th in Fuqure 3 Note that toe eaht e lew

enternal interrupts 8 single SN74148 n required and 107 one extemal interrupt INTREQ 13 uaed a3 the inter ..0° ygnas
with & hard wared code (CO through 1CI

s

INPUTOUTPUT ,

The TMS 9900 utihizes a versatile direct command driven $/0 interfoce drsgnated s the teQater unit_
(CRU) The CPU provides up to 4096 directly addressadle input bits and 4096 dirsctly eddressable outvut bits Boin
nput ang output its can be sddressed ndividually o in fuids of from 1 o 16 bits The TMS 9900 empiovs three-
dedicated 110 pins (CRUIN CRUOUT and CRULLK) and 12 bits (A through A14) of the oddress Ous 10 inferace
with the CRU system  The processor instructions thet drive the CRLU interfacs can set, reset, or test any D1t w the CRU
8178y 07 move betwoen inemory snd CRU data lieids

'-

e

My .
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FIGUAS 3 — TS 9900 INTERAUPT INTERFACE

24 SINGLE 81T CRU OPERATIONS

The TMS 9900 psrtorms thwee Lngie-tiet CRU functions tesr it (T8), set bit to one 1SBO), andt set bit to rero (SB2)
To Gentuty the o=t 10 be coersted upon the TMS 9900 devetops 8 CRU-bit address and places st on the xidrets bus, A
[CY AL

A J
For the two outdut operatons (SBO ana SB2) the procassor aiso ganaratss 8 CRUCLK pufwe indicating on output
0peTairon 10 the CRU de~cs ond piaces it 7 of the intruction word on the CRIJOUT inw to sccomplish the tpecifed
opevaton (Dt 7 s a one tor SBO anad » zero for SBZ) A test bt fers the £dd d CRU but trom tho
CAUIH ingut ling 10 et 2 of the s1atus register (EQUAL)

. The TMS 9S00 cevelops » CRU-LIt addrets fo. the tingte-bit operations from the CRU-Dete address contmned 1n
workipace register 12 and the sgned ditol count od 1 tuts 8 theough 18 Of the instruction The
isplaCement suows Two § COMploment sddressng tromn bate minus 128 ity wough base plus 127 dits The baw
addeess from V12 o3 aoced 10 the 3Grad dnplicemant soecihiad n the mstruct On and the result 13 Joxisd onto the
2idee3s Dus. Foquare 4 olhustrates she development of a ungle-bet CRU address.

2% MULTIPLE 81T CRU OPERATIONS -
The T8 9900 oerfox-m twa multigle bt CRU store g (STCRS snd losd '
4 communicatsons +eqister (LOCRY Both opsratiuns pecform a data tramifer from the CRU to memory or {rom ‘

mamory 10-CRU o diustrated «n Figure & Although the higure ilustrates » full 16-0.1 tramafar oneration any aumhee of

s h1om ¥ through 16 may te wnvoived The LOCR instruction fetches & word from memone Mg nght tifts it to

senaily transfer 1 °0 CRU output tets. 1 the LDCR invoives eight or trwer Dits thome beis come from the right ustitied .
teid within the cadrersed Dyte of the memory word f the LOCR involves ning or more buts thote bits come trom the

+qnt pustihed 1.013 withen (he wihole memory word When trgnsferred to the CRU interface, eath wuccetsive bit recoives

on 2001813 (Nt & wguewi:tily Fes'er than the sddress for the prwious et This sddresung mechamism resuity in on

uder ceversal of ‘ne onts 1hat 4 0:t 15 of the memory word {or Dit 7} becomes the lowest addratsed tit in the CRU

a1 int 0 hacnrma s he Pgnest sogressed bst i the CRU tld

An STCR nstruct on trensters Aut, from tne CRU 10 memory If the 0neration nscives & Dy'e Of teys trgnsler fhe

#tpter el ot @ ol LR 110160 ¢ G5t WAL i 1IN iNeMOrY Dyte wilh tegding Oits 4ot t0 2010 ! t™e 0087 a1:0n 1NvOIvEs
Cm e 10 13 NI W Teniten ey 1314 13 LIOEC 1ight qust:f.ed 10 the MEMOrY wOrd weth 1920ing Dits set tO tera
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FIGUAE § -~ TMS 9900 LOCR/STCA DATA TRANSFERS
rad
Whran the mput from ine CRU Gevice 5 compiete, 1he fint bt from the CRU o the leastagrsticant Inf poutam i fin
sy word Of Dyte

’

§ mpure Gl how to «wapl 8 16-0ut mput and & 16-tut CUtPRSE tegrster «n the CRU mnterface CRLS atkirmoes
>e ded & 10 1ol uP 10 256 tuch 16-but (nterfuce registers In Syttem S0OHCHNON NOowewer wily Vi
resd numBet of xnterface Dats Neaded to interface 100CiHic pephRral devwors are «mDiementedd {1 18 AOT tCrrasy tis

taes o 16-L1t interface register (O mieviace an B-int vevice
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28 TI23 0300 N DESCRIPTION .

Tehie 2 defings tha TIMS 9830 pin axgnments snd describes the function of esth pm.

vASLE 2
o THE CI00 PeRt ASTIOEMENTS AND FLEICTIONE
poxanme [om | 1o CESCRIFTION TS 0230 Pe ASTIGNINTS
o 1 ADORESS BUS veg ¢ e
AD (M3B) » curjao oh ALe e o vee 2 Q
At 1 43 OUT] Ths J4tate Dud prowudys the memory wWAY 3 [-X}
A2 27 10UT| scavess wector 0 (he entermelmnamory DX 1)
A 21 | OUT| eystem whon MEMEH » sctwe ono 10Dt MOLOA 8 as
M 20 ,0ur ond scawams  ATEEY o [ -]
AS 1 19 1 QUT| to the 170 systam when MEMEN 1 mectree e ? (7]
pr | 18 " our! me ous the high ot 8 %)
ar 17 1 QUT{ tists when HOLDA o actne PO (7
Ad, 16 Out t awg W s
a9 18 | ouT ’ Al -“
aw w loyr| * an o s3
an 13 our A 3 3
an 12 our AV 1]
A 1" our A B 0
AN4(L3B) 18 ¢ ouy AS 18 o
AY 3 ("]
i DATA CUS s 1 o
00 IM3B) 4 170 | DO teough 018 comprue the rdirggnons AD 19 ®
o €2 1O | Jeute Gets bus  Thie Bus sransters memosy A 0 o
02 4Q 10| @ 1o lnhen writwg) end trom fwhen A [}
03 i« wo G 1he 2 v orstom when A2 Zn a3
[- ‘4% HO | MEMEN n active The dsts bws artumn o At 23§ 42
[ 0 | 1D ' nghempedence fste when HOLDA w AO 20 a
o8 | 0 euw “» ]
o7 @ o, vgg B »n
. os ® | o Voo T 2
[ ] 0| w0 . - »
o1 8 | 10 oBiN 29 n
on 62 10! CRUOUT 3 =
, o1 0w’ CRUIN 31 »n
013 wlw: RYR2 B 0
o4 L7 wo |
D15 (138} 8 uo!
| NC - N0 twent conmerten
- , POWER SUPPLIES
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CRU intertace timung a shown m Fgure 11 The temeng for tramferar, two bits out and one bit i s thown  These

tramters would occus dunmg the of 3 CRU myur Tho other cycies of the MSITUCTION 8X8CUTIIN 318 NOT

Hustrated Te ourput a CRU ter, the CRU bt addiess s placed gn the address tws AQ through A14 anet the actual et

dats on CRUOUT Dunng the second clock cvcle 3 CRU pulse 13 suppled ty CRUCLK This process i repeated untd .
. (he number of Drts specitied Ly the are completed.

