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Division, Arlington, Va., were the Navy Scientific Officers. 

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

supported by the following study team members: 

F.J. '.angley       Lead Engineer 

Modular Computer Definition 

L.J. Casey        Autopilot, Telemetry, Test and Mode 

Control 
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R.J*   Fitzgerald Estimation  and   Guidance 

J.H,   Mickerson 

^  - --■        > , ■ -. ■ --.~- ^ ~ 



K.O.   tfcfa )d 

J.D.  -iadad 

J.Eo   Hopson 

S«aK»r Signal Processing 
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!•      INTRODUCTION 

1.1 aackörauDxl 

The design» development and production of »isslles 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 flexibility features at lowest cost. 

Figure 1 illustrates the functional complement typical of 

air to air missiles. 
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Figure 1» On-ßoard Missile Guidance and Control System 
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In the previous study phase» (Ref. R~l)» programmable 

digital techniques were shown to offsr Improved performance and 

greater flexibility than the traditional hardwired analog 

implementations of seeker head control* estimation» guidance and 

autopi lot f unctions. 

To achieve modularity and growth In hardware and software 

a top-down system study approach has been adopted by first 

dividing 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 processing» 

determining their constituent software modules and sizing these 

in terms of computer throughput and memory requirements« 

Su-ch a modular breakdown of on-board missile guidance and 

control functions together with their associated Interfaces» 

provided the option of configuring and evaluating either single 

or multiple federated/distributed computer system implementations 

according to the design constraints of a given missile« 

1.2 QtUÄiLt-UÄ5-ÄüiJ—SXLflflt 

The objectives and scope of the Phase Jl study under 

contract N0001^-75-C-0S49, as defined In the Statement of Work» 

are as foilows: 
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: t 

To investigate the feasibility of a modular digital 

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

a)  Analyzing for digital Implementation In alt classes 

of air-to-air missiles the functions of seeker signal 

processing for both infrared (IR) and radar type 

seekers» warhead fuzing» mode control and telemetry. 

b>>  Performing a simulation analysis to confirm romputer 

requirements and relate algorithm complexity to 

performance improvements for the guidance» 

estimation» autopilot/control functions as defined 

under contract N0001<»-7^-C-0056. 

cl  Updating the computer requirements per generic class 

of air-to-air missile based upon the results of (a) 

and (b) above. 

The Intention of the above being to conclude the major 

function analysis ^ork started In the first phase» ((contract 

N00D14-7^-O0056) thereby deUnin« the total practical digital 

processing and control requirements for each generic class of 

missile and provIdIng/I dent IfyIng continuity and commonality 

features across the entire spectrum of air-to-air missiles. 

Further» since the Phase 1 study resulted in the definition of 

Improved estimation» guidance and autopilot algorithms compared 

to the more simple analog counterparts» simulations were required 

to ascertain the degree of performance improvement as a function 

of complexity from a computer load aspect. 
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{f 

Early In the Phase II study it becaae evident that 

greater eaphasls should be placed on the definition of coiipatlble 

computer hardware and software characteristics to achieve more 

tlnely visibility In this critical area.  In response to a 

request by the Navy Scientific Officer a revised progran plan was 

developed and presented at OMR.  The revised study plan was 

fornally approved by ONR on 29 May 1975, confining the sinulatlon 

analysis work to a Class II missile with three degrees of freedom 

and initiating more comprehensive computer hardware and software 

studies in June 1975. 
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1.      SUMMARY ANO CONCULSIDNS 

As a result of completing the functional analysest 

qualifying performance improvements versus digital processing 

capacity? and defining compatible hardware and software features 

tor effective modular digital guidance and control, the following 

significant resjlts and conclusions 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, 

hybrid large-scale-Integrated (LSI) circuit 

DacxoBOduIea, In various configurations, using a commom 

bus interfacet will support the entire ringe of 

air-to-air missile functions. 

3. Radar sensor signal processing dominates the throughput 

requirement and can be supported by an "optimised" 

central processing unit (CPU) macromodule incorporating 

either hardware multiplier or two-point, complex 

transform arithmetic unit« 

'4 •  Federated/distributed microcomputer systems provide the 

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 

disrupt ion. 
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3.  Missile guidance and control systems readily partition 

into four autonomous and asynchronous functional groups 

for nodular, federated computer systems: 

a. Steering command generation (signal processing! 

estimation and guidance). 

b. Missile stabilization and control (aatopilot and 

inertial reference). 

c. Seeker stabilization and control (tracking and 

stabi I izat i on) 

d. Support functions (fuzing and telemetry) 

6. Serial digital multiplex as defined in HIL~ST0-1553t 

provides an optimum interface between missile 

subsystems/computers and carrier aircraft avionics. 

7. unified software system using one nigh-order-language 

for system simulation and missile computer code 

generation together with structured design and 

modularity minimize software cost and risk« 

The findings of the individual study tasks are discussed in 

greater detail in the following paragraphs. 
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2.1  LuQLiiQnai-Aaai^äis 

laLdfit.^aasxixs - Digital signal processing and node control 

requirements for target sensors of tne radar, anti-radiaUon- 

missile (ARM) and infra-red (IR) types nave been deternined. 

Seni-activef continuous-wave (5A-CW), semi-active pulse 

doppler (SA-PD) and active pulse doppler (A-PD) radars use 

digital processing to the greatest advantage.  The inherent 

optical/ana log processing in IR sensors limits digital processing 

to mode and logic functions.  The wide bandwidths and short pulse 

widths processed in ARM sensors are more efficiently done in the 

analog domain.  Digital mode control is only used for ARM 

sensors• 

' t 

Raoar d gital processing consists of spectrum analysist via 

ciscrete Fourier transform techniques and the fast Fourier 

transform (FFT) algorithm» detection (thresholding and 

integration)* ringe» doppler» angle extraction and mode logic. 

Taoie 1 summarizes tne nominal digital processing requirements. 

Ine raoar design parameters are specified in Section 4. 
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UbU 1 

KAOA^ SENSOR PROCESSING RFGUlRtMENTS 

PAKAMETfcR 5A-CW 
RADAR TYPE 
SA-PD A-PÜ 

A-U Conversion Kate (KHz) 

Ac qu i s i t ion 25.6 

T racK 19.2 

128 

32 

2*6 

32 

FFT Size INo. ot POI nts )        64 64 64 

-f-FT L   PDi Throughput (Kops) 10 20 

*GP Tnroughput (Kops) 60 300 950 

NOTES:      «See   Section   7.     Table   70   for   redistribution   of   FFT/PDI 

vs  G^   throughputs  to  match  performance   of 

state-of-the-art  computer   architectures. 

The   doppier   resolution  process  with   FFT   and  post   detection 

integration   (PCH   dominate   the   throughput   requirements,   requiring 

2   tu   20   mtlliun   instructions  per   second  which   Is  supportable   by   a 

9enera I-pjrpost   (^P)~„ype   computer   architecture   using   a   hardware 

multiply   or   t*o point   transform  arithmetic  module   in 

sjpport/place   of   the   normal   GP   computer   arithmetic   and   logic 

unit.      uata   extraction   trance,   doppler,   angle)   mode   logic   are 

accompnsneo   in  a   conve rit i on^ i   gene r a I-pur pose   computer 

configuration   «inlch  may  be   shared  with   other   functions   such  as 

M u i ü a n c e   ana   estimation. 
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LuziBiJ - Three fuze types are Identified as appropriate to 

air-to-asr missiles.  These are: 

TABLP 2 

FJ2E TYPES VS MISSILE CLASS 

FJZE   TYPE MISSILE   CLASS 
I 11 III 

Semi-active   CU XX 

Active   Radar X X 

Active   Lptical X 

The   greatest   Impact  of   digital   processing   is   in  the   timing 

of   the   firing  command   to  the  safing  and arming   (SCA)   device.     The 

jst)   of   sophisticated timing  algorithms  using  drta  from the 

estimator   function  permits   improved  fuze  performance«     The   impact, 

on  processing   is   minimal   ranging  from   i  to  25  Hops  and  up   to  250 

-ords   of   memory. 

doda.Cooliai  - Mode  control   Is  the  selection and execution 

of   a  specific  set  of  missile  control   functions   (e.g.»  seeker 

control»   estimation»   guidance»   etc)   In  each  mode  of   missile 

operation   (e.g.»   test»   Initialize»   launch»   target  icqulsltlon» 

itiacourset   terminal   etc).     This  type  of  mode   control   is  more 

aopilcable   to   the  single  computer  missile  system uhere  all 

missile   functions  must  be  executed  sequentially.    A   hierarchical 

structure   Is used   where calls are  made  dOMnward  from  the 

executive   to  subordinate  program modules  to   select  and execute 

33 

■ a i inn mm 



the functions ptrtlntnt to tht tctivo «odo»  Individual todt 

supervisors select all functions and utility prograa «odules 

involved in the particular «ode»  Mode control Is a alnor load on 

computer throughput and neaory. Naxlau» values are S3 Kops and 

630 words. 

LfllaBAliy - Telemetry Is a data gathering and formatting 

process.  It overlays all other functions and »ast not Interfere 

with system operations.  In a digital aisslle all data to be 

telenetered is available In computer memory normally for use by 

the major functions* If nott it is brought In through the 

input-output (I/O) Interface. Serial transmission using pulse 

code modulation Is normally used.  Telemetry data rates» 

throughput and memory required are indicated In Table 3. 

TABLE 3 

TELEMETRY REQUIREMENTS 

PAKAHEUA 

MISSILE   CLASS 

1 II III 

Serial   Bit  Rate   Ublts/sec)        12 2<* 40 

Tnroughput UopsJ 16 32 32 

Memory (morels) 100 110 120 

lasl - Readiness tests in a digital missile are conducted 

oy test program modules In the missile computer(si in response to 

the launch aircraft test Inputs via the digital umbilical.  Tests 

are executed as off-line functions without severe timing 
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constraints ?nd with msmory rccjutr enonts being the cnlef 

consideration.  Testing includes each mlssite computer» all 

function programst 1/0 interfaces» telenetry and the seeker anc 

missHe control servos«  In single computer systems» testing 

requires an operating computer.  For federated systems the 

avionics-iIssiIe test command Is distributed to each subsystem 

computer.  A total of It   test modules are defined» divided into 3 

categories» computer self test» Interface test and subsystem 

test.  Memory requirements are:  Class 1» 360» Class II» 450» 

Class ill» 700. 

^.<.      £eLiQx.oaoce.j(Ai.aus-E.Lac&££iaa 

In designinq digital missiles information is needed as to 

me improvements in performance Cmiss distance, and signal to 

noise ratio (S\R) for target acquisition) that ire achieved 

through increasing digital processing capacity (computer 

throughput« sampling rates).  Performance processing summary 

tradeoff resulti are shown In Figures 2 and 3* 

Oijidance miss can be reduced by increasing the guidance 

acceleration command update rate» I f^/;r> ) and/or increasing the 

covplexiiy of estimation and guidance algorithms used» as 

indicated In Figure ^* at thi expense of Increased computer 

throughput.  Relative to the throughput requirements of other 

(unctions (signal processing, autopilot)» guidance and estimation 

truougnpjt is lodrst so that If terminal accuracy Is of prime 

importance» the use of higher guidance sampling frequencies and 

salman filters (Class U C III) are indicateu. 
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Similarly target sensor acquisition performance can be 

improved through increased digital processing.  Figure 3 shows 

the reduction in 5NR required for acquisition achieved by 

Increasing the number of range gates and FFT points used to cover 

the initial range-doppI er target uncertainty.  Throughput in the 

digital signal processing computer elements increases 

accordingly.  The 5A-CM sensor requires the leaüt SNR and 

throughput since it is resolving in doppfer only*  However 

puIse-doppI er sensors which resolve in both range and doppler 

perform better in a clutter environment generally so that they 

are used in Class 11 and III missiles.  Note that the throughput 

for signal processing is substantially greater (Hops) than for 

guidance and estimation (Kops) so that firmware algorithms and 

higher speed arithmetic hardware, I.e., hardware multiply or 

two-point "butterfly" FFT arithmetic modules are required. 

1.3  CamöMlÄi-iamiiifiJDfiDl^ 

7 

The analysis of functional requirements and tradeoff of 

performance versus processing load yields a set of computer 

requirements for the three generic missile classes. 

ThrougnpMt in t?rms of thousands (K) or millions (H) of 

operations per seconds fops) are summarized in Figjre <*• 

Throughput is computed over the time intervals allowed for each 

function, being either in a critical (time limited) path or 

•TIU i t i P I exed over a major conouting interval. 
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Figure ^  Throughput Requirements by Function and Generic Class* 

Signal processing required for target detection» 

acquisition and tracK is shown separately from the more 

y^neral-purpose loadt since FFT and PDI would be implemented 

usintj CPJ macroDodules optimised for these functions.  By proper 

allocation of the total allowable computing time delay for 

steering command generation between the FFT/PDI functions and the 

atner signal processing estimation and guidance computations» a 

balance in compjting ioao is achieved to match the performance 

capabilities of more specta1-pur pose versus genera I-purpose 

computer configurations.  Both the special and genera I-purpose 

computational loads are maintained nearly constant over both 

modes. 
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Total memory required per class is shown in Figure 5«  The 

■najor memory driver Is radar signal processing involving data 

buffering for FFT and PDI functions in all classes.  Program 

nemory requirements for estimation and autpllot functions are 

significant for the Class III missile. 

/*. -i 

>2 • 

<e*iM et*M i XwnittiM* u Ittrnttc cüm m 

Figure b  Henory Requirements by Function and Generic Class 

In addition to memory and computational throughput» 

requirements are established on sampling rates» altONabie delays 

and precision (quantization).  Table <* lists the minimum sampling 

rates. 
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TABLE   ^ 

DftTA   SAMPLING/UPDATE   RATE   REQUIREMENTS 

hJNCTIÜN 
MISSILE CLASS 

II III 

b i ynaI P rocessing i 1) 

Acquisition 12) IKHz) 

IracK (2) (KHz) 

25 

^0 

128 

32 

256 

32 

See Ker   Track i ng 

tstinotion   L   Guidance   (Hz) 

Seeker   Stabilization   (riz) 

Aut op ilot 

Rate   Loops   (Hz) 

Acceierometer   LOOPS   (HZ) 

Gains   (Hz) 

10-20 

250 

10-30 

250-500 

20-^0 

500 

250 500 500 

125 250 ?50 

5 10-20 ^0-25 

1ne r t iaI   Kef erence 

Attitude   (Hz) 

Position  and   Velocity   (Hz) 

Aerodata  Estimation  KHz) 

N/A 100 100-500 

N/A 20 20-250 

N/A 20 20-100 

(I)      kada r   sensor s. 

(?)  Composite, multir lexed A-L conversion of all channels. 
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Two critical computational delay requirements are 

estaolisned.  One is the elapsed time from receipt of one burst 

of data from the taryet sensor and the update of the guidance 

command.  This time delay Is limited to 20-40 msec depending upon 

missile class and intercept scenario» the shorter times required 

tor Class lilt highly maneuvering targets and higher altitudes 

and closing velocities.  The second critical delay is in the 

closure of the autopilot rate stabilization loop and tne seeker 

stabilization loops not less than 600  sec for Classes II and III 

and bOO  sec for Class I. 

Precision of conversion and computation are established by 

accuracy» dynamic range and stability considerations. 

For conversion of analog receiver data generally 8 to 12 

bits is required to preserve signal to noise ratio.  For 

e. t i niat i oHi particularly the t < me variable Kaiman Filters» 

floating-point computations with mantissa lengths of at least 12 

bits are required.  For autopilot and seeker stabilization loops» 

16 bits of fixed-point precision is required to maintain 

stability ana accuracy of compensating network pole and zero 

1 o c a t i o ns . 

2 .<*  Lo&flij.Ui-:lax.d*ai.£.aOii-^£lluai.e 

uigital missile functions are fully supported through the 

use of a modular family of computing elements» called 

macromoduI es» which can be combined via a standarizeo interface 

to form computers of various capacities and functional 
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capability.  Ten basic macrorooduies defined in Table 5 have been 

identified from digital missile requirements which cover the 

soectrum of applications.  From these basic modules, a variety of 

computers can be configured.  Six comfIgurations which cover the 

ranoe of missile classes and functions are shown in Figure 6. 

In terms of software, the emphasis has shifted from "tight" 

assembly language coding, used to minimize bulky magnetic cor« 

memory space and conserve throughput, to lower software cost for 

design, coding, verificaton and maintenance/updating.  The latter 

has spurred the need for a commom higher-order language and 

structured, modular software design, to achieve simplicity and 

visibtity in tne coding process and machine independence for 

portability and re-use of proven programs and program modules* 

Conservation of throughput and memory space has been 

de-emp^a?I zed tnrough the availability of hIgh-densItyt 

I rr qe-TiL.t le-i nteyia tid fLSU nom it onduc tor i:ifi.ults» which t«rui 

to ubs-orr» thi inefflt ienules of HDL-genera ted programs In terms 

of size* weight, power and cost penalties. 

Myure 7 illustrates a recommended unified approach to 

missile simulation and tactical software development using a 

common high-order language and host computer.  Code written for 

simulating guidance and control functions is also jsed by a 

cros^'conpiI er to generate object code for the missile computer. 
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^i^ure   7     unified  Guidance   and   Control    System   Software 

Development  Process  for   Digital   Missiles. 
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3.  MODULAR DIGITAL GUIDANCE AND CONTROL 

with the rapid Inprovements In digital technology the 

concept of missile-borne digital processing and control to 

achieve iaproved perlarmance and flexibility In design and growth 

evolution becomes 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 

technology.  Figure 8 shows the type of functions which can be 

performed digitally es determined by the Phase 1 and Phase II 

study programs. 
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Figure   tt   Missile-borne  Digital   Processing   and   Control 

Functions  and   System   Interfaces 
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Digital techniques offer flexibitty trirough the use of 

on-line software control that can be more rapidly altered to 

accomodate different missile configurations» sensors» control 

mechanisms and mission requirements*  Arithmetic and logic 

ability and memory provide a capability to perform certain 

functions more accurately«  Digital techniques can also 

accomplish other functions such as time variable estimation and 

guidance» adaptive autopilot control» digital signal processing 

and electronic counter-counter measures (ECCM) logic which cannot 

be performed easily or at all with analog techniques. 

In addition to improved performance and greater 

functional capability» the digital Implementation of missile 

guidance and control systems offers the means of providing a 

flexible, modular approach to missile system design.  A single, 

easily expandable minicomputer or a federation of several 

microcomputers of standard design can replace much of the present 

distributed hardware which composes the missile guidance and 

control system.  As Figure 8 illustrates« a digital computer 

system can replace seeker head control electronics, orocesslnc of 

baseband signals from target sensors« guidance electronics, 

fu/ing and autopilot control circuitry. 

A standardized interface between alsslle subassembtles/ 

sections and avionics ti the carrying aircraft Is a natural 

cnaracteristic of digital Implementations. 
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Exploitation of tne inherent flexibility of digital 

processing and control lesds to the concept of modularity and its 

practical application to the continual process of technology 

transfusion into operational missiles and hence the use of a 

standardized» modular comouter family for ail classes of 

a i r^to-a i r missiles. 

in addition to the inherent advantages of digital 

processing citeo above* multipurpose* modular digital processing 

in tactical missiles shoulr1 ^rove more cost-effective than 

present hardwired configurations. 

Tne a^ove features of digital missile guidance and 

control are discussed at greater length in the following 

paragraphs, hitn the remaining subsections devoted to:  an 

overvien of the major functions» the classification of air-to-air 

missile types and» lastly, digital system design considerations 

which are fundamental to both single and federated/distributed 

computer system implementations. 

3.1 ai0iJt>al-*a_AaaIoa_^*sl£iBS 

In view of the parallel improvements evidenced in botn 

analog and digital circuit technology» the question is raised as 

to tne advantages of digital versus analog system implementations 

in missile guidance and control. 

The following paragraphs summarize the flexibility» 

gro^tn» interface, performance reliability and cost features of 

digital versus analog mechanizations for the guidance and control 
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functions analyzed in tne Phase I and Phase 11 studies.  It can 

be seen thatf tnere practicable» (based on the results of 

function partitioning trade-off studies)» programmable digital 

processing and control meets the overall system design goals more 

effectively than alternative analog techniques. 

3.1.1  ^*ai£a.JaA*ibIlll*..£04_iii.iUfli) 

ÜA3iiui_Ltiai>a*a * A modular digital approach accommodates 

design changes throughout all phases of the weapons system 

life-cycle.  These changes can arise from both redesign during 

the ROT L   E pnase and evolutionary growth thereafter.  Redesign 

may be needed tc correct deficiencies Identified during test» 

accomodate specificatI on and/or Interface changes or to Improve 

produciblIity.  Evolutionary growth provides capability to 

perform new missions and counter new threats. 

LÄX)iuIiüDaix-i»Xü*Ui - Evolutionary growth al^o occurs as 

the fruits of new technologies become available for Incorporation 

into existing missile systems.  The auallabllity of new sensors» 

and better signal processing and guidance techniques can improve 

the performance of existing weapons.  Replacement of conical scan 

processing with monopulse processing can provide improved 

acquisition performance and electronic counter measures (ECM) 

invulnerability as does fast Fourier transform signal processing 

instead of sweeping velocity gate.  Variable bandwidth filtering 

and optimal guidance provide a significant Increase in mlssM« 

performance against maneuvering targets.  Both FFT processing end 

optimal guidance require digital processing techniques. 
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Digital techniques reduce the problems resulting from 

product growth as shown in Table 6«  For examplet when a new 

sensor is mace available, the conventional design approach 

requires that not only the sensor oe   replaced but the processing 

circuits that suopoft It also be replaced.  Replacing the sensor 

processing circuits requires a complete hardware development 

eyelet with an equally severe impact on logistics* 

Both the original sensoi and processing circuivs would be 

thrown away.  New test procedures and new or modified test 

equipment would be required as well as added personnel training. 

The new analog modules wouio then have to be reintegrated with 

the existing analog modules» and each weapon configuration using 

tne new modules would require modification to the Interface 

equipment witn the various carrying aircraft. 

using a modular digital approach cffers a much simpler 

and »ore economical Introduction of new technology.  Only the 

sensors wojld have to be replaced and the computer program memory 

modules would ^e reoroqrammtd requiring only a software 

development cycle.  In terms of loglsltlcs» only the sensors are 

thrown away since the processing function resides In the new 

software,  it is not likely that modification to the test 

equipment would be required nor would additional personnel 

training oe required.  There would be no Impact on integration« 

either within tne various modules or between weapon configuration 

and tne carrier aircraft. 
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TABLE 6 

SYSTEH GROWTH IHPACT 

ANALOG VS DIGITAL 1MPLEMENTATI UNS 

CONVENTIONAL DESIGN MODULAR DIGITAL APPROACH 

0  REPLACE SENSORS 

0  REPLACE PROCESSING 

o Develop new algortthms 

o Design new circuits 

o Fabricate new hardware 

o LOGISTICS 

o     ThroM away  sensors and 

processing 

o     Design new   test  procedures 

o    Modify  test  «qulpnent 

o     Tra In  par sonne I 

o     mEORATlUN 

o Nodlfy Module to Module 

Integration 

o Modify weapon/aircraft 

tntegratIon 

o  REPLACE SENSORS 

O  REPROGRAM 

o  Develop new aigorlthas 

o  Design new program Modules 

o ReprograM digital processor 

o LOGISTICS 

o  Throw away sensors 

o update test procedures 

5 

T 

0  INTEGRATION 

0  NO iMPact 

In suMMaty, the flexibility needed to accoaodate the 

above changes Is best achieved in a digital IMPleaentation using 

a standardized aacro-aodulai building block approach to digital 

coMputer design. Modular» appllcatlon-orlented» software 
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subroutines Mould 'e developed concurrently with the hardware. 

3*1.2  ^xj&i^jn^iütftf lacaa 

Modular weapons can be launched from significantly 

different launchers and launch vehicles and contain a wide range 

of functional options.  Analog impiementations * while providing 

modifiable system and matching the weapon to the mission» yield 

problems of almost unmanageable proportions in integration, 

training, 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 technology. 

