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PREFACE

This technical report covers the work petformed under
Contract No. NODO14-75-C-0549 from 2Q January 1975 through 19
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30 January 1976.
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Nawal| Research, Vehicle Technology Programs, Technology Projects

Civision, Ariington, Va.; were the Navy Scilentific Ofticers.

Or. B.A. Hall, was the Program Manager for Raytheon
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1. INTRODUCTION

1.1 Backgroupngd

J The design, development and production of missiles to

¢ cover a range of presently defined missions with the capability
of being upgraded to accomodate changing threat situations and
advancing technology without major redesign, stresses the need
for more modular guidance and control electronics possessing both

physical and electrical flexibiilty features at fowest cost.

Fiqure 1 illustrates the functional compiement typical of

airt to air missiles.
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Figure 1, On-Board Misslile Guidance and Control! System
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In the previous study phase, (Ref. R-1), programmable
digltal techniques were shown to offer Iimproved performance and
greater flexibility than the traditional hardwired analoy
impiementations of seeker head control, estimation, guidance and

autopilot functions.

To achieve moduiarity and growth in hardware and softmare
a top-down system study approach has been adopted by first
cividing the entire range of air to air missiles into a set of
distinguishable generic classes, including upper and lower
performance boundaries within each class, then by: defining the
major functions and data rates amenable to digital processaing,
determining thelr constituent software modules and sizing these

in terms of computer throughput and wemory requiresments,

Such a modular breakdown of on-board missile guidance and
controi functions together with their associated interfaces,
provided the option of conflguring and evaluating either single
or multiple federated/distributed computer system implementations

according to the design constraints of a given missile.
1.2 Objactivas_and_Scope

The objectives and scope of the Phase Il study under
contract NJO0O014~75-C-0549, as defined In the Statement of Work,

are as follows:

26
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To investicate the feasiblliity of a modular digltal

guidance system to Navy air-teo-air missile applications by:

a) Analyzing for digital implsmentation in all classes
of air-to-air missiles the functions of secsker signal
processing for both infrared (IR} and radar type

seehers, warhead fuzing, mode control and telemetry.

f bl Performing a simulation analysis to confirm computer
fequirements and relate algorithm complexity to
performance improvements for the guidance,
estimation, autoplliot/control functions as defined

under contract NOQO14-74-(C~-0056.

¢l Updating the computer requlirements per generic class
i ’ of alr-to-air missiie based upon the results of (a)

and (b) above.

The Intention of the above being to conclude the major
B I function analysis work started In the flrst phase, (contract

N00D14-74-C-0056) thereby defining the total practical digital

—

processing and control requirements for each generic class of
missile and providing/identiftying continulty and commonality
features across the entire spectrum of ali-to-air missiies.
Further, since the Phase ] study resuited in the definition of
improved estimation, guidance and autopilot algorithms comoared
to the more simpie analog counterparts, simulations were required
to ascertaln the degree of performance improvement as a function

of complexity from a computer load aspect.
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Early In the Phase Il study it became cvident that
greater emphasis should be placed on the definition of compatible
computer hardware and scoftware characteristics to achieve more
timely visibllity In this critical area. In response to a
request by the Navy Scientific Officer a revised program plan was
developed and presented at ONR. The revised study plan was
formally approved by ONR on 29 May 1975, confining the simulation
analysis work to a Class II missiie with three degrees of freedom
and initiating more comprehensive computer hardware and software

stuales In June 1975.
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2. SUMMARY AND CONCULSIONS

£ As a result of compieting the functional analyses,
qualifying pertformance improvements versus digital processing

¥ cagacity, and defining compatible hardware and software features
tor effective modular digdtal guidance and control, the following

significant resuits and conciusions can be stated:

1. Modular, programmable, digital guidance is feasible,
? affords performance improvements and provides
| flexibility, modular expansion and system updating
without major redesign,
2. A family of ten, major computer function elements,
o nybrid large-scale-integrated (LS1) circuit
| mactomodules, in various configurations, using a commom
bus interface, will support the entire range of
alr-~to-air missile functions.
3. Radgar sensor signal processing dominates the thnroughput
/ requirement and can be supported by an "optimised”
central processing unit (CPU) macromodule incorporating
: either hardware multiplier or two-point, complex

1 transform arithmetic unit.

&
L d

Federated/distributed microcomputer systems provide tha

1 the best match of missile functions with computer
capability, providing desired subsystem autonomy for
modular design, manufacture, assembly, test,

maintenance and subsequent modification without system

disruption,




Missile guidance and control systems readily partition

into four autonomous and asynchronous functional groups

for modular, federated computer systems:

a. Steering command generation (signal processing,
estimation and guidance).

b. Missile stabilization and control (astopilot and
inertial reference).

c. Seeker stabilization and control (tracking and
stabilization)

de Support functions (fuzing and telemetry)

Serial digital multipiex as defined in MIL-STD-1553,

provides an optimum interface between missile

subsystems/computesrs and carrler alrcraft avionics.

Unified software system using one high-order-language

for system simulation and missile computer code

generation together with structured design and

modularity minimize software cost and risk.

Tne findings of the individual study tasks are discussed In

yreater detail in the following paragraphs.
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2.1 tunctignpal_Apnalysis

Iarget _Ssosors - Digital siynal processing and mode control
requirements for target sensors of tne radar, anti-radiation-

missile (ARM) and infra-red (IR) types have been determined.

Semi~active, continuous-wave {5A-CW), semi-active pulse
doppler {5SA-PD) and active puise doppler (A-PD) radars use
digital processing to the greatest advantage. The inherent
optical/analog orocessing in IR sensors Iimits digital processing
to mode and logic functions., The wide bandwidths and short pulse
wictns proces3ed in ARM sensors are moste efficiently done in the
analog domain. Digita! mode control is only used fos ARM

sensors.

Raagar drgital processing consists of spectrfun analysis, via
ciscrete Fourier transform techniques and the fast Fourier
transform (FFT) algorithm, detection (thresholding and
integrationl), range, doppler, angle extraction and mode logic.
Tavle 1 summarizes the nominal digital processing requirements.

Ine raocar dssign parameters arn specified in Section 4.

3
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TasLe 1

xADAR SENSOR PROCESSING RFQUIREMENTS

I RADAR TYPE

PARAMETER SA=-(CW SA=-PD A-PD

& A-D Conversion xate (KHZ)
icquisition 25.6 128 é56
' Track 19.2 32 32

b

FFT Size (No. ot poINisS) 66 64 64
*FFT L PDI Throughput (MoOPS) P4 10 20
26P Tnroughput (Kops) 60 300 %50

NOTES: 35ee Section 7. Table 70 for redistribution of FFT/PDI

vs GLF throughputs to match performance of

state-of-the-art computer arcnitectures.