The CRU inout operatson 18 smiles i that the bit address appears on AQ through A4 Dunng the subsequent cycle the -

TMS 9900 accepts the bet «nOUL Gala 23 thown. No CRUCLK pulses occur during 3 CRU input operatron

3. TMS 9900 INSTRUCTION SET

3.1 DEFINITION )
Each TMS 9900 smitruction prvforms one of the follomng operations
L Any . log Y, Of ¥ opetations on date
R [ ] Loating or storege of il cogsters (proge . WOrk 0808 POWMEr oF status)
®* D ter be v and devices vis the CRU
® - Conrol tunctions Y
4 )
32 ADDRESSING MODES
TMS 9900 wtructions contan a varnety of labl des for v random. v data (e q., program
poramgtens sma Hags), or tormated memory data icharscter strings, Jata inrs erc ) The following higures grapheceily
derr e the of the eft address for each addresung mode The applcatulity of cidresung modes 1o
Poricular e " d od in Section 15 alogg with the description of the operations performed Dy the
; The sy follommng the names of the addressing modes (R, "R, "R+, © LABEL, or © TABLE canm -
mwulmuodbv'flsm:smnmnlmlmwmmmhmﬂ ~

32.1 WORKSPACE REGISTER ADDRESSING &

Workpace Reg R the

[ 1] ¢

ocwmm-d:r_:‘j

3.2 2 WORKSPACE REGISTER INDIRECY ADDRESSING °*R , .

WorksBace Reqgstar R contams the adtieess of the operand

Regurter R h »

e Lewmanel oo Lo am ]

PCH- 0

3.2.3 WORKSPACE REGISTER INDIRECT AL10 INCREMENT ADDRESSING °Re

Warkspace Regater B contaem the sddress of the opwrand After acquiring the cosrand the contents of worksgece
regster R are ncremented

Qegutee R {
PCHem  trstrustion r—-ﬂ'mdu—4 Addres Operd ]
ts
- 1 (yw) ton

10 o 2 Iward) N\
t 1
§ R

242
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3.2.4 SYMBOLIC (DIRECT] ADDRESSING @ LABEL
The word followng the sstruction contans the addres of the operand

(r———————
PCI—n  retmzben

B oclt—y__ tow  |——o] oowmmd ]

328 INDEXED ADORESSING © TABLE (R)

The word followmng the mitruction contans the basa address Workspace roguister R contsing the index valuc, The
sum of the baw address and the NdEX vaiu relts 1 the etfective sdcrass of the operand
L4

’

Pagee 8
PC1-0i_tazruction W91 2A——0{_tadas Votu

(PCIo2-0m Tedle >

3.2.6 IMMEDIATE ADDRESSING

The word {ollowng the mstruction contain; the operand ’
(PCl—0» fngtructon l
———
PC1e3-0» Oomend
e ———
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23 TEAMS AND DEFINITIONS
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3.8.3 Extandsd Operstion (XOP) {nstructon
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ADORIES LODIFICATION —~ TAGLE A ADDRIES MODIFICATION ~ TABLE B

. cockt | sgrsoav | awoex | weeronv
ADORISSING 1£008 CvCLEs | accusses ADDREISING RODE ; Cveles | accesses
- S - PR - —
mﬂ.g'o’ﬂ) [-] o WR {Yg » Tp = 0D o 0 °
! YR et (Tg or T = OV) L) ] | W wnemet (Tg or Ty » O3 . e ]
WR wchmct suto- | W ncheart se- L
ncremant (Tgor Tp = 119) [ ] . 2 1 oxrgmen (Tgor T e 1Y) [ ] ] 2
Sympolic (Tgor Tg = 10, Symoghe (Tgor Tg @ 10, i
$0,0°0) ] * Sor 00 ’ [ ] ’
indexsd (Tgor Tp = 10, fadened (Tgor Ty = 10,
S De0) 8 2 S Del) i 8 2
*

As an example, the instruction MOVD 15 used m 8 system wrth (o) ® 0.333 23 and no wast states are reguired to sccess
mamory Both operands ore addressad n the workspaoe register mode

T o tcin) IC+WeM) 2 0333114 ¢ 0-4) oy = 4 682 13 '

11 two Wit S1ALES PET MEMOTY DOCISS Were reQuired, the execution time 1
Te0II3(14 ¢ 2:Q) g1 = 7.326 0.

11 the source operond was addresaed n the symbolc Mode srd two wart states were required

T = tg(o) (C +W-M) '
Ce14¢8-22
ULEEARE ] e
T20333(2242-5) us = 10658 s,

4. TS 6300 ELECTRICAL AND MECHANICAL SPECIFICATIONS

4.9 AZSOLUTE MAXIMUM RATINGS OVER OPERATING FREE-AIR TEMPERATURE RANGE
(UNLESS OTH.RWISE NOTED)*

Supply vottege, Vog (see Notr 1) e v e e . v e e e o .. . . «03w20V
Supply voltage, Vpp (seeNote d  ,°, . . . e e e . .. . 03020V
Supply vohiage, V75 {see Note 1) C e e e e c e e e e e e .t . 03020V
All input voltages {1ee Note 1) e e v e e e e e e e e e e e e v e e v . DAV
Output voltags tmth respect to¥ss) & . . . . . . . . C e e e e e e e .. -@Vly
C powst dist e e L e e e e . . oYW
Operating free-air 1omporatwis range . . . . PP . . . 0Cw¥C
Storage temperature range .. . -85 Co150 C

*S1°0000 VOYOND RO hired wAte? * ADIDI IS Mozl Rourge Moy Cams G MLAIRE AEROPP 1P T Oov® TR i  $19008 191ng OAve srrt
lunctong) GOMISHLON Of (N TBWES §1 REEP O° SAY OIREY COADINONS BIVORS (RO (ABK SI00 «» e ~As O ended Quergting Connr 1
WEHON OF Tt WML H1:ON 1 ROV 3 e *amn SO0 PR MAGED DB SOL MY 81N T GBv a8 IS s ity

NOTE § UNGer EDAOIUTE MEsIMUT 1ZHAPE OIIGS TOIIEE SrS WATR TOIIILY 10 ThE MBS ATDIT Ve WOBYY Vo LIDIMAN! WANES DTer o oo

POt TAIOUPNGUT (e rmewnatr of (A SICHON SOITAE s4ives & @ ©* SRoNCT 10 Ve,
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Am2903
The foliowing material desnrilbes the Am2903 four-bit bipolar

v -

microproce.sor.slice presectly being sampled by Advanced Micvo b&viqao.-

The device is an extension of Am2901A and should be in production later
this year. )

-,
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Tt THE NEXT GENERATION POUR~BIT BIPOLAR MICROPROCESSOR SLICI ~- -
) THE Anm2903 : :
Vernon Coleman ’

Michael W, Economidis
William J. Harmon Jr. ‘¢

ORIGINAL PAGE IS
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ane Am2903 is the next generation
blp; « r microprocessor slice.- The
Am2; - performs all functions performed
. . :ndustry standard Am290lA and,
‘z s~ -tion, provides a number of sig-

nif.- «'t enhancements that are especially
use?. An arithmetic-oriented processors.
Inf: - -ely expandable memory and three-

- 'nree-address architecture are
Pec. -~4 by the An2903. In addition

to .-~ complete arithmetic and logic
ins-- -~tion set, the Am290} provides

a sz~- ~al set of instructions which
fac, ‘ate the implementation of multi-
pliz--on, division, nosmalization,

aad - ‘*er previously time consuming
ope:+ ~9Nns.

ouTs~s NOING PEATURES

EEE“‘”‘ble Register Pile - Like the
Ames - ~. the Am2903 contains 16 internal
wors. ‘-] registers arrancad in a two-
add-~-> architecture. But the Am2903
inc, -#~-¢s the necessary “hooks® to
exps- = the register file externally

to a-s number of regasters.

Buil* 1n Multiplication Logiec ~ Perform-
Iing - -itiplicTtion with the Am2901A
req, /s a fes external gates--these
gat~- are contained on-chip in the

A2’ Three special 1ngtructions are
Used 7+r unsigned multiplication, two's
cory~aent multiplication, and the .
lase * /Cle of a two's complement rulti-
Pll' st lOn,

gu:, 1n_Division Logic - The An2903
con*~.45 all logic and intercornects

¢or ~-+cution of a non-restoring,

muls .:-le-length divasion with correction
of ' (quotient,

34 .t tiornalization Logic - The Am2703

Cur .1taneously shift tae Q Register
7~ an! st in a working rergister. Thus,

. ‘“5a and 2.ponent of a floating

Py + »lber taa be developed using a

g1r . *+ f'rcroc-cle per snift. Status

f

Advanced Micro Devices
901 Thompson Place .
. sunnyvale, CA. 94086 : g .

e ot
N e L LTI T IR T T IS
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flags indicate when the operation ia
complete.

Built-in Parity Generation Circuitry =
The Am2903 can supply parity across the
entire ALU output for use in error
detection and CRC code generation.

Built-in Sign Extension Circuitry - To
facilitate operation on different length
two's complement numbers, the Am2903
provides thae capability to extend the
sign at any slice boundary.