Analog integration between modules Is similarly 

inflexible and imposes severe constraints when minimizing cost 

and complexity.  Each module must contain additional hardware to 

satisfy a common interface.  The additional 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 improvements 

become possible, inflexible commcn interfaces delay the early use 

of these advances.  Cost tradeoffs have always resulted In 

making-do witn already acquired hardware because of the cost and 

complexity of adapting to rigid interfaces. 
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Modular digital techniques can solve the problems 

outlined above and provide the desired flexibility at a 

reasonable cost.  A single family of digital macrofunction 

modules will support the requirements of shortt medium and 

long-range air-to-air weapons as well as surface-to-air and 

air-to-surfface missions» 

Digital processing provides inherent performance 

capabilities not available in analog circuitry as described In 

the following paragraphs. 

ti&müL*  - Modular digital memories of 256/512/1024/2048 

8-bit words per large-scale integrated circuit package provide an 

accurate means of storing programs» real-time data and constants 

e.g., radome compensation data» missile aerodynamic data» and 

calibration data.  These data may be applicable to all missiles 

of a given type e.g.» aerodynamic data» or may reflect Individual 

component characteristics such as the g-sensltive drift 

coefficient for each gyro on a missile» 

ALimmaUx - Mhite addition and subtraction have 

straightforward analog implementations» multiplication and 

division require complex circuits which are subject to drift and 

inaccuracy and are generally avoided If possible.  Digital 

processors have inherent high-speed add/subtract/multlply/divide 

capabilities 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 capability as uell as fast Foarier 

transform capability. 

A££iJxa£*_axuJ_iIxoaml£_&aDdA - The dynamic range of analog 

components (e.g.t operational amplifiers) is generally limited to 

10  in a laboratory environment.  Under military environmental 

extremes this can degrade to 10  or less*  A digital processor 

can provide greater precision and dynamic range through the use 

of either a large computer word size or a shorter word 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 digital 

processor are drift free and immune from the usual analog noise* 

As a resuitt high accuracy can be achieved in the long term 

integration operations used in inertiil reference functions« 

This targe dynamic range is also needed for range calculations 

and for the nonlinear matrix equations used in filter 

calculations.  Dynamic range can be made virtually unlimited by 

tne addition of floating-point arithmetic to the processor. 

Lasl£ - Logical operations are inherent in a digital 

processor*  in typical analog missiles» arithmetic fogic and 

switching functions are distributed among several circuits» each 

performing an individual function*  A digital processor 

time-shares one arithmetic and iogical circuit/unit under program 

control * 
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Enhanced   functional   capability  can  be  obtained   through 

digital   signal   processing  and   control   techniques  not  availaole 

generally  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.^      ^slEift_ueiialiIIil^ai)ii-l£al 

The   digital   implementation of   missile  functions  provides 

improved  reliability  compared   to  analog   systems.     Digital   devices 

Mhich  use  saturated   logic  have   inherently higher   reliability and 

noise   immunity  nith   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 circuit  connections which   in  turn provides  a   more 

reliable  system compared  to multiple»  single-function»   analog 

circuit   implementations. 

Tne   testing  of   digital   computer   systems   Is  simplified   by 

tne  use   of   built-in-test  routines   in  each  computer   memory. 

Computer  and   subsystem   tests  can   be  performed  with   fault 

isolation   to   botii   line   and   shoo-r eplaceab le-un 11   levels* 

3.1.5 ^3lfcJB_LQSl 

The   use  of   multipurpose   digital   processors   in  missile 

systems   should  result   ir   lower   development»  test»   production and 

life   cycle  cost. 

55 

 '—: -—• • "■--"' -   -■■'■" 

. ■■.     M - ■^■-.-. »-^^j^.^v^-^.-t   .-.^..,- - -^-.■.■..^^J^J^-^^^..^^.^.-J-«^^^M.,.a^^^ iijltm^l^maltjl^jam^aim .„^a,.^.;.. 



D.£jt£jj>£iD£.DX~LQ<sl - During the development cycle nunerous 

design changes occur.  The cost is minimized if the changes are 

in modular software as opposed to analog hardware.  Further 

savings accrue through the use of a unified common software 

operating system for the entire modular computer family. 

Development cost of the processor hardware is reduced by 

building- up functional capability from a family of macrofunction 

computer modules. 

Euxduclian-Cast - Reduced production cost can be 

anticipated from the use of a family of macro-nodular digital 

processors for missiles.  Savings accrue from the use of common, 

large-scale integrated~circuit# macrofunction modulest 

Ihybrid/mono Iitnic)i across a broad range of missiles thus taking 

advantage of the savings inherent in high-volume production. 

These modales would use mainly MIL-quaI ified versions of proven 

commercial semiconductor products which minimizes risk and 

ensures delivery through multiple procurement sources. 

LiIa_L^iiiß_LüaX - The higher reliability and inherent 

standardization of parts in digital missile implementations 

should  esjit in lo^er maintenance costs.  Similarly, a common 

software operating system reduces the cost of training operating 

and maintenance personnel.  Both of these factors reduce 

life-cycle cost. 

Further, the availability of a computer inside the 

missile provides ready access to all sensor and actuator points 

and greatly simplifies tho missile test equipment.  The cost of 
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capital equipment and testing of the missile in the factory and 

in the field will therefore be reduced*  The number of physical 

nomlnats »hich need to be adjusted Mill also be minirnai» since 

many of them have been absorbed into the computer memory* 

3.2 tJaiQX-Aya-L&jii-lJjiisliQna/^iJbsysifliPJS 

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 stabilization* 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 degree of complexity or performance the same» however, all 

shojld be considered In the process of determining the 

feasibility and application of digital techniques» together with 

telemetry and test as supporting functions. A description of 

aach function and tne performance enhancement expected from the 

use of   digital techniques is given in the following subsections. 

3.2.1 IaC.fl£l~lkfiD&aL3 

Tne   target   sensor   can  be   optical   (television-TV)» 

i     rj-red  (1R)   or   radar   (CW  or   pulse  doppler;   active»   semi-active 

r   passive»    in   the  case  o'   KM).     The   purpose   of   the   sensor   Is   to 

searcn   for»   acquire  and  track   the   target.     In a   radar   system»   for 

example» 
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the signal processor extracts signals from the sensor to perform 

search In ränget doppler and angle and provides detection through 

various algorltnms such as constant false alarm rate (CFAK), dual 

threshold, and various "m out of n** return logic.  Acquisition In 

range and doppler may be performed using digital FFT techniques 

coupled with target selection logic that provides superior 

performance over analog techniques.  Selection of quiet targets 

in clutter» in the presence of standoff Jammers, or with cloud 

bacKground, and flares in the IR case, and resolution of multiple 

targets may be considerably enhanced using a digital approach, 

in the radar case, after target acquisition, tracking Is 

performed In conjunction with filtering and estimation of angle 

ranse and doppler, to close these loops.  Digital filtering and 

prediction offer the means to perform range and doppler tracking 

that can be more precise and more resistant to pull off type 

deceptive Jammers.  Extraction of error angle information can be 

accommodated for IR reticle scan systems involving AH or FM 

encoding of angle information or IR two-dimensional arrays, or 

for radar sensors using conical scanning or monopulse techniques. 

The data that the sensor provides to the guidance system 

can consist of boresight error (£ ) , range error ( & R  * and 
-^ MT 

ran^e   rate   error   (£11       I   along   the   line   of   sight  to  the   target, 
MT 

signal to noise ratio, iSWR), inertUI rates (tu ) in the seeker 
-SM 

frame and gimbai angles CO ) relating the seeker frame to 
""SM 

missile  body   coordinates.     In  some  systems  this  data   is 

restricted   to  measurements  of   €^  ,   w...,   and  9-M. 
"Tl        "SM —CM 

SQ 



Digital signal procussing provides the ability to adapt 

to varying target signatures» environments and ECH.  The logic 

and processing during search, detection, acquisition and tracking 

can all be Improved with digital technqiues*  Digitally 

implemented logic can provide close to optimum utilization of the 

missile ECCH 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 

probability 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.  Digital 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 converter and the FFT processor.  FFT processing can 

provide a 6-10 db SNR advantage over sweeping velocity gates for 

tie same detection probability. 

Digitally Implemented processing for 1R homing missiles 

can enhance performance by pr viding more accurate biasing 

tecnnlques for intercept forward of the target tail section. 

3.2.2  lLACkJLaa,a.Qii-JUAhi MzAliap 

Tracking and stabilization of the tracking sensor In a 

homing missile is a critical control function where It is desired 

to obtain an accurate measure of the I Ine-of-sight rate while 

isolating the measurements from body motion.  Conventional gimbal 
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servo systems provucie tnks Isolation to a certakn extent, but In 

general this approach cannot easily compensate lor glnbal 

cross-coupling effects ana 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 tnelr 

output axes.  These effects can be reduced through the use of 

digital control.  For exaanpie. improved Isolation can be achieved 

by correcting for gyro output axis coupling« and by correcting 

for g sensitive drift using the sorted g sensitive drift 

coefficient for eacn seeker head gyre. 

Obviously in the case of strapped down sensors, such as 

conformal body fixed arrays, a digital capability is essential to 

the stabil Ization function. 

In conjunction with digital filtering and estimation, 

tracking loops. Mhlch are less sensitive to fluctuating receiver 

signal to noise ratio and mode switch due to KM, can be 

implemented.  Tne digital filter increases the track loop 

bandwidth for high SMk, reduces it for low SNR. and coasts the 

antenna during oata dropouts by maintaining the seeker space rate 

equal to the current best estimate of LüS rate. 

In radar systems, radome refraction slope places 

significant design constraints on the guidance problem and can 

~aa»e stability, miss distance and missile maneuverability 

proolems.  Negailve refraction slopes are destabilizing while 

positive slopes slow down the missile's response to Ilne-of-sight 
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errors.  Of the compensation algorithms available to the digital 

system» the ability to reduce the Impact of this disturbance Is 

probably nost Important»  A compensation algorithm Is superior to 

present biasing techniques and particularly Important for wide 

band RF applications,  in addition» design problems encountered 

*ith dual mode guidance systems which may have conflicting 

requirements on dome material should be reduced. 

Perhaps the greatest impact of the availability of an 

on-board digital computer is tha vastly Improved estimation 

capability It provides,  with modest computational equipment» it 

is possible to Implement relatively sophisticated estimation 

algorithms (e.g.» Kaiman filters)» which would be virtually 

Impossible by analog means.  This estimation capability yields 

performance Improvements In three ways: 

1) More effective guidance and reduced miss distance» 

resulting from improved knoniedge of the relative 

motion of missile and target; 

2) Improved tracking tenacity» through the use of 

predicted angles» range and/or range rate for seeker 

pointing and range and/cr doppler gate setting; and 

9)  Capability lor estimating auxiliary parameters (e.g.» 

stability derivatives and target properties» which 

aid In trajectory estimation» «utopllot gain setting» 

and any engagement decisions «hlc.l may depend on 

target parameters or behavior. 
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It Is clear» from previous guidance studies» that 

estimation of target motion I including acceleration) provides a 

considerable improvement In performance In the maneuvering target 

case.  Target acceleration estimation may thus be considered an 

essential part of any high-performance homing guidance system« 

Filtering and estimation of system states through the use 

of digital discrete recursive estimators provldss information 

allowing Improved guidance laws and autopilot control.  The 

estimator can be '3 complex as a fully-coupled» 9-state» Kaiman 

filter where estimates of target acceleration^  relative 

position R» and relative velocity R can be obtained» or where the 

computational burden is too severe» or the accuracy of a 

fully-coupled filter Is unnecessary» simpler configurations can 

be jsed to provide suboptimal estimates.  Further simplification 

could reduce this function to fixed gain noise filters on 

boresignt error alone. 

Application of digital discrete recursive estimators 

Improves angle» range» and doppler track especially In cases 

»«here pulsed illumination is used and In cases where blinking 

Jammers cause constant mode switching. 

Guidance accuracy can be improved over basic laws» such 

at» proportional navigation» by explicitly compensating for target 

maneuvers using estimator outputs» and compensating for missile 

autopilot dynamic lag.  Digital memory and arithmetic 

capabilities allow the necessary computation to be performed In a 
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real ti«e node; wnereas, analog technology is generally limited 

to simpler tans such as proportional navigation. Augmented 

proportional navigation (APM) compensates for target acceleration 

and a four-state law (<>SL) provides» In addition» compensation 

for autopiIot lags. 

For simple missile systems as represented by Class I» 

traditional proportional navigation (PN) guidance is generally 

used because of limitations on the available measurement data and 

computational capacity.  For more sophisticated systems» and the 

associated higher levels of required performance» experience has 

shoi»n that two important requirements are: 

1).  Estimation of target acceleration and its use In the 

guidance law. 

2)  Some method of compensating for the dominant lag of 

the autopiIot• 

When these factors are included in the derivation of the 

guidance law» considerable Improvements In performance ar* 

realized.  Figure 10 compares performance !RHS miss versu? 

missile g limit) for a typical intercept using three different 

guidance taws: 

U  Proportional Navigation IPN) 

2) Augmented Proportional navigation (APN) which 

utilizes the estimate of target acceleration rvj. 

3) Four-State Law USD» which adds compensation for 

autopilot tag 
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rigure 10 Comparison of Guidance Laws 

The case chosen for the comparison is an 8 second flight 

during which the target Initiates a <»g maneuver at random times. 

Initial heading error is 5 eeg and the three components of 

angular measurement error are assumed to be:  glint S ft? 

receiver noise 6 mrad and range-independent noise 1 mrad» (ail 

values rms)•  Data rate is 10 Hz«  The controller Is assisted by 

a tnree-state Kaiman filter estimating y^ (differential 

position), y,  and nT •  The improvement In performance is 

considerable when the guidance law is compensated for target 

maneuver and/or autopilot lag» 
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3.2.5  imtaullülLLüalinl 

Control and stabilization of the airframe is a critical 

function for all missiles.  Rapid response to acceleration 

commands in two axes» while maintaining pitch/yaw damping 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 aerodynamic 

coefficient variation, stability under transient conditions» 

dynamic range limits and noniinear ities in the actuation system. 

The role of the digital computer for missile control goes 

far beyond digitizing an analog autopilot.  With the 

computational power for adjusting the control» the response of 

the controlled airframe 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» measurement» or storage 

of aerodynamic parameters. 

A more general approach to the control problem is to use 

sensed performance of the missile to continually change the 

controller gains during flight.  These implicit or explicit 

adaptive designs do noi nave 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 generally seek to estimate the unknown parameters and» 
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using this information» treat the control problem as if the aero 

parameters Mere known. 

Implicit adaptivlty is attractive for simple control 

systems and may have application for those missiles designed for 

specific missions.  Multimode and multlmission weapons» however, 

are more complex and explicit adaptivlty is more likely desired. 

In all cases, however» knowledge of aero parameters is important. 

3.2.6 tuzlnu 

Better fuzing techniques can be digitally implemented 

using end-game estimates of time-to-go to Intercept, missile 

attitude» expected miss distance» and relative velocity which can 

be developed In digital filters as inputs to multivariable fuzing 

time delay algorithms for optical» active and semi-active fuzes. 

The algorithms can be optimized for different warheads including 

blast» fragment» and rod types«  Aiming instructions for almable 

warheads can also be computed* 

3.2.7 Lü4>Ic_a-üd«tUixiB_Lii£lXiil 

In every missile there are a large number of logical 

decisions which must be made during the course of a flight. 

Launch logic» target selection» autopilot band switching and 

fuzing logic are just a few of the logical decisions which must 

be made In the missile.  The hardware logic wnlch makes these 

various decisions Is scattered throughout a typical missile and 

involves a very substantial fraction of the total electronics and 

hence» the overall logic diagram of a missile tends to be a 
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rather complex logic tree.  In a digital missile system, logic 

functions can be implemented in a computer by means of decision 

tables and other extremely simple logic routines for which the 

computer is ideally suited.  Also, the information upon which the 

decision must be based is available in the computer memory for 

ether purposes.  Thus, one of tne many effective uses of a 

computer in a digital missile is the execution of the decision 

logic. 

Mode control applies to the time-multiplexing of digital 

missiie functions in a single computer system.  The initiation of 

a given mode is determined by the master executive program, which 

performs the decision logic based on the occurrence of external, 

real-time events and/or the results of guidance and control 

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 sampling and stability criteria of the system. 

3.2 • d  Iai&ii£lL.y-ax)il~l£Sl 

iaiamfilL^ - Telemetry Is used primarily in flight-test 

ver.tc es to monitor tne performance of an all-up system in a true 

operating environment.  In a digital missile, most of the 

telemetry information is already -stored in computer memory and 

the remainino data can be readily acquired (e.g., airframe stress 

data, hydraulic pressures, battery voltages).  A computer is 

therefore capable of controlling tne entire telemetry function 
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either on a time-snared basis in a single computer system» or 

continuously through a dedicated processor In a 

fsdsrated/distributed computer system«  There are substantial 

advantages to this method of telemetering over analog systems. 

First» a separate multiplexer for telemetering Is not required« 

Second» all of the buffer amplifiers and circuitry required to 

scale signals to proper telemetering levels have been eliminated. 

Also» the very large number of Mires uhlch are required to 

collect the telemetering Information have been eliminated» thus 

eliminating many sources of pickup and a very large cost 

reduction because of the reduction of cabling.  Interconnection 

wires always present a major problem In any missile design» and 

the elimination of wires Is extremely Important and cannot be 

over-emphasized.  Scaling of the signals can be done In the 

computer If necessary to preserve telemetering dynamic range. 

And finally, digital telemetering can provide a more accurate 

picture of the missile parameters than is usually available with 

analog telemetering systems« 

lasl - A digital computer allows considerable pre-flight 

testing to be performed In a tactically configured missile« 

Extensive testing of the computer and the Individual 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 procedures in an all-up tactical missile 

iw ensure reliability.  Digital missiles could also be 

ground-tested in the same way» by applying primary power but 

wltnout squibbing batteries» prior to Installation on an 
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at rcraft • 

Test therefore applies to the self-contained testing and 

maintenance of a missile at Factory, Overhaul and Repair shop at 

shore depot. Carrier Electronic workshop, Hangar Deck and Flight 

Deck maintenance levels. 

3.3 taoajLi.t-LlaÄailJjLalixm 

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.  Depending on the missile Involved, the alrframe, 

guidance modest control configuration, seeker and available 

instrumentation vary from relatively simple specific mission 

designs to highly sophisticated, multimode/multimisslon 

applications.  In order to determine the feasibility and 

application of modular digital computers to perform desired 

missile functions, the configuration and requirements of the 

Sidewinder» Sparrow and Phoenix families of missiles have been 

studied and a generic classification of requirements has been 

established.  The classification Includes presently operational 

systems as well as anticipated futire systems and was developed 

fro* a survey of mission requirements and functional 

configurations.  The definition of the air-to-air nlssile 

missions included: 

1)  Launch envelopes and launch conditions* 

?)  Guidance modes and the avionics Interlace. 
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3) Target types and parameters* 

4) Missile sensors and Instrumentation* 

5) Missile physical properties« 

The definition of generic configurations Involved a 

survey of: 

1) Functional modes and phase of flight 

2) Target sensors Including IRt radar and dual mode« 

3) Radomes Including ranges of IR and radar boreslght 

error slopes. 

<»)  Receiver configuration encompassing conical scan and 

iRonopulse radar and reticle/trray IR systems. 

5) Glmbal drives and configuration Including electric 

versus hydraulIc» two or three axes or strapdown. 

6) Alrframe configurations encompassing wing, tall or 

canard aerodynamic control or thrjst vector control. 

7) Aerodynamic characteristics such as linear stability 

derivative values over the range of flight 

condltlois. 

8) Propulsion systems involving single or multiple 

stagei. 

9) Instrumentation and tachometers. 

3.3.1       Lias&.Ü£llaillAU 

AS a   result  of   this study»   three  generic  missile   families 

have  oeen established  and»   relative  to   this classification»  on 

board computational   requirements  can be   defined  for   each  class. 
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The generic familios consist of a low cost» specific Mission 

design Dynamics Tne first level of classification Involves a 

description of guidance node» interface with the launch aircraft, 

available instrumentation and control requirements as described 

by Table 7. 

Frcm this classification, the functions which must be 

provided can be defined and the relative complexity of each 

function can be assessed.  In Class I for example, only one 

guidance mode is required and the signal processing function need 

only be concerned with continually processing data from one 

tracking sensor.  Hultiple sensors exist In Class III systems, 

however, and for in-flight hand-over capability, the data from 

each sensor must be processed simultaneously*  The siime 

increasing level of complexity exists for all functions r.s one 

progresses from Class 1 to Class III. 
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3.3.2 EaiaSAlALS 

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 elements. 

3.3.3 L0y iJ-aDaenlal—Lmmla 

In addition to missile and target propertlest natural and 

man-made environmental inputs are bracketed for each generic 

class in Table f>. 

with these definitions and parameters established for 

each class» the functional analysis? design approach and computer 

requirements are developed in the following sections of this 

report. 
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TABLE • 

SYSTEM PARAMETERS 

MISSILE   CLASS 

PARAMETER 1 II Ml 

largat  Characttrlatlcs 

Altltuo« Rtngt   (hft/Ha) SL-3Ö/9.1 SL-70/21.3 SL-90/27.^ 

Spttd Rang«  IMACMI 0.5-2 0.5-3.0 0.5-4 

Nanauvtr   Laval   (9) 2-4 »-4 5-S 

PUaal la Launch Data 

Launch Altltuda ikft/liia) 

Spaad Ranga fNACNl 

Launch kanqa 

Mai «n«l) 

Kin lft/al 

SL-30/f.l SL-50/15.2 SL-70/21.3 

0.5-3.0 1.0-4.5 1.5-6. 

10 30 75 

1000/304.« 3000/9)4.A >5000/1524 

Physical Cnaractarlatlra 

Launch ualght 1 lb/hi) 100-250 250-500 500-1000 

Langth lln/e»i 020/305 <150/391 <liC/A57 

Dlaaatar   1 ln/cal 5-7/12.7-17.• •-11/20.3-21 13-H/33-40.4 

Confl9utatIon Canara/iln9 Mint/tall Tat 1/ 

Tall-Tvc 

(UMSiCJ 

Aar 0 

«at. if* Irpal 4-30 4-20 4-20 

Ma«,  aiaha   lda«l .'0 25 30 
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PARMtUK 

Structural 

Btnolng  Hodt   (rptl 

f- ir»t 

Stcond 

Klnaitatlc 

Angular   Ratat   (dag/aac) 

Pitch/YtM 

Mol I 

Acck laratIon 

angular   (da^/sac   I 

P itcn/va» 

toll 

Tranalat lona!   (gl 

Inaitlal   Instr u«anti\tl on 

maal la aody 

TABLE   •  Uontlnuad) 

SVSTIN   PARAHfTtAS 

MISSILE   CLASS 

II 

400-600 

600-1190 

1150 

tsoo 

<2000 

<10.000 

<30 

150-200 

600-100 

60-100 

300-450 

<6000 

<20,900 

<k0 

Saahar 

Nana-1   Roll   gyro 3   Rata   gyrot 

? or   3 accataro- 

■atara 

2-3  Rata 

tyroa 

HI 

Praa  gyra 

ISaln  StoO.I 

200-500 

600-1800 

60-150 

?00-<.50 

<6000 

<20.000 

<6Ü 

3  Rata   Intagrating 

gyrea   IRICI 

i   ACC. 

2-3   RIO 
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!     I 

PARAMETER 

TABLE   8   Uontlnjtdt 

SYSTEM   PARAMETERS 

MUS11E   CLASS 

1 1 

Tirgtt   Stosor 

Control 

Tracli BandMtdth  (rptl 10-100 

StabMlzlatkon BandMldtri    <1000 

lift) 

Typ« Slnflo  Nod» 

0   IR 

0   SAR 

Radar   Pafaaattra 

Antenna   Ola«.   (In/ca) 

!Jt»»w»diha  Idafl 

Rad Act*   Ranfa  I nail 

Avionics Oaalfnatlon 
Accuracy 

Antla   Idafll 

Ranf«   (ft/») 

velocity  Itaa/oaa) 

J-5/7.*-ll.7 

10 

AUOO/115.2 

tS00/l*2.<. 

100~?00 

Slnyit   or 

dual   aoda 

o   |R 

o   SAR 

o   SAR/AR 

•   SAR/ARM 

t-*/is.2-?;.s 

30 

itnoo/701 .o 

t900/|*»}.4 

111 

10-SO 

100-200 

Slnga   dual 

or   Multlacda 

o   SAR 

0   SAR/AR 

0   SAR/ARM/AR 

0   SAR/ARN/1R 

ll-l<i/27.^-1i.5 

7-t4X  Band 

20-50 

lSOOO/1524.0 

1500/152.* 
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TABLE   9 

CNVlftOMMENlAL   INPUTS 

INPUT 

MiSMLE CLASS 

i 1 II! 