Tne docpler resolution process with FFT and post detection
integration (PC]) dominate the throughput requirements, requiring
2 tu 20 miliiun instructions per cecond which Is supportablie by a
general-purpose (uP)-.ype computer architecturte using a hargware
mulliply or two point transtorm arithmetic module in
support/piace of the normal 4P computer arithaetic and loglc
unst. vata extraction {franga, Joppler, angie) mode (0gic are
accumplisneo +n a conventional generai-purpose computer
cuntiquration wnich may be shared with other functions such as

quiuvance ang estimation.
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Euzlng ~ Three fuze types are identified as appropriate to

air-to-air missiles. These are:

TABLE 2

FUZE TYFES vs MISSILE CLASS

FJZE TYPE MISSILE CLASS
1 11 111
Semi-active (W X X
Active Radar X X
Actlse ULptical X

Thne greatest impact of digita! processing is in the timing
of the firing commana to the safing and arming (SCA) device. The
Jse of sophisticated timing algotithas using drta free thne
estimator function permits Improved fuze performance. The Impact
on processing is minimal ranging from L to 25 %ops and up to 250

wofds of memory.

daoda_Longtol - Mode control is the selection and execution
of a specific set of missitie contro! functions (e.9., sSeeker
control, estimation, guidance, oetc) in sach mode of missile
operztion (e.9., test, initialize, launch, target acquisition,
nigdcourse, tefrminal etcl. This type of mode control IS more
aoplicable to the single computer missile system where all
missile functions maust be executed sequentially. A hilerarchical
structure |Is used where calls are made downward from the

executive to subordinatey program modules to select and exscute
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the functions pertinent to the active mode. Individual mode
supervisors select all functions and utility program modules
involved in the particular mode. MHode control I3 a minor load on
cosmputer throughput and memory. Maximum values are 53 Kops and

630 words.

Islenmatsry - Telemetry IS a data gathering and forasatting
process. It overiays all othes functions and must not interfere
with system operations. In a digital missile all data to be
telemetored is available in computer memory normally for use by
the major functions, If not, It iIs brought In through the
input-output (1/0) interface. Serial transmission using puise
code modulation |Is normally used. Telemetry data rates,

throughput and memory requiied ars indicated In Table 3.

TABLE 3
TELEMETRY REQUIREMENTS

MISSILE CLASS

PARAMETER } il 198!
>erial Bit Rate (kDits/sec) 12 24 40
Thtoughput (Kops) 16 32 32
Yemory (WwoOrds) 100 110 120

last - Readiness tests in a digital missile are conducted
vy test programs sodules in the missile computeri(s) in response to
the launch aifcraft test inputs via the digitatl uvad!ilical. Testy

are executed as off-1ina functions without severe tiaing




X =

constraints and with mamory requiremonts being the cnief
consideration., Testing includes each missiie computer, all
function programs, 1/0 interfaces, telemetry and the seeker anc
missile control servos. In single computer systems, testing
requires an opefatinyg computer., For federated systems the
avionics-nissile test command s distributsd to each subsystenm
computer. A total of 12 test modules are defined, divided Into 3
categories, computer self test, interface test and subsystem
test, Memory fequirements afe: C(Class |}, 3605 Class 11, 450;

Class 111, 700,
et Paerliorimance._x2£3us _Processing

In designing gigital missiles information is needed as to
vhe improvaments in performance (miss distance, and signal to
noise ratio (5NR) for target acquisition) that are achieved
thfough increasing digital processing capacity (computers
throughput, Sampling rates). Performance processing summary

tradeoff results are shown in Figyures 2 and 3.

Guidance wiss can be reduced by increasing the cuidance
acceleration command update rate, "Ggu») and/or increasing the
corplexity of estimartion and guidance alzorithms used, as
inoicated in Figure ¢, at the expense of Increased computer
throughput. Relative to the throughput tequitements of othet
functions (signal prucessing., autopilot), guidance and estimation
throughpat IS wodest so that If terminal accuracy is of driee

importance, the use of highet guidance sampiing frequencies and

<alman filters (Class 1] € 111) are indicateu.
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Similarly target sensor acquisition performance can be
improved through increased digital processing. Figure 3 shows
the reduction in SNR required for acquisition achieved by
increasing the number of range gates and FFT points used to cover
the initial range-doppler target uncertainty. Throughput in the
digital signal processing computer elements increases
accordingty, The SA-CW sensor requires the least SNR and
throughput since it is resolving in doppler only. However
puise-coppler sensors which resolve in both range and doppler
perform better in a clutter environment generally so tnat they
are used in Class |1 and Ill missties. Note that the throughput
for signal processing is substantially greater (Hops) than for
guidance and estimation (Kops) so that firmware algorithns ang
nigher speed arithmetic hardware, l.e.y hardware multiply or

two-point "butterfiy” FFT arithmetic modules are required.
2.3 Comauler_leguiremenis

The analysis of functional requirements and tradeoff of
performance versus processing load yields a set of computer

requirements for the tiiree generic missile classes.

Inrougnpnt In tarms of thousands (K) or millions (M) of
operations per seconds (ops) are summarized In Figure 4.
fhroughput is computed over the time intervals allowed for each
function, being either in a critical (time limlited) path or

nultiplexed over a major comouting interval.
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Figure 4 Throughput Requirements by Function and Generic (Class.

Signal processing required for target detection,
acquisition and track is shown separately from the mors
g=neral-purpcse load, since FFT and PD]l would be implemented
usiny (PJ macromnodules optimised for these functions. B8y proper
allocation of the total allowable computing time delay for
steer ing command qeneration vetween the FFI/PDl functions and the
vtner signal processing estimation and guidance computations, a
palance in computing loac is achieved to match the performance
capabilities of more special-purpose versus general -purpose
computer configurations. Both the special and general-purpose
ronputational lopads are maintained neariy constant over both

modes.
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Total memory required per class is shown in Figure 5. The
nmajor memory driver is radar signal processing involving data
buffering for FFT and PDl functions in all classes. Program
memory requirenents for estimation and autpilot functions are

significant for the Class 11l missile.
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Figure 5 Memnory Requirements by Function and Generic (Class

In addition to memory and computational throughput,
fequ:rements are establisned on sampling rates, allowabie delays
and precision tquantization). Table &4 Jlists the minimum sampling

rates.

39

s




TABLE 4
DATA SAMPLING/UPDATE RATE REQUIREMENTS
1 MISSILE CLASS
y FUNCTIUN I 11 111
o e e S
- Signal Processing (1)
i scquisition (2) (KH2) 25 128 256
Track (2) (Kd2) 20 32 32
Seeker Tracking
tstimation & Guidance (HZ2) 10-20 10-30 20-40
Seekef Stabilization (A2) 250 250-500 500
Autopilot
wi Rate Loops (Az) 250 500 500
i
‘! Accelerometer Loops (HZ) 125 250 250
Lains (Hz) 5 10-20 20-25
. Inertial Reference
\
; Attitude (HZ) N/A 100 100-500
r
2 Position and Velocity (Hz) N/A 20 20-250
ferodata Estimation (rz) N/A 20 20-100
N1LEN: ‘

i) kadar sensors.

{(2) (omposite. multiriexed A-L conversioin of all channels.
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Two critical computational delay requirements are
estaolished. One is the elapsed time from receipt of one burst
of agata from the target sensor and the update of the guigance
command. This time delay Is limited to 20-40 msec depending upon
missile class and intercept scenario, the shorter times required
tor Class 1Il, highly maneuvering targets and higher altitudes
and closing velocities. The second critical delay is in the
closure of the autopilot rate stabiltization loop and tne seeker
stabilization loops not less than 600 sec for Classes 1l and 111

and 600 sec for Class 1l.

Precision of conversion and computation are established by

accuracy, dynamic range and stability consliderations.

For conversion of analog receiver data generally 8 to 12
pits is required to preserve signal to noise ratio. For
e.timation, particularly the time variable Kalman Filters,
tloating-point computations with mantissa lengths of at least 12
bils are required. For autopilot and seeker stavilization loops,
16 bits of fixed-point precision is required to maintain
stability ano accuracy of compensating network pole and zero

locations.