ARCHITECTURE OF THE Am2903

The Am:'903 is a high-performance,
cagcadable, four-bit bipolar micropro-
cesgor slice designed for use in cpu's,/ >
peripheral controllers, microprograrmabi
machines, and numerous other applications.
The microingtruction flexibility of
the Am2903 allows the efficient emula-
tion of almost any digital computing
machine. The nine-bit microinstruction
selects the ALU sources, function,
and destination. The Am2903 is cascad-
able with full lookahead or ripple
carry, has three-state outputs, and
provides various ALU status flag outputs.
Advanced Low-Power Schottky processing
is used to fabricate this 48-pin LSI
circuit.

All data paths within the device are
four bits wide. As shown in the block
diagram, the device consists of a 16~
word by 4~bit, two-port RAM with latches
on both output ports, a high-performance
ALU and shifter, a multi-purpose Q
Register with shifter ipput, and a
nine~bit instruction decoder.

T™o=-Port RAM

Any tvo RAM words addressed at the A
and B address ports can be read simul-
taneously at the respective RAM A and \\
B cutpu.r ports. Identical datza appears !
at the wtwo cutput ports when the sare
address 1s applied to both address

24
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ports. The latches at the RAM output
ports are trans?arent when the clock
input, CP, 1s MIGH and they hold the RAl
ocutput data when CP 1s LOW.
of the OEg three-state output enable,
RAt{ data can be read directly at the
AM2903DB 1/0 port.

External data at the Am2903 Y 1/0
port can be wraitten directly into the
RAM, or ALU shafter output data can
be enabled onto the Y I/0 port and
enterrd i1nto the RAM. Data 1S written
1nto the RAM at the B aduress when
the write enable input, W, 1S LOW
and the clock ainput, CP, 1s LOW.

Araithmetic Ina31¢ Unit

The Am290) high-performnance ALU
can perforr scven arithmetic and nine

Under control

logic operations on two 4-bit operands.
Multiplexers at the ALU inputs provide
the capability to select various pairs
of ALU source operands. The Ep input
selects erther the DA external data
input or RAM output port A for use as
one ALU operand and the OEg and 1
inputs select RAM output port B, DB
external data input, or the Q Register
content for use as the second ALU
operand. Also, during some ALU opera-
tions, zeroes are forced at the ALU
operand inputs. Thus, the Am2%03 ALU
can uperate on data from two external
sources, frocm an intez-=al and exterral
source, or from two iaternal sources.
Table I shows all possible pairs of
ALU suurce operaads as a function of
the Ep, OkLg, and Ig trputs.

When .nstruction bits Ig, I3, 12, 1},

R
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OPERAND_SOURCES

En Io OEg | ALU OPERAND R | ALU OPERAND S
L L L | RAM cutput A | RAM Qutput B
L. L H ]|RAAM Output A | DBg.j

L 8 x | raM Outpuc A | Q Register

4 L L |DAg.3 RAM Cutput B
H L B | DAg.3 DBg.3

H H X |Dho.3 Q Register

L = LOW H a HIGH X = pon't Carce

TABLE I

an3 Ig are LOW, the Am290) executes
special functions. Table 4 defines
these special functions and the opera-
tion which the ALU performs for each.
When the Am2903 executes instructions
other than the nine special functions, -
the ALU operation 1s determined by
instruction bits I,, I3, I3, and I3.
Table 2 defines the ALU operation as

a function of chese four instruction
bits.

Am2903's may ke cascaded in either
a ripple carry or lookahead carry
fashion. When a number of Am2903's
are cascaded, each slice must be
programmed to be a most sagnifaicant
slice (MSS}), intermediate slice (IS),
or least saiqnificant slice (LSS) of

ALY _FUNCTIONS

I413I2I) Hex Code ALU Functions

LLLL [} In=L | Soecial Punctions
0= T =HICH

F=S Minus R Minus 1 Plus C,

-F2R Minus S Minus | Plus Cp

FoR Plus S Plus Cp

F=S Plus Cp

F=5 Plus Cp

F=R Plus C,

F=R Plus C,

P, ~LOW

Fi=R, AND S;

Fi=R; EXCLUSIVE OR Sy

F,=R, EXCLUSIVE OR S,

3 ad ol ol M ad Ao N ol £ ad

-~
clxicixjriziriz|erg=

=
cpejeejelzixlz| (e jele
x

o By JLi" 3,
Fl'ﬂl \OF’S\
Fy=2y MA%ND Sy

! ‘L,*F, €2 S,

~imlojrioiryiviolvion|lwniealwinlmw

t
i
|
i
\

LI 3 (] v 20 to

oy e

TABLE 2

and carry propagute, P, signals
required for a lcokahead carry scheme
are generated by the Am2903 and are
available as outputs of the least
significant and intermediate slices.

the array. The carry generate, G.

The Am2903 also generates a carry-out
signal, Cpn4gq, which is generally avail-
able as an output of each slice. Both
the carry-ir, Cn. and carry-out, Cpeq.
signals are active HIGH. The ALU
generates three other status outputs.
These are sicn, S; overflow. OVR:; and
zero, 2. The S output is generally
the most significant (sign) bit of
the ALU output and can be used to
determine positaive or negative results.
The OVR ocutput indicates that the
arithmetic operation being performed
exceeds the available two's comple-
ment number range. The S and OVR
signals are available as outputs of
the most significant slice. Thus,
the multi-purpose G/5 and F/OVR outputs
indicate § .nd P at the least signifi-
cant and intermediate slices, and sign -
and overflow at the ncst significant
slice. 2 is an open-collector input/
output pin and can be wire 2R'ed -
between slices. As an output, it
generally indicates that the Yp.3
ocutputs are all LOW and can be used
as a zero detect status flag. To
scme extent, the meanirng of the Cn+d,
P/OVR, &/s, and Z signals vary with
the ALU function being performed.

Refer to Table S5 for an exact defini-
tion of rhese four signals as a function
of the ° .903 anstruction.

ALU Shifter -

Under instruction control, the ALU
shifter passes the ALJ output (F)y
non-shifted, shifts 1t up one bit posi-
tion (2F), or shaifts 1t down one bat
position (F/2). Both arithmetic and
logical shift operations are possibie. .
An arithmetic shift operation chifts
data ardund the most significant (sign)
bit position of the most significant
slice, and a logical shift operation
shifts data chrough this bit position
(see Figure A). SIOg and S103 are
bidirectional serial shift inputs/
outputs. Duraing a shift~up opcrataion,
SICH 1s yencrally a serial shify i1~2us
and SI03 a serial shift output. Diring
a shitt-down operat:ion, SI0) 1s gener-
ally a serial shift input and SI0g
a seriai shift cutput.

To some extent, the meaning of t'e
SI0p and SI03 signals 1S LAStruction

o
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dependent. Refer to Tables 3 and 4 for

4an exact definition of these pans.

The ALU shifter also provides the
capability to sign extend at slice
boundaries. Under ainstruction control,
the SIOg (sign) input can be extended
through Y0, Y1, Y2, Y3 and propagated
to the SI103 output.

A cascadable, five~bit parity
generator/checker i1s desiyned anto
the Am2903 ALU shifter and provides
ALU error detection capability. Parity
w £OF the Fg, F1, F2, F3 ALU outputs
9s3and SIOj input is generated and,

BEr e e e L

:
‘a more detailed description of the

Am2903 sign extension and parity genera-
tlon/chefkinq capabailaty.

l“\

The inatruction inputs deter-
mine the ALU shifter operataion. i
Table 4 defines the special functions
and the operation the ALU shifter per=-
forms for each. When the An2903
executes instructions other than
the nine special functions, the ALU
shifter operation is determined by
ingtruction bits IglyIgIs. Table )
defines the ALU shifter operation as
a function of these four bits.