2  2 
Clutter im im  . db) 

Land 

Rain la«/nrl 

Bar ragt 

Spot 

bl iminv 

utcaplt«• 

1 tar«« <l«l 

-10/-30 

1.0 

Vat 

NO 

NO 

NO 

T«a 

-10/-3P 

Ya» 

Vti 

Vat 

He 

»as 

-I0/-S0 

4.0 

Tea 

vaa 

Vat 

vat 

vat 

7ft 

«fldaMMMM—fc ^■■H . ■ 

Ü 
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3.^» üigilal-^alam.üaaiaü 

The design of a digital guidance system for a missile 

involves the translation of functional requirements into 

algorithms and parameters and the speclIicat»on of interfaces and 

timing.  This process »«as discussed In the Phase I Final Reportt 

(Reference R.D» fo the relatively low frequency guidance and 

control functions addressed.  A modular design approach Mas 

adopted in which the benefits of the digital approach, i.e.f time 

variable estimations a>d guidance* and adaptive autopilot 

control, are retained, while offering a practical design 

procedure which results in improved performance, relative 

insensitivity to design model errors and a reasonable real-time 

computer load.  The same approach is applied In this report.  The 

signal processing, fuzing, mode control and Valemetry /test 

functions are defined, algorithms developed and interfacing 

requirements (data rate, delay, etc.), set and then Integrated 

into a total digital missile guidance system design.  The Impact 

of these added functions on system design and digital processing 

are discussed in this subsection« 

The general missile guidance system model shown In Figure 

11, Is an expansion of the Phase 1 model to include the track 

signal processing function.  This function Is highly Interactive 

wltn estimation, guidance and autopilot control functions in 

establishing the performance of the guidance system.  The 

computational dölsy associated 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 

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

processing» fuzing» and mode control» although having their own 

requirements on data rate and delays? do not directly interact 

with missile guidance and control* 

The track signal processing function involves the 

extraction of seeker boresight error» €  » relative range and 

doppler data and a measure of target tracking signal to noise 

ratio from the sampled sum and delta channel outputs of the 

receiver.  Cascading this function with the other functional 

elements adds dynamics (tracking cell bandwidth BW  ) and 

computational delay» T  •  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 performance. 
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Along Mith 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 se 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 

(analog to digital conversion) output sampling and holding 

(digital to analog conversion) and computational delay paths are 

shown explicitly.  Quantization also occurs upon conversion. 

rtfter 
urui* 

*• 

TAeser 
S£M90ß 

~1— » 
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S/6HAL 
PtOCC**/** -TH 

IM 

i: 

-\ 

AHb 
HJiDMCe 

4€um 

ft« 

AUTOPILOT 
COffTtOL 
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fc 

T«M» 

TiMCK   AM» 
STABfL'ZAT/O* 

eoftraoL -^ 

1.^ (Qt 

'*' 

(W 

COMTMOL 
fUlTUATOt 

**rM* ..jr. . 

^ ' ' ]Mt9Bll€ 
fAtc \^ i , \bf*AMie9 

•^VELH. 
*>MC« 

f, i SAMPUMS fgtoutffcr 
t; n   COMPUTAr/OMAL   T/ML bi-LAf 

*»r*» 

Figure 12 Uigltal Guidance System 
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In the Phase I Study» requirements Mere established on 

certain conversion parameters» namely» 

1) Guidance data rate H„„ *! „m =tm I ranging from 5 
GUID  EST  TRK 

to 23 Hz depending upon missile class. 

2) Autopilot data rate U   J   ranging from 500 Hz for 
AJr 

proper digital structural filtering to 10 Hz for 

control gain» determinations* 

3) Seeker stabilization loop sampling» f    at 500 Hz« 
STAB 

To complete the requirements on the digital process» 

additional conversion parameters must be specified*  These 

incIude: 

1) Autopilot multiple sampling rates ^ACCi f
QYRO' 

and 

computational delayt  not considered In the Phase 1 

study. 

2) Sensor output sampling» f „™ and signal processing 

delayi   and the overall delay T
rrrTrit In generating 

autopilot acceleration commands from sensor outputs. 

The timing relationships which exist among the various 

elements Is shown In Figure 13. 
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t 

The loNöSt sampling frequency is generally» guidancet 

f    , so that a major computing Interval (MCI) is established by 
GUID 

HC1 » 1/f    .  MCI ranges from 40 to 200 msec, 100 msec 
GUID 

(f    :10Hz) being typical.  Within the HCI all functions are 
GUID 

executed at least once; namely guidance, estimation, track» 

signal processing or many times; sensor stabilization, f _  » and 
STAB 

autopilot control,   f and  f        •     Information  passes  from 
GYRO     ACC 

target sensor to signal processing to estimation and guidance* 

The delay in the computing process Is additive, that is the total 

delay from start of signal processing to update of the command» 

a  1ST    =
T *T   +T •  The allowable delay % is 

^C   GUID   sp ESTC G GUID 

established by miss distance requirements.  Section 5 determines 

the allowable values oft  and f    •  The critical part of the 
G      GUID 

HCI T    Is generation of a from the simples of the receiver 
GUID =€ 

output used in generating outputs c»R» and R in an output signal 

processing bandwidth BW  •  Some computations» such as estimator 
•P 

covariance propagation and gain calculations can be done In the 

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

the new £,^»5. dat* are available. 

For the sensor stabilization and autopilot functions 

sampling rates which are high compared to guidance are required 

so that sampling at f „.„ and f-v-^ay proceed Independently and 
STAB      GYRO 

asynchronously from guidance.  For these wide bandwidth loops, 

however, computational delay T,»^^ and T^ are important.  These 
STAB     AP 

requirements are set In Section 5 on autopilot control. 
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3 • <» • 3  üi0liajUA£aIo£»£AOMaxai£O-££a£ftaa 

At each point in the digital guidance system where 

conversion from one domain to the other takes placet the effjcts 

of sampling > quantization and delay must be evaluated and 

specifications set*  In the Phase I report (Ref. R.l» Section 

3«3.2» Digital üigital Controller Design, these effects and 

design guides were discussed*  Figure !<» Illustrates the 

conversion process* 

The addition of the signal processing functions \o  the 

guidance nodel and the accounting for computational delays 

requires that additional conversion requirements be established* 

1) Sensor output sampling rate and quantization 

2) Computational delay in guidance» and autopilot and 

seeker stabilization* 

Sensor output sampling rate Is determined by the Nyquist 

sampling theorem, that is: 

f     i BN 
RCVR    RCVR 

This requires tnat tne sum t£) and difference it) 

channels each be sampled at a rate greater than the receiver 

(roughing filter) bandwidth typical values are 

tRCVRi 10-20 KHZ 
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Tnest are: 

The number of binary bits required In the conversion Is 

determined by: 

Ol i £idhi ♦ 0.8 
6 

Where» C Is number of magnitude bits 

F desired signal to quantization noise ratio* 

For typical radar sensors a 40 db r^tio Is acceptable so 

that an 8-blt converter on the I    and A channels is usually 

suf f )c l?int. 

For autupllot and seeker stabilization the affect of 

computational delay, T  or T   , on loop stibility is related 
AF     STAB 

through  the   relationship: 

Af  «   2ir  f 
Critic«! (?M) 

tfnere,   &+    -   phase   shift  due  to   sampling  at   f   *     j,    and 

delay   T.     If   loop phase  shift   is   to be   limited   to say,   A«    «  0.2 

radians at  the critical   gain cross over   frequency f then a 
CRIT 

limit exists on TS + T  •  This it an approximate relationship. 
T 

Through simulation, more exact requirements are set for autopilot 

and stabilization in Section b. 
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<*.  DIGITAL MISSILE PROCESSING I   CONTROL 

This section contains a summary of the guidance and control 

functions analyzed in the Phase 1 study and the results of 

further analyses performed In Phase II covering the remaining 

on-boaro fissile functions viz:  radar» IR» ARM and multlmode 

sensor systems' fuzing; mode control; telemetry and test.  The 

object of these analyses being:  to determine the functions 

suitable for digital Implementation to achieve performance 

improvements and greater flexibility without a severe cost 

penalty» to define supporting digital algorithms and program 

modules; and lastly» to determine the computer loads for each 

digital function in terms of worst-case operation counts and 

Instruction mixes» (i.e.  percentage breaM^wn of add/subtract» 

multiply/divide and load/store/|ogical/branch operations)» for 

the computer performance requirements and modular computer 

definition tasks» (see Section 6 and 7). 

As in tne Phase 1 Study» a simple lb-bit» fixed-point, 

single-register» minicomputer architecture and instruction set 

*as assumed for sizing the program modules» since this type of 

machine» in addition to establishing »orst-case operations 

counts» provides the logical point of departure for evaluating 

the merits of more sophisticated computer designs.  Similarly» 

for consistency uith Phase I computer load estimating procedure» 

instruction counts given In tne computer requirements tables 

include only those operations executed in the worst-case/ 

time-critical path througn each program module.  These 
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Instruction counts, together with those of the associated utility 

sub-routines, have been Increased by 30%   when converting to 

equivalent adds.  Program memory requirements Include the total 

number of instructions for any given prog.am module also 

increased by 30*.  The 30t Increase constitutes an allowance for 

additional subroutine linkage and other overhead operations which 

are necessary to achieve a completely operational program. 

Equivalent adds are as defined in the Phase 1 study, (Ref. Rl, 

Sect. 4, p. <,-!), i.e., multiply and divide operations are 

equivalent to 8 add/subtract/1 cad/store Instructions. 

The functions of:  target seeker-head tracking and 

stabilization; filtering and estimation; guidance and autopilot, 

were analyzed in the Phase I study and described In Section 4 of 

tne Phase I Final Report (Ref. R.U.  Tables 10 through IV, 

extracted from the latter report, summarize the computer 

requirements for each of the above missile guidance and control 

functions to provide continuity with the current work.  These 

computer loacs are Integrated with the remaining missile 

functions in Section b to establish the composite computer loads 

for eacn generic missile class. 
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C.2 aAÜAfa-iLCiiaRS 

In this subsection» various candidate radar sensor types 

are identified and their respective performance features reviewed 

in the context of air-to-air missile applications*  Compatible 

sensor types are then selected and described in more detail from 

an operational mode viewpoint.  Signal processing is then 

addressed and analog/digital boundaries identified for each 

sensor type.  Tne form and function of the digital spectrum 

analyzer as a primary digital signal processing element is 

discussed followed by the definition and analysis of the total 

digital signal processing chain of functions culminating in the 

derivation of computer 'oads. 

«1.2.1   Candidate Sensor Types vs Air to Air Hisslle Requirements 

Of the several different types of radar systems defined 

and developed to date» lt\?   foHoMinn three general classes are 

candidates for missile radar sensors: 

- pülse 

- Soppier   continuous-nave   ICW) 

- Pi; Ise-doppler 

These general classes of radar sensors can be operated in 

a eiü-active or active mode*  For the semi-active aode the radar 

system transmitter is In the launch aircraft*  The role of the 

mtss.le radar sensor is to select/acquire the radio frequency 

energy reflected by the target and process the signal to derive 

97 

Ms/J-J -.&*;*>.-... ■ --.   -- - , - -,. .-■■T./j ., MM- ,.„*■,:■ ^^„AtH^tetei-X 



guidance commancis.  For the active mode the missile seoner 

incorporates tne transmitter. 

Tne operational requ>rementJ for air-to-air missiles 

given in Section 3.2 disqualify both the active and seiti active 

pulse radar seniors due to tneir inability to reject ground 

clatter via doppler frequency discrimination» thereby masking low 

altitude target returns.  O doppler and puls» doppler radar 

sensors take advantage of the motion of the target using the 

doppler principle to separate moving target« Tiom fixed ground 

clutter. 

The Cm doppler active sensor is not an ideal sensor 

candidate for missile applications due to the high transmitter 

leakage into the receiver which in turn degrades the receiver 

sensitivity.  It is possible, by the use of separate receiving 

and transnitting antennas and by an RF leakage cancelling network 

(Feed-Tnru Nulling) to obtain a receiver sensitivity limited only 

ty receiver Input noise.  This is currently not practical for 

mi ssIi e use• 

based on tne foregoing review of opentional requirements 

versus radar sensor capabilities! the following sensor types are 

selected for further analyses: 

Semi-activa/Cw aoppler 

Sei» i-act) ve/Pu t se doppler 

Active/Pulse doppler 

lUüiL£-CLAÜ 

1, !!• Ill 

II» 111 

II« III 
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Tne distinguishing functional features of these radars 

are aiscussed in the foilowing paragraphs using first-level 

functional block diagrams. 

SfiOl_A£Xi.*ftZXM.ÜiUt£lAX..&a4ai,.lADSiUL - The najor 

functional elements of a semi-active CW doppler ISA-CM) sensor 

are shown in figure IS*  The sensor is comprised of a rear 

receiver» front receiver» and signal processor«  The function of 

the rear receiver is to receive and track the illuminator signal 

as a reference» coherently offset this reference» and provide 

this offset reference with sufficient spectrum purity and power 

level to the front receiver monopulse mixers*  The front receiver 

amptities the doppler shifted illuminator energy reflected from 

the target in tnree narron-oand monopulse channels» and 

coherently translates this information to baseband where it Is 

encoded and fed to the digital signal processor«  Tne function of 

the digitil signal processor includes extraction of target angle 

and velocity errors» target detection and verification» and 

generation of a variable frequency reference to the rear receiver 

to provide AK tracking of the target. 

Mam 
Mil»- 
mtrtc 

Si. 

fart i 

e* 
mttit* #MtO* 
3^=* fMft nr rar tt 

LOW *tm 

HAM 
Ur**t*Ct 
MVtMHA 

«in« 

a 
.   TMtUt 

LmtC 

uc$t*u 
'Hr 

Utmtg 
^ MM* 

ßurcPKor 
COM**** 

F Mjufe lb     Semi-Active CM Doppler Radar Sensor 
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^aii.Anliua^Euiäa-üo&alaL^Haxiai.^ftcaQL  -  The  semi-active 

pulse   dop.ler   (SA-Pü)   sensor   configuration   is   shown   in   Figure   16. 

Tne  addition  of  a   pulse  compression   line»   front  range  gates  and   a 

range   gate   generator   provides   the   capability  of   operating  with 

low   duty   cycle   pulsed   doppler   illuminator   energy.     The   PD 

waveform  provides   multiple   target   range   discrimination»   and 

clutter   rejection   improvement   by   range   discrimination. 

ALlixfe_üul3a_JiDwil£L«Railax_iaDaai  -  Active  pulse   doppler 

(A-PJ)   sensors   incorporate   the   system  components  sHowo   in   Figure 

17.     The  addition   of   a   transmitter   provides  a   self-contained 

sensor   which   is   independent  of   the   launch  aircraft. 
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Figure 17  Active Pulst Ooppler Radar Sensor 

\ -f 

iiaXfta^ieaifla.&AflullAftAOiA -  To  qualify  the   requirenents 

laposed  on  digital   signal   processing*   the  set  of   performance 

reojlrements  and  Missile  parameters  given   In Section  3.<?  nave 

been  established   for   alf-to-alr   «Isslles  employing   the   thre« 

different   types  of   radar   sensors   for   both existing  and  projected 

U<»bVsl   «isr.il«   syste*  parameters. 

It   Is  assumed   that each   Interceptor   or   launch  aircraft 

has  an  airborne   Inteceptor   141)   radar.     Tne   function  of   the   Al 

radar   Is   to   search  for   and  acquire   threat  aircraft   and   trltialize 

tne  missile   for   launching.     Thus»   the  missile   sensor   kould  be 

aided  by   the  A!   radar   In   initial   target   designation.     A 

reasonatle   requirement   to   Impose   upon  the  Al   r*dar   by  the  missile 

rsdar   sensor   Is  the   provision  of   missile  antenna  pointing 
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commands accurate to w*thin the sensor beanwidth to insure 

lucKinq onto the desired target.  The naximu« doppler/cIosIng 

vetccity error designation of 1 10* Is based primarily upon the 

missile speed uncertainty.  The maximum range (R) uncertainty of 

t i:>30 ft/15?.4m ♦ UK} is based primarily upon the ability of 

the AI radar to measure range.  Avionics designation accuracies 

for the three missile types are summarized in Section >.?• also» 

since radar sensors must perform in an environment which Includes 

grojno clj-tter, rain» and ECM, environmental parameters and 

conditions pertinent to each missile class defined in Section 3.2 

are inputs to the sensor selections and design process. 

fne following paragraphs discuss the system design 

requirements and Implications for:  target acquisition« target 

tr ack i ng and tCC1, 

IaLtt£l_4cauiailiiio  - Radar   sensor  target  acquisition   is 

based  upon   the   capability  of   the   AI   radar   to  designate   the 

position  of   the   target   prior   to   launch   in  the   case   of   Class   I   and 

II   mssiles»   or   via  a   command   guidance   link   for   Class   Ill/active 

minsiie   radar   sensors.     Table   IS   lists   the  sensor   pirformance 

redu i r ement;,   which   impact   on   target  acquisition.     These 

reqjifevents   were   derived   from  the   Information  contained   in 

Sect ion   3.2. 

uround  clutter   caused   by  ml:roMave  energy  striking   the 

surtace   of   tr.e   «artn  and  re-radiating   into  the   missile   sensor   can 

produce  de^radeo   target  acquisition performance«     for   approaching 
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TABLE   r* 

DfftlVEO   SCHSOR  REOUlllEN(NTS 

PAKAKTei 

MliSlLt   CLASS 

II 111 

Oynoalc   Ll^Ut 

4an9t.   ■•■.   insM 

Uostni   tftloclty,   aln/aa«   lf»«i 

l'J#tl 

An^la.   fl»»tl   tdtf» 

S»«fcft  Jnrvrtalnlty  Cant«» 

Initial 

«anta  itt/a) 

C loalrif val eclty  lf»»> 

l»»tl 

iftfla  liatl 

»f aaa   Mat  taad 

■aacaulaltlan 

«ant*  iti/«l 

Claainf  valaclly   Iffpfl 

I»MI 

Anfta laat» 

»faaa  I l»a   I »ad 

10 30 JO/SO 

?oo/sooo ?00/75D0 ?00/»500 

M/151«» tl/i?ifc M/?i»5 

i*0 AAO ft«0 

MA tllOO/TOI 1)000/1524 

tioo tsoo 1500 

tlfl ti*i tlW 

• % % 

0.$ 1.0 1.0 

«A ti*00M*7 t500/15l 

t*00 tsoo 1500 

Alt! AIM A152 

• a a 

0.1/0.2 0.05/0.2 9.05/0.1 
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UBl.f   IS  (Contlnuttf) 

DIMVIO   SfMSOi  ilOülMMl*TS 

rAKft^iTIM 

nlSSltl   CLASS 

11 Ml 

Otttctlon Patfoiasnct 

Prob, of Cvt. *n en« stcon« 

4Vi. Ma« b«t«*«n fait« «l«i 

0.9S 

1   »«c 

0.9S 

r »tc I   tat 

l«-i«iiUcl I ¥• 

0«dlcatti  1ilj«)n«t«r 

Sfiaf«4   II luslnattr 

Utl^iOi 

«li   -   not   «»»l lc«»i« 

«•(   -  altfeau.«« »*••• 

I|«M   -  |«r«in«t   «b««« 

>««   -  fi«aln«  «il   tut  My 

MAM 

HA 

HA 

HAH 

HAH 

IfM 

IC/IIAH 

HC/IIAR 

• C 

TfAM 
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taryeis the three sensors proposed can cope with ground clutter 

since the target's doppler frequency is outside the clutter 

doppler frequency region.  However, for the tall-chase missile 

the target doppler must compete with ground clutter.  The effect 

of different waveforms on subclutter visibility or 

signal-to-clutter ratio (SCR) for the receding target situation 

has been analyzed In numerous studies«  Figure 18 is a 

representative plot of SCR for a low altitude receding target as 

a function of misslle-to-targe. range <Rum) for the SA-CWt SA-PD, 
MT 

and A-Pu waveforms.  The geometry assumed for this plot Is a 

co-altU'udä AI radar, missile and target, with the AI radar 

remaining at a constant 20 real range from the target.  This 

situation Is somewhat unfavorable for the A-PO syste« sine«? the 

missile Is assumed to be flying at a constant altitude which 

implies that the clutter power entering the missile is 

approximately constant throughout the flight.  In the SA~CW and 

SA-PD systems» the clutter power entering the missile decreases 

as the missile jets further from the Al radar» i.e.: 

d A-PÜ 

" (fe)4' (4)4 

C SA-PÜ s 

"■'- (fe)^)'^) 
wnere ft^ and Rrr are approximately constant throughout 

tne fIight« 

The SCR for the SA-Pü signal processor is Improved over 

the SA-CM signal processor by the ratio of the duty cycle (a 3* 

duty cycle implies ISdb less clutter area seen by the missile). 
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A hiyh duty cycle is nornaiiy employed for A-PD to lower the peak 

pONer requirements of the sensor transmitter« 

Figure lb  Kadar Sensor Signal to Clutter Ratio (SCR) 

versus Missile Target Range 

A summary of design parameters for the three cnadidate 

radar sensors is presented in Table lb.  Note that the A-PO 

sensor can be mechanized at X or K   band.  Tne reason for 
u 

considering the higher frequency K  band is that narrower 
u 

antenna   peammdths  and  higher   gain  can  be  acht I ved   and   thus 

better   tracKir.g  accuracy  and  multiple   target   resolution   can  be 

obtained.      -towever,   a   dual   mode   5A-PD/A-PD  system  would   want   to 

use   tne   ^ane   antenna   thus   requiring   that   the   A-PD  system  use   the 

same  KF   frequency  as   th«   i ;-PD   system.      Also,   higher   transmitter 

power    tin  be   developed   at   X   band   than   K        band* 
u 
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TABU 16 

KADAR SENSDk DESIGN PARAMETERS 

PAKAUTER SA-CW 

Angle (fraction of beamwidtft) 

ClabS I 0.3/0.<»7 

Class 11 0.^3/0.67 

Class 111 CK57/0.67 

SENSOR TYPE 

SA-PD 

Carrier Frequency (band)     X 

Dynamic Range 

Dopplet (KHz) <»/100 

Angle (deg) 160 

Acqu i s i t i on k inoow 

Range (Ms) NA 

Ooppler (KHz) 20 

Tine (sec) 

Initial 0,5 

^/150 

±60 

3 

^0 

1 .0 

o.r 

NA 

0.^3/0.67 

0.57/0.67 

A-PÜ 

X or K 
u 

A/190 2 X 

6/^95 2 K 

±60 
u 

20/30 

1.0 

o.r 

NA 

0.43/3.67 

0.57/3.67ÄX 

0.6/1 .0 dK 
u 
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To prevent erroneous acquisition of clutter and Its 

designation as a target» the clutter mainlobe Is acquired and 

tracked prior to attempting target acquisition.  For approaching 

low altitude targets» the doppler region searched to acquire the 

tar9et is positioned above the mainlobe clutter doppler and for 

receding targets is positioned belo* the mainlobe clutter 

doppler• 

&.aDaÄ_aiid_.Qufii)lÄX-Ira.£k - The range and doppler track 

system can be mechanized in several Mays depending on the final 

application.  For a missile seeker that makes maximum use of 

digital signal prccesstng» the spectrum analyzer approach appears 

to be desirable.  The generation of the range and doppler 

tracking errors using an FFT digital signal processor Is 

iIlustrated In FIgure 19. 

/V«/ POtttT  TAM*ET   Bf£CT£jUM 

i^^WC 

WM 6/ra gi sncum 

* znmTLnniim: 

/— 

f-- 

i-br} 4* »ii * hii*,*„H\f(K9j»m**A0,^ 

Tr'ri"" T   f   ! 