2.4 ({oupulez_dardmare_and_Soitwate

vigital missiie functions are fully supported througnh the
use of a nodular family of computing elements, calieg
macromodules, which can be combined via a standarizea interface

to form computers of various capacities and functional
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capability. Ten basic macromodules defined in Table 5 have been
identified from digital missile requirements which cover the

soectrum of appiications. From these basic modules, a variety of
computers can be configured. Six comflgurations which cover the

fange of missile classes and functions are shown in Figute 6.

in terms of software, the emphasis has shifted from "tight”»
assembly language coding, used to minimize bulky magnetic core
memnoly space and conserve throughput, to lower software cost for
desiyn, coding, verificaton and maintenance/updating. 7The latter
has spurred the need for a commom higher-order language and
structured, modular software design, to achieve simplicity and
visiblity in the coding process and machine independence for

portabitity and re-use of proven programs and program modules.

{onservation of throughput and memory space has beean
de-amphasized through the availabillity of high-density,
brrge-scale-integrated (LS1) sembconductor cilrcuits, which tend
to absorn the Insgfflcivenclies of Hit-yenerated programs in terms

of si1ze, welght, power and cost penalties.,

Figure 7 illustrates a recommended unified approach to
missiie simulation and tactical software development using a
common high-order lanquage and host computer. (ode written for
simulating guidance and control functions is also J4sed by a

cross-conpiler to generate object code for tnhe miss. le computer.
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tigure 7 Jnified Luidance and (ontrol System Software

vevel opment vrocess for Digital Missiles.
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3. MODULAR DIGITAL GUIDANCE AND CONTROL

Wwith the rapld improvements in diglital technology the
concept of missile-borne digital processing and control to
achieve improved performance and flexibillity in design and growth
evolution beccmes very attractive. Small, modular digital
computers having considerable computing power can perform the
variety of functions required of tactical air-to-air missiles
more efficiently and effectively than conventional analog
technoloay. Fligure 8 shows the tyve of functions which can be
performed digitally 2s determined by the Phase | and Phase Il

study programs.
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Figure 8 “issile-torne Diglital Processing and (ontroi

tunctions and System Interfaces
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Digital techniques offer !Iéxlblity through the use of
on-tine software control that can be more rapidly altered to
accomodate different missile configurations, sensors, control
mechanisms and mission requirements. Arlthmetic and logic
ability and memory provide a capability to perform certain
functions more accurately. Digital techniques can also
accozplish other functlions such as time variasle estimation and
guidance, adaptive autopllot control, digital signal processing
and electronic counter-counter measures (ECCH) logic which cannot

be performed easily or at all with analog techniques.

In addition to improved performance and greater
functionas capability, the digital Implementation of missiie
guidance and control systems offers the msans of providing a
flexible, modular approach to missila system design. A single,
easily expandable minicomputer or a federation of severai
microcomputers of standard desisn can replace much of the present
distributed hardware which compyises the missile guidance and
control system. As Figure 3 illustrates, a digital computer
system can replace seeker head control electronics, orocessinc of
taserand signals from target sensors, guidance electronics,

fuzing and autopilot control ciscuitry.

A standardized interface between alssile subassemblies/
sections and avionics ¢t the carrying aircraft is a natural

characteristic of digital Implementations.
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Exploitation of the inherent flexibility of digital
processing and control teids to the concept of wmoduiarity and its
practical application to the continual process of technoliogy
transfusion into operational missiles and hence the use of a
standardized, modular comouter family for all classes of

air-to-air missiles.

In aagdition to the Inherent advantages of digital
processing cites above, multipurpose, modular digital processing
in tacticai missiles should srove more cost-effective than

present hardwired conflgurations.

The uhove featuses of digital missilie guidance and
control are discussed at greater length in the following
paragraphs, witn the remaining subsections devoted to: an
overview of the major functions, the classification of ailr-to-air
missile types and, lastly, digital system design considerations
which are fundamental to both single and federated/distributed

computer system implementations.

3.1 Rigital_xs_Analog _Sysieas

In view 0f the paralliel Improvements evidenced in both
an1iog and digital circuilt technology, the question is ralsed as
10 the advantages of digital versus analog system implementations

in missile quidance and conteol.

The following paragraphs sunmarize the flexibility,
9roeath, interface, performance reliabliity and cost features of

digital versus analog mechanlzarions for the guidance and control
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functions analyzed in the Phase | and Phase ]l studies. It can

| be Seen that, where practicabis, (based on the resuits of
function partitioning trade-off studies), programmable digital
processing and control meets the overall system design goals morae

effectively than alternatiwe anaiog techniques.

3.1.1 Sysiem fFlaxibllity apd_Growih

. Deslign_(bapges - A modular digital aperoach accommodates
dgesign changes throughout all phases of the weapons syStem
life-cycle. These changes can arise from both redesign during
the ROT € £ phnase and evolutionary growth thereafter. Redesign
may te needed tc correct deficiencies ldentified during test,
accomodate specification and/or interface changes or to Improve

i ) producivility., Evolutionary growth provides capabllity to

perform new missions and countet new threats.

Expolutiopary Gromih - Evolutionary growth alto occurs as
the fruits of new technologies become availlable for incorporation
into existing missile systems. The availlabiiity of new sensors,
and better siynal processing and guidance techniques can iaprove
the performance of existing weapons. Replacement of conical scan
processing with monopulse processing can provide lmproved
acquisition performance and electronic counter measures (ECM)
invuinerabil ity as d4oes fast fourier transform signal processing
insteag of sweeping velocity gate. Variable bandwidth filitering
ang optimal guidance provide a significant increase In missiie
pertormance against mancuvaring targets. &oth FFT processing and

optimal guidance frequire dligital processing techniques.
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Digital tecnniques reduce the problems resuiting from
proauct gromth as shown in Table 6. For sxample, when a new
sensor is mace available, the conventionai design approach
requires that not only the sensor ve replaced but the processing
cifcuits that suoport it aiso be replaced. Replacing the sensor
Processing ciicuits requires a complete hardware deve lopment

cycle, with an equally sevefe impact on logistics.

Both the original senso: and processing circuiis would be
throwh away. New test procedure: and new or modified test
equipment would be required as well as added personnel training.
The new analog modulesS woula then have to be reintegrated with
the existing analog modules, and each weapon configuration using
tne new modules would fequire modification to the interface

equiwpment with the various carrying alrcraft.

using a modular digital approach cifers a much simpler
and more economical introduction of new technology. Only the
ssnsofs wosld have to be replaced and the computer program memory
modulies would ¢ reoroarammed requiring only a software
deve'opment cycle. In terms of logisitics, only the sensors are
thr owh away Since the processing function resides in the new
softeare. It is not likely that aodification to the test
equipment would be required nor would additional personne!
training ve tequired. There would be no impa:t on integration,
eitner within tne varlious modules or between weaoon configuration

and the carrier aircraft.
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TABLE &
SYSTEM GROWTH IMPACT

ANALOG V5 DIGITAL IMPLEMENTATIUNS

CONVENTIONAL DESIGN MODULAR DI1GITA. APPROACH
0 REPLACE SENSORS 0 REPLACE SENSORS
0 REPLACE PROCESSING 0 REPRUGRAM
o DOevelop new algorithms o Develop new algorithns
o Design new circults o Design new program moduiles
o Fabricate new hardware o Reprogram digital processor
o LOGISTICS . o LOGISTICS
o Throw away sensors and o Throw away sensors
processing 0 Update test procedures

0 Deslign new test procedures
o Modify test squipment
o Traln personnel
0 INTEGRATIUN o INTEGRATION
o Modify module to module o No ispact
integration
o Modify weaponsaircraft

integration

In suamaty, the filexibility needed to accomodate the

above changes s best achieved !n a digital luplementation vsing

» stendardized macro-sodulat buliding viock approach to diglital

computer design. “odular, appilcation-ariented, softuare

51
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subroutines would *e developed concurrently with the hardware.