Q Register

The Q Register ig an auxiliary four-
bit register whaich 1s clocked on the
LOW=-to~-HIGH transition of tne CP anput.
It is intended pramarily for use an
multiplication and division opaerations;
however, it can also be used as an
accumylator or holding register for
some applications. The ALU outpue, F,
can be loaded into the Q Reaistdr,
and/or the Q Regaster can be selected
as the source for the ALU S operand.
The shifter at the input to the Q

*yunder instruction control, is made Register pro'rides the capability to ~N
available a2t the SIOg output. Refer shift the Q Register contents up one
to the Am2903 applications section for bit position (2Q) or down one bit

5103 Q Reqg &
Hex ALU Shifter Moat Sig.| Other Shifter
1g1y1gls | Code Function SI0p Slice S§lices | WRITE} Function QI0p | Q103
LLLL 0 Arath. F/2-Y Fg Input Input L Hold 2 T
LLLH 1 Log, F/2-Y Fg Input Input L tiold 2 1
LLHL 2 Ariih. F/2-9Y Fo Input Input L Log. Q/2-%Q | Cp Irput
LLHH 3 Log. F/2-3Y o Input | Input L Log. @/2=5Q | Qo Inzut
LHLL [} F=Y Paraty Input Input L Hold 2 ]
LHLH S F—lY Parity Input Input H Log. Q/2Q§ Qg Insut
LHHL 6 F-3Y Paraty Input Input H F-Q z 2
LHHH 7 F—)Y Pacity Input Input L F=Q 2 4
HLLL 8 Arith. 2FP-)Y Input Fa Fy L Hold z |2
HLLH 9 Log. 2F—Y Input Fy Fy L Hold z 2
HLHL A Arith. 2F-9)Y Input Fy F3 L Log. 2Q0-Q Input | 0y
HLHAR 8 Log. 2F=Y Input Fy F3 L Log. 20-9Q Inzut | Q)
HHLL c F—Y 2z F3 Fy H Hold ) | 2
THeLH ] FY z Fy Fy H Log. 20-0 | 1iput ! Q, 1
tanwut | E SI0a~21p.Y1,Y2, ¥y | Input $10g 5104 L ftold : fe |
Towwn | r [rov |z F, Fy L [ voi1a 2 B
Parity = F)VF;V!‘)V“QVS!O) Vv = Exclusive OR
L = LOW H » HICH Z = High I-zcdance ™~
TABLE ): ALU DESTINATION CO.TROL FOR {5 or I; or Is or Iy or I, = HICY, TS e Low
N,
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§10 )
QReg s
Hax | Special A Shiftar Most Sig.|Othar Stufter
1g3-1-615{Code Arcticn AL Furction | Function | S10p | Slice |Slicesl Pucueon |[Qlog {010y |FRITE
$ L
X |0, l{unsiqnad Multiply |FSeCq if 2oL Log. F/2-9Y|Fp z "1 Ingut |Log. Q/2-3Q10g Inputf L |
Le ¢ Ao FoReSeCn AL o8 | (Note 1) 1 L
L L ¢ X 2.0 |Two's Oplatent |FaseCq i€ Il Log. F/2-Y|Fp F Irput |Log. W2-QJco [inputi & |
rultaply FoRSIC it 2=H | (Note 2) | . .
‘“"“,_,, .t |6 |increcent by Fe5¢14Cq PPy Pary fnput | Input lw |z z | L
O or Tvo H ! .
.H S |Signmagnitude- i 3=L  |Feav Parity! Input |Input  Hold 2 |2 1L
je¥ |eSeCp A€ ZH | (Note 3) : t i -
Ino's Camplerent | D
L * X .8 7 ™vo's Carplamcnt | FeSeCh if 2ef, oq. F/2-9Y|Fg 1 Input Log. Q/2-9Q Q rpue, L ,
| i haluply, TPsS-R=1¢Cpy if ZsH] (NOte 2) i -y
] . Correction ! - l {
") + .8, 9,S1mle Lenath {PSeCq P=3Y H ' Fy Fy 109. 0% (Inputldy ° L
' ' jlormalize 1 ! H : : ]
‘a. . X.A, B Double Length _ FeSeCp 1og. Y |lngut  RyVE3 1y .Log. 209Q [IngutjOy | &
\ {  Nommalize ard i P - |
!pirst Divice Op. | e ' . :
vl ¢« C, D Two's Carplement  PeSeReCy 1f 2=L  [log. 2P=)Y [Input , R3vF3 :Fy og. 20K |Input;Qy L
Divide ‘FaS-R-1¢Cq 1 280 ! . |
W o T E, PO's Complarent (F=SeFeCy 1f 2oL |Peay g 3 n Log. X0 [Input|Q) L
1Divide, Corvection FeS-R=1¢Cp 1f 2ait i . | i
' tand Ramainder i . !
—r g =R X = bon't Care T = fugh Lrpedance V = Bxclusive G Parity = SI0|eFIVF T .veg
L,“_7-‘- . At the most sagnaficant slice only, the Tpeq signal 18 mmmu;: gatad *n tha Yy output.
wrme « At the rost significant slice anly, Fy V OVR 13 intarmally gated to the Y3 output.

wov 3: Kt the oot sigruficant slice only, Sy V OVR is genarated at the Y3 cutput.

-
TARIE 4
In®I) = 12° 17w 1se oW, TEN = Liid

SPECIAL FUNCTIONS:

posi- 90 (Q/2). Only logical shifts
are »+rformed. QIOg and QIO3 are
badi-~tional -shift serial inputs/
outp - > During a Q Register shift-

up o.station, QI0g is a serial shift
inpu- «¢nd QIO3 1s a serial shift output.
Duri- ¥ & shife-down operation, QIO3 1s
a s~- 91 shift anput and QIO is a

ser~ - shaft Output.

ps . -le=length arithmetic and logical
shif- 11 capability 1s provided by
the #~¢903. The double-lenqgth shift
. ‘ormed by connecting QIO) of

::ﬂ' -t significant slice to SIOg of

the .- 45t saignificant slice, and

oxe nq an instruction which shifts

bee+ '+ ALU output and the Q Register.
o 1 Register and shifter are con-

s Che ot trudtion anpuls,

:. e ymes the 2903 spectal

. . ol the operations whiich the

3' veer amd shitter perforn tor

. TR TR B SRR TT S F AN Y ol

t. £ than the mire tpecial tuae-

ty 2 Regarster ard shitter operation

3111 e nszrnction b.ots

18I71615. Table 3 defines the Q
Register and shifter operation as a .
function of these four bats.

Output Buffers

The DBand Y ports are bidirect:onal
1/0 ports driven by three-state output
buffers with external output cnable
controls. The Y output buffers are
enabled when the OEy input 1s LOW and
are in the high-impedance state when
OEy is HIGH. Likewise, the DB output
bu!fera are enabled when the DER ais
LOW and 1n the high~-impedance state
when OEg 1s HICH.

Instruction Decoder

The Instruction
revcaired antoernal
& tunction Ot the
inputs, Ij-g; the Instructicn Enable
input, IFfN: the LSS i1nput: and the
LI Te 0. 1npat/outout., {

Decoder generates
contrel sicrals as
nine Instruction

The WRITE output 1s LOW when an
instruction which writes data in:o

2y
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the RAM is being executed. Refer
to Tables 3 and 4 for a definition of
the WRISE output as a function of tho

Am2903 instruction inputs.

when IEN is HIGH, the WRITE output
is forced HIGH andpihe Q Regi:cer and
Sign Compare Flip~Flop contents are
preserved. When TEN is LOW, the ARITE
output is enabled and the Q Register
and Sign Compare Flip-Flop can be
written according to the Am290) instruc~
tion. The Sign Compare Flip-Flop 1s
an on-chap flip-flop whach 1s used

p=viehg

>
~ 'S . .