L 
Figure .9     nange t  Doppler Tracking Error Gensratlon 

Spectrum Analyzer .mplementation 
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The doppfer tracking error is   generated from the soectrum of the 

main range gate return by combining the outputs of the center 

three doppler calls (see subsection 4.2.6).  The main range gate 

is Kept centered on the peak of the target return by the range 

tracking loop which uses the range error obtained fron combinirg 

tne outputs of the split gate FFT spectrums Isee subsection 

<>*2«6).  The rar.ge and doppler errors are filtered in the 

gulaance data processor to develop the estimated target doppler* 

A A 
f    » and the estimated target range, R   •  The estimated 
tgt tgt 
target doppier and ranges are then fed via D-A converters to the 

front and rear IF receivers to complete the tracking loops. 

&DOle~ItaLk - The multi-channel digital spectrum analyzer 

approach to t*ie determination of monopulse pitch and yaw errors 

also appears to be consistent with the optimum use of digital 

signal processina in the various radar sensors.  This type of 

angle error processing is illustrated in Figure 20.  The 

amplitude and phase of the difference channel signal relative to 

the sum channel is directly proportional to the angle error for 

the target being tracked.  Cne important feature of this type of 

processing is that the target beMg tracked does not have to be 

in any particular doppler cell to allow the angle errors to be 

determined.  For examplet in the case ol a blinking jammer 

engaged by a SA-Cii seeker* the Doppler tracking error can grow 

large during the time the jammer Is on due to the target 

maneuvers,  however, when the Jammer turns off it Is not 

necessary to center the target in the doppler spectrum before 

determining the angle errors as long as the target Is still In 

one of the FFT doppler cells. 
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Figure 20  Angle Tracking Error Generation Spectrum 

Analyzer Impleaentation 

£.Xacii£oic.CaaAiaLrHa&du£.fta * The KCH techniques that 

are considered in each radar sensor address ECM threats« such as» 

barrage, soot» and deceptive jammers*  The soot and barrage 

jamners are best nandleo by a home-on-jam type receiver.  The 

digital signal processor is capable of handling this type of 

signal as a normal signal and is able to identify the Jammer 

signet frun a skin track signal.  The use of a narrow band front 

end filter at MI provides the following additional advantages. 

no 
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K  L'nly energy within the pass band of these filters can 

degrade missile performance*  As an example» 

out-of-band AH or FM jammer energy MIII not result in 

cross modulation products being developed In the 

front or rear receiver mixers« 

2*  The front and rear receivers image response has been 

suppressed 36 db by the RF pre~sel ectIon filters.  In 

fact» the lack of Image suppression results In the 

missile seeker being equally responsive to jammers at 

tne Image frequency«  A swept noise jammer» as an 

example» could be within the seeker's pass band twice 

every sweep effectively doubling the duty cycle of 

receiver jamming* 

The deceptive type of ECM tnreat can best be handled by a 

combination of a monopulse antenna and digital signal processing 

logic. 

The use of a monopulse antenna and the simultaneous 

signal processing nf all monopulse antenna channels» greatly 

redjces susceptibility to the amplitude modulation type jammer. 

<*. 2.3  üi9iiaI~xs-4oaJ.i)fl-<ii4fu.i..Exfi&ftaali>fl 

From the foregoing analysis of radar sensor tyoes 

applicable to air-to-air missiles» the following significant 

points emerge concerning digital versus analog signal processing. 

Ill 
L. 
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1) Tne  digital   signal   processor   has an analog-digital 

interface  with   the  front   receiver   only«     The  receiver 

furnishes  monopulse   data  and  AGC   levels. 

2) The   range  and  doppler   tracking   loops  can  be  closed 

through a   digital   processor   as   in  the  case  of   the 

seeker   head and  autopilot   loops. 

3) The  digital   signal   processing  function consists  of 

two  sub-functions;   spectrum  analysis  and  signal 

processing   logic  as  detailed   in  Section  4.2.A. 

As  can  be   seen   from  the   basic   functional   block   diagrams 

for   the   three   radar   sensors of   interest   (Figures   15,16  and   17)t 

the   interface   between  analog  and  digital   signal   processing  has 

been  defined   to  be at   that point   in the   receiver   where   the  signal 

spectrum  has  been   narr on-banded   (e.g.,   from   1.0  KHz  to   20.9  KHz 

IF   bandwidth).     However,   for   the  pulse   doppler   radar   sensors,   one 

could  consider   moving   the  analog-digital   interface  Hup-stream-  to 

the   pulse  compression   function.     There   are  both  advantages  and 

disadvantages   to  doing   this and   these  are  discussed   in   the 

folI owing  sect ions. 

v.>.2.l  QiyiXai_&ui£ft_C.cflfii>A3aiai) 

A  functional   signal  processing  block  dlagrai  for   the 

monopulse  sum   cnannel   is snown   in   Figure   21(AI   where   the  analog 

digital   interface  has  been moved  forward   to   Include   the 

putse-compresslon   function.     Shown   in  Figure  21(8)   for   comparison 

v   rposes,   is  the  equivalent signal   processing  functional   block 

diagram  where  analog  pulse  compression   Is  used.     It  should be 
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noted that there are other possible configurations utilizing 

digital pulse compression such as converting back to analog after 

pulse compression. 

Signal processing utilizing digital pulse compression can 

be divided into five major subsystems:  Demodulator» sampler and 

quantizer« pulse compressor» roughing filter» and spectrum 

analyzer.  The demodulator converts the chirped signal spectrum 

centered in the IF passband into baseband In-phase and quadrature 

channels.  The demodulator consists of an IF frequency local 

oscillator with quadrature outputs feeding a balanced mixer pair 

followed by two low pass filters to separate the baseband 1 and Q 

terms fron the mixer 2nd harmonic terns«  The sampls/hold 

circuits continuously sample each channel followed by two A-D 

converters encoding the sampled time-varying channels Into a 

corresponding digital data stream.  The signal processing from 

tnis point onward is entirely digital* 

Pulse compression Is performed on the chirped signal by 

Fourier transforming the signal channel» using the Cooley-TuKey 

FFT algorithm» and then multiplying It by its listened filter 

spectrum» and transforming the resulting dechirped signal back to 

the time domain with another FFT operation. M  the same time» a 

function analogous to range gatiny has taken pi ice In the A-D 

conversion process» as each time sample correspinds to a sample 

in range.  The dechirped pulses from the pulse compressor are 

integrated in a digital bandpass filter which Is essentially N 

filters» filtering H   sets of range samples«  This» is analogous to 

tne H   roughing filters used In the N range channels In the analog 
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t :1 

pulse compression system shown in Figure 21(b).  It is in these 

filters that both systems obtain the major portion of their 

clutter rejection.  At this point in the digital process» the 

bandwidth of each of the N multiplexed channels has been 

sufficiently narrowed to allow the sample set from the roughing 

filter to be sampled or "thinned".  The thinned data stream is 

then processed by a Doppler spectrum analyzer routlns, data being 

first digitally time weighted.  A spectrum analysis Is then 

performed on each 0»ell/6urst for each of N range cnsnnels by 

performing an FM on the digital sample set. 

The process of pulse compression can be best illustrated 

by observing figure 22.  A chirped pulse anywhere in the samoling 

interval nis the same amplitude spectrum and quadratic phase term 

but has a different linear phase term depending upon its position 

in the sampling interval.  If the time reference is taken to be 

tne center of that interval» then a pulse Mt) centered in that 

interval has a transform Ft y) t » pulse shifted to the right» fit 
-jwx 

- T I, a trarifcrm Mw le   and a pulse shifted to the left» fit 

♦ x )» « transform Fl^l«   .  Hatched filtering by multiplying by 

tne complex conjugate spectrum» FMy )» simply removes the 

quaoraiic pnaue term» compressing me pulse in the time domain» 

but leaves the linear phase tern intact and thus maintaining the 

pulse's position in the sampling interval.  For an ideal pulse 

compression the transformation nould ee 

a   -j«T 
Ft ta))F (u )e < — 

U - T ) 
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weighting of the tine sidelobes can be Inplenented by 

multiplying the matched filter function F*( UJ) by a frequency 

Neigntlnq function, W(u) )t to •nismatch the filter slightly but 

redjce the size of the tlate sidelobes. 

It has oeen determined for the purposes of this study 

that digital pulse compression will not be considered for sizing 

the computer loads presented in Section 6«0.  Present technology 

favors analog pulse compression using acoustic dispersive delay 

lines» especially for airborne applications where a oremium is 

placed on small sizet wcightf and power consunption.  The design 

and development of the acoustic dispersive delay lines has mad* 

significant advances over the past several years negating some of 

the notivation for the development of diglal pulse compression 

systems.  However» digital pulse compression does offer some 

significant advantages for many applications where a premium is 

not placed on size weight« and power«  The advantages 

/disadvantages of digital pulse compression relative to analog 

pjlse compression are summarized in Table 17. 
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TABLE 17 

AOVANTAGeS/DlS-AUVANTAGES OF DIGITAL PULSE COMPRESSION RELATIVE 

TO ANALOG PULSE COMPRESSION 

ADVANTAGES DIS-ADVANTAGES 

o  Performance -   Can be close 

to tneoreticat, better side- 

lobe levels can be achelved 

7 

o  Stability - Compression 

performance not afftcted 

by temperature or agt. 

o  Flex ibi 11iy -   Stored 

«atoned filter function 

can be readily modified 

to handle otner »avelorms. 

o  A-D Converter - Must be 

wideband end have a wide 

dynamic range (e»g*t 10 

MHz chirp requires 10 MHz 

Data rate; approx. 70 db 

dynamic range required in 

clutter environment implies 

11 to W bits) . 

o  Physical Characteristics - 

sizot weighty power con- 

sumption greater than 

acoustic dispersive delay 

Ii nes. 

o  M«<> ^idelouc ^eouctton - 

the stored matched filter 

function can include 

spectral wdi^htinii to 

reduce sidelche; (".g.t 

v os   f r eo toe ignt ingl. 
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4.2.3      ioBcix.m_&Da.i*iÄX_lwia_Iiiaiiai.-il»jiai_atfltaa3nLs 

1 
E 

A functional block diagram outMnlng the basic structure 

of the spectrum analyzer type of digital signal processor Is 

shown In Figure 23.  ThH type of digital signal processing is 

used for all three types of radar sensor selected for alr-to-alr 

missile applications.  The only variation in this configuration 

for the different sensor types/missile classes Is the number of 

channels multiplexed for A~0 conversion and processing«  This is 

illustrated in Mgures 24 and 25 which show the functional signal 

processing block diagrams of the CW and PD radar seekers 

respectively* 
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Figure 23 Radar   Mgnal   Processing  Functional   Flow,  Hybrid  Analog 

with Digital  Spectrum Analyzer 
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Tne Cw radar seeker utilizes three identical spectrum 

analyzer channels to process the monopuIse signals In the target 

track mod© and a single channel to process only the sum signal In 

the acquisition mode«  The only difference between the track mode 

spectrum analyzer and the acquisition mode spectrum analyzer 

being the width of the spectrum analyzed tl.e.t the Intermediate 

frequency bandwidth of the roughing filter). 

i. 

r 
i 
im 

The PO radar seeker, which employs range tracking, has as 

a minimum five spectrum analyzer channels in the track mode 

(i.e., £ tA  »A  t £ +f I - - splltgate).  The number of spectrum 
P  y 

analyzer channels in the acquisition mode depends on the specific 

mis* lie mechanization (see candidate sensor configurations in 

suosection ^.2.1). 

v 
i 

It should be noted that the FFT type of spectrum analyzer 

is by no means the only type of spectrum analyzer tnat could be 

used In conjunction with digital signal processing* Recent 

advances in charge-coupled devices (CCO) and acoustic delay lines 

have made inalog multi-channel spectrum analysis a feasible 

alternative to digital FFT spectrum analysis.  However, for the 

purposes of this study» which is to develop computer 

reqjirementL, tne fFT type of spectrum analyzer will be assumed. 

<*.<:• i.i ^ALHuib.Aoai»AX.Qa&taxiao 

&iiuafci.Dg.£iiI&i. - The purpose of the roughing filter is 

to limit the extent of the IF signal spectrum being analyzed. 

Tne roughing filter Is centered on the part of the spectrum 

U 
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required by controlling the frequency of the radar frequency (RF) 

local oscillator (lU).  In the track node» the estimated doppier 

frequency of the target being tracked Is used to control the 

local oscillator frequency.  In the acquisition mode» a search 

generator controls the LO frequency by moving it In discrete 

steps to cover the doppier ambiguity region« 

Loo^£i:£i.oo_Xiu&a2fihaiul * The band limited IF signal is 

converted to its in-phase and quadrature baseband components by 

mixing the IF signal with an in-phase and quadrature IF LO 

reference followed by low-pass filtering to eliminate tne high 

frequency second harmonic terms. 

AoaiiiariOzQiallaJt-LüDJtALSifio - The In-pnase and 

quadrature baseband signals are digitized using a single 

time-multiplexed A-Ü converter.  The use of a single A~0 

converter to digitize both channels minimizes hardware and 

eliminates channel mismatch errors due to differences In A-D 

converter characteristics «e.g.» conversion accuracy).  In 

mj Iti-channel spectrum analyzers» the use of a single lultlplexed 

A-D achieves considerably «ere nardwart savings compared to 

dedicated A-Ds.  The A-0 sampling rate per in-phase and 

quadrature baseoand channel must be greater than or equal to the 

IF rougning finer bandwidth to prevent spectral foidover 

Uliasing) of tne spectrum being analyzed, for example» if the 

roughing fitter bandnldth Is 1.0 KHz» tne A-0 sampling rate per 

in-pnase and quadrature channel must be at least 1*0 KHZ 

requiring a composite A-0 conversion rate of 2.U KHZ for a single 
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t: 

i. 

complex channel spectrum analyzer and 1  6.0 KHz for three complex 

channel system» etc* 

EullfiX.leaai.^ - A buffer memory is also required since 

tne FFT processing cannot commence until at least one-half of the 

number of complex data samples has been collected. Also* when 

multiple complex channels are sampled (e.g.t signals from 

multiple range gates or signals from the three monopulse 

channels) jsino a single time-multiplexed A-Ot the complex 

samples must be "rearranged/sorted" (referred to as 

corner-turning) prior tc FFT processing*  In this case FFT 

processing is delayed until all of the complex sanples for a 

complete dweM/ourst have been Input to the bjfUr.  Such a 

buffer cculd be the main data base memory of a processor as 

opposed to a separate unit* 

CaLQftX.rlux.aiag * As Indicated above» a corner-turning 

operation on the buffered complex samples is required prior to 

FFT processing» when multiple-channel Information has been 

collected jslng a single «ultlplexeo A-U, The data sequenced 

into the buffer for K channels may be represented as: 

vuin.v1Q(nfv21tntV2QCi),—vKIni»vKQ(n»v1I(2).v1Q«2) 

-—V^nK'.^n). vKQfn) 

for FFT processing the data Is rearranged or sorted into the 

foI lowing sequences 

v1Iu)»rf1Qcn»v11«?i,v10(a).—v1Qift).v2Icn, v2QCn,, 

-—vKImfvKQm v^im 
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This  sequence  of   complex  samples  allows  sequential 

processing  usiny conventional   general   purpose  computer   Indexing 

techniques  and a   single   2-polnt  transform  subroutine/program 

module  as described   in  Section  6. 

±ijxal-Ax£iilwUlA..MaiauXloa  - As   indicated   in  Figure  23, 

Burst  amplitude weighting  Csometlmes called  Burst  Time   Weighting) 

is  used  to  suppress/reduce  spectrum sidelobes  at  tie  expense of 

broadening  the  spectrum mainlobe.     The   theory  of  burst  amplitude 

weighting   is  explained   in  Appendix  6.     It  should  be   notedt  that 

the   burst  amplitude  weighting  may  be  executed  on  the   complex 

samples   in  real-time  as  they are   input   to tne  buffer   Instead of 

after   the  corner-turning operation. 

i.isx.L.uiifti..IxaxUkiaxiiwEi.A£Aaaa.i - The  spectrum of   the 

»»eiyhted dita   is generated oy using i  discrete   Fourier  transform. 

This  operation can be  represented mathematically as: 

N-1 nk 
xio   *  I x«nU N 

n-0 w 

toner e» 

x(n)   «  i.tn co^^iex  sample of  the  Jata sequence being 

i r a r. s f o r me d 

^        -   e  -32* 

N « >iumoer uf complex samples 

Tne most oirtct computatio of the FFT requires an amount 

2 
of computation proportional to H     • however, by exploiting the 

symmetry and periodicity properties of the coaplex exponential 
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IE 

sequences, a fast Fourier transform procedure has been developed 

wnicn dramatically reduces the amount of computation required 

2 
(i.e.  N logJt instead of N  computations).  FFT processing is 

explained in more detail in subsection 4«2*4* 

<» • 2 • 3 • 2 aasl£-iüeLlLUffl^ßaliJLÄX-R£ialiüB5üips 

Tne spectrum of interest is defined by passing the signal 

to be analyzed through a roughing filter.  The roughing filtering 

can be performed on the in-phase and quadrature baseband signals 

or at IF The bandwidth of the baseband roughing filters is 

one-half the bandnidth of the IF roughing filter to preserve the 

same signal spect/um. 

ß   » 26 
IF    BB 

The A-0 converter ratet f _ §   must oe sufficiently nigh 
A-D 

to satisfy the Nyquist criteria for the roughing filter output 

spectrum.  i »e• 

' A-D^ »IF 
or 

'A-D^BBB 

Tne data collection Interval» 7  9 (also called burst 
B 

time or dwell) is determined by first specifying tne desired 

spectrum granularity or IFFT doppler cell w idth, ß^^ ) or visa 

versa,  i.e. 

\ 1.. 
PCELL 

The number of points in the FFT spectrum is tn* same as 
i « 

ii-rtMni-itiMlii'itifli^illi «HMMMMlMiiHHHiiilMllUH 
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tne  number   of   original   oata points  taken*  N„„.     The   total 
FFT 

band^idtn  covered  by   the  FFT   spectrum   Is   tne  sroduct  of   the 

number   of  data  points  and   the   FFT   doppler   ceil   width,     i.e. 

.M »   f .     T 
FFT       A-D B 

=   N, 
FFT       ßCEI,L 

The effect of burst time weighting Is to reduce the 

amplitude of the spectral sldelobes at the expense of broadening 

tne spectrum mainlobe.  For cosine-squared amplitude weighting, 

tne 3db width, ft  of the weighted spectrum is: 
WT 

ß
UT ' l 'b  »CELL 

Burst amplitude  eignting theory is discussed in Appendix 

A. 

The above spectrum analyzer relationships are Illustrated 

in Figure 2b*    Also shown In this figure Is an example of the 

spectrum of a sinusoidal signal*  Note, that the position of the 

FFT spectral samples relative to the peak of the envelope of the 

signal spectrum depends on tne exact signal doppler, f • 
t 
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The function of a radar sensor and associated signal 

processor at any given time in air-to-air target engagements is 

determined by tne progress through a specific chain of 

interrelated operational nodes culminating in the acquisition and 

tracKing of tne designated larget.  For the radar sensors 

described in this report the following seven operational modes 

nave been def ined : 

1) Pre-iaunch 

?) Launen 

3) Clutter Acquisition 

«►) Target Acquisition 

S) Track Initiation 

s) Target TracK 

7) Hainlobe Clutter TracK 

Tne .tsignation of any one of the above nodes for 

senior operation requires a control hierarchy and modular 

structure similar to tnat described in Subsection (>,6 for missile 

mode control in single computer systems. 

Fi^jrc ^7 snows a compatible control structure 

autonomous to radar subaystems, with a real-tine executive 

serfor ing tne function«! of:  mode designation« conflict 

-eolation and input-output interfice with associated avionics 

;nd nissile subsystems md real-time inputs«  Individual mooe 

surtf isort» are called by tne executive in accordance with eode 
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figurt 27 Radar Sansor Noda Control» Modular Hlararchlcal 

Prosran Structura 

salactlon logic routines raaponsUa to status Inputs fro« tna 

•oda supervisor prograiaa and axtarnal Inputs to tha sansor 

subsystt». Mods supervisors In turn call the' required radar 

signal processing progra« nodules (e.g. post-detection 

Integration» beta blanking logic etc.) described In subsection 

4.?*5 «hlcn again» In turn» call for supporting utility routines. 

Sucn a program control structure provides the necessary 

•odjlarlty and flexibility to enable dIfferent/l»proved radar 

sensor types to be accoaodated at a later date without aejor 

redesign of the softMare. 

L  t 
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Both the executive program and the individual mode 

supervisors are described In greater detail In the folloivlng 

paragraphs.  Supporting signal processing program modules are 

described In the following subsection. 

Figure 28 Is a first-level flow diagram of the radar 

mode control executive program which Is applicable to all radar 

sen&or types selected In this study. Decisions to select or 

change modes are made by the executive programf based on flags 

raised by the individual mode supervisors indicating mode 

complete/incomplete or results demanding alternative mode 

selection and/or input-output actions. 
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Figure 28     Ixecutivt  Control   Mo*  Dlaona 

Co«»««ncin9 MItn   itu*   Pf«-taunch Nod*t   tht   launch 

arlcraft designatts tiroot velocity  Uno  rangt   for  PO sonsorslt 

to  tht tissllt  radar   sonsor.    In  tht Lagnch Hoot»  Initiattd by 

UDoillcal  stoaratlon fro«  tht   launching  aircntt» ortdicttd 

tar^tt and «ainiobt  clutttr   Jonpltr   frtqutnclts  art  cooputtd. 

Bastd on  tht  prtdlcttd  doppftrs»  a  dtcislon  Is «adt  by  tht 

««tcutivt as  to wntther  or  not nalnlobt clMtttr  aiust bt acoulrtd« 

If  no clutttr   fug  is sttt   tnt   fargtt  Acquisition Nodo   is 

stltcttd and convtratly«   In a  clutttr   situation  tnt  Clutttr 

Acquisition Hod*   is   initiated» oainlobt  clutttr   Is acqulrtdt and 

it* dopplor   noted.     In  tht  Targtt  Acquisition Modst signal 

processing algorltnas  restrict the starch region to avoid tnt 

•ain-lobt clutttr   signal« 

«1 
i   i   anTJiBiii'iii-    i mi»»...! ■■ liWMiritiiii  i   ■—'•^-^■•--"W-mf     TiiinMUfiniiiBriiinT'              i—iiitriMM ■ imttinti iriiiiTiMiiiiini  -^11       'iliiiin iiÜMiiMiiMwümlilliiimiMiiiiii w rrinunii -tuiiiniii'iiiiiii    iriiirniitiMiiiiimr lahf T FIT I I -"I —  -TJIIU'I -ihiiaiiii 



Mote* tnat for missiles employing mid-course guidancet the radar 

Launen Mode is tt'ectively prolonged until the acquisition phase 

is called, (i.e.  in, predicted mainlobe clutter and target 

doppler are updated on a regular basis).  If target acquisition 

is attempted anj no targets are detectedt a cnecfc Is aade to 

determine If the missile Is being jammed,  if no jam/V^ng Is 

detected» a Target Search Generator program is railed which moves 

tne target acquisition roughing filter in discrete steps over tne 

computed rsnge of possible target dopplers until a detection Is 

obtained.  After the target has been acquired» control Is 

transferred to the Track Initiation Mode supervisor.  This 

supervisor provides tne verification of target acquisition by 

re-acquiring the target In a narrower bandwidth (svaller doppler 

celt).  Also» in this mode» tne range and doppler tracking loops 

are initialized. 

in the Target TracN lode, boreslgnt errors are 

generated for sain iraca or jamming targets» and rangt and 

ooopier trading errors for sain track targets* These data are 

used in the vlnal quldance data crecessing along with a track 

oaailty indicator» (Tan» which Is effectively a measure of 

signal-to-nolse ratio for the skin track mode or jaamer-to-nolse 

ratio for tn# nome-on~Jam mode* On a regular basis during the 

n*»* tn« t'.iet is te»n; sk In-trackedt th* executive calls the 

CiMttet iracK Mvde supervisor wnlcn provided an update of the 

main-lobe clutter doppK«.  f the target doppler approaches -too 

dose*1 to tnr malnlobe clyti?r soppier » the Tel signal Is 

modified to Indicate that a "clutter coast4* is desired untli the 
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target ooppier either increases or drops below the fnain-lobe 

ctutter doppler.  Control continues ^noer the Target Track Mode 

supervisor until target Intercept. 

4 • 2 • <* • 2  laiia_iuoex.*is£xs 

The supporting radar mode supervisor programs are 

escribed in greater detail in the following paragraphs. 