3.1.2 System_lpierfaces

Modular weapons can be launchod from significantly
different launchers and launch vehicles and contain a wide range
of functional options. Analog implementations, while providing
modifiable system and matching the weapon to the mission, vield
problems of almogst unmanageable proportions in integration,

tratning, maintenance and logistics.

Current launch aircraft umbilicals for example, contain
discrete analog and digital interfaces with dedicated cockpit
controls and displays. Analog integration is inflexible and even
if accomplished does not remove the interface burden from future

advances in technoloay.

Analog integration between modules Is similarly
inflexible and imposes severe constraints when minimizing cost
and complexity. Each moduie must contalin additional hardware to
satisfy a common intertace. The additlonal hardware adds to the
cost of the modules. The management and control of the common

interfaces adds to the complexity of the system design.

As technological advances and performance iaprovements
become possible, inflexible commcn interfaces delay the earily use
of these advances. (ost tradeoffs have aiways sesulted in
making-do mith already acquired hardware because of the cost and

complexity of agapting to rigid interfaces.
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Modular digital techniques can solve the problems
outiined above and provide the desired flexibility at a
reasonable cost. A single family of digital macrofunction
modules wili support the requirements of short, medium and
long-range air-to-air weapons as well as surface-to-air and

air-to-surface missions.

3.1.3 Sysiem_Perictmance

Digital processing provides inherent performance
capabilities not availapie Iin analog circuitry as described In

the following paragraphse.

Memory - Modular digital memories of 256/512/1024/2048
8-bit words per large~-scale integrated circuilt package provide an
accurate means of storing programs, real-time data and constants
e.9., radome compensation data, missile aerodynamic data, and
calibration data. These data may be applicable to ali missiles
of 2 given type e.g.» aerodynamic data, or may reflect individual
component characteristics such as the g-sensitive drift

coefficient for each gyro on a missile.

Acliibopetic - while addition and subtraction have
stralghtforward analog implementations, aultipiication and
dlvision require complex circuits which are subject to drift and
inaccuracy and are generally avoided If possible. Digital
processors have inherent nigh-speed add/subtract/muitipiy/divide
cacablilities which provides the means of generating complex

functions such as the trigonometric functions used in coordinate
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transformations. The arithmetric capability can also be used to

generate recursive equation solutions thus providing a digital

filtering and estimation capabiliity as well as fast Fourier

transform capabiiity.

Accuracy_and_Dynamic _Rapge - The dynamic range of analog
components (e.g9., operational amplifiers) is generally limited to
10 in a i{aboratory environment. Under military environmental
extremes this can degrade to 10 or less. A digital processor
can provide greater precision and dynpamic range through the use
of either a large computer wofd size or a shorter wofd length and
double-precision arithmetic. A 16-bit machine, for example, has
a 3x10 dynamic range for single-precision operations and 2x10
for double-precision operations. Calculations in a diglital
processor are drift free and immune from the usual analog noise.
As a resuit, high accuracy can be achieved In the long term
integration operations used in inertlial reference functions.

This large dynamic range is also needed for range cilculations
and for the noniinear matrix equations used in filtes
calculations. Uynamic range can be made virtually unilimited by

the addition of fioating-point arithmetic to the processos.

Lagic - Logical operations are inherent In a diglital
processor. in typicail analog missiles, arithmetic iogic and
switching functions are distributed among several circuits, esach
performing an individual function. A dliglital processor
time-shares ono arithmetic and ioyical circuit/unit under program

control.
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Enhanced functional capability can be obtained through
digital signal processing and control techniques not availaole
generaily via other implementations. The specific enhancements
in performance obtainable with digital techniques are discussed

for each major system function in subsection 3.2.1 through 3.2.8.
3.1.6 Sysiem Rellability and Iest

The digital implementation of missile functions provides
improved reliability compared to analog systems. Digital devices
which use saturated logic have inherently higher relfability and
nolse immunity with less temperature and vibration sensitivity
than analog devices. The execution of guidance and control
functions in digital processors, using high-density,
semiconductor circuits, achieves a significant reduction in parts
counts and circult connections which in turn provides a more
reliable system compared to multiple, single-function, analog

circult implenmentations.

The testing of digital computer systems Is simplified by
the use of buiit-in-test routines In each computer memory.
{omputer and subsystem tests canh be performed with fault

isolation to bot:y line and shoo-replaceable-unit leveis.

3.1.5 Sysiem_ (oSt

The use of multipurpose diqital processors in missile

systems should rtesult ir. iower development, test, production and

life cycle cost.
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Developoent Cost - During the development cycle numerous
design changes occuf. The cost is minimized if the changes are
in modular scftware as opposed to analog hardware. Further
savings accrue through the use of a unified common software
opeiating system for the entire modular computer family.
Development cost of the processor hardwarfe iS reduced by
building- up functional capability firom a family of macrofunction

computer modules.

Eroduction (0st - Reduced production cost can be
anticipated from the use of a family of macro-modular digltal
processors for missiles. Savings accrue from the use of common,
large-scale integrated-circuit, macrofunction modules,
(hyorid/monolitnic), across a broad range of missiles thus taking
advantage of the savings inherent in high-volume production.
These modules would use mainly MIL-qualifled versions of proven
commefrcial semiconductos products which minimizes risk and

ensures delivery through multiple procurement sources.

Life Cycle_Cost - The higher rellability and Inherent
standardization of parts in digital missile implementations
should "esurt in lowef maintenance costs. Similarly, a common
software operating system reduces the cost of training operating
and maintenance personnel. Both of these factors rasduce

life-cycle cost.

Further, the availability of a computer inside the

missile provides ready access to all sensor and actuator points

and greatly -“implifies tha missile test equipment. The cost of




2
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A e

capital equipment and testing of the missile in the factory and
in the field will therefore be reduced. The number of physical
nominals which need to be adjusted will also be minimal, since

many of them have been absorbed into the computer memory.

3.2 Major_ Sysiem Funciions/Subsysisms

The functions and interfaces which comprise a tactical
air-to-air missile guidance and control system are depicted in
Figure S. These functions range from sensor signal processing,
sensor tracking and stabillzation, filtering and estimating, to
guidance and control, fuzing, launch initializations and mode
control in the case of single computer systems. Not all of these
system functions are necessarily required in all missiles, nor is
their deqree of complexity or performance the same; however, all
should be considered in the process of determining the
tfeasibiiity and appiication of digital techniques, together with
teiemetry and test as supporting functions. A description of
aach function and tne performance enhancenent expected from the

use of algital techniques is given in the foilowing subsections.
3.2.1 larget._Sensors

The target senscr can be optical (television-Tv),
i ra-red (IR) or radar (CW or pulse doppler; active, sSemi~active
f opassive, in the case o' t(M). The purpose of the sensor s to
search for, ucquire and track the target. 1In a radar =ystem, for

exampiey
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the signal processor extracts signals from the sensor to perform
seafch in range, dopplesr and angle and provides detection through
various algoritnms such as constant false alarm rate (CFAR), dual
threshe!ld, and various "m out of n” return logic. Acquisition in
range and doppler may be performed using dlgital FFT techniques
coupled with target selection logic that provides superior
performance ovesr analog techniques. Selection of quiet targets
in clutter, in the presence of standoff jammers, or with cloud
tackground, and flares in the IR case, and resolution of multiplie
targats may be considerably enhanced using a digltal approach.