Programmiag the Am2903 Slice Position “

Tying the LSS input LOW programs the )
slice to operate ag a least siqnificant
slice (LSS) and enables_the WRITE
output signal onto the WRITE/MSS
bidirectional I/0 pin. When LSS is
tied HIGH, the w“x"a TE/MSS_pin becomes
an’input pin; tying the WRITE/MSS
pin HIGH programs the slice to oparate
as an intermediate slice (IS) and
tying it LOW programs the slice to
operate as a most significant slice

during an Am2903 divide operation (see ~ (MSS) .- .
Fiqure B). . 7
. From s 3 -
M) (Hex) Gi Pi Most Sig. jOthar | Most $19. ‘oot Sig. |In ] :
Ia1yl¢ls Lg83IaM) Ig| (=0 0 }) | (i+0 w0 n Cond Slice |5lices S5lice lices Sl: wﬂmu U;::‘:AQ- N
x ] R ?_ 0 0 0 {my C |¥h¥;¥y Yo¥1 %57y  (FaT1¥20a
X 3 X {RASy VS, VPG Crel¥oneat P Iy G {¥ajiata VoV ¥y (¥aTy Taly
x 2 xRS | XEA ovre, 7 |, E W)W - | BBV (00
x 3 x]RS, RSi WCn  [CredWnea] ¢ |73 E [Toni¥iny Toli¥oT)  [Faritzhh
x 4 x|o El GWRCh Credned| P [Py ¢ |Yonhvavsy ToVi¥a¥y  [Vo¥iValy
X E) x|0 i GVRCh Cred¥ooyl ¢ Iy G [Yorr¥a¥s Yo1¥Ya¥y [YoVi¥ay
4 6 xlo b_ GVICn CrnedWneq| 7 Py [ fg\-liz.\-'z 70&7}7) 70717;\’)
x 7 xi{o N G\¥Cp Cre)Wres| P [Py G |To¥y¥a¥y YoV ¥a¥y |VoT) T2y
X 8 xfe 1 Q Q 0 |e, G [YoN)Ta¥y YoVaToly  ¥o¥)iY) N
X 9 X Hlas; 3 L] 0 N 0 Py [ 7071737’ 70717__\? ?g\.‘ﬁl?)
[ A 3 5;‘51 (R VS¢ 0 0 0 |r, 4 & TNV Yo¥1¥a¥y YoV VoY)
x B X | RSy R, V5, [] 0 0 Py - & |roNivits Foifais  JigVivaly
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Am2903 SPECIAL FUNCTIONS

The Am2903 provides nine Special
Functions which facilitate the imple-
mentation of the following operationg:

*Single-and Double-Length Normalization

FemprTe

o > ™
v:»y. Maba i e " SIS

number representation systems. A
number expressed in Sign/Magnitude
representation can be converted to
the Two's Complement representation,
and vice~versa, in one clock cycle.

The Increment by One or Two Special
Function can be used to increment an
unsigned or two's complement number
by one or two. This 18 useful in 16-
bit word, byte-addressable machines,
where the word addresses are multiples
of two.

Refer to Am2903 apslications section

for a more ¢-tailed descraiption of
these Special Functions.

BIN DEFINITIONS

Ag- Four RAM address inputs which
*Two's Complement Division 3 contain the address of the RAM
®Unsigned and Two's Complement Multi- . word appearing at the RAM A
‘ plication - output port.
[ ® Conversion Between Two's Complement Bo-3 Four RAM address inputs which
| and Sign/ttagnitude Representation -con;a;n theiaddresa of the Ray
word appearing at the RAM B
* Incrementation by One or Two output port and into whxcagnew
data is written when the
¥~ Table 4 defines these Special Functions. input and the CP input 1s LOW. Q
The Single-Length and Double-Length WE The RAM write enable input. 1f .
Normalization functions can %e used fE is LoW, data at the Y 1/0
to adjust a single-precisicn ¢r double- port is written into the RAM B
precision floating point number in when the CP input is LOW. When.
order to bring its mantissa within a WE is HIGH, writing data into
specified range. the RAM is inhibited. .
Three Special Functions which can DAg-3 :hfg:r;:;tb:xgzizgtega:: ;:2“‘
be used to perform a two's complement, of the Am2903 ALU operand
non-restoring divide operation are sources; DAg is thepleast signie
provided by the Am2903. These functions ficant bit 9
provide both single- and double-precis:ion *
divide operations and can be performed ER A control input which, when HIGCH,
1n "a" cleck cycles, where "n" is the selects DAg-3 and, when LOW,
number of bits in the divisor. selects RAM output A as the ALU
R operand.
The Unsigned Multiply Special Function
and the two Two's Complement Multiply DBg.3 A four-bit external data input/
Special Functions can be used to output. Under control of the OEp
multiply two “n” bit, unsigned or input, RAM output port B can be
tvo's complément numbers, respectively, directly read on these laines, or
An "n* clock cycles. These functions input data on these lines can be
utilize the conditional add and shift selected as the ALU S operand.
algorithm. During the last cycle of
. ‘v ' ermplement multiplication, a OFp A control i1nput which, when Lo,
e3rlittonal subtraction, rather than enables RAM output B onto the
t.'tticn, 13 performed because the siun DBg-3 lines and, when HIGH,
poa, B1° f the multiplier carries negatave disables tne RAM output B tr;-
— e state buffers. /f\\
The Sign/Maunitude-Two's Complement Cn The carry-in 1input to the An2903
fecial Function can be used to convert PLU.
' X ¢ -
. 1-62 .
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enablas the ORITE output onto

the WRITE/ASS pin. when LS3 -~
ig tied HIGH, the chip is pro-
grammed to operate ag either an
intermadiata or most significant
alice and the WRITE output

buffer is disabled.

RRITE/ When EXT is tied LOW, the RRITE

nss output signal appears at this
pin; the WRITE signal is LOW
when an inatruction which writes
data into the RAM is being
executed, When L33 is tied
HIGH, ARITE/MSY is an input
pin; tying it HIGH programs
the chip to operate as an
intermediate slice (IS) and
tying it LOW prograns the chip
to operate as the most signi-
ficant glice (MSS).

Four data inputs/cutputs of

the Am2903. Under control of

the OEy input, the ALU shafter
output data can be enabled onto
these lines. or these lines

can be used as data inputs when
external data is written directly
into the RAM.

OEy A control input which, when
LOW, enables the ALU shifter
output data onto the Yp-)
_lines and, when HIGH, disahles
the Yg-3 three-stata output
buffers.

The clock input to the Am2903.
The Q Register and Sign Compare
£lip-flop are clocked on the
LOW-to~HIGH transition of the

CP signal. When enabled by QE, .
data {3 written in the RAM

when CP ias LOW.

The nine instruction inputs
used to select the An2903 orZia-
tion to be performed.

The instructicn enable i:iput
which, when LOW, enables the

. HRITE outprt and allows the Q
Register and the Sign Compare
flip-flop to be written. When
YER is HMIGH, the QNITE output
is forced HIGH and the Q
Register and Sign Compare flip~
flop are in the hold mode.

This output generally indicates
the carry-out of the Am29013
ALU. Refer to Table S for an
exact definition of this. pin.

G/s A multi-purpose pin which _
irdicates the carry generate, G.
function at the least significant
and interrediate slices, and
generally indicates the sign,

S, of the ALU result at the most
significant slice. Refer to
Table 5 for an exact definition
of this pin.

A multi-purpose pin which ind{-
cates the carry propagate, P,
function at the least gsignifi~
cant and intermediate slices,
and indicates the conventaional
two's complement overflow, OVR,
signal at the most signiticant
slice. Refer to Table S for
an exact definition of this
pin, cP

2 An open-collector input/output
pin which, when HIGH, generally
indicates the Yg.-3 outputs are
all LOW. For some Special
Functlions, 2 is used as an input
pin. Refer to Table 5 for an
exact definition of this pan.

Bidirectional serial shaift
inputs/outputs for the ALU
shifter. During a shift-up
operation, SIOg is an input
and SIO3 an output. During a

Cned

¥o-3

P/OVR

$3100.
S10;

Am2903) APPLICATIONS

The Am2903 is designed to he used in
microprogrammed systems. Figuia }
illustrates a recommended architccture.

[ 9
n

shift-down operation, SIOj 1is

an input and SI0p is an output.
Refer to Tables 3 and & for an
exact definition of these pins.

Bidirectional serial shift
inputs/outputs for the Q shifter
whicn oferate like 510g nd S10y.
Refer to Tables 3 and 4 for an
cxact definition of these [ins.

An 1nput pin which, when tied
LOW, programs the chip to act
as the least saqnificant slice
(LSS) of an Am2903 array and

A
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The control and data inputs to the
Am290) normally will all come from
registers clocked at the same time as
the Am2903. The reqister inputs come
from a ROM or PROM--the “microprogram
store". This memory containg sequences
of micrcinstructions which apply the
proper control signals to the Am2903°'s
and other circuits to execute the
desired operation.

The address lines of the microproqran
stcre are draven from *ae Am2%10 Micro-
program Sequenccr. Th.s device has
facilities for s:oring an address,

}
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Figurs 1. Typical Micraprogram Architocture

incrementing an address, jumping to

any address, and linking subroutines.
The Am2910 is controlled by some of

the bits coming from the microprogram
store. Essentially, these bits are the
“next instruction” control.

Note that with the microprogram
register in between the microprogram
memory store and the Am2903's, a
microinstruction accessed on one
cycle is executed on the next cycle.
As one microinstruction is executed,
the next microinstruction is being
read from micrornrogram memory. In
this configuratiion, system speed
is improved bhecause the execution time
in the Am2903's occurs in parallel
with the access time of the micro-
program stors, Without the "pipeline
reqister”, these two functions must
occur serially.