£tfiiauo£ti_tta4£ - The Pre~Launch Mode Supervisor flow 

diagram Is shown in Figure 29.  In the Pre~Launch Mode, the first 

tasK is to lock up the missile's rear receiver to the RF 

frequency that the AI radar is using to Illuminate the target. 

This is an all analog step requiring no digital signal 

processing.  After rear lock is accomplished, the target doppler 

frequency Is designated to the missile by injecting an RF signal 

into the missiles front receiver that has a frequency offset 

proportional to tne target's doppler.  In this process, the 

missiles acquisition roughing filter Is moved In discrete steps 

over the complete target doppler ambiguily region until a 

detection Is obtained.  After the Injected video has been 

acquired a "Pre-launcr Mode Complete** flag Is set. 
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ENTE« 

»-EXIT 

-♦•exiT 

Figure 29 Kadar Prelaunch Mode Supervisor, FIOH Diagram 

Laimxin.&aae * The Launch Mode Supervisor flow diagram 

is shown in Figure 33«  The Launch Mode is called wnen the 

Pre-Launch mode is complete and a Misslle~Away indication is 

received by the executive* Tnt* purpose of the computations made 

in Launch Mode is to predict the mainlooe clutter (MLC) doppler 

and target doppler used for tne purpose of initializing the 

Clutter anj laryet Acquisition Modes*  Also, based on these 

predicted doppUrs, a decision is made by the executive to bypass 

the clutter acquisition phase if the doppler separation between 

tne UC and the target is large enough. 
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As irtdlcateü in Sit: lion ^m?.<*,\9   if a nl ticour :it* modi* in 

e.r.pioysjf the executive will continue to designate the Launch 

iode Supervisor to recycIe/refresh the ooppler predictions until 

completion of midcourse is indicated by the guiuance data 

pro^rss ing. 
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S6T LAUNCH 
MOOB 
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Figure ^'J kadar Launch Mode Supervisor» Flow Diagram 

Cliix:Ul.~4caui&iXiüa.ttQ4£ - The logic flow diayram for 

the Clutter Acquisition Mode Supervisor is shown in Figure 31« 

Tne Clutter Acquisition Modt is calieu prior tc tne Target 

Acquisition Mode wnen the possibility of the target dossier being 

contuseti with tne clutter doppler exists.  Tne first step in this 

procedure Is to center the acquisition roughing filter (filters 

for tne range-gated Pu systems) on the predicted clutter doppler* 

AL'irl-riH- iM'-fP^i ^ffV^ 
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Flgjre   31   Kaoar   Clutter   Acquisition MoJe   Supervisor» 

MOte  üiayram 

An acquisition sequence is th^n performed which 

consists of ten consecutive 5 msec dwells.  On eaca dwell tne FFT 

\i>  computed fur each range channel resulting in a matrix 

toniiistinvj ot M range cells and N doppler cells* Tne magnitude 

of tue complex Li^nai in each range-dopp ler cell is calculated 

and placed in an average value IN array.  The outouts fcr ID 

dwells are summed in this array (this process is called 

post*detectton intearatton) to aive an improvement in 

s-gnal-io-noise ratio.  When the 10 dwells nave been completed» a 

detection ortcedure Is performej on each range channel usiny a 
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slidino window type of thresnold,  (See Section 4.2t5 for a 

description of the FFT/PÜ1 logic and detection wltn sliding 

threshold loclc).  The resulting signals that pass the detection 

thresnold are tnen summed in the range dimension resulting in a 

doppler array containing the sum of the signals that have passed 

tne threshold.  This array is tnen searched to locate tne 

greatest return which Is designated the mainlobe clutter and its 

doppler, f   , saved.  Note, this doppler Is used to initialize 
MLC 

the clutter track filter (see Section 4.2,5). 

If the mainlobe clutter Is successfjlly identifieo, a 

"Clutter Acquisition Complete" flag Is set and the executive 

responds by catling tne Target Acquisition Mode supervisor.  If 

mainlooe clutter is not Identified» the Jammer-to-Noise ratio Is 

computed to detcraune If the missile Is being jammed thus 

obscuring main-lobe clutter.  If the missile is being jammed a 

flag is set, the executive tnen transfers control to the Tracn 

Node Supervisor, and target acquisition Is bypassed.  If the 

missile Is not being jammed, clutter acquisition is again 

attempted and it after a specified number of attempts» mainlobe 

clutter has nut been acquired (no flag set)» the executive calls 

tne Target Acquisition node Supervisor. 
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Xaiöüi.Acauiailiüü.äodfi * The flow dlaqran for the 

Taryet Acquisition n«"»de Supervisor Is sno^n In ^l9ure 32. 
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Mjjre 3^  kadar Taryet Acquisition Mode Supervisor» 

^Iow Ulagram 

Tne   first part  of   the  control   sequence   is  concerned  Nltn 

deternlninq  tne  initial   position  of   the  acquisition   roughing 

filterfsK     imether   or   not target  acquisition must  take  place   In 

a  clutter  environment   Is  Indicated by  tne  clutter  acquisition 

complete  flag set by  the Clutter   Acquisition Hooe  Supervisor.     If 

acauisltion  must  take  place   In a  clutter   environment,   tne 

acquisition   roughing  filter   Is positioned  sucn  that   its   Ion 

frequency coiner   Is  approximately  I  KHi  ebove   the  lalnlobe 
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clutter doppler for approacnkng targets and its hlgn corner 1 KHz 

belo* tne natnlobe clutter üoppler for receding targets*  For 

appfuacninq targets in a non-clutter environment» tne high 

frequency corner of tne roughing fi;ter is positioned at the 

upper eoqe of tne target doppler uncertainty region* 

Ince the initial roughing filter position is 

determined» subsequent roughing filter positions and range-gate 

positions are determined by the target range/doppler search 

generator arogram module which is discussed in detail in 

subsecticn <fr.2,&.  The target Range/Ooppler search generator 

generates a sequence of ran^e gate and roughing filter positions 

sucn that the target range and doppler ambiguity region 

(designated as one search MFraiteM) is covered in cyclic itanner • 

For example» if tnree range and doppler positions are required to 

cover the amibi^uity region: 

Ü 3 1 1  2 1  3 1  t 2 2 2 3 3 1 1  2 1      3 3 
Frame nH- »K •Frane nn+l 

For a specified range and doppler» i targat acquisition 

sequence is performed tnat is 'oentical to that performed to 

acquire mainlobe clutter«  The only difference is that after 

detection ^im tne sliding ».indob tnresnold» the detected signals 

are not sjnu^d in range.  If there has oeen ono or itore targets 

detected tor this range-doppler position» the ''target acquisition 

complete** flag is set and the execgtive proceeds to call UP the 

TracK Initiation Hode Supervisor«  If tnere *ere no target 

detections» tne Jammer-to-Nolse ratio is computed.  If it is 

determined that tne missile is being jammei» the executive 

. 139 



r ,>;,; •_■ ,;,.., ,.-is   •,.1S,.rfV,!ft/.  ...y-., 

^mediately designates the Track Mode Supervisor «here 

Home-On-Jam track will be initiated*  If the missile Is not being 

jam-nedt the supervisor calls up tne target Range/Ooppler search 

generator which generates the range and doppler positions for the 

next part of the Range/U^/ppler ambiguity region.  This process 

continues until target acquisition is accomplished. 

lLaxJi_liiiiialiüQ_äod£ - The flow diagram for the Track 

Iniiation Radar Mode Supervisor logic is shown in Figure 33.  Tne 

Track Initiation Mode performs the function of acquisition 

verification by reacquiring the target in a narro*er-band 

roughing filter and a narrower doppler cell (i.e.» the track 

''dwell** of 20 to 40 msec as opposed to b  msec).  The Track 

Initiation Mode also furnisries estimates of range error and 

doppler error for guidance data processing to initialize the 

range and doppler tracking filters. 

Tne first step in the Track Initiation Mode Is to 

center the narrowband track mode roughing filter and tne track 

mode range gate on tne range and doppler "coordinates'4 found In 

target acquisition.  The spectrum of the roughing filter Is then 

t*anined using an FFi or  a single dwell.  Target detection for 

.v :n range channel is again accomplished with a sliding 

tnrcsnold. 
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Figure  33  Radar   Track   Initiation Mode   Supervisor»   Flow  Diagram 

Note   that a   minimum  of   three  range  channels are   involved   In this 

process   (one   channel   for   tin  SA-CW   missile)»   namely:     tne  sun 

cnannei  main  tracking gate  and  the   leading and   lagging  split 

gates  which  are used  to  determine   range  error.     If   target 

acquisition   is  accomplished,   the   r«.nge  and doppler   tracfting 

errcrs are  computed and a "track   initiation complete**  flag  Is 

set.     it   target acquisition  Is not accomplished»  the 

Jam*er-to-Moise  ratio   Is computed.     It   the missile   is found to oe 

Jamiej»   the  executive designates  tne   target Track lode   Supervisor 

(for   i3j  TracRiiig).     If   the missile was  not being Jammed» 
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reacqüisition   is  attempted   for   a   specified  number   of   times  and 

tnen  control   reverts  back   to  the   Target   Acquisition  Mode 

Supervisor• 

lai-gfil-liaLfc-ttfldfi  -Flow diagrams   illustrating  the 

Target   (Skin)   Track  «ode  Supervisor   logic are  shotfn   in   Figure   34. 

Tne  objective  of   this   logic   is  to  continuously  provide   target 

track   information  for   guidance   data  processing  on tne  target 

bein9  engagto  Nnether   or  not  that  target   is  being  wskin-tracked** 

or   Is  jamming.     An explanation of   tne  track  mode  of   operation   is 

given  beloi*. 

Tne  first  step  in the   target   track mode control 

sec^ence   is   to  center   the   track   roughing  filters  on  the  predicted 

target doppter   and the   track  range gates  on tne  predicted  target 

ran^e*     both  these estimates are  generated by  tne guidance  data 

processing  modules.     Data   is  then  collected for   a single dwell 

(typically  «'0   to  <t0  msec  as opposed  to   S msec   In  tne  acquisition 

mode).     For   an  :>A~C«i   radar   sensor t  data   Is collected  for   i 

channels  ir,  A   «A     I«     For   :ne  PD  radar   sensor t  dati   Is  collected 
P   y 

on  IMO additional   chä   nets   to allow a  determination  of   rar.ge 

error   using  a   spHt   range  gate   on  the  monopuise  sum  channel • 

After   commutation   of   the  channel   sptctrums using  an  FFT»  a 

dt.;ection process   i^ performed  on  the  sum channel  main  tracking 

gate   to determine   if   any skin  track   targets are  present.     If   at 

least one  target  is present     uack processing continues   In tne 

sftln-uacN mode and  tne next step  is  to determine  If  any of   tne 

detecteo  targets   lie  outside   the   seeker   antenna   malnlooe* 
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fnis is done by tne Beta Blanking logic Module whicn is described 

in Section ^.2.6.  If nv xar^ets are found in tne seeker 

matniobe, the track quality Indicator ITQl) proyran nodule is 

executed which in turn provides an output to the guidance data 

processing group indicating that no targets have been found. 

After a specified number of observations with no target showing 

up in the seeker nainlobet tne executive is flagged and node 

control is switched back to tne Target Acquisition Supervisor. 

For all targets passing tie Beta blanking checkt the pitch and 

yaw boresight errors and the range and doppler tracking errors 

arc computea.  These algorltnms are discussed in detail In 

Section ^.2.6.  Tne next step is to compute tne TQI for tne 

anglet ränget and doppler errors.  The TQI function indicates the 

signal-to-noise ratio for each error which is inversely 

proportional to the variance on tne measured errors«  i.e. 

1 

ep §17*;— 'AK *'A' 
The detailed TQI logic is explained In section 4,2.6. 

Target selection logic is employee Immediately after 

tne Ki friction to select a single target when mjitiple targets 

ar« present plus tne logic necessary to handle range and/or 

doppler gate stealer types of deceptive CCN.  Tne details of the 

target selection logic are described in Section A.2.6« 
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If no targets were detected in the output of the £ 

channel main tracking gatet tne  j channel Janmer^to-Nolse (J/N) 

ratio is computed to determine if the seeker is being jamneo.  If 

the seeker is not being jammedt a missed look flag is set to tell 

tie rui function that no data Is availaole on this d«eU« After 

a specified numoer of missed looks In a roh» the executive 

redesignates the Target Acquisition Supervisor.  If jamming is 

detectedt the Home-un-Jam «hQj) flag is set to inform the Tul 

program module.  If the jammer-to~nolse ratio is large enough» 

tne HOJ boresignt errors are computed from a single FFT cell* 

Tnis ailOMs the radar sensor to take advantage of the difference 

in jammer spectrums to possibly obtain guidance data on a single 

jamner in a multiple jammer furmation.  If the jfH  ratio is not 

adequate for tms purpose» the uoresight errors are computed for 

ail FFT ceils and averaged to obtain a single pitch and yiM error 

estimate,  line nuJ angle error algorithm Is the saie as that 

sno«n for skin track which are discussed in subsection <*•*•*). 

beta blanking is used to eliminate Jammers in tne sidelobes.  If 

tne jamming target passes tne bet* blanking ciecH» it is furtner 

examined oy the radar angle gate logic Isubsectlon 4.£.bl. T^ie 

objective of the raoar angle git» logic Is to force early 

resolution of a single blinking jammer in a multiple blinking 

jimier mvlrontcnt.  Aft#r passing these cnec*s tie Till is 

coiput^d and itr  data used by the guidance data processing 

modules. Mote» tn ifie case where tne HLJ eoresignt error tdSd 

Is computed for only a single FFT ceil» If either mats olanklng 

or ridial anmie «ate logic resets it« the myltUle cell bH Is 

computed In an endeavor to ublaln useabie guidance information. 
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laiorLoba.Ciiixia£.Ii:aclt^adft - The obj«cUve of the 

Clutter Track Mode Supervisor is to kfcep tracn of the «alnlobe 

clutter doppler when the target engasemeru  s takintf place under 

grojnu clatter conditions* The functional logic flow dlagrai for 

tne Clutter Trauk *oie   Supervisor is shown in Figure 35»  This 

operation is the sane as tne Clutter Acquisition Koie.  II 

«ainlobe clutter is acquireJ» tne italnlobe clutter trackiig 

error«  ^HLC* and a tTkC*  duality indicator irw coaputed and 

useo by the guiuance processing clutter doppler estiaator module* 

i 

o* Mt»»eri» 

fel | TTfT*!—] 

mir* tu*** 

iteirit* 

ill* 

eoimtrt 

cdlD 

Htvif  ii  Kjair  Clutter   track ftodt SuPtrvlter«  Flo» tlaara« 



i... 

l ü 
^.2. ll4*Ilüi_tiXÜL£^5-LDg_Ua2iflD^L£Jiuii.£ifli&OlS 

t 
1... 

. 1 

The critical signal processing parameters for several 

candidate radar sensor systems are summarized in Table 18.  Tnese 

systems and their associated signal processing parameters were 

cnosen as being practical and typical for the respective nissile 

classes. 

It must be pointed out that there are many other 

possible radar sensor system configurations and waveforms in 

addition to tnose chosen for the candidate systems in this study* 

Also» there Is considerable latitude in the selection of the 

signal processrng parameters for the candidate systems e.9* 

number of range gates» roughing filter size» etc*  To determine 

wnat an optimum system configuration would be to neet a more 

specific/peculiar set of mission requirements »ould involve a 

detailed cost-performance tradeoff which is beyono the scope of 

this study*  however» the results of this« ^tudy do Indicate the 

"cost" in terms of computer slzIng/loading to achieve a system 

toitn a specific guidance capability*  Since a modular design 

approach has been adhered to» the flexibility exiti to configure 

nnd assess alternative tystems* 

Alt of tue candidate systems defined employ digital 

signal processing for both the acquisition and track modes*  Also 

-Ue that all ot tne pulse Joppler systems employ nlgn PRFs for 

the dual purpose of eliminating doppler ambiguities and for 

ma^iflizlng the waveform duty cycle*  This means tnit these 

systems are range ambiguous and cannot provide ranga accuracy 

t^l^i^aimatiiäimtlimmjmmijAam^^ ff i m ii ii iir iiiirWMiTiMiiiiniiiiiiiriit iiiii 



better than tne ran^e designation accuracy of the Al radar. 

Tnere is a technique to measure range in a range ambiguous system 

by tranbmitting multiple PRFs anc tnen processing tne results by 

a mathematical formu.ation Known as the "Chinese Remainder 

Theorem",  io^eveft thia technique nas net been assjmed In any of 

the canoidate systems.  A brief description of each candidate 

radar sensor system is given below. 
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Ine siqnificani digital signal processing design 

parameters fcr the Class I» SA-CW» Radar Sensor sno»»n in Table 

lb.  The target ambiguity region for the SA-CW sensor is 

completely searched with two roughing fitter positions*  For each 

roughing filter position» ten 5 xsec o*eUs are post-detection 

integrated tc improve signai-to-noise ratio.  This results in a 

frame time of lüO msec t5i) msec/sequence x I  sequences/frame with 

one sequence - 10 dwells x 5 msec/dwell -   50 msec). 

r 

In tne track mode tne roughing filter bandwidth is 

reduced to 1.0 KHz ano data for three monopulse channels is 

collected over a 20.0 msec c^a I I •  A ^0 msec dwell which results 

in 25 Hz doppler cells also appears to oe reasonable based on the 

resjlts shown in section 5.3 for miss distance as a function of 

time delay.  Tru effective time delay would be approximately 30 

msec for the 40 msec dwell (20 msec from center of dwell to 

completion plus lü msec for signal processing). 

4.2.5.2 CXa«-U-* UailfiS-iiArE J_<Sfcü£01i 

Tnere are actually two types of SA-PU radar sensor 

systems shown in Taole 18»  Tne Class il nlssile system has a 

medicated illuminator» whereas the Class ill (max) system has a 

shared iIluminaior•  Note that the Class II system aaploys both a 

ran^p and doppler search to cover tne acquisition aibiguity. 

Tnrue range QIU and two rojgning filler positions are used to 

:owtr tne ambiquity region.  Tn^ data collected at each 

rjnge-doppler position in the aasigulty region consists of ten 5 
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msec dwells (one data collection sequence) whicn are 

post-detection-integrated (PDI) to Improve the signaI*to-noise 

:; ratio.  Dne frame consists of six data collection sequences and 

f taxes 3ü0 msec (50 msec Per sequence * 5 msec/d*ell * 10 dwells). 

In the tracK modet the rouyhiny filter bandwidth is 

reduced to 1.0 KHz and the saiie 6^-point FFT is used for a ZO 

msec dwell whicn yields 20 !>0 hz wide doppler cells covering the 

l.D KHz bandwidth. 

4.2.5.3 Ciass_Ul,lissiias-iÄr£ü_i£iDSDll 

This system differs from the Class tl SA-PU system not 

I only In that it is an active systemi (on-board PC transmitter) i 

but also in that the complete ranse ambiguity (1*0 ^sec) is 

I   ! searched on eacn dwell.  The complete ranye doppler ambiguity 
j   j 

region   is searched with  only  two   roughing  filter   positions.     As 

[m was  the  case   with  the  SA-Cfc  and  3A-PD  systems,   the  data   collected 

for   eacn  range-ooppler   position   is  ten   t> msec   dwells which are 
i 
l 

* ^ost-detection-integrated to improve sIgnai-to-noisa ratio. One 
i 
} frane   for   this system  consists of   two data  collection  sequences 

and   takes  130  msec. 

Tne   track mode  parameters are   identical   to   tne  Class   11 

SA-Pj   system/ 
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This system is Includea as representative of a more 

advancea Class III system.  Tne primary difference between this 

system and the other three candidates is that it Is assumed tnat 

tne Al radar must support many simultaneous engagements resulting 

in short dwell times at a relatively low data rate. 

Because of the assumed limited AI radar dwell tiner this 

system searches the complete range doppler ambiguity space on 

each dwell*  it is not possible to employ post-detection 

«integration because of the limited dwell time.  Therefore! 

detection decisions are made each dwell (a single dwell 

constitutes a frame in this system).  Note also that 1*6 nsec out 

of the total dwell time Is usec to allow filter transients due to 

large amplitude out of band clutter to die out.  trjis yields the 

effective dwell time of 6.<» msec. 

In the tracK mode, tue Al radar dwell time does not 

cnange.  The track signal processing parameters are unchanged 

fro« acquisition witn tne exception that only five channels of 

data are processed instead of fifteen.  Note that tne capability 

of processing it   channels exists since It Is required in the 

acquisition code.  Tnerefori. a more sophls:icaleo ECCK logic 

tran that described in &uoseciiun <».2*6 could oe lidtementeo at 

little additional computer cost* 

'I 
A 

r 
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In this subsectiont radar signal processing algoriuiffls 

ana tneir corresponding program modules are defined for selection 

according to the type of radar sensor used in a given missile*  A 

total of twenty one unique program modules nave been defined for 

radar sensor control and signal processing.  Seven of these 

modules (SP-1 tnruugh SP-7) are mode supervisor programs 

described in subsection <>*2.£».  The remaining fuurtaen modules 

(bP-3 trrough SP*2I) are described In tne following paragrapns« 

A complete listing is given in the computer requirements summary 

at tne end of tnis suosection, 

A functional flow diagram of the Jammer-to-noise ratio 

computation logic» Koduie SP-ö is shOnn in Figure 3b«  The logic 

is general enough to handle single or multiple fange gates.  This 

computation deptnds on Knowing the gain of the receiver so that 

tne noise level due to thermal noise can be computed.  The sua 

cnannel IF AOC level is encoded on eacn dwell for this purpose. 

Note, that the magnitude of the return in each range-aoppler cell 

i^ computed in the FFT/POI program module. 
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7«NÜMBeR  OF  flAN^C &ATCS 
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jx^NÜfieCW OP UNütBD FFT OTLCS 
^J-MAG-NJTÜDE OF THE    FtETUWN 

IN THE    gTH  RANBB-OOPPLi« 
CELL (AVffRAOC   MAftNlTUOE IN 
ACO   MODE> 

k'^Sy&TtM   BAIN i*NC  OF XFAOC- 
MCA«URKO ON CACN OtVfit   BY >VX») 
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figure   36.    Computer   Jammer   to Noise  Ratio  (J/N)   Progra» 

Module   i>P-rt,   Flow  Diagram 

A  functional   flow  diagram   of   the   post-detsction 

Integration   logic»   ^ddule  SP-9,   is  shown   in  Figure   37.     Also 

sno»n   in  this   fioure  are   the  constants   for   tt^e   different  signal 

processor  conf iqurat ions wntcn  are  discussed   in subsection «♦•2«3. 

For   each  of   tne  **L"  hursts   in  an  acquisition  sequence»   the 

ni.i   ni*<jde  of   P   fh  C^PUK  duppter   cell    is  cumputed  range   yate  oy 

r.m.e   qatu   u no   btoru.i   i;. 4  ^uvtrage   value**  array   of   dimensions 

iÄM.     Vne   tirct  avii .^le   fur   one  pass   (L*l)   tirtu-j^   the   PUl   logic 

it*   ^ ^proxnate ly  equil   10  ttn   data collection  interval   Ce.g.   i 

»sec)   ai  wnicn   iime   the  next FFI   output   is available. 
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Figure  37.     FPT   Post Oetection  Integration   Program Module 

SP-9,   Flow Diagram 

DatftCi-LüO,MiJtb-^ii4jLad«15i.Aalioiä-r 

Tne   logic  flow  diagram  for  detection Mith a multi-cnannei 

blioing   mresnoM,   iodule   SP-lO,   is snown   In  Figure   3b*     The 

outout   fron  this   rojtin«   Is a   taole  of   detections  of   targets  that 

crossed  tne   threshold.     Tnt  detection  with  the   :>lioin%   threshold 

is  Jone  range   gate  by  range  gate.     More  complicated  systems could 

Involve  sliding a   range-doppler  kinooit  across  tne  ringe  ooppier 

matrix,     iowfvert   for   tne  purpose  of   tnis  study  the   siipler 

aporoacr«  »»s   ta^en.     Notet   that  this Si.   e  routine   i ü  also used  to 

firu  deiectionn  In  ihc   vr^cH  «out  where  only a  single  £    channel 

ii.      JCamines,    t nucule    SP-1 1 ) . 
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FACTSR 

i-iqufe   3b.     jetection  with   Sliding   Tnresnold   Proyrait   Modules 

SP-10  and SP-U,   Flow   Diagram 

Iawfci,ifiaLtD-C*iDdiaiöi..lMiäftbaüit-ÜQaaJLLti.r 

to  f )   louKt:)9   for   tne   injtcted  vijeu.     Tht 
MIN UMAX 

Tne   functional   iio* Jiagran  for   the   taryet   uooplsr   search 

tienbrator   lo^ic»  Hodult  SP~l?t   is  shown   in  Flaure  39.     This 

starcn   («eneraior   covers   the  coRpiete   rangt  of   oossi&le   tar<iet 

JOPpierii  If 

numoef   of   jwrll:.   for   any  on«   roughing  filter   ooiitlun  oepenos  on 

wnetht?^   or   not   .nis   is   the   lirs:   try at  acquisition,     Tnls search 

gene   ator  can a'sc  be  u^ed  as  a   fast resort  to  swee»  ouv  the 

entire   *r     Ur   ^rectru«   if   attempts it  acquisition   in  a   timlted 

region   tail. 
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SNTifl 

J 
I» T 

iAe<*iACOti 

Tf>*f** sm& I'm** 

Flgurt 39. Target Stiren Oentr^itor, tMldtbind Ooppltrl 

Proyra« Module SP-12, Flow Oligra» 

The function«! flow dlagra« for the target range and 

doppter searcn generator logic» Nodule SP-13t It tnown In Figure 

<»J. Alto tnonn In tnlt figure It a pottlble range doppltr tearcn 

pattern wnere 3 range gat« bank and 3 doppler roughing filter 

position« are tearcned. This logic It designed to tearch all 

roughing fllttr potltlont for a given range gate bank setting. 