In the radar case, after target acquisition, tracking |s
performed in conjunction with filtering and estimation of angle
ranye and doppler, to close these loops. Digital filtering and
pfeaiction offer the means to perform range and doppler tracking
that can be more precise and more sresistant to pult off type
deceptive jJammers., Extraction of error angle information can be
accommodated for IR reticle scan systems involving AM or FM
encodiny of angle information or JR two-dimensional arrays, or

for radar sensors using conical scanning or monopulse techniques.

Tne data that the sensor provides to the guidance system
. € H
can consist of bporesight error (_H )y, range error (A RMT and
ranye rate erros (ARHT ) along the line of sight to the target,
siynal to noise ratio, (SNR), inertbal rates Igsnl in the seeker
framea and gimbal anyles (QSH) relating the seeker frame to

missile body coordinates. In some systsms this data is

restricted to measurements of gﬂ ’ ESH' and gsu.
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ODigital signal procussing provides the ability to adapt
to varying target signatures, environments and ECM. The logic
and processing during search, detection, acquisition and tracking
can all bs improved with digital technqiues. Digitally
implemented ftogic can provide close to optimum utilization of the
missile EC(M features. The overall probability of acquisition
can be optimized by varying the search parameters (false alarm .
rate, threshold), over the search sector according to the
probabil ity of target signal presence. CFAR levels can be set

digitally for maximizing detection.

FFT processing can provide a wide doppler band display of
target and clutter signals. Oigltal logic can then be used to
find and isolate the main clutter signals so that tne target
signal can be seen within the dynamic range of the analog to
digital convertor and the FFT processor. FFT processing can
provide a 6-10 db SNR advantage over aweeping velocity gates for

tie same detection probatility.

Digitally implemented processing for IR homing missiies
ctan enhance performance by pr-viding more accurate blasing

techniques for intercept foswara of the target taill sectlon.
3.2.2 Iracking.apnd_Stabhillzatian

Tracking and stabliization of the tracking sensor In a
homing missile is a critical control function whare It is desired
to obtain an accurate measure of the Iine-of-sight rate whiile

Isolating the measurements from body motion. Conventional gimbal
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sefrvo systems prowiZe thls itsolation to a certaln extent, but In
genaral this approach cannot easlily compansate for gimbal
cross-coupling efiects anc torque disturbances which are
important in electric drive systems with limited torque output.
Sensor gyros, required for stabilization, have error components
in their outputs due to missile induced motions around tneirs
output axes. These effects can be seduced through the use of
digital control. For exampie, improved isolation can be achieved
by correcting for gyro output axis coupling, and by correcting

for g sensitive dfift using the sorted g sensitive drift

cosefficient for each seeker head gyrc.

Obviousiy In the case of strapped down sensors, such as
conformal body fixed arrays, a digital capability is essential to

the stabllization function,

In conjunction with digital fiitering and estimation,
tracking loops, which are less sensitive to fiuctuating receliver
signal to noise ratio and mode switch due to ECM, can be
implemented. Tne digital filter increases the track loop
bandwidth for high 5NK, reduces it for low SNR, and coasts the
antgnna during caia dropouts by maintaining the seeker space rate

equal to the current best estimate of LUS rate.

In radar systems, radome refraction sliope places
sighiflicant design constraints on the guidance problems and can
-ause stability, miss distance and missile maneuverablility
proolems. Negailive refraction slopes are destabilizing while

positive slopes slow down the missile’s response to line-of-sight
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errors. Uf the compensation algorithms available to the digital
system, the ability to reduce the Impact of this disturbance is
probably most important. A compensation aigorithm Is superior to
present biasing tecnniques and particularly important for wide
band RF applications. In acdition, design problems encountered
with dual mode guidance systems which may have conflicting

requirements on dome material should be reduced.

36243 tElliteripng_apnd _ftstimation

Pernaps the greatest Impact of the availabliity of an
on-pboard digital computer is tha vastiy improwed estimation
capability it provides. MWith modest computational equipment, it
is possible to implement relatively sophisticated estimation
algorithms (e.g., ¥alman filters), which would be virtually
impossible by analog means. This estimation capabliity yleilds

parformance lmprovements in three ways:

1) More effective guidance and reduced miss distance,
resulting from improved knowiedge of the relative
motion of missite and target;

2) Improved tracking tenacity, through the use of
predicted angles, range and/ofr range rate for seeker
pointing and range and/cr doppler gate setting; and

3) Capabliity for estimating auxiliary parameters {(e0.9.,
stablility derivatives and target properties, which
ald in trajectory ostimation, autopiliot gain setting,
and any engagement decislions which may depend on

target parameters ot behavior.
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It Is clear, from previous guidance studlies, that
estimation of target motion (including accsieration) provides a
considerable iImprovement In performance In the maneuvering target
case. Target acceleration estimation may thus be considered an

essentlal part of any high-performance homing guldance system.

Flitering and estimation of system states through the use
of digital discrete rocursive estimators providss Information
allowing Improved guidance laws and autopilot control. The

estimator can be =3 complex as a fully-coupled, 5-state, kaiman

L)

filter where oestimates of target acceleration 2&
" A

position R, and relative velocity ﬁ can be obtained, or whete the

relative

computational burden is too severe, ot the accuracy of a
fully-coupled filter Is unnecessary, simpler configurations can
be used to orovide suboptimal estimates. Further simplification
could reduce this function to fixed g9ain noise filters on

boresight erfor alone.

Application of dlgital discrete recursive estimators
improves angle, range, and doppler track especlally in cases
whete pulsed itllumination is used and In cases whete blinking

Jammers cause constant mode switching.

3.2.% Guidance

GCuidance accuracy can be improved Oover basic laws, such
as proportional navigation, by explicitiy compensating for target
maneuvers using estimator outputs, and compensating for alssile
autopilot dynamic lag. Digital memory and arithmetic

capabilities alliow the necessary computiation to be performed In a
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real time mode; whereas, analog technology is generally limited
to simpler laws such as proportional navigation. Augmented
proportional navigation (APN) compensates for target ascceletration

and a four-state law (45L) provides, In addition, compensation

for autopilot lags.

For simple missile systems as reprecented by Class I,
traditional proportional navigation (PN) guidance is generally
used because of limitations on the available measurement data and
computational capacity. For more sophisticatad systems, and the

assoclated nigher levels of required performance, experience has

shown that two important requirements are:

1) Estimation of target acceleration and its use in the

guiadance law.

2) Some method of compensating for the dominant lag of

the autoplliot.