O | A e o,
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Exganalon of the Am2903

fhe Am2903 is a four-bit CPU slice.
Any number of Am2903°s can be inter-
connected to form CPU's of 8, 16, 32,
or more bits, in four-bit increments. . o
Pigure 2 illustrates the interconnection ~-
of four Am2903's to form a 16-bit CPU,
using raipple carcy.

With the exception of the carry inter-
connection, al. expansion schemes are
the same. The QIOy and SIO3 pins
are bidirectional ieft/right shaft
lines at the MSB of the device. For
all devices except the most significant,
these lines are connected to the
QI0p and S10p pins of the ad)acent
wore significant device. These con-
nections allow the Q Registers of all
Am2903's to be shifted left or right
as & contiguous n-bat register, and
also allow the ALU output data to be
shifted left or right as a contiguous
n-bit vord praor to storage in the RAM.
At the LSB and MSB of the CPU, the
shift pias should be connected to a
shift multiplexer which can be con-
trolled by the microcode to select
the appropriate input signals to the )

shift inputs. @

Device 1 has been defined as the
least significant slice (LSS} and its
SS pin has accordingly been grounded.
The Write/Most Significant Slice
(WRITE/MSS) pin of devace 1 1S now
defined as being the Write output,
which may now be used to drive the
write enable (WE) signal common to
the four devices. Devices 2 and 3 are
designated as intermediate slices and
hence the LSS and RRITE/#HSS pins are
tied HIGH. Device 4 1s designated
the most significant slice (MSS) with
the LS5 pin tied HIGH and the WRITE/
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in held LOW. The open collector,
E?iigectional 2 pins are tied together
for detecting zero or for inter-chip
communication for some special instruc-
tion. Ths Carry-Out (Cpeq) is connected
to the Carry-In (Cn) of the next chip
in the case of ripple carry. For a
faster carry scheme, an Am2902 may be
employed (asshown in Figure 3) such
that the G and P outputs of the Am2903
are connected to the appropriate G
and P inputs of the Am2902, while the
Cnsxe Cn+y, and Cn+z outputs of the
Am2902 are connected to the Cp input
of the appropriate Am2903. Note that
G/s and P/OVR pin functions are device
dependent. The most significant slice
outputs S and_OVR while all other slices

output G and P.

The IEN pin of the Am290) allows
the option of conditional instruction
execution. If TEN 1s LOW, all internal
clocking 1s enabled, al'awing the
latches, RAM, and Q Register to functaion.
If TEN 1s HIGH, the RAM and Q Register
are disabled. The RAM 1s controlled
by TEN 1f WE is connected to the WRITE
output. '

It would be appropriate at this poing
to mention that the Am290) may be micro-
coded to work in either two- or threa~
address architecture modes. The two-
address modes allow A+B—-B while ths -
three-address mode makes possible A+3-3(C,
Implementation of a three-address
architecture 1s made possible by
varying the timing of TEN in relation-
ship to the external clock and changing
the B address as shown in Figure 4.

This technique is discussed in mora
detail later in this paper.

Parity

The Am2903 computes parity on a chosen
word when the instruction bits Ig.g
have the values of 4)g to 7)¢ as shown
in Table 3. The computed parity ig
the result of the exclusive OR of the
individual ALU oatputs and SI103. Parity
output is found on SIOp. Paraity
between devices may be cascaded by the
Lnterconnectioa of the SI0og and SI03
ports of the devices as shown in Ficure
J. The equation for the parity out:ut
at SIO0p port of the device 1 is gaven by
5109=F15®F14®F139. . . @®@F)OFgP510)5.
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Sign Fxtend

Sign extend across any number of Am2903
devices can be done in one microcycle.
Referring again to the table of instruc-
tions (Table 3), the sign extend
instruction (Hex instruction E) on Is.g
causes the sign present at the SIOq
port of a device to be extended across
the device and appear at the S§I0j oport
and at the Y outputs. If the least
significant bit of the instruction
{bit 1Ig) is HIGH, Hex instruction F

is present on Ig_g, cor .ading a shifter,
pass instraction. At this time, F3 of
the ALU is present on the S10, output
-pan. It is then possible tu gon:rol the
extension of the sign across chip boun-
daries by controlling the state of Ig
when Ig_g are HIGH. Figure $ outlines
the Am2903 1in siqgqn extend mode. With
Is-g held HIGH, the individual chip sign
extend 1s controlled by I33.4. If, for
example, Isa and Isp are HIGH while Ise
and lsq are LOW, the signal present at
the boundaries of devices 2 and 3 (F3 of
device 2) will be extended across devices
3 and 4 to the SIO3 pin of device 4.

The output of the four devices will be
available at their respective Y data
ports. The next positive edge of *the
clock will load the Y outputs into the
addrods selected by the B port. Hence,
the results of the sign extensicn 1is
stored i1n the RAM. ’

SPECIAL FUNCTIONS

When Ig.4°0, the Am2903 is in the
“+e 1l Fursc*i1on mour. In this ~nde,
tno:% the source and destination are
contrelled by Ig.g. "he Specaal

Normalization, Single- and Double-Length

Normalization is used as a means of
referencing a number to a fixed radix
point. Normalization strips out all
leading sign bits such that the two
bits immediately adjacent to the radix
point are of opposite polarity.

- Normalization 1s commonly used in
such operations as fixed-toéfloatxng
point conversion and division. The
Am2903 provides for normalization by
. using the Single-Length and Double-
Length Normalize commands. Figure 6a
represents the Q Register of a 16-bit
Processor which contains a positive
number. When the Single-Length Normal-
ize command ig appl:ed, each positive
edge of the clock will cause the bits
to shift toward the most significant
bit (bit 15) of the Q Reqaster. 2Zeros
are shifted in via the QI0g port. When
thg bits on either side of the radix
point (bits 14 and 15) are of cpposite
value, the number is considered to be
normalized as snown in Figqure 6b. The
event of normaljization is externally
indicated by a HIGH level on the Cned”
Pin of the most saignificant slice.
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Pigure 8. Single Length Normalize
asons ) interconnection for single-length
Monpwnununannnwonw normalization is outlined in Figqure 8.
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Figure 0. Double Length Word

Z¥ There are also provisions made for a

rormalization indication via the OVR pin’
oae microcycle before the same indication
is available on the Ca+4 pin. This is
for use in applications that require a
stage of register buffering of the
normalization indication.

Since a number comprised of all zeros
i{s not considered for normalization,
¢the Am2903 indicates when such a condi-
tion arises. If the Q Register is zero
and the Single-~Length Normalization
command is given, a HIGH level will be
present on the 2 line. An unnormalized
negative number (Figure 7a) is normalized
in the same manner as a positive number.
The results of single-length normaliza-
tion are shown in Figure 7b. The device

(2] XIS g2 eV R n-0

During single~-length normalizataior,
shift ccunting may occur in an internal
register.

Normalizing a double-~length word can
be done with the Double~Length Norralize
commnand which assumes that a user-
selected RAM Register containg the
most significant portion of the word
to be normalized while the Q Registar
holds the least gignificant half
(Figqure 9). The device interconnection
for double-length normalization as
shown in Figure 10. The Cp+4, OVR. S,
and 2 outputs of the most significant
slice perform the same functions in
double~-length normalization as they did
in single-length normalization except
that Cpn4+4+ OVR, and S are derived from the
output of the ALU of the most signifacaat
slice in the case of double~length
normalization, instead of the Q Register
of the most significant slice as.in
single~length normal:zation. A hagh-
level Z line in double-length normala-
zation reveals that the outputs of the
ALU and Q Register are both zero,
hence indicating that the double-length
word 13 zero.
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When double-length r.-cralazation is the same name. This command is guite

being performed, shif- counting is
done either with an es=ra nicrocycle
or with an external c%.nter.