If the ttrget It tpproochlng» th« roughing filter center 

frequency It Increaented In ttept to ««arch th« doppt«r roglon 

«bov« the aalnlob« clutter* If tht target It r«ceding» the 

roughing filter ctnttr fr«qu«ncy It decr«««nt«e In tttet to 

toarch th« doppior r«glon b«loi* talnlob« clutt«r. 
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CNTf R 

6XlT 
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»3 5 6 f 
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Figure  40.     Target  Searcn  Generator   ikan^e  and   Ooopler) 

Program Hodule   SP-13.   Flow  Uiagran 

Tne  angle»   ränget   and  doppler   error   ^royran  «nodules 

bP-Ut   SP-15,   and  S^-16f  are defined   in   Figure   M*     In   the  case 

of   a   jamming   target,   only  trie  angle  error   is conputed*     For   low 

ja i.T'&r *to*n^ ise ratios»  the pitch and yan angle  errors are 

ccmputeu  for   ea  n  dcppltr  cdll   in   the  spectru* amlyzer   output 

array   and «iverajfd  to  reoace   tntraal   noise  errots*     For   strong 

ja«iing  targ»iSf   lie   pitch  *tnj  ya* angle   errors  are  co«puted  for 

a  sirwiit joi>pif>r   ceil   tu t ;**  Advantage  of  the   inherent 

nun*afii lor itiy  af   the   j^mnet   noise  sp«Cirueis* 
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Figure 41  Angler Range and Doppler TracK Error Program 

Nodules 

SP-14, SP-15 and 6P-16 

With skin track targets» the anglet ringe and doppler 

errors are cumputed for each detected target in the track 

narrow-band roughing filter.  It is not necessary for a target to 

be centered in the doppler array to compute its errors.  The 

angle errors are comouted using the spectrum analyzer complex 

outputs of the sum» pitch» and yaw channels*  The range error is 

computed using similar outputs of the split ran^e gites (early 

and late sjm channels).  Uoppler error is computed relative to 

the ennter cell by using the center tnree cells in the array,  if 

the target is nut in ehe canter cell» doppler error is measured 

as the number of cells different from the center cell times the 

single ceil doppler width. 
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aaia~iiIaaJilDO_L.Dttix.r_ 

The   lunutlonal   flow  diagram  for   the   beta  blanking   logict 

Module   iP-17f   Is   shown   in  Figure   ^2.     The  purpose  of   the   beta 

blanKlny   logic   Is   ro  determine   If   any of   the   detected  targets   are 

outside  tne   ir.alnlobe  of   the missile  seener   antenna.     This   is 

accomplished  by  comparing   the  Magiitude   of   ths   targets   (polar) 

aifference  signal   to  the   targets  sum signal.     Unenever   the 

magnitude  of   the   targets difference  signal   is greater  than  the 

magnitude  of   the  targets  sum signal«   the   target   is  declared  to   be 

in   the  sideiODes« 

tfrrfM 

.—^ n~ 

^      COMPUTE 

!   conpuTe 

^PT   SL 
TARG-ET 

e)f»T 

EXIT 

■^cxrr 

higure   w^.     beta   blanking   ».ogic   Program  Module   iP-l?» 

Flow  üia^ram 
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This is Illustrated in Figure 43 for a typical monopulse antenna 

pattern* As can be seen the method Is not foolproof» however» 

tne probability of rejecting sldelobe targets by tnis method can 

be quite high (measurements have indicated uo to 90t rejection or 

larger can be achieved using beta blanking).  Targets that do not 

pass tne beta blanking check are removed from the "list" of 

detected targets and are not processed further.  If no targets 

pass the beta blanking test» a "SI Target1* flag is raised. 

nPtV*L MOHOPULSL Ml£Jt*A Pf\TT£*N (SM*U  PU\H& 

Mgure O.  Typical Honopulse Antenna Patterns snowing 

-Beta blanking** keglons 
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Tne functional logic flow diagram» for the radial angle 

gate logic» Module SP-1S is shown in Figure 44* The objective of 

this mooule is to obtain discrimination of a singls* blinking 

jammer in a multiple bltntcing Jammer formation.  Tnis is 

accomplished by comparing the polar boresight error i tp  + £$    ) 

to a computed threshold level* The computed threshold level 

increases with time to a specified maximum if no observations 

pass the threshold cneck and decreases with time to a specified 

mini-nam if all observations pass the threshold checK,  A »Rag 

Blank" flag is raised for use in the TQI function when the 

observation exceeds the threshold level. 

rNTt* 

*    (MIN Mri4bn-i.T„Si 

CUT 

figure  <«<»•    Radial   Angle Gate  Logic  Pro^nm Noijle   SP-H» 

Flow Diagram i 
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A  functional   flow diagram  for   the   Identify  iialnlobe 

clutter   logic»  Module»   SP-20»   Is  shown   in  Figure  <»5.     The  signals 

that  have  passed  the  sliding  threshold   (l*e»  detected  signals) 

are  first  averaged  in   range  for   each doppler  celt*    Next»   the 

doppler   cell   average magnitude   is  scanned  to  find  tne   largest 

signal   which   Is designed »ainlobe  clutter. 

• »IT 
7* NUMOE*  OF ffAKIGC  GATE« 
CONIUMB** or FFT ceuuS 
Sr -NUMSeif OF UNUSED ^FT CVkL» 
v^.MAftN>ruoa or RtTi/nN IN g^ OOFTLIN ceu. 

Figure 45. Identify Halnlobe Clutter (MIC) Program Module 

SP-2Dff Flow Diagram 
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A functional flow dtagra« for the TQ1 logic progrant 

Module iP-18, is shown in Figure 46.  The objective of the TQi 

(Track yuality Indicator) function is to indicate to the guidance 

data processor the quality of the information passed along for 

eacn of the detected targets.  For jamming targets» the TQI Is 

computed as the pitch and yaw jammer-to-(thenaI) noise ratio. 

If the Jänner is in the antenna sidelobes or does not pass the 

radial angle gate the Tul is set equal to zero. For skin track 

taryets the TQI is set equal to zero if there is a missed look or 

the missile is founo to be in a clutter situation (target doppler 

too close to the mainlobe clutter doppler» hence the cljtter 

warning flag is raised by the guidance data processor based on 

its estimates of the target and mainlobe clutter dopplers). 

Jther^ise» the T0Ivs are computed for angle» range end doppler 

errors. 

CNTIK 

IXIT 

aniT 

Mjure kb.     Track Quality Indicator  IT01)  Logic Program Nodule 

SP~lfc»   Flow  diagram 

166 

imr iiiiiiiM«imii^iiitoiiiiMaifaii 



Iatflfil.iielai;liAa.Loai£*=. 

The   functional   flow diagram  for   the  uryet   selection 

1091c,   Module   SM-21   Is   bhown   In  Figure   A7, 

i    i 

1»IT 

 ^-loevcLOP 

£ W.H.T. 

VALUES 

-H    #f WIN" 

« »TBl ! 

rfAAyi.ri> I 

roxKiO« 3- 

T01R(*»»oL 

STSAkfeM 
CMMK 

IN 
ANtLft 

1 
¥3<»T 

ii 

Figure 47 Target Selection logic Program Kodule SP-21t 

Flow Olagran 

Tne Input to the target selection logic Is a list of all targets 

detecteo by the digital signal processor In tne target tracn 

•ode»  This list is structured as follows: 
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rniyrtrntetPtr4".-*^:--'- 

ipi i) tiQiPin 

lyil) tTOiYin 

AF(ntTQIF(n 

TGT TGT 

TGT TGT 

The first action Uiitn by the target selection logic Is 

to stabilize the measured errors. The pitch and yai« boresight 

errors are converted to Ilne-of-slght angles and the range and 

doopler errors to target range and target doopler. The next 

step» whlc.i can be combined with the first step, Is to compare 

the stabilized measurements with the current Kaiman filter 

estiaates to develop a set of wstabiilzedM errors. A cneck Is 

then made to locate any range and/or doppler gate otealers by 

comparing the siautilzec range and Joppler errors to a threshold 

value.  Exceedinq the threshold implies a larger range or doppler 

motion than could be expected by target-missile physical motion. 

The action taken is to set the track quality Indicator tor the 

excessive range or doppler error to zero. This moans that If 

tnls target Is selected for angle track on the basis of the next 

cneck for minimum angle error, the range or doppler measurmmntt 

Mill not oe used and the estimate coasted until the next 

legitimate measurement. 
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The target that Is passed along to the Kaiman filter Is 

that target closest In LOS angle to the present LÜS estimate. 

This target Is found by computing the sum of the absolute values 

of the pitch and yaw LOS errors and finding the minimum value In 

tne target list*  Since only one target Is Identiflad by the 

taryet track loyic in the HÜJ mode, no target selection logic Is 

requIrea« 

£aaauiftL..iLftaui£.ftAa.ol£...SuiiiLaL*.:_ 

Digital signal processing computer requirements for the 

canoloate Class It lit and III missile radar sensors identified 

in subsection U*Z*l  are summarized in Table 19, 20 and 21 

respectively« 

km 

Tnese tables list the digital signal processing programs 

modjies previously dtflnedt and give the corresponding 

add/subtract, multiply/divide and load/store operations for the 

worst-case/crIttcal path through t*ch module.  Similarlyt program 

modules used In the morst-case/crItkcal path of eacn radar aode 

are checked-off, and the corresponding Instruction counts for 

both fyrictlonal program modules ano supporting utility routines 

are given as totals together «Ith Instruction mixes» for 

determining worst-case throughput In Section 6. (See Individual 

mode supervisor flo* charts for full compieuent of program 

modules per model.  Total operation counts are also given nitnout 

im» FM, and niihout both FFT and P01 functions» for system 

design f lexIbl Ity* 

imiWiWm-'iniii MT iiHriüniill^ii^iiai «I I Tifiiiiiliimii ii i m&it/üsmiW^twktiffauiirlimmii^ ■i-iirliiffirntniirr' -^- II'I I lin iilinriliririliTfiliiiimiiiliiifili 



Program memory sizes are given to cover tne total 

Instructions required for each program module with an additional 

3Ü% included to account for subroutine linkages and other 

miscellaneous overhead operations. Operations counts are 

increased oy 30* when converting these to KOPS in Section 6. 

Data memory requirements are driven by the Clutter 

Acquisition node, due to the relatively rapid sequence of snort 

radar dwell periods» multiple range gates (for 6A-P0 and A-PD 

sensors)» and tne need to store arrays of data acquired/processed 

during one dwell» for further processing in a subsequent dwell 

interval.  Jata memory totals given in each of the following 

tables make provision for 3 complex and 2 real data arrays» witn 

additional space for a table of W target detections ano 

scratch-pad storage* Array sizes are determined by the number 

anj type of data points/doppler ceils IN), (a memory locations 

for each complex data point/doppler ceil)» and the number of 

range gates (k)» i.e.: 

; ■ I 

ARRAY TiPt 

Complex (Nx2xR) 

teal IM x R) 

ARRAY STORAGE REyTS. 

CM     SA-PO     A-PO 

128 

64 

640 

320 

1200 

64D 

iiiiiniiiifiniiBiriiiiiiiiiiiiii 
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Tue  ARM  sensor   relies upon  the   radio-frequency  radiation 

fron  the  target aircraft  radar*  and  this   in  turn dsnands  a  xider 

ranye   of  performance  compared  to  the  semi-active  and  active radar 

sensors  described   in  the previous  subsection«     Presently  there 

are  no  airoorne  ARM  sensors  in  sdrvicet   but the  Navy  6RAZ0 air   to 

air  missile   is  currently  In the   development phase«     ARM  sensors 

are  applicable  to  class  II   and   III  missiles. 

'4.3.1      üata-Aaaulaiiinii 

'4 
mm 

Data acquisition in ARM sensors is achieved through tne 

"target-ldentlfIcation-acquisltion-system" TIA5 on-board the 

launch aircraft. The TUS is essentially an electronic 

Intelligence (EL!NT) receiver wnich receivsa the raoiated energy 

and identifies a friend or foe*  TIAS designation accuracies far 

airborne A** targets are listed in Taole 22. 

TABLE 22 

TARGET RADIATIM CHARACTERISTICS C TIAS 

OESICNATION ACCURACIES 

PARAMETER TARCfcT-RAOlAT.nN TIAS DESIGNATION 

ACCURACY 

Frequency 

Pu Ise ^ i dir, 

PHF 

Angt e 

'-.0 - 18.0 GH2 

0.1 * 10*0 (isec 

0.2 - 353.0 KHz 

360 deg 

±5.0  MHz 

10.2  pSec 

±500.0  Hz 

±5.0 deg 
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The target search ana detection function in an ARM sensor 

is relatively simple due to initializing by the HAS in terms of 

the desired threat target* 

4.3.3  4£flijl2illüü 

Acquisition of the desired target relies upon a number of 

discriminants which are provided in the ARM signal processor and 

described below.  Figure 48 is a functional block diagram of an 

AR'I processor and Table 23 lists typical design requirements* 
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Figure 4.      VnM  Sensor  -   Functional   Block Diagram 
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TABLE 23 

TYPICAL ARM SENSOR DESIGN REQUIREMENTS 

PARMETER DESIGN   REQUIREMENTS 

If  " 

Dynamic Range 

Bean Forming (4 channels) 

Video Bandwidth 

Equivalent Receiver Bandwidth 

Log Video Processing 

Gain Track!ng 

Phase Tracking 

Narrowband Frequency 

Leading Edge Tracking 

Puisewidth (3 ranges) 

PRF Correlation - rangt If J 

P^F Correlation - bandwidth 

T3A Gate 

Power Level 

Pulse-to-Pulse  Amplitude Window 

Angle Gate 

Acquisition 

Track 

70 db 

£ ± AP,    £ t AY 

10 MHz 

100 MHz 

±1/2  db 

t  5° 

±15MHz 

0*2 usec. 

O.r to  10 iisec. 

200 Hi   to  350  KHz 

fT    t  10% 

CFAR Threshold 

16 db 

±5° both Axes 

11° both Axes 
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Tne three receiver channels feed a btam forming network 

which forus the  Z ± A  and  Z i A  beams.  The latter outputs 
P        y 

and tne   channel are video detected to feed four gain-matched 

logarithmic video amplifiers.  These logar ithT) i c-ga in amplifiers 

allow operation to be maintained over a wide variation in 

received signal power*  The respective angle channels and I 

channel are summed and simultaneously sampled by separate sample 

and hold amplifiers (5/H) for subsequent angle and pulse to pulse 

amplituoe discriminatioru 

Tne ARM processor provides a narrowband (20 MHz) and a 

wideband (300 MHz) filter network.  The narrow band filter is 

used against non-frequency agile targets* 

The ARM video signal processor section provides the 

additional discriminants in order to cope with other radiating 

targets and/or ground clutter as follows* 

Ltl - leading Edge Tracking Is used to time gate the 

multipath signal from tne direct signal oatn. 

£a»aL«JLaxai - The signal level must exceed a variable 

threshold level before being gated into the receiver* 

£uiaa=io=Eui3A-AMJLi.iuda - After target acquisition» a 

level window is put arouna the target level and returns outside 

this window are rejectee* 
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; * 

I i. 

AQöi£-.iialß - Target signals outstoe an angular window set 

around the antenna boresighi, are rejected*  This window can be 

narrowed to provide further discrimination after the target has 

been acquired. 

EuisB-kiilti - Received target pulses are divided into 

tnree broad ranges from 0.1 to 10 Msec* This discrininant is 

useo to pregate the PRF and TOA discriminants* 

IQ4 * The time-of~arrivaI discriminant is obtained by 

pnase-locKlng the PkF oscillator to a real-tine analog pulse 

train from the avionics*  The result is to put a coarse time gate 

around the selected target pulse* 

EiE-UuLLaialüL - The PRF correlator performs a frequency 

measurement of its input signals and provides an output 

indication when the PRF of the input pulse train is equal to a 

preselected value»  The preselected P$*F comparison value is 

supplied by tne avionics control computer in the form of a 7*bit 

binary word corresponding to PRF values between 100 Hz and 350 

!<Hz*  Tne allowable deviation of the Input PRF to still pass the 

P^F corrleation test Is ±10 percent of the nominal PRF reference 

value* 

Acaui^ltiün^Ctlxetloo * The target acquisition criterion 

i.* viriaole and selectable depending upon the target's 

caoa^llities and available designation Information from the 

avionics*  each discriminant can be selected or delated upon 

comand* 

r 
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Üis&Liialoaal&.Meigüli04).LAsic - The discriminants 

wei9hting logic receives inputs from all the discriminants 

previously described and determines If a given pulse is valid. 

If valtdt the pitch and yaw angle signals which were sampled by 

s np le-and~hold amplifiers are converted to digital values for 

translation into seeker head and missile guidance commands.  The 

valid target pulse is also used to update the AFC loop. 

<* • 3 • ^   40fll6-Ejaia£llfi£ 

Pitch and yaw angle error signals are obtained from a 

conventional monopulse antenna system requiring full aperture 

gain over the complete frequency band to provide an Ideal antenna 

for dual mode RP sensors. 

'4.3.5  Eiacliaüic-LimoifttzCoiml*L_aftaauxfta_l££Ltti 

Inherent in the ARM processor are the discriminants which 

overcome the countermeasuret used against ARM sensors. Frequency 

agility Is accomodated by increasing the oandwldth of the antenna 

and receiver. Pulse-width variation, and PKF agility are handled 

by increasing the discriminants to the wider pulse and the longer 

duty cycle respectively. 

The shut-doun oi the radar is best handled by an active 

terminal sensor.  The dual mode sensor is discubsed in a 

subsequent section. 
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At the present time, digital signal processing for ARM 

sensors appears to be limited to certain video procssslng 

functions* e.g.t discriminant weighting logic, and overall ARM 

sensor control aue to the wide bandwidths and narrow pulse widths 

being processed. 

^.^ iolx.ariUd..ianaflXA 

t*.^. I*Afi.l_&eil£lfi...SAO£fiX£ 

The Type 1 reticle sensor is the most simple of the three 

types identified earlier and described in 3.K2.2.  Oufoance 

information is derived from a single channel electrical signal 

which consists of an amplitude modulated carrier frequency«  The 

amplitude nodulated carrier frequency is generated by a rotating 

mecnanical chopper (reticle) located in the Image Plane of a 

focusing optical system* A simplified version of such a reticle 

\u  shown in Figure 49, 

A/OAI JXANSMIWtfß 

100% 
reAMSMirrm 

TARGET 
IMAGE 

50 ^ 
TRAhfStAITT/m 

tmure  (•<*.     MmpSified  Ampli tude-Hodu la t ion  Reticle   for   Type   1 

Sensors. 
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Relative motion between the reticle and the taryet image 

generates an interrupted carrier wave (iCw) ot the frequency ic 

where fc « ^Na^ where the carrier is oil for a time l/icxM  and 

is on for a time 1/ZCXM.     If such an 1CW signal Is passed through 

a fitter whose center Is at fc and bandwidth lbcM,   the output is 

a signal at the carrier frequency which Is amplitude modulated at 

the rate OLM.     The IF signal to noise ratio for a square IF 

filler is 

(S/M>IF  » „il  

wnere: 

wnere: 

NEPO « 
fe) 

NEPD 

0Toy       0.433D* 

H - Received radiant Intensity at front of dome. 

f0  - Focal length of optics 

A0 * Optics collecting area 

T0 -  Optics transmission 

AO.  - Solid angle field of view of the total reticle 

CLM   - Reticle rotation rate 

0» * Detector sensitivity in HZ*  Matt 

NEPD - Noise Equivalent Power Density of sensor 

If this signal Is now haif*wave rectified at the carrier 

frequency and the output filtered about ötM9 the resulting signal 
■ 

is a sine wave of frequency 0(M. This signal Is then phase 

detected and used to drive the missile servo anu seeker tracking 

loops* For lar&e IWNI^p the post detection signal to noise 

ratio Is given oy 

IS/NlpoD « iS/Hl^   ll/TT) I ^tIF/ AtM I2 
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In this case the only effective digital signal processing 

would be target track Initiation, updating and ECCM/flare 

discrimination utilizing the outputs of the analog signal 

processing section« 

<>•<>• 2  Ixoß_2-.imaftit-£iaüe^iaaoüii r 

The Type 2 sensor is a scanning array which for 

convenience will be taken as a linear array scanning the optical 

image plane In a direction perpendicular to Its length*  The 

scanning method Is shown In Figure ^0.  This method of scene 

scanning provides a great deal more Information than that of the 

Type 1 Sensor.  In the lattert the single reticle and detector 

combination gave a single sine or square wave whose phase 

relationship was Indicative of the direction in which the average 

target was off boreslght. 

+&e H 

V Gy. 

l 
& 

1 
Figure  *0.    linear Array  Scanner 

(Type   11   Sensor I 

185 



In the Type 2 sensor there are N channels of spatial information 

in the vertical (y) direction and M inter/als of tenooral 

Information In the horizontal (x) direction«  Each of the H 

intervals «ill nave a temporal length equal to the detector duel I 

time on a point source target and by appropriate clocking 

elative to the beginning of a scant each Interval can be 

directly relatea to x*posltion In the field-of~vle*. 

If the amplifier/filter bandwidth is properly matched to 

a point source pulse response ( Ain&r    * I7<») i then the 

signal-to-noise ratio {$/H)p     for a uniform background is given 

by; 

r NEPO 

Mheret 

NEPO  »   I &• )     VL&J^ 2iJÄ_ 
AoT0 

1.06  0* 

there: 

f0     -  Telescope focal   length 

A0    - Objective collecting area 

* To     * Optics  transmission 

0»     - Oetecior   sensitivity 

&Äf 9y      - Angular  extent of  optical   f lelo-of-vieM  in 

the  x and y direction 

j v^     - Scanning  frame  rate 

I N   « Number  of detectors   In  linear  arrayt  and 

i NEPU« Noise Equivalent Poner  Density of   System  in 

watts/cm^    at objective of   system* 
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4. 

f 
i :'   r 

in this case there are N channels of information.  If the 

bacRtjround is uniform and there Is a single point source in the 

field-of-vle* tnen vertical channel response and time of 

detection In the scan constitutes target position data«  However, 

even In this simple case It Is necessary to measure the mean 

noise power in each channel and set a threshold aoove Mhluh the 

signal plus noi&e must rise to assure a low false alarm rate*  In 

more complicated background situations it is necessary to resort 

to more sophisticated signal processing to separate the "true" 

target from the background clutter. 