When these factors are included in the derivation of the
guidance law, considerable improvements in parformance arn
realized. Figure 10 compares perfosrmance ‘RMS miss versu:z

missile g Jimit) for a typical intercept using three differert

guidance iaws:

1} pProportionai Navigation (PN)
2) Augmented Proportional Navigation (APN) which
utiilzes the estimate of target acceleration Ny

3} Four-State Law (45L), which adds compensation for

autopiiot tag
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Figure 10 Comparison of Guidance Laws

The case chosen for the comparison is an 8 second flight
during which the target initiates a 49 maneuver at random times.
Initiai heading errofr is 5 ceg and the three ccmponents of
angular measurement error are assumed to be: glint S5 ft,
receiver noise 6 mrad and range-independent noise 1 mrad, (all
values rms), Data rate is 10 Hz. The controller Is assisted by
a tnree-state Kalman filter estimating y4 (differential
position), §d and np . The improvement in performance |s
considerable when the gquidance law is compensated for target

maneuver and/or autopilut lag.

65




3,2.5 Autopilot/Coptirol

Control and stabillization of the airframe is a critical
function for all missiles. Rapid response to acceleration
commands in two axes, while maintaining pitch/yaw dampina and
roll control is required for satisfactory guidance. The problems
associated with airframe control are wide variations in flight
conditions (altitude and velocity) and resultant aerodynanmic
coefficient variation, stability under transient condlitions,

dynamic range limits and nonlinearities in the actuation system.

The role of the digital computer fer missile control goes
far beyond digitizing an analog autoptiot. With the
computational power for adjusting the control, the response of
the controlled alrframe can be made relatively independent of
flight condition and the closed loop poles placed within
specified regions. Since autopilot design is constrained by the
range of aerodynamic characteristics, the digital design should
consider from the outset the estimation, measuremert, or storage

of aerodynamic patameters.

A more general approach to the control problem is to use
sensed pesrformance of the missile to continually change the
controller gains during fiignt. These Implicit or expiicit
acaptive designs do not have simple analog formulations and the
digital computer becomes important. Implicit techniques do not
estimate the unknown parameters of the missile but generate the
control signal directly from sensor information. Explicit

techniques generaily seek to estimate the unknowh parameters and,
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using this informatlion, treat the control problem as if the aero

parameters wefe known.

Implicit adaptivity is attractive for simple control
systems and may have application for those missiles designed for
speciflic missions, Multimode and multimission weapons, however,
are more complex and explicit adaptivity is more likely desired.

In all cases, however, knowiedge of aero parameters iIs important.

3.2.6 Euzing

Better fuzing techniques can be digitaily impiemented
using end-game estimates of time-to-go to Iintercept, missile
attitude, expected miss distance, and rejative velocity which can
be developed in digital filters as inputs to muiltivariable fuzing
time delay algorithms for optical, active and semi-active fuzes.
Tne algorithms can be optimized for different warheads including

blast, fragment, and rod types. Aiming instructions for aimable

warheads can also be computed.
3.2.7 Loglc_and _Maoda Contral

In every missile there are a large number of loglcal
decisions which must be made during the course of a filght.
taunch loglc, target selection, autoplliot band switching and
fuzing logic are Just a few of the iogical decisions which must
be made In the missile. The hardware logic wnich makes these
various decisions is scattered throughout a typical missile and
involves a3 very substantial fraction of the total electronics and

hence, the overall loglc diagram of a missiie tends to be a
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ratnhner compiex {ocgic tree. In a digital missile system, logic
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functions can be impiemented in a computer by means of decision
tabies and other extremely simple logls routines for which the
computer is ideally suilted. AiIso, the information upon which the
decislon must be based is availabie in the computer memory for
¢ther purposes. Thus, one of the many effective uses of 2

computer in a digital missile is the execution of the decision

logice.

Mode controi applies to the time-multiplexing of digital
missiie functions in a singie computer system. The initlation of
a given mode is determined by the master executive program, which
performs the decision Jogic based on the occurrence of external,
teal-time events and/or the results of guidance and centrol
algorithms executed by the computer and reported to the executive
program via the active mode supervisor. As such, mode control
ensures the proper function mix at any point in the mission
time-line, and the execution of functions in accordance with the

data samplina and stabiilty criteria of the system.

3.2.4 Ilalemetry and.Iesi

islemetry - Telemetry Is used primarily in flight-test
veric es to monitor tne performance of an ail-up system in a true
operating ervircnment. In a digital missile, most of the
telemetr; informution is already stored in computer memory and
the remainine data can be readily acquired (e.g., airframe stress
data, hydrfaulic pressures, battery voltages). A& computer is

therefore capable of controlling the entire telemetry function
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either on a time-shared basis In a single computer system, or
continuously through a dedicated processor in a

bandn
VO LD

fated/distributed computer system. There are substantial
advantages to this method of telemetering over anaiog systems.
First, a separate multipliexer for telemetering is not required.
Second, ali of the buffer amplifiers and circuitry required to
scale signals to proper telemetering levels have been eliminated.
Also, the very jarge number of wires which are required to
collect the telemetering Iinformation have been eliminated, thus
eliminating many sources of pickup and a very large cost
reduction because of the reduction of cabling. Interconnection
wires aiways present a major problem in any missile dssian, and
the elimination of wires i{s extremely Important and cannot be
over-emphasized. Scaling of the signals can be done in the
computer If necessary tc preserve telemetering dynamic range.
And finally, digital tejemetering can provide a more accurate
picture of the missilie parameters than is usually avallable with

analog teiemetering systeas.

Jast - A digltal computer allows considerable pre-fiight
testing to be performed in a tactically configured missile.
Extcnsive testing of the computer and the Indlividuali guidance and
control functions and subsystems Insures that a test vehicle is
fully operational immediately before launch, with the option of
providing the same test nrocedures in an all-up tactical missile
iv ensure reliabllity. Digital missiles could also be
9round-tested in the same way, by applying primary power but

without squibbing batterios, prior to Installation on an

69




alrcraft,.

Test therefore applies to the self-contained te¢esting and
maintenance of a missile at Factory, Overhaul and Repair shop at
shore depot, Carrier Electronic Workshop, Hangar Deck and Flight

Deck maintenance levelis.

3.3 Gaparic (iassiflicatian

Tne application of modular digital computers to
air-to-air missile systems involves the consideration of a wide
range of missions, missile characteristics and engagement
environments. 0Vepending on the missile invoived, the airframe,
guidance modes, control configuration, seeker and available
instrumentation vary from relatively simple specific mission
designs to highly sophisticated, multimode/multimission
applications. 1In order to determine the feasibility and
appitication of modular digital computers to perform desired
missilie functions, the configuration and requirements of the
Sidewinder, Sparrow and Phoenix familias of missiles have been
studled and a generic classification 2f requirements has been
establisnhed. The classification includes presently operational
systems usS well as anticlpated futi.re systems and was developed
from a survey of mission reguirements and functional
configurations. The definition of the alr-to-air nissile

missions included:

1) taunch envelopes and launch conditions.

2) Guidance modes and the avionics interiace.
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3) Jaryet types and parameters.

4) Missile sensors and instrumentation.

5) Missile physical properties.

The definition of generic confligurations linvolved a

survey of:

1) Functional modes and phase of flight
LT 2) Taryet sensors iIncluding IR, radar and dual mode.
3) Radomes inciuding ranges of IR and radar boresight
error sliopes.
4) Recelver configuration encompassing conical scan and
1 ronopulse radar and raticle/erray IR systems.
5) Gimbal drives and configuration inciuding electric
,* versus hydraulic, two or three axes or strapdown.,
6) Airframe configurations encompassing wing, tail or
canard aerodynamic control or thrust vector control.
7) Aerodynamic characteristics such as linear stability
] derivative values over the rangs of flight
p

conditiens.