Sign Magnitude, Two's Complement
Conversion

As part of the special instructioa set,
the Am2903 can conver- between two's
conplement and Sign/rajgnitude repre-
sentations. Fiqure 1. illustrates the
interconnection neede¢r for sign
magnitude/two's comple-ent conversion.
The C, ainpet of device 1 1S connected
to the 2 pin. The siyn bit (B3 MSS)
is brought out on the Z line and informs
the other ALU's if the conversion is
being performed on a r.:jative Or posi-

tive number. If tne r .nher attempted
" to be converted i1s the mout negative
number in two's complement (i.e.,

100 . 00 (-2n)), an overflow indi-
cation will occur. This 13 because

-2n 1s one greater than any number that
can be represented in 3ian magnitude
notation and hence an attrmpted conver-
s10n to sign magnitude from =20 wall
cause an overflow. Whe-n converting
minus zero in sign magnitude notation

(.o . . . 0 to tan' ¢ lerent
potation, the correc' r¢Hult 1s obtained
(c ... 0.

Tere =ape Vo Nap AT T e

Incrementstion by Nne or Two 1s made
possihle v stk S-.o g 1! runction of
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useful in the case of byte addressable
words. Referencing Figure 12, a word
may be incremented by cne if Cn is Lot

or incremented by two if Cn is HIGH.
Ungigned Multipl @
pecial Functions allow for easy

These S
ation of unsigned multaiplica-

tion. Figure 13 is the unsigned multiply

Figure 13 Unuigned Multiply Flowchart

ORIGINAL PAGE IS
OF POOR QUALITY



[y K-~z
FoMisilisCadiel LpN2ev$ QB0
o0y oy 0, aoy oo, ooy o o
. —t Cyee )
annny OVR LY
ey . "m
Ll "o , "™ oy , " o , ., W7

Qs

Nate For untigned multiply, Caeq MCS 8 1ternally shifisd mio postion Y3 pgs. for 2's co

SP0VRui
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flow zhart.
initially the RAM word addressed by
Address port B be 2ero, the multiplier
is in the Q Register, and the multipli-
cand .in the register address by Address
port A, If the Q Register or the

., register addressed by the A port is zero,

the multiplication can be aborted. If
both registers are non-zero, unsigned
multiplication may then proceed.

When the Unsigned !ultiply command is
yiven, the 2 pin of device 1 beccmes an
Zhutput while the Z pins of the remain-
ing devices are specified as inputs as
shown in Fagure 14. The Z output of
device 1 is the same state as the least
gsignificant bit of the Q Register
during the Unsigned Multiply instruc-
tion: therefore, the Z output of device
1l informs the ALU'S of all the slices,
via their 2 pins, to output the sum

of the partial product (referenced

by the B address port) plus the multi-

plicand (referenced by the A adddress-

port) Lif 2=1., 1I£ 2=0, the output of
the ALY is simply the partial product

(referenced by the B address port).

Since Cp is held LOW, 1t 13 not a

factor in the computation. Each

positive-qoing edge of the clock will
internally shift the ALU outputs

toward the least signifaicant bit and

simultaneously store the shifted

results {n the register seleccted by

the B address port, thus becoming the

new partial sum., During the down

k1 feing rocecs, the Cpsy generated

1n device 4 1s incernally shifted

1nto the 3 position of dJdevice 4.

“t this tire, one bit of the multiplaer
i1 loxa suift cut of the OID ports
each device i1nto t-c Q03 port of

*‘h2 next least sianificant slice. The

puteial product 1s shifted down between

c“™1ps 1n a like manner, betw~cen the

709 and S103 ports, with SIOp of

The algorithm dictates that

device 1 being connected to Q03 of
devaice 4 for purposes of constructing
a 32-bit long register to hold the 132-
bit product. At the finish of the 16
x 16 mtltiply, the most significant

16 bits of the product will be found
in .the registers referenced by the B .
address lines while the least signafi-
cant 16 bats are stored in the Q
Register.

T™wO's Complerient Multiplication

The algorithm for two's complement
multiplication is illustrated by
Figure 15. The multiplier and multa-
plicand are loaded and tested as they
were during the unsigned multipiy
operation. The Two's Complement

0= a
"aTRue -0
SRR TR ICAAD ~ By

<>

.

Fecomm Nt
gy Ty, ¥
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Figure 15 2's Complament 16 X 16 Muluply
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m:1tiply Command is applied for 15
~zlock cycles in the cage of a 16 x 16
reltiply. During the down shifting
process, the term S@ OVR generated

an devace 4 is internally shifted

:nto the Y3 position of device 4.

wra data flow shown in FPigure 14 is
still valid. After 15 cycles, the
sign bit of the multiplier is present
at the Z output of device 1. At this
time, the user must place the Two's
Complement Multiply (Correction)
comnand on the ainstruction lines.

The interconnection for this instruc-
tiun is shown in Figure 16. On the
next positive edge of the clock, the
Am2903 will adjust the partial product,
if the sign of the multiplier is nega-
tive, by subtracting out the two's
complement representation of the
multiplicand. 1If the sign bit 1s
positive, the part:ial product is not
adjusted. At this point, two's
complement multiplication is completed.

swo's Complement Division

The division process is acecomplished
ysing a non-restoring algorithm with
rund-off. The algorithm assumes that
Lhe absolute value of the divisor ais
greater than the absolute vaiue of
vthe MS half of the dividend &nd that
the least significant bit of the
double-length dividend is truncated.
teferring to the flow chart outlined
in Figqure 17, the divisor {s placed
in a RAM Regaister referred to as Rp.
‘lhe most sagnificant half of the diva~
dend 13 placed in R} while the least

i =1f:eane R3LF 15 srored {n the Q

<« J1iter, Next, the dividend 1s checked
ter 2ero, If zero, the divide can be
atnrted. If noc zero, the most

.f:cart half of the daividend stored
. ] .as cenverted antno 1ts si,n
« qnitude form and stored in R2. If
an overflow condition occurs during

S
D
“
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conversion, the most sigaificant half

. of the double-length dividend 18 equal

to or gygreater than the largest possi-
ble ncgative number and hence its

resultant magnitude cannot be smaller

* than the magnitude of the divisor.

The dividend must then be scaled. If
the dividend 13 not too large, the
next operation is to check the magni-
tude of the divisor. This is accon-
plished by doing a two's complement
to sign magnitude conversion on

the contents of Rg, the destination
of the results being Register R3. As
in the case of the dividend, an over-

possible for a number. At this poan

flow signifies the iargest maqmtudeQ

¢he dividend is gquaranteed to be
larger than the divisor im absolute
terms and the actual division process
may begin., If, on the other hand,
there is no overflow, the davigor is
tested for zero. A zero divisor causcs
an abort. A non-zero divigsor allows
the next pracedual step, which 1s the
gshifting out of the sign bits of the
divisor and divadend. Next, the divi-
80Cf 1n R3 is subtracted {rom the nost
significant half of the dividend in Rj
and the Cpn+4 output is tested. A
carry-out signifies that the divisor
is less than or equal to the dividend
« 1d that eather the divisor or daivi-
aend should be scaled and re-tested
for relative magnitude. If there 1is
no carry, the davisor 18 greater than
the davaidend and the first step in
division may now take place.

The first step in division 1s to
determine the sign of the quotient.
This is Zdone utilizing the Double-
Length Normalize/First Divide Operation
on the double-length dividend in the
R] and Q Registers. R} 1s referenced.-
by the "B” address port during this
opcration, while the diviudc_ 1s ad-
dressed by the “A" address port,
Durang this instract:ion, the sign of

N
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Figurs 17,

«s3ce 4, and may be stored in the Q
cgrster. Fiqure 18 1i1llustrates the
interconnection for the first divide
nneration. The next comnand is the
7%0's Complement Divide instruction

E:j?e guotient will appear on S$10jy of

-

. i
1] ‘ :

which is presented to the Am2903 for
14 microcycles afcter which the Two's
Complement Divicde (correction and
remainder) instruction is given for
ong microcycle. On each positive
edge of the clock during a Two's Compla-
mant Divide instruction, the quotient

will be ghifted out of SIO3 of the most

significant slice which in turn may

be cornected to the QIOg port of the
least significant slice such that

the quotient is shifted into the Q
Register as the least significant por-
tion of the dividend which is being
shifted out as pictured in Figure 19.
When the Two's Complement Divide ~
(Correction and Remainder) command is
applied, a logical one should be applied
to the QIO0 port of the least signifi-
cant slice for round-off (Figqure 20).
At this point, the remainder can be
found in Register R which was defined
by the “B® address port duraing the
divide instructions. It is noteworthy
that the Am2903 13 not restricted to
double-precision divide cperations

but can perform multi-precision divides.