The functional block diagram for a linear array 1R sensor 

employing both analog and digital signal processing is shown in 

Figjre 51.  the analog signal processor consists of a cell 

selector/multiplexer» preamp» and double threshold logic 

r       circuitry»  For any one position of tne linear array in the 

scanned fleId-of-vlew, tue 3~cell sliding winden detector 

operates to identify point targets and reject edges as caused by 

large extendeo targets e.g. the horizon or clouds«  The operation 

h* of the 3-ctll detector Is basically to compare the output of the 

center of the three cells with the sum of all three. This Is 

accosplisrea by using effectively a tapped delay line as shown in 

figure '2. wnen the array scans across an "edge's the sum o> the 

mrwe cells ***  always be larger than the scaled center ceil 

resjlting In no detectlun.  A second thresholding operation Is 

nrquirtd to rejdct detections from the fine structure of 1ft 

clutter such as variations tn cloud backgrounds*  This is 

accomplished by comparing the signal passing the first threshold 

to a threshold «hicn is the average of many cells.  Tnis is 
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effectively a CFAR type of operation as inpleoientated in radar 

signal processors. 

with this type of thresholding operation» only iegitliate 

IR point targets NIII be encoded and stored In the digital signal 

processors buffer memory, with a matrix position derived from the 

"scan decoder".  After acquisition» the target Is "tracned" into 

the center of the matrix array fleld-of~vle* by the sensor 

guidance data processing/seeker head loop* 

1 

188 



WALOG* 

aPT,c»fl&Vf#SJ, 
r\ Afl»?Av 

1"J u-i- 
MlLLCTOW   j    AMP 

kYNC 

5 IfeLL 
SUDING 

»DIGtTAL 

con P. 

ÜJti 

A-D 
BUPFCP 

Henony 

"1  

TARÖtT 
TRACK 
LOGIC 

FLARE 
t-OGtC 

FACTOR 

CFAR 

JjCAN 
L0! oecoor.« 

fHFAU 4 
vrAbiux 

ItlON LOOPL^.. 
CtKR«   HtA.7 

PO«NT»N&  COMMANDS 

A-Ü 

D-A 

DATA 
SCOrinANO 

-> TO AUTO- 
PI LOT 

Figure 51,     Typt  2   latgt  Plan«  IR  Sensor- 

Functional   Block  01*9'»« 

INPUT ^rif 

tCAtt 

Hyw    Mut? co*^i«* 

-iJ-lD-H— 
wL—ou^'/r 

r^Pür. ^3 j h**! rOMMWWf OUTPUT 

Mg^rt  >e.     3-CtH   gliding  liln^ow Otttctor 

139 



Dnce the target is In the center of the array only a small number 

of cells about the matrix center are examined to develop the 

target track Information.  The flare logic consists of entering a 

coast mode for a specified period of time ^hen t*o targets are 

suddenly detected In the tracking window*  Flares having high 

aerodynamic drag, will very quickly move outside of this narrow 

tracking F3V and tracking is t..en re-established* 

The functional block diagram for a Type 3 IR Sensor is 

shown in Figure 53*  Type 3 sensors perform the same functions as 

Type 2 except that tne scanning linear array is replaced by a 

non-scanning square array of detectors each of Mhlcn integrates 

over a frame time*  The frame time is determined by the rate at 

which tne information is read out* 

3   O^iCftW^T*^ 
T f] ARRAY 1 AM»«   r 

ANALOG- +ÖIGITAL 

SLIDING 1 COM P.     - A-D 
BUPF^R 

MEMOAY 

SCALE 
FACTOR 

CFAR 

WiH/COl UM^'StLECTlON 1  

TAfWfT 
TRACK 
COftiC 

FLARE 
LOGIC 

ARRAY 
SCAN 

iSiCKtH      j 
HfcAU I 

KTAttti !/\ 
irtOH . -rs. 

A-D 
_j 

O-A 

— r • J" 
ÖÜIOANCS      J-COfWAMO 

DATA   -»TOAU^* 
PHOClttllK        PiLOft 

Figure  53*     Type  3 NXN  Matrix   Array   IK  Sensor 

Functional  Block  Diagram 



Suppose  that  the matrix   is square with  N X N  «  N 

elements as   shown   In Figure  5^     For   the  sane  elemental   detector 

stza  and for   the  same  frame  rate   this  situation gives a  voltage 

signai-io-noise  ratio which  Is    fü    times  tnat  of  the  scanning 

linear   array becau.se  each  detector   integrates  the  raceived signal 

during a  compieie   frame  time.    Otherwise  exactly  tne  same  signal 

processing applies as  described   in section <».^«2» 

60.,, •     • ,    • Aa/N 

•        • •      • •       • 

1 
*   • 

•        • •       • •       • •  • 

•        • •       • «        • •  • 

•        • AQ/W 

Mqure  5«..     matrix  Arr»>  of  Oatictors 
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■ ■■;     ■::   ■■■;.:'     ■ 

4.> MuJ.xijiAda.iftfiAflr.Sx&iaas 

Multlmooe  sensor  systems   incorporate  a   mix  of   the  single 

mode   sensors  previously described!   to provide  near  optimum  target 

hominy data   fur  e*ery missile flight phase» by  recognizing the 

performance   limitations of  each sensor   type  for   a given  intercept 

scenario and  target environment,    Muttimode sensor  systems are 

considered for  Class   II  and III   missiles only due to their 

greater  sophistication and  longer  range» compared to more simple 

Class  I»  short-range weapons.    Two types of multimode sensor 

systems have  been  identlfieo:     dual  mode and triple mode» the 

fomer   for Class  U  missiles only» by virtue  of  size»  »eight ano 

power   considerations»   wnereas both dual   and triple mode sensor 

systems are evaluated  for Class  111 missiles. 

<»•:>• 1      CjLuai.JliUia«iafiaiML.iMimma 

Table 24   is a   Hating of   five possible dual   mode sensor 

combinations*    Tne candidate sensors for the Ciaaa  II missile are 

IR/SAR» A^/SAR» and ARN/SAR.    Note that combinations 2f 4 and 5 

incorporate a semiactive radar    ISARI    and  in fact the SAR mode 

can be used effectively without the other modes.    However»  the   1R 

sensor  does provide  the capability for   low altitude  tall-chase 

flu.re effectiveh   than a 5A~Ctf raüar  sensor.    Figure   18 shows that 

SA-PD  can also provide  *ood tail-cnase  capability and  therefore 

t< *  ^niy  rjtii   awiMntage   in the   iR/S2R  coirblnation  Is some 

additional  effective   ^s  igalnn  UN.     Tne active  radar   fARl 

sensor  provide*»   iittie aaoitlonai  capability over SAR for  Class 

11   missile   intercept   ranges.     Tne  SAR/AkH constitutes  the  best 

D 

D 
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TABLE  24 

DJAL  MÜDE   SENSOR  COMBINATIONS  C   APPLICATIONS   BY  MISSILE   CLASS 

„i 
n 

SENS3A   COMBINATION 

1. IR/A*1 

1R 

Ä^l 

2. U/SAR 

M 

SA* 

9. 1R/A* 

U 

A< 

4. SAk/A* 

SA* 

A 

5. SAR/A*i 

SA* 

A*i 

MISSILE  CLASS 

II III 

MIDCOÜRSE TERMINAL MIOCOURSE TERMINAL 

X 

i 

X 

X 

X 

i 

X 

II 

X 

* 

* 

u 

i 

i 

i 

i 

X 

X 

« 

X 

X 

X 

X 

X 

X 

X 

* 

* 

X 

* 

* 

* 

i 

* 

» 

X 

LCGENü: 

ü 

ix) • <m fcfftctlvt 

m - Efftttiw 
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candidate for dual-mode for either the Class 11 or Class 111 

missile*  The AM sensor can provide both midcoursi and terminal 

(degraded) guidance«  This is a distinct asset to SAR Illuminator 

poiier requirements since ARM can be employed at launch. 

In summary» an attractive dual-mode candidate which 

exhibits advantages over a single mode sensor system Is SAk/ARM. 

Tnree triple mode sensor systems are evaluated in Table 

25 for Class III missiles* Again the SAR/ARM combination Is 

effective for tne reasons described above» and henct the tuo most 

practical candidates are SAR/ARM/IR or SAR/AR4/AR« The 

limitations of the IR sensor and the degree of Improved 

capability it aada to the muttlmode sensor system would not 

justify tne IR sensor.  In tne light of tne foregoing assessment» 

the aest-cholce triple-mode sensor system which provides distinct 

advantages is tne SAR/AHM/Afu Figure 55 Is a first level 

functional block diagram of an 5AR/ARN/AR sensor* 

In terms of hardware savings through common/shared 

equipment» the antenna Is snared by all three sensor types and 

one r«seiver ano signal processor Is common to the SAR and AR 

sensors since tne additional Ak transmitter Is the only 

distinction between the two radars. However» due to the wider 

bandwidth and other unique performance characteristics of the ARM 

sensor, a separate/additional receiver and analog signal 

processor Is required to support this target sensor. 
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TABLE  15 

TRIPLE  NODE   SENSOR COMBINATIONS   FOR CLASS   111   MISSILES 

SENSOR  COMBINATION 

MISSILE  MODE 

M1DCQURSE TERMINAL 

1! 

n 

1. IR/AR1/SAR 

IR 

ARM 

SAR 

2. IR/SAR/AR 

IR 

SAR 

AR 

3. SAR/ARM/AR 

SAR 

AM 

AR 

LEGEMOS 

Ul   - Not  Hfictlvt 

U*   • Efftctlvt 

X 

n 

x 

x 

X 

X 

X 

X 

X 

X 

* 

ff 

ff 

ff 

ff 

X 

ff 

i u 
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suite t&kti 

Figure 55 Triple Nodt SAR/ARM/AR Sensor Systt» 

Block Dlagran 

4 • 5.3     % aixiAflifi.Uiuixix.aAaj:aJtlos JUdaa 

A   iescfiption of «ultl-sensor  systtAa by optratlni aodt 

is yUon  In  tn» folionlng parafrspha, 

Xaiauaxad-uaxa-AcaiaaliiM -* Data acquisition for  m 

and AKN sansors is tno  sa»t as for  thalr   Indlvloyal  «odas«    Tna 

SAR  sansor   rtqulras the Al   radai   to acquire  tna taraat and 

Inltiania  the  bAR  sansor.    ARM  requires a  TUi  to detect radar 

radiat  ^n,   verily the tnreat radar  tanaor» and   initial lie  the  ARM 

»ode.     Ihe  requlreaents for each sensor  have been statao 

previously for  SAR and  for  the ARH node* 
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ü 

V 
4cauisjLliflo.£LflCASSixig - The acquisition of a tar gat 

dyrina launch can employ either the SAR or AM sensor*  For largo 

targets Oil)»»2 ) the SAR is iut     og^cal choice uhlle a snail 

radiating target can best be handled by tne ARH sensor• 

ji       Acquisltic i ranges beyond 80 nni can be obtained by an ARH sensor 

against any airoorne radar and S9 nm\   against snail (<0.5n£ ) 

11       radar targets witn the SAR sensor« The active sensor (AR) Is 

bast employed during the terminal phase* Tne range limitation 
I i 

ftr an AR sensor Is weight and cost. Acquisition Mill be 

accomplished by tne SAR or ARM sensor with terminal guidance 

depending jpon the AR sensor. 

lL*£lL~E£fi£ft£ftliUt * Track processing for the multimode 

sensor Is identical to the trade processing required for 

Individual sensors» The hand-over logic from the midcourse 

sensors (SAR or ARtl to the terminal sensor (AR) will be 

controlled by the AR sensor# and depends on tne slgnal-to-noist 

ratio of the AR sensor. The advanUge of the ARN/AR modes Is the 

capability of multiple firings and a -launch and leave« 

capability.  It should oa made deart that with a certain unique 

antenna design» full aperture gain over the complete ARH band can 

be uotainod and this eliminates the need for two separate 

anunnast one for ARM and another for SAR. 

i i 

u 

0 
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<i.6 ElAlilMI 

In this section ths cspabllltiss and coiipltxitiss of 

typical alr-to-alr nisslls fuzing systt«s and thalr aaanlty te 

•odjlar digital tecnnlquas ara dlseussad« All systtas undar 

consideration ara Intagratad fcltn tha alaslla guidance function 

and nance the application of a fuze syste» to a specific class el 

alsslle Is contingent upon the guidance prograa •adaletsl used 

end their corresponding data outputs« The tor« target detect I in 

device (TDD) refers to the target sensor section of the fuzlnj 

syste« (Figure 561 as distinct fro« ths safing t arelng and 

«arnead sections. Digital techniques MOOM practical and rioat 

effective In sensor signal processing and optivally tiding the 

generation of the firing cowaandt using available guidance 

inforsation and computing the tlse of warhead detonation 

folloalng target detection» 

<w^ai^^^a# ^^^*^^^^w '•^# ^F^ßw 

f»9ur 
KTtttitt» 

kX 
m**nt 

TMur ««ti mumtmrn 

unm IM» 

•€*tH 
rtUfmm 

Mitat 
«      ****** 

Mr* 

figure S6.    Fuzing SysUn * ftenoral  Functional llocii Dlagra« 
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<•. 6.1      iUß. litutta-.^.» JLÄ3ilft-AaftliCAliaoÄ« 

y 

I   t ; 

Various TTüs are dascrlbtd In the follonlng paragraphs 

Hhichi although not all inclusive» nevertheless cover a broad 

spestru« of fuze types. Table 26 lists the various types of TGOs 

and their application by alssile class.  The selection off a TOD 

for a specific «Isslle class is not Inflexible however» since 

tnere Is no tecnnleal reason *hy active radar fuzes are not 

applicable to Class I «Isslles. The decision not to Include the« 

in this class is based on high cost and conplexlty« Se«i-actlve 

radar fuzes were not chosen for sophisticated Class 111 elsslles 

due to their i'tater suseeptlblIIty to clutter and chaff» 

Optical fuzes were not considered for Class II ano III «Issllts 

because of prefunctlon pro. teas In an aerosol envkronsent, and 

capacitor fuzes were similarly rejected since they are extreaely 

range llMlteot i.e. target detection range of 2x »Isslle length« 
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TABLE 26 

TARGIT OeUCriON DEVICE (TOO) TYPES VS MISSILE APPLICATIONS 

no Tm 

Electrostatic/Capacitor 

Stai-Actlva CM Radar 

Cii-Uopplar 

HISSILE CLASS 

1     11      III 

u 
11 

Activa Radar 

Oalayad uocal Oaciilator tOLO> 

Injactlon Lockad Pul^a Ooppltr IILPD) 

Patudo-^ando» Codad (PRO Cd Oopplar 

Activa Optical 

X 

X 

X 

X 

X 

X 
3 

0 
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li 
LUftlLfl3laii.fci£a*a£i.UDca..Xflfl - Capacitanct TOOst  as shown 

in Mgurt 57»  art bastd upon tut  prlnclptt  that tht capacitanct 

of  a  chargtd booy changes wntn a ttcond  oojtct  enters tht 

eltctrostatU  fitld. 

ü 

In practict an tltctrostatlc fitld Is stt UP by a nutbtr 

of chargtd tltctrodost and, to siapllfy tht dtslgn of tht targtt 

stnsort tht charge and assoclattd fitld Is sinusoidally pulsattd. 

Tne pulsation frtqutnoy Is not critical to tht •tchanUstlon. 

TüW lodts of targtt dtttctlon art provldtd: ont bastd upon tht 

ratt of cnangt of fitld strength and tht othtr upon tnt awplltuot 

of tht dtttcttd fitld. 

Msm* Ja*At AtOfif *•*** 

**i*ru 

Hgurt %J*    Captcltsnet 100 Functional Olsen Olsffss 

i 
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ELüjLlifll-Ly-^üda - In tne pro<i.'nity mode of operation the 

sensor responds to a sign change in tne rate of change of the 

electrostatic field caused by the intrusion of a loving object, 

Ceonetric corts iüerat ions have shown that this change of sense can 

be arranged to occur on a surface of a cone whose base faces 

forward where tne axis is coincident with the longitudinal axis 

of me missile.  In non-parallel path engagements trie axis of tne 

detection cone rotates in a sense that increases ths probability 

cl a warhead fragment striKinj the target.  Figure 58(A) 

Illustrates the proximity zone   of a capacitance TOO. 

kLa.2J.Qiutiüd& - This mode corresponds to the detection of an 

objeci a few inches from the missile (see Figure 56(6)» and is 

tne only node of del ction for an object on the forward 

lon^j i tua I r.a I axis of tht missile since the detection 

cnaratteristics of the proximity moae exhibit a null on the nose 

of the missile.  Tne graze mode can be employed as a back-up to 

tne prox i TU ty mode. 
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(A)   -  Proximity Zone (Bl  - Graze  Zone 

Figure  58  Capacitance  TJO  ProxUiity and  Graz«   Influence   Zones 

.S.*.iir4jaike-Cä,üflftÄlftL.aaüax.«IÜD -  Semi-active  CN  radar 

TUJS sense  the  target  doppier  snlft close  to  Intercept using an 

ir.ercept amt  gate»   enabled by  a  doppier   signal   from  the seeker 

signal   processor»   and  generating  a  firing command for   the  saflng 

and  arming  device«     The  firing  command   is  generated  when  the 

target  enters  the  narrow beam  formed by   fixed  antennas mounted  on 

ttiv   :>*0e of   the  tisäile  seeKei. 
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Tne SA-cw doppier TOO detects aircraft 

i l l uTi ina tor-der i ved signals reflected from tha target or energy 

received directly from jammers aboard the target.  Since the 

signal level may vary over wide limits, two direct coupled broad 

bean antennasf and associated circuitry, detect tha signal, 

aojjst the system sensitivity, and provide a reference signal for 

a differential detector used to trigger the fuze* 

A block diagram of a basic fixed-angle, SA-CW TOD is 

sno*n in Figure 59.  The doppier return from the target is 

received oy the broad and narrow beam antennas.  The broad beam 

signal is larger than the narrow beam signal in all directions 

except in the preferred direction of the narrow beau antennas. 

Diode attenuators are activated in the home-on-jam node to 

increase the sensor dynamic range and reduce tne probabilit> of a 

premature firing command due to clutter.  In each channel the 

doppier return is mixed witn the oscillator output to Produce an 

output at IF.  Ihese signals are amplified in tne fuze receiver 

tne gain of which is controlled by the detected broad channel 

output.  The doppier is recovered by mixing tne IF signal with 

tne rear signal in a balanced mixer.  Tne detected doppier 

signals are amplified in a videu amplifier and applied to the 

fuze lo^ic.  This logic compares the signals in the narrow and 

broad cnannels, and generates a delayed fuzing connand when this 

difference exceeds a prescribed level. 
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Significant/distinguishing  characteristics  of   a 

semi-active   Cfc   radar   fuzing  system are: 

1) Less  complex  and   less  expensive  than  an active  system 

2) Less   burn  through capability  against   noise   jammers  than 

the  active   fuze« 

3) Susceptibility  to clutter  and   chaff   (a  sharp  cutoff 

range   is  not   feasible   because  of   the   CH node) 
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Figure 59.  Semi-Active CM Doppler Radar Fuzing System Functional 

Block Diagram 
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The ULü TOD employs an active pulse-doppler target sensor 

Mnich ib enabled by an Intercept arm command from tne missile 

seeKer signal processor.  A series of pulses are transmitted to 

tne target and the reflected energy received by tne sensor 

exhibits a dopoier shift proportional to the closing velocity.  A 

functional block diagram of a OLD TDD is shown in Figure 60.  Tne 

receiveo energy is processed through a balanced mixer which is 

activated by delayed energy from the transmitter such that pulse 

to Pulse coincidence occurs at a specified range from fuze to 

target.  The envelope is detected and integrated in the boxcar 

generator and passed through an automatic gain controlled (AGO 

amplifier to a set of parallel filters.  One of the filters 

passes the expected range of dopplerst while the other is set to 

pass another portion of the spectrum using the same banowidth. 

The output of tne noise filter is used to nonalize the signal 

level out of the doppler filter.  The normalized signal is then 

compared »ith a threshold to initiate a firing command. 

Some characteristics of this TOO are: 

1)  ^ange Cutoff 

c)  Elrctronics are cheaper than PRC active fuze 

3)  Mo inherent FUJ capability» although sona could be 

added 

<*)  Separate transmit and receive antennas are necessary. 

206 



I^^^^^^i-y^v^- ..  T';       * --w     ^ --^.■^,v - -sm^^f^fnn^^ vw^fw^-rn- :^: -'■'■■..■■■ ;■  .'■;':vr-^vw.:n™-s-:r-:; ^.-.■J-^.V-JT,-- 

^ 

u 

' 

I 

rMAfs- ^ TMAM*-   A 
MlTTtM.   *" 

PllM 
It Ml 

imttv 
m 

'MM 

se/tso*. &€#M Ptocis&mm 

mm$L*Fot 

mttu ]^>- 

MM 

mm oomiAfm um&rtM 

UMgtflTOi 
tOFPUM 

I   |      HiTtM  ^f^^Sß^V  ****** 

I bid   UT  i1—' 

A6C 

PULSK 

I 

COMM- 
AM» 

TO 
SAF/MQ 

AMU 
A/mm 
uvtc* 

Figur« to*    Activi  Pulse-Ooppler»  Otlaytd Local   Oscillator 
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LiU*allüüJLüBäMä-Bulaad.,üoaAlmx,ilL£iU«IDD - In this TOO 

(Mfcura 61)   an   injactlon  locked  trans«!ttar  and honodyna  raotlvtr 

art employed to provide coherent detection,    «nth this approach» 

tne  transaitter serves as a power  aApllller  for   the   local 

oscillator   frequency*     The pulsed  transmitter   Is  locked to a CW 

(>unn oscillator  nmcn  provides the  local  oscillator  drive  to the 

ni *er • 

y 
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AN6I.V 

— PiTtM 
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Fiyure 6i.  Injection Locked Pulsed Ooppler (ILPD) TOD» 

Functional block Diagram 

Signal processing Includes provisions to compensate for 

broadband noise, and for sources observed in the sldelooes of tne 

narroi« antenna pattern.  Separate and concurrent fuze-on-jaa 

capability is provided. 

(MO receivers are provided» one for tne narrow bean 

antennas, and one for the guard antennas.  Identical processing 

is employed so that tne resulting outputs contain only the 

differences due to the antenna patterns.  Both receivers are 

gated on twice during each transmit period» once just before 

radiation and again Just after radiation.  The pre-transmlt 

signals are useo as a reference measuring the noise level and the 

litft  of extraneous signals such as RF1 or jamming.  These 
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signals provide an independent passive fuze-on-ja«» (FOJ)* 

capability to discriminate target returns fro« extraneous 

signals. Tne post-transmit signals are in-range target returns 

pljs tne signals in the earlier gate.  A fast acting AGC system 

is used to adjust the gain at both narrow and guard channel video 

amplifiers over a wide range to accomodate large variations in 

signal level.  The information for the AGC loop is derived from 

tne guard channel and adjusts the gain of the narro« channel to 

the proper amount sucn that the fuzing threshold Mill be exceeded 

by a target return in the narrow channel. 

Notable advantages of tne UPC TOO are: 

1) Coherent detection for the elimination of feedthrough 

and tne identification of moving targets. 

2) Marrow beam sldelobes are protected by means of a guard 

oeam. 

31  Separate fuze-on-Jam channel is provided for those 

cases wnere noise precludes the nonal fuze on sKin 

mode. 

Acii*m^M~Dafia.L«i*-£jftiidfi;:&afliifli.EiiA£*.c<>(U.IQO - The 

pseudo-random code (PRO TDD uses a pseudo-random code modulation 

tecnnique in which the phase relationship of in RF carrier »s 

changed oy a binary code sequence* Sptcificallyt tne carrier 

Phase is changed by 1*0 degrees each tint the modulating code 

sequence changes from one to zero or from zero to one. Thus» a 

transmitted waveform Is generated having tne form: 
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tt     »A   IcosUt   ♦   uU) TT   ) I 

where:     u(t)   •   0  or   1 

A  block diagram of   a   lowponer   CW  micronav»   PRC   TOO   Is 

sno«n   in F i gure  62» 
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Figure 6?. Activ« Cii Doppier PSC TOO Functional 6?ock Olagra« 
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A CM microwave signal Is generated by the transmitter and 

routea through a coupler for local oscillator drive to the 

baU ,ced mixer*  The remainder of the output signal Is then 

modulated in a diode phase modulator» sucn that the phase of the 

output has either a 0° or löO* phase relationship to the input« 

The modulated signal is then divided and radiated by the two 

antennas.  The 0*   or 180° phase modulation is selected by the tuo 

logic states of a digital feed-back shift register CFSRJ, or 

pseudo-random code generator» whlc. Is in turn driven by the 

clock oscillator.  Signals returned to the two antennas from a 

target» or other reflective source» are reconoined and routed to 

the ilxer. 