8) Propulsion systems invwolving single of multiple

stagyes.

9) Instrumentation and tachometers.

3.3.1 {lass (efipltions

As a result of this study, three generic missile famiiles
rave oeen established and, relative to this classification, on

boasd computaticnal requirements can be defined for each clzss.

n




The generic familius consist of a low cost, specific mission
design Dynamics Tne first level of classification involves a
description of qguidance mode, Interface with the launch alrcraft,

available instrumentation and control requirements as described

by Table 7.

Frcm this classification, tne functions which must be
provided ran be defined and the relative complexity of each
function can be assessed. In Class | for exampie, only one
guidance mode is reqitired and the signal processing function need
only he concerned with continually processing data from one
tracxking sensor. Multiple sensors exist In Class Jl] systems,
however, and for in-flight hand-over capablliity, the data from
eich sensor must be processed simultaneously. The some

increasing level of complexity exists for all functions &s one

progresses from Class | to Class 111].
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3.3.2 fPartappaters

Further quantification of the three generic classes |Is
provided by specifying the parameters and their ranges that apply
to each class. Table 8 lists these data for each Class and the

various missile selements.
3.3.3 Enxlroomental _lnputs

In addition to missiie and target properties, natural and

man-made enviroamental inputs are bracketed for each generic

class in Table 9.

With these definltlops and parameters established for
each class, the functional analysis, design approach and computer

fequiremants are developed In the following sections of this

report.
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PARANETER

TABLE o

SYSTEM PARAMETERS

MISSILE CLASS
11

Target Characteriatics
Altituce Rangs (Kit/ke)
Speed Range (MACH)

Ransuver Level (g}

Misslile Launch Data
taunch Altitude Vkft/km)
Speed Range (MA(M)

Launch Range
Hax (nml)

Nin (ft/e)

Physical Characterlistics
Launch weleht tib/kg)
Length {in/ce;
Olameter (in/ce)

Contfigutation

Qxpasjca
deoto
Nat. Freq (7p9)

Rax. Alphas (deg)

sL-3079.1
0-5'2

2-4

SL=30/9.)
0.5-3.,0

10
1000/ 30¢4.0

100~250
€120/10%
$-7/12.7-11.8

Canare/uing

6-30

75

SL-70721.3
0.5-3.0
¥-6

5L=-%0/15.2
1.0'6.5

30

3000/914.4

250-500
€<1507381
0-11/20.3-20

Wing/Taitl

=20
23

5L=-90/27.4
0.5-4

5-8

SL-70/721.3

1.5-6.

75
500071526

$00-1000
C10C/457
13-1¢/33-40.6
Tal i/

Tall-Tv(

=20
30

e mmmona s AL




z TASLE 8 (Continued)

SYSTEM PARAMETERS

MISSILE CLASS

!' PARAMETEN 1 11 111!

£ e —ercesem—— - —— >

Structural

sencing Mode (rps)

First 200-600 150-200 200-500
Second 600-1890 600-000 600-1000
Kinematic

Angular Rates (deg/sec)
Piteh/Yaw €150 60-100 60-150
Roll £500 300-650 N0-450
Accu ioration

Angquliar lco,l:oczl

Pitch/Yaw <2000 <6000 <4000
Roil <10,000 <20,000 <20,000
Transtations! (9! <30 <40 <60

lnotflnl Instrusentition

nissile Body None-) Roll gyro 3 Rkate yyros 3 Rate integrating

qyros (RIG)

2 01 ) accetlero- ) Acc.
seters
Seeher Free oyre 2-3 Rate =3 k1o
(3min Sten.) 9yres

T P N R I eI - NrT DU T
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PARAMETER

TABLE 8 ((Continued!)

SYSTEM PARLMETERS

Target Sensot
Control

Track Banduidth (rps)

Stablilziation Bandwlidth

teps)

Type

Radat Paramoters
Antenna Dias,. Lin/ce)

seasuiding ldog!

Rqd Acq. Range (nal)

Avionics Oessignatien
Accuracy

Angle tdeg)
Range (tt/e)

velacity ifps/ees)

10-100

<1000

Single Mode

o SAR

3-5/7.6-12.7

21-17

21100/7335.2
29500/71%2.¢

MISSILE CLASS

1

10-592

100-200

Single or
dual wmode
o |8

o SAR

o SAR/AR

0 SAR/ARRM

6-9/15.2-22.9

te-»

o

]
223007701.0

2300/7152.4

10-50

100-200

Singe dual
or multisode
0 SaR

0 SAR/AR

o SAR/ARNM/AR

o SAR/ARM/IR

11-16727.9-35.5
7-6dx Band
S-edn, Bane

20-50

[

£5000/19%24.0
13007152.4

o i i s N = Ba, .
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——

ooy

Ciutter (-zlu 2. db)
Lang
Sea

Rain (mw/ny¢)

E(w
.uarraqo
Spot
Blirning
veceptive

e n

tlares (IR}

TABLE 9

ENVIRONMENTAL INPUTS

MISSELE CLASS

1 11 1y
-10/-30 -107-30 -10/-3%0
=20/ =40 =20/ =40 =20/~60
1.0 6.0 4,0
Yes Yes Yes
No Yoo Yes
Ne Yes Yoo
No Mo ves
Yeos Yoo Yeo
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3.4 Dlgital System lLesign

The desiaon of a diaoltal guidance system for a missile
involves the translation of functional requirements into
algorithms and parameters and the specificaticn of interfaces and
timing., This process was discussed in the Phase I Final Report,
(Reference R.1), fo the relatively low frequency guidance and
control functions addressed. A modular design approach was
adopted in which the benefits of the digital approach, i.e., time
variable estimations ad guidance, and adaptive autopilot
control, are retained, while offering a practical desiagn
procedufe which results in improved performance, reilative
Insensitiwity to design model errors and a reasonable real-time
computer load. The same approach i applied in this report. The
signat processing, fuzing, mode control and {2lemstry /test
functions are defined, algorithms developed and interfacing
requiremenis (data rate, delay, etc.), set and then integrated
into a total digyital missilie guidance system design. The impact
of these added functions on system design and digital processing

are discussed In this subsection.

3.4.1 Guldance _Sysiam._Design

The general missile gLidance system model shown in Figure
11, Is an expansion of the Phase ] model to inciude the track
signal processing function. This function is highly interactive
with estimation, guidance and autopilot control functions In
establishing the performance of the guidance system. The

computationai ds!av assoclated with digital extraction of target
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tracking data directly affects guidance miss distance

performance. Bounds on this delay must be set in the context of

the total model. 0On the other hand, target acquisition signal

processing, fuzing, and mode control, although having their own
requirements on data rate and delay, do not directly interact

with missile guidances and control.