Byte Swap

Tho multi-port architecture of the
An2903 allows for easy implementation.
of high- and low-order byte swapping.
Figure 21 outlines a byte swap imple-
mentation utilizing two data pores.
Initially, the lower order 8-bit byte
is stored in devices 1 and-2, while
the high-order byte is an cevices 3
and 4. %hen the user wishes to
exchange the two bytes, the register
location of thie desired word is placed
on the B address port. When the byte
swap line is brought LOW, the bytes
to be swapped will be flowing fron
the DB ports of the Am2903 and are
inver-ed by the AmiS5LS240A Thrce-state
Buffers. The outputs of the three-
gtate buffers are permuted such that the
byte swap is achieved. The resultant
inverted permuted data 1s prescnted
to the DA ports of the Am2901 where
it is re-loaded into the memories of the
Am2%03 on the next positive edge of
CP using the source and function com-
mande of FeA plus Cp (Cph=0) and the
destination command F—Y,B.

Merory Expansion

The Am2903 allows for a theorctically
anfinite memory «xpansion. Fiqure 22
pictures a 4-bat slice of a system
whach has 48 words of RAM and 1 words
of ROM. RAM storage is provide: by
the Am2903 and the An29705's. .ihe

- .
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Am29705 RAM is functionally identical and to specify the register location
to _the Am2903 RAM. The Am29751 18 where the result of the ALU operation
used to store constants and masks is to be stored.
and is addressabls from address port
A only. The system is organized around Bits Bg-3 are for source register
five data busses. Inter-bus communi- addressing in . each chip. Bats B4
cation may be donc through the-Am29705'3  and Bg are used for chip output.enab'e
or the Am29703. ‘The memory addressing selection. Bg.9 access the 16 de=tina-
scheme specifies the data source for tion addresses on each chap while bitsg
. Blg and B)) control the Write Enable
the 'R input of the ALU eminating from
ths reqister locations specified by of the desired chip. Tge source and
v.dress field A.  2\g-3 addresses destination regaster address are

multaplexed such that when the clack
i53 HIGH, the source register address ~
is presented to the B address ports 7

16 memory locations in cach chip while
aldress bits Ag.4 arc decoded and used

for th. output cnable for tne desired of the RAM's., The Instruction Enabl. .
chip. The B address field 15 used a (IEN) 13 HIGH at this time. The data -
to both select the S input of the ALU flows from the Y port or the internal

2 ¢ . .
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B port, as selected by dacoder whose
inputs are AB4 and ABg. When the
clock goes LOW, the data eminating
from the selected Y outputs of the
Am29705°'< and the RAM outputs of the
Ty Am2903 are latched and the destination
address is now selected for use by
the RAM address lines, When the
destination address_stablizes on the
address lines, the IEN pin is brought
LOW. The WRITE output of the Am2903

3

w!1ll now go LOW, enabling the decoder
sourced by address bits ABlg and
AB1i. The selected decoder line will
go LOW, allowing the desired memory
location to be written into.
between two- and three-address archi-
tecturc, the user simply makes the
source and destination addresses the
same; i.e., ABQ-3=ABg-9. For two-
address architecture, the MUX is
removed from the circuit.
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Rockwell International ALU
The following material desciibi.s the radiation hardened CMOS/SOS
ALU developad by Rockwell Intermational.

(XN
XY




PRI /a2 - gt dina e gome A0 g ~

[
Y

PRELIMINARY DEVICE DESCRIPTION

%% ROCKWELL INTERNATIONAL
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' MICROCOMPUTER COMPONENT VENDORS

The vendors whose addresses are listed below have local offices of
representatives in mogt major cities throughout the United States, Inquiries
or requasts for more infcrmation should be directed to the local xepresen~

tative for quickest response.

Advanced Micro Devices, Inc.
901 Thompson Place
Sunnyvale, California 94086
(408) 732-2400

Digital Equipment Corpcration

Components Group . -
One Iron Way -
Ma:lborough, Massachusetts 01752

(800) 225-9480

Rockwell International

E. J. stephens

Autonetics Group

3370 Miraloma Avenue, Mail Station GA 30
Ancheim, Californie 92803

(714) 632-3357

Texas Instrumenic Incorporated

MS366 - P, 0. Box 5012 .
Dallas, Texas 75222 -
(214) 238-6805
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APPENDIX IX

TIMING AND STZING ESTIMATES OF COMMON ROUTINES AND
ALGCRITHMS USED IN NSSC-I ANALYSIS

. 81ZE SIZE ’

COMMON ROUTINES (18 _BIT WORDS) . (18_BIT WORDS)
Double ! Add 13 5
Double Subtract 16 5
Double Multiply 24 5
Double Absolute Value 11 } 3
Dauble Matrix Multiply . 65 i 8
Double Sine/Cosine 202 3
Dovhle Square Root 126 3
Double Arctangent 105 3
Double Arcsine (uses Arctangent) '\ 21
Double Divide 100% X s

NOTES:

1 Double = Double Precision, 36 bits

2 Estimate .




.
1
3

BXECUTION TIMES FOR MATHEMATICAL ROII'I‘IHB.‘»3

-

gingle Precision Double Precision
Add ) .016 ma, .063 ms,
Subtract o .018 ms, © .083 ua,
Hul'ttply .053 ms., «233 ms.*
Divide i .085 ms,* 2.500 ms,**
S¢ne and Cogine «375 ms. 1.600 ms.
Square Root «34 - .84 ma, wh 3.53 - 4,92 ng Wit

Matrix Multiplication (m x n) - (n x p):
Single precision = ,055mp + .105znp ms.
Double Precisfon = ,095mp + .310unp ma,

* Tha result is truncated, not rounded off

%% Guess--the routine has not been coded. Ti.is {s an iterative procedure
and execution times will vary

**t]terative procedure--execution times vill vary according to the number
of iteratfons,

Arctangent Algorithm - This algorithm was described by J. S. Walther on the
clags of cordic algorithms, The "pseudo” code that deffnes this algorithm

‘ follows:

NOTE:

O

3 Refer to CSC, 1976, pg. 32 i

23
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DBLATAN

L1:

ESERES

STA

TAP

BRC
DBLSUB
DBLSUB
DBL SUB
BRU
DBLADD
DBLADD
DBLADD

A

11-3

X, Y, 2

Y2 +1
2 +1

Y2 +1
Y2
Y2

z2

Y, Y, Y2
2, z, 22

X, X, x2
» Y, Y2
zZ, 22

N =
-

$INITIAL SHIPT

;SHIFT I PLACES

;Y2 Z-IX
;1 CHANGE SIGN
122 =

;TESTY o

;CF POS, ADD
;ELSE SU3
iYovY.ovy2
32 =2 <22

X =X +x2
Y=Y +y2
2 =2+ 22




- . v ARSIy —_

CYCLES i @

4 INCR: LPA 1

& _ SUB ONE {NEGC TO RT. SHIFT
6 STA 1 '

4 TAL LIMIT .

4 BR LOOP

INPUTS: X = A; Y@ B, Z =0 !
OUTPUTS: X = (A2 +82)Y; Y= 0, 2=z + tan™? () . :

(X) -
TIMING ESTIMATE = 15.89% ums

. A

Due to the nature of the algorithm, the precision of the result is log N bita
lensi vhere N 1s the number ?f bits of precision of temporary results.’

O
KOTES:

4, plus one cycle per bit shift

Arcgine Algorithm - The arcsine was calculated using the arctangent plus the
following relationshipL
ARCSINE (N) = ARCTAN (£ (N) )
vhere £(N) = N (1-N%)"F
Due to the limitation of the arctangent, the result here 1s 30 bit of precision.

TIMING ESTMATE = 23.04 ms

710
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APPENDIX III
PERTINERT REFERENCE MATERIALS
. The follovwing pages list source material which was reviewed during

this study and vhich may be useful in future investigations.

L

FAl

x 7/
I1I-1




- OADS Sensor and Performance Study Related Information

[aeL,1) "Incerface Control Document for GPSPAC RECEIVER/PROCESSOR
ASSEMBLY," Applied Physics Laboratory, Silver Spring,
Maryland, April, 1977.

Eurnbaun.l] "Time Requirements in the Navstar Global Positioning
System," A, 3. VanDierendonck, General Dynamics Electronics
Pivision, and M, Birnbaum, Space and Migsile Systems Organi-
zation, presented at the 30th Annual Frequency Control
Sympogsium, June, 1976,

.

I'_CIevinger.l] Correspondence from R, L. Clevinger of BBRC to K. Villyard

of Martin Marietta regarding SST Star Tracker Accuracy Re-
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