The track signal processing function involves the

o - Bt
. NP VPR R s

extraction of seeker boresight error, Eﬁ y» relative range and
doppler data and a measure of target tracking signal to noise
ratio from the sampled sum and deita channel outputs of the
recsiver. Cascading this function with the other functional
elements adds dynamics ttracking cell bandwidth aus ) and

f computational delay, I". In order to establish the impact of

‘ ‘ signal processing delay or guidance, a model of the guidance
system which explicitly identifies where sampling and delay occur

Is required for setting digital processing requirements and

assessing perfornance.,

8]

o b B A




3.4.2 Riglial Design _f(opnsidezatlions

Along with the benefits of digital processing and control
comes the requirement to convert back and forth from the analog
to the digital domain. This conversion involves: sampling,
quantization, and computational delay. In designing a digital
guidance system th:ose processes must be accounted for and
requirements placed on the allowable values. The model for
analyzing these effects is given in Figure 12. The functions
remain the same as those of Figure 11, but the input sampling
tanalog to digital conversion) output sampling and holding
(diuital to analog conversion) and computational delay paths are

shown explicitly. Quantization also occurs upon conversion.
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Figure 12 Vigltal Guidance System
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In

the Phase | Study, requirements were estabiished on

certain conversion parameters, namely,

1)

2)

2)

-

To complete the requirements on the digital process, 1

additional

include:

1)

2)

.onversion parameters must be specified. These 3

Guldance data rate (f f RK’ ranging fsom 5

GUID 'EST 'T
to 25 Hz depending upon missile class.

Autopiliot data rate "AP‘ ranging from 500 Hz for
proper digital structural filtering to 10 Hz for

controi galn, determinations.

Seeker stabilization loop samplin f at 500 Hz.
p P I STAB ¥4

Autopliot multiple sampiing rates 'ACC' 'GYRO' and
computaticnal delaytAP not considered in the Phase 1
stuay.

Sensor output sampling, 1 and signal processing

RCVR

delayrs’ and the overail delay T in generating

GUID'
autopilot scceleration commands from sensor outputs.

The tiring relationships which exist among the various

elemants is shown in Figure 13,
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The lowest sampling frequency is generalfiy, gquidance,

fGUID' so that 2 major computing interval (MCI) is established by
MCL = /1 « MCl ranges from 40 to 200 msec,y, 100 msec

GUID
"GUID:IOHZ) being typical. Within the MCI all functions are

executed at least once; namely guldarce, estimation, track,

signal processing or many times; sensor stabllilzation, and

f ’
STAB

autopiiot contruil, f and ¢ Information passes from
GYRO

ace’
target sensor to signal processing to estimation and guldance.
The delay in the computing process is additive, that is the total

detay from start of signal processing to update of the command,

is = + ¢+t . The allowable delay Is
%c eum ‘sp 'EST, G Yeup
established by miss distance requirements. Section 5 determines
the allowable values of¢ and f§ « The critical part of the
G GUID

Cl is generation of from the samples of the receiver
Teurp %

output used in generating outputs ¢,R, and R in an output signal

processing bandwidth BW . Some computations, such as estimator
sp
covarlance propagation and gain calculiations can be done In the

non-critical time siot prior to updating the state estimates when

the new E’i’g data are avallable.

For the sensor stablilization and autopliot functlions
sampling rates whicnhn are high compared to guidance are required

S0 that sampling at fsrhnand 'GYRO'“’ proceed independentiy and

asynchronously from guloance. For these wide bandwidth {oops,
}

however, computational dgela and t r .
’ Y 18?&3 AP are important These

requirements are set In Section S5 on autopiiot control.
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3.4,.3 Digital-Apalog._fonxgrsalon_Pracess

At each point in the digital guidance system where
conversion from one domain to the other takes place, the eff.cts
of sampling , quantization and delay must be evaluated and
specifications set. In the Phase [ report (Ref. R.1, Section
3.3.2, Digital vigital Controller Deslign, these effects and
design guides were discussed. Figure 14 illustrates the

conversion process.

The addition of the signal processing functions 10 the

guidance model and the accounting for computational delays
regquires that additional conversion requirements be established.
1) Sensor output sampling rate and quantization

2) Computational delay in guidance, and autopiiot and

seeker stabiilzation,

Sensor output sampling rate Is determined by the Nyquist

sampling theorem, that is:

f 2 Bw .
RCVR RCVR

This requires tnat tne sum (L) and difference { 3
channels each be sampied at a rate greater than the receliver

{rougning filter) bandwidth typical values are

'RCVF 2 10-20 Ktz
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These are:

The number of binary bits required In the conversion |Is

determined by:?

Cel 2 E%dhl + 0.8

Khere, ¢ Is number of magnitude bits
f desired signal to quantization nolse ratio.

For typical radar sensors a 40 db r.tlo is acceptabie so
that an 8-blt converter on the I and &4 channeis is usually

sufficiant.

For autupilot and seeker stabllization the sffect of

computational delay, TAP or TSTAB' on loop stability Is related

through the relationship:?

Ad = 2w o +1
v Critical(;: )

Wwhere, 59 - Phase shift dus to sampling at f = ] and
delay T. It loop phase shift is to te |imited to say, A0T.= 0.2
radians at the critical galn cross over frequency 'CRIT then a
limit exists on tg ¢+ T . This is an approximate relationship.

=3

Through siauiation, more exact requirements are set for autopliot

and stabliization In Section 5.




»
4, OIGITAL MISSILE PROCESSING € CONTROL

Inis section contains a summary of the guidance and control
functions analyzed in the Phase | study and the results of
furtner analyses performed in Phase I] covering the remaining
on-board missile functions viz: radary, IR, ARM and multimode
sensof systems: fuzing; mode control; telemetry and test. The
object of these analyses being: to determine the functions
suitable for dlyital implementation to achieve performance
improvements and greater flexibility without a severe cost
penalty; to define supporting digital algorithms and p: ogram
modules; and lastly, to determine the computar toads fof each
digital function in terms of worst-case operation counts and
Iinstruction mixes, (l.e. percentage breakdswn of add/subtract,
multiply/divide and lvad/stora/logical/oranch opgfavions), for
the computer performance requirements and modular computer

definition tasks, (se¢ Section 6 and 7).

AsS in tne Phase | Study, a simple l6-bit, fixed-point,
single-register, minicomputer architecture and instruction set
was assumed Jor sizing the pregram modules, since tnls type of
macnine, in addition to estadbiishing worst-case operations
counts, provides the ioglical point of departure for evaluating
the merits of more sophisticated computes designs. Similarly,
for consistency with Phase | computer load estimating orocedures,
instruction counts given in the computer requirements tables
include only those operations executed in the worst-case/

time-critical path througn each program moduie. These
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instruction counts, together with those of the assoclated utiiity
sub-routines, have beenh incfeased by 30X when converting to
equivalent adds. Program memory requifements include the total
number of instructions for any given prog.am module ailso
increased by 30%. The 30% increase constitutes an allowance for
additional subroutine |inkage and other overhead operations which
are necessary to achieve a completely operational progranm,
Equivalent adds are as defined in the Phase | study, (Ref. Rl,
Sect. 4, pPe 4-1), i.0., multiply and divide operations are

equivalent to 8 add/subtract/load/store Instructions.
4.1 Guidance_and._(onti0l Summacy

The functions of: target seeker-head tracking and
stacilization; filtering and estimation; guidance and autopilot,
were ana'yzed In the Phase | study and described Iin Section & of
the Phase | Final Report (Ref. R.1). Tables 10 through 14,
extracted from the latter report, summarize the computer
requirements for each of the above alasile guidance and control
functions to provide continuity with the current work. Tnese
computer loacs are integrated uwith the remaining missile

funztiones 'n Section 6 to establish the coeaposite computer loads

for eacn genxric missile ¢class.
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