Homodyne action between the local oscillator signal and 

the lodulated return signal produces a bl*Phase coded dcQpSer 

output»  The coded doppier signal is then passed to a video 

correlator where it Is mixed with a delayed form of the code used 

to drive the mooulator«  If the target return signal originaias 

froa a range corresponding to tne amount of delay between the 

modalating code and the correlating code» the signal will be 

demodulated and tne doppier can then be filtered» amplified» 

detected» and used to initiate a firing signal. Whan the target 

return delay dHfets sightly from the correlation delay» tne 

correlator output win contain coded and aecoded elements which 

can oe filtered to remove the still coded portion.  Tne amplitude 

rf tne decoded» or correlated doppier» is reduced however» and 

t e amplitude of the correlated portion continues to decrease at 

tne difference In delay Increases until a driay equal to one bit 

ct me code Is reached. At this time» or;y uncorrelated 
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frequtncy coapontnts art obtaintd. That« art tllatrtattd by tht 

doppiar fllttr. This auto corralator action astabliahts tht 

rang» rasponso of the fuza. 

Tha principal advantagas of tha PRC arat 

U High averaga-to*paak ponar ratio Uha aysta» Is CN so 

that avaraga ponar aqua Is paak powar) 

2) üna«blguous ranga «aasuraaant to larga rangaa (a ls«ig       ! 

cod« glvas tht unasbiguous rang») 

i 
3) &ood ranga rasolutlon (tha bit uldtn dataralnaa tha 

ranga solution) 4 

<►) Adaptable paraaatars (coda clock fraquanclast codas» 

da lay rangts» ate. can ba varied by logic coaaands) 

ActtMa-Oalicai TDQ - 

A typical active optical TDD Is shown In figure 63* This 

systea Is of the putse*aaplltude-aodutated active» optical class 

(optical aanopulse} and utilizes threshold detection with range 

gating to establish snort and long range cut of la* These fuzes 

can be optically configured In several ways one of which is shown 

In Figure bB for analysis purposes. This uses a single package 

C^A# laser array and slaple optics» In this case reflecting cones 

and reflecting wedges to obtain a full 360* field around the 

aissiie. The Incorporation of a position sensitive Schottky 

pnotodlode as the detecting eleaent peralts 
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bear lug  or   poiar   anglef  dattralnat ion as nail   is ranga  and rang* 

rate. 

Another  for» of  iha optical   TüC   Is tha  pulsa  anplituda 

systa«  (proximity  TOO)   utilizing  a«plltuda only nitnout  ran^a 

gating,     Tna  pulsa width  for  such a  systam   Is «Ida«   I«a*  UP to 

savaral   mlcosaconds*  with gating  of   tha  racalvar  only  to pravant 

noisa  falsa  alar« triggering during the   Interpulse  Interval* 

This   is a "look-nh)la-trantftit"  systea and although   low-cost  is 

sublet  to aerosol  oackscatter   triggering.    This  fuze nas no 

ran^a cut off  and   Is dependent on target radar  cross section at 

tha optical   frequency. 

Significant  characteristics of  active  optical   TüOs ares 

U     Execellent  tCH operation 

21     Severe  prefunction problems  In an aerosol  environsent 

31     4ange  Malted to about  SO ft/lS*2a 

<» • 6 • 2     aiaiXAX.ia.4iula8.ii4D£iMUnj 

A parallel can be drawn with the aisslle seeiier   sensors 

«n^n considering digital   iapleaentatIons of   fjze  target  detection 

devices,  due  to similarities  in the  types of  target  sensors 

ea^iuyeo. 

Tne greatest iapact of u qltal processing« however« ci 

be aaoe in the tlaing of the firing coaaand to the safing and 

aiding device since this nas a direct bearing on tne 

effectiveness of any given warhead. Furthar» the use of aore 
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sopnlstlcittd timing algorithns using dttt Iron tht ■Issil» 

Suldtnct systt« his bttn Inhlblttd to ditt by ths llsltatlons of 

analos circuit tochnology and dsslgn ttchnlquas* Mlth ths 

fortsolng obssrvatlons In m\n69  ths tlas dsiay function has bssn 

slngltd-ojit for furthsr analysis and digital laplsssntatlon as 

dsscrlbsd In ths following paragraphs« 

4.6*3  liM-flsliy 4lgoritfaM 

Ths tl«t daisy algorlthss ssisetsd for this study ars b-jt 

two of »any posslbliIt Iss. Ths ovsrrldlng objsctlvs Is to ttss 

ths warhtid dstonatlon to Insurs Intsrcspt at ths targst by ths 

warhsad byproducts. This It accospllshsd by a bnowlodgt of 

Intsrcspt klnsaatics at ths tins of targst dststtlon by ths TOO. 

Tno ssisctlon of a propsr algorltha Is dstsralnsd by ths 

Information a^allabls fro« ths «Issils guldancs systsa and ths 

accuracy of this data. This Is apparsnt fro« ths algorlthas 

prsssntsd In conjunction wltn ths Input data accuraciss shown In 

Tabls 27 Part of ths inforaatlon nssdsd Is not availablo In Class 

f 1 aissliss and nsncs ths Inputs of rolstlwo vsloclty and nlss 
I 

dlstancs bacons constants dsrlvwd fron analysis. Convsissly si I 

ths rssulrs« rsal-ttns data Is availablo In Class II and III 

nissllss. In addition ths Infotnatlon avallabls Is not« accursts 

for Cisss 111 nissllss conparod to Class II systsnst rssultlng In 

Isprovsd portornancs for ths Class III cans. 
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TABLE 27 

TINE DELAY ALGORITHM 

AVAILABLE REAL-TINE DATA C ASSOCIATED RNS ACCURACIES 

lUNITSt  Mttrtt ••«•! rid) 

NISS1LE CLASS 

PARAMETER I 11 III 

Vg N/A 0.005 VA 0.005  ¥Ä 

a N/A % SP »SO 
2000 7ÖWP 

N/A =2a. 
^ 

N/A 9.6 3.0 

0.01 0.01 o.ai 

0.005 sU— =10  

**Uo Wee 

O.OOSV.t 

0 
*?- -1>0- 

LEGEIDl 

g - Rtlativt  vtlocity ^3* »^t   * VIM and »Itch coapoitntt 

.\   -  An«l« bttMtn «Ist dltUnc« of   tht   Ions rtfift  lino of 

vtct^r   und »(til it ctnitilin» »l«*it      tlakal  trifltt 

- Antlt btliMtn v€ and tlttlla €p'€i    ' 'Itth and ya« atatoitntt 

ctnitrilna at  tna aaraalfNt arrar 

i    - 4t»a dittanc« ^' - Ralar an«ia daaerUlAf 

h 
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The best algorithm fur a system is therefore determined 

by the type of information available and its accuracy. The two 

algorithms presented for computer sizing purposes were selected 

to provide two viable approaches. 

Table 2ü shows the Improvement In lethality achieved in 

progressing from a system without a TOO i.e.f guidance only» to a 

TOO incorporating a simple time delay as a function of closing 

velocity and finally a system using the second time delay 

algorithm described in the following paragraphs* 

TABLE 28 

aARHEAD LETHALITY VS FUZE COMPLEXITY 

Fuze/Miss Distance (feet) 

(meters) 

SO 

IS.2 

Guidance 3nIy 0.42 

Guidance» TUD i   Simple Time Delay  0.56 

Guicnnce» TüO t  Complex Time Delay 0*73 

100 ISO 

30.S 4S.7 

3.11 0.05 

0.23 0.09 

0.32 0.16 

11   ' 

For missile guidance systems »hich provide the parameters 

V^ » OL9 ß  and u» I IIsted In Table 27)t complemented by the 

constants given in Taole 29» the algorithm shown in Figure 64 

optimizes tne timing of the firing command. 

h 
217 

j -rii-ii -ffi-'- -rtflf   i YilWlr feäaAäaa ifi-är-if-t mjLammäiiiämiauaaämli^Um ■ rr« I 



TABLE 29 

T1HE DELAY PROGRAM MODULE F-l CONSTANTS 

CO - Fuze detection angle 

Vp - Fragment velocity 

K - Target size figure 

9 * Fragment thron angle 

Figure 65 Illustrates the intercept geometry associated 

witn Module F-U 

-1 
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Figure  64     Time  Delay  Proyram Module   F-lt 

Flow Diagram 

« * 

FJaure 65 Module F-l Intercept Geometry 
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For guidance systeas providing V^, 0, (3^  ßz%  8p and £y 

(Table 27k. as real-time Inputs together with the constants Vp 

and K (Table 29), the algorlthn shown In figure 66 would provide 

inproved lethality for a Class II or III missile. Figure 67 

Illustrates the Intercept geometry associated with Module F-2. 

.1 

3 *|.^* 

«.■'"'A-) 

T 

4eo»"Okl -1 

I 
••--(■If) 

1 I 

'1  *  C 
K« ^ »«, t-^H*^ • K/* ft" l«i 

._..n 
TO«D pj-^^''«^.^^ 

-•^ify^ 

Figure 66 Time Delay Program Nodule F-2» Flow Diagram 
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i. 

Flyurt 67 Moduli F-2 Inttrctpt Gtoattry 

I   #' 

i i 

<». 6. v  LttiftiLXaL,afcauii.iiiDta. SuiMLy 

Tib It 30 Hits tht coMputir riqulrtnints for tich tiai 

dilay modu-lt discribid In tht prtctdkng tubsictlonf totttntr «Itn 

coordlnttt transfornotIon algorlthas for Inttrftelng tht fuzt 

Mlth tht «Issilt guidanct tysttn.  both tint dtlay aodults 

requlrt only a snail program l< 126 words)» wnllt data bast 

rtqjirtatnts do not txcttd 12 words.  Tht nttd for tht guldanot 

Inter fact toduUs if XI. and FX2) would bt subjtct to furthtff 

optltlzatlon ano Inttgtatlon of tht two coordlnatt systtas. 
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^.7 !4ade_LxmtLal 

! v 
For the purpose of this study» node control refers to the 

selection and execution of a specific set of nlsslie control 

functions (e.g.» seeker head control» estimation» guidance» etc.) 

tu Tieet the performance requirements of a specific/distinct 

operational phase*  As such» mode control Is more applicable to 

the single computer missile system where all missile functions 

must be executed sequentially yet still in accordance with the 

system sampling and computational time delay constraints. 

In contrast» totally distributed computer systems 

(Section 7) are characterized by the assignment of essentially 

autonomous functions to separate dedicated processors» 

eliminating the need for function selection control» (Ref. I). 

For the single computer case» Table 31 Illustrates the 

various function mixes required for each operational mode of a 

Class II missile with the initiating conditions for each mode 

shown In Table 32. Hence» for the single computer system» 

c nventlonal real-time computer programming practice applies» 

where e real-time executive program is used to monitor real-time 

cents/program interrupts» resolve priority conflicts and 

maintain smooth system operation to meet the mission operational 

re^ i r cments 

Ü 
i -i—■ üJMühifcii 
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TABLE 32 

MISSILE CONTROL MODE INITIATING PAiAMETERS/EVENTS 

CLASS 11 MISSILE 

C3\MaL M30t PARAHETER/EVENT SOURCE 

Test Po»tr-on 

Coaaand 

Launen aircraft 

Mlssllt Control set/unit 

Initialize Ttsts cospltto 

and satisfactory 

HlssiIs conputer 

tsst prograi 

Target Acquisition Hssd-siM 

satisfactory 

Launen aircraft 

•issilt control sat/unit 
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Figure 68 illustrates a modular hierarchical orogramiilng 

structure for tne single computer missile system where calls are 

made downward to subordinate program modules to select and 

execute tne functions pertinent to the active missile node. The 

net result of this mode control function Is the calling and 

configuration of specific function timing templates as shown In 

Figure 69 in response to mode Initiating real-time events.  These 

templates are structured into groups of minor Intervals (see tine 

line analysis of 6.2.2> corresponding to the shortest data 

sampling/update interval e.g.t stability loops« A complete 

template being determined by the longest data interval required 

in the function mix e.g.t guidance. 
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Flauraa 70U) and 181 ara flrat iavat flow dlagraaa 

llluatratlna tha axacutlva control function for Claaa It II and 

III alaalloa. Calla to eoda auporvlsor pro^raaa raault In thaaa 

aubordlnata aodulaa calllnf for alaalla fuldanea soduloa ta.o* 

Sit Sit Aft* 01 atc.l aa daflnad in tha Phaao 1 final ftoport. Tha 

axacMtlva and auaarvlaory proaraaa ara puraly logical In natura 

and hanca raoulra only "ahort" coaputar Inatructlona, Both 

f fi 

tharaCora raalda  In propraa/raad-only aasory. 
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l&aXJiüäA  - Figure 71 is a flow diagram off the Tost Mode 

Supervisor for either a Class Iv lit or III Missile*  Each test 

subroutine (See Section ^.91 Is Itself a block of code executed 

sequentially» and the call to the routine Is Merely a JUMP to the 

first location In the sequence. 

9ß*Q 

%S\ ääjB5 > 

.        II . 
I w 

TO AtMCMAFT 

rn 
{CAU 

m 

CAtc orxtÄ rfsr 
futtcnorts 

fvirÄ/77afc ^ C&HMAMO \ 
I 

/WWJ *V CCASSCS 14 a, 9 resrs 
AJU CMLCOi itt CLASS iff. 
it TESTS 

MO* m*e*r CLI 99 
ctJT Jt 

Figure  71  Test Mode Supervisor»  Flow Olagra« 
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At the time of the jump, the supervisor stores its current 

instruction address to return to the program when the test 

Subroutine nas been executed.  This causes the supervisor to 

checK a flag generated by the test routine» and if the test has 

been successful the next test is called.  Failure to pass a test 

causes a specific external status line to be set which alerts the 

lajncn aircraft missile control set to the no-go situation and 

sets the computer into a telemetry only mode until it is either 

snut down or a restart from the aircraft is received. 

After every two tests are passed» the telemetry program 

modjle (Section 4.8) is called so the state of the system can be 

assessed on tne launch aircraft.  Since the last test in the 

sequence is a telemetry test» the computer idles until an 

interrupt, generateJ by either the aircraft computer or by test 

personnel» is received» Indicating that tnese external monitors 

are satisfied with the system operation up to this point. 

Control is then passea to the executive which calls for the 

Initialize Mode Supervisor. 

Thirty  i^.t «ords of ROM program memory are needed for 

tne Test ^ode Supervisor of a Class I or il missile» while forty 

fignt are needej for Class 111«  Note that there is no Inherent 

throughput requirement on this mode» as each test is called only 

once; the requirement is dictated by tne amount of time allotted 

to tne overall test function. 

iaitiaJUia-HDiia - Unce the Test mode Is completed and the 

computer ano subsystem are Known to be working properly» the 
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executive calls the Initialize Mode Supervisor to ready the 

system for launch.  Several control flags are set to zero, and 

tne computer inputs the required data from the aircraft (see 

Figjre 111*     «hen this is cc pleted» the missile fins Utngs» 

tails) are commanded to zero degrees so unwanted aerodynamic 

mom nts will not be induced on the missile during launch* 

The only expected differences between missile classes in 

tne initialize mode are the number of Inputs to be read over the 

missile/aircraft umbilical. These inputs are listed in Figure 72 

and result in tne memory requirements shown for control of this 

mode. Again» computer throughput requirements are not affected 

by the initial izaiton procedure» other than tnat all pre*launcn 

functions must oe accomplished within some predefined time 

interval*  This interval should always be long enough that Its 

impact on computer speed is at most minimal, I.e.  it should not 

drive the computer performance and hence the size» »eight and 

power consumption of the machine. 
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Figure 72 Initialize Mode Supervisor Flow Dlagra« 

ExaiajincAJUilA - This »ode takes the ulssile fron 

initialization to launch» as shown In Figures 73 through 7S«  In 

Classes I and U» tnree distinct sub-aodes can be Identified in 

prelauncht  pre-acquIsItlcn» acqulsltlont and post-acqulsitlon. 

The first of these In a Class I nlsslle (Figure 73) calls for 

head-aim and telemetry lunctlonst with giabal angle conaands 

being received over the umbilical and compared with giabal angle 

readouts. Mote also that fin coaaands» zeroed during 

Initialization aode» are repeatedly sent out In order to overcome 

any possible 0-A drift* 

I i 
Head-al» continues until the seeker Is pointed to within 

soae predeteralned error from the coaaanded angle. Until tnis 

occurs» the aode supervisor keeps calling the head a la sequence» 

as shown In the figure. 
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Figure 7S Pre-Launch Mode Supervisor* Flow Diagram, 

Class III Missile 

Cycling is riCCOApi ished by neans of a WAIT rojtine (see Figure 

76) mhich altoui* the conputer to idle until the required number 

of milliseconds (B» in this first case) have elapsed since the 

sequence was last started* 

ünct* the pointing error is mithin limits» the acquisition 

sut>t.ode is entered* similar to head-aim except that acquisition 

signal processing is called after the Head-Ail program module* 

(For clarity in these mode diagrams* all signil processing is 

identified by tne call MGPRO*  The specific function being 

UL 
235 



[■•AVe LAST £tEC. Aooetiss     1 

-x M.' I 

(A)   Ma it Routine 

,"  . v\ xoir.: pjeoseAM JUMPS 
V 10 ruts Po//*r 

tvLXf Msec. I 

L". 
-   -\,//0   [CO  10   CO 

ZJ 

cutte** 

[GO  VO   * ''>/» v /^£f^] 

(6) Real-Time Clock Interrupt 

Rout i ne 

Figjre 7b Mode Supervisor Utilltlest Flo* Diagrams. 

accomplished Is evident from its location in the control stream). 

As Figure 73 Indicatest it is assumed that all of the acquisition 

phase functions can be accomplished In an d msec interval» after 

Mhic  the phase recycles.  If the signal processing operations 

overrun the interval» they can be handled as background/ 

inte-leaved functions» as explained below. 

When the target is acquired» the acquisition flag Is set» 

after which the Head-Aim module (S3» Is no longer needed. The 

•ee^er is then stablized along the line of sight by the Track and 

Strit libation routine» Module SI» called every 4 isec.  Other 

fun. tunb performed during this phase Include sending a ready 

indication to the aircraft» Issuing zero fin commands» and 
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telemetry.  Also on every pass a check is made on whether the 

umbHIcal has separated (which sets the launch flag)» in which 

case control immediately transfers to the Launch Node supervisor* 

If this has not occurred» the track signal processor is called. 

As the Class 1 controller is configured» track signal 

processing Is treated as a background function.  That is» it is 

not an operation that must be completed every 4 msec» as the SI 

and TELE functions must. Rather» If the calculations Involved 

are going to overrun the basic minor interval (4 msec for Class 

I)» the signal processing is interrupted and its current 

instruction address stored. The 4 msec routines are then 

re-executed» after which the tracking function resumes from where 

It had left off. That the function will be completed within Its 

allotted update time is assured by designing sufficient 

throughput capability into the computer. 

In general» all routines that run at a slower rate than 

the basic minor interval will be considered background functions» 

to be called as time permits. The Interrupt routine» triggered 

by pulses from th* real*time clock» is shown In Figure 4.7-9» and 

is used to control the interruption of the background 

calculations. 

Note that» if the target has been lost» the supervisor 

reverts back to the acquisition» sub-mode. 

The Pre-launch supervisory program for a Class II (max .1 

missile Is shown in Figure 74» and Is more complex than the Class 

I supervisor because of the attitude reference updating that 
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begins immediately after initialization (see Figure 5*2*5 of the 

Pnase I report). 

wnile tne basic minor interval is now 2  msec» missile 

attitude is updated every 10 msec» and velocity» position» and 

aerodynamics estimates are updated every 50 msec*  These last 

functions are considered background operations» while fhe 10 msec 

routine is triggered by a counter» C.  Note tnat either the 

bacKtjround or tne attitude determination can be interrupted by 

tne 2   m^ec CIOCK. 

Except for the added functions» the Class II mode control 

is essentially the same as Class I*  In Class III» nowever 

(Figure 75)» acquisition does not occur until after launch» so 

this pnase is omitted from the Pre-Launch mode» accounting for 

tne lower nemory requirement in the Class ill supervisor compared 

with Class 11* since the attitude reference functions operate at 

a nigner data rate in Class III» they have been removed from the 

bacKqorund OIOCK and placed in the main control stream* 

LauocD-HOdfc - The Launen mode supervisor for a Class II 

irissile Is snown in Figure /7.  In this mode» tne missile flies 

witnout outdance commands» tne fins commanded to xero» until the 

launcn aircraft is cleared» a duration of less than a half 

second*  In eacn class» tnerefore» tne supervisor Is a repeat of 

tne last phase of Pre-launcn Aode» with some iJdltlonai functions 

aoded to prepare tne misslie for other fllgnt pnases* 

Specifically» in eacn background block» the guidance filters and 

autopilot gain selection routines are no» included» so that their 
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transient responses may die out before their outputs are needed 

for guidance. 

Althougn only ihe Class II flow Is shown on the figure» 

memory requirements for all three classes are given* 

^.UM-lliUfi - Only Class 111 missiles execute an air slew, 

tne control for which is shown in Figure 78. Missile motion Is 

controlled by the slew algorithm (Module A3) and slew autopilot 

(Module A4); anu the seeker continues to be aimed by the S3 

modjle» driven by outputs from the attitude reference system» 

All other functions are the same as during Lajnch mode* 
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ÜidcouLsa-lüdÄ - in a Class 1 missile» Nldcourse and 

Terminal modes are the same» so a separate Nldcourse is not 

discussed«  In Class II (Figure 79), Hidcourse continues until 

e tner range-to-go or tlme-to-go drop below some specified value; 

proportional navigation guidance is used» the seeker Is 

stabilized along the target line of sight» and autopilot and 

attitude reference functions are executed at their required 

rates.  In short» all of the functions needed for guided missile 

fliynt are utilized Ir Nldcourse. 

Tne basic minor inter al is 2 msec In Class 11» and since 

tne paste autopilot calculations need only be executed at A 

?£') Hz rale» these operations can be snipped on alternate passes 

tnrough the supervisor routine* The attitude determination 

module» II» fahicn rjns at a 100 Hz ratet Is called by tne 

counter» C» tnile all of the slower 50  msec routines are handled 

as oacKground functions* As shgun» 69 words of program memory 

are needed for control. 

Note that» should the target be lost during flight» the 

executive does not 'espond by calling for the acquisition 

Supervisor as in Class 111 missiles» since the desired line of 

sight angle is not known, but instead sets the warhead detonation 

'las to initiate ~ ssilt self-destruct. 
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blocM  tna acquisition slsnal  procassor   Is callad  In addition to 

tna othar   IOM updata rata  routlnaa»    Onca tha targat  Is acaulradt 

tna axacutlva transfars control  to tha  foralnal  Noda Suparvlaor. 

Only 63 aords of pro«raa aaaory ara naadad  In this sodat 

a radüctlon  fro« tha Nldcourso  raqulraaant bacauaa tha  tasts at 

tha baslnnln« of nldcourso ara no  lonsar naadad* 
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laiJDloai.&fiile.   - Figure  81 shows  the  Class   I   Terminal 

Mode  Supervisor»   including  the  can   to  the  fuzing algorithm when 

estimated  time-to-go drops be'ow  a  specified  value.     The  minor 

interval   In   this  phase   of   flight   is 4 msec» and  seeker 

staotIization»  autopilot»   fuzing  and  telemetry   functions are 

called  at  this  rate.     Note  that»   should   the  target  be   lost at   any 

time»   the  warhead   is  detonated»  self-destructing  the  missile. 

T irov ao:*. 
r^ rco-x • 

A..  SfO«    T,ML        | ^Tiitä* 
J~ «0   70  /ä- 

t£*t 9«.   ST Oil 
eefkt VM, STOBL 
eeAö 4*, &rojtt 
*£At> ^.  sroec 

1 c*" u Zl 
OUTPUT   V# 
our pur v¥ 

■     t 
I    **" aTZj 

-<      VTA&Y ;      > 

■ y£S ( C/iLJ. 

j  ._.-Uj£5  '   -   -    ^ 
!  i       WH c<       j 

CAH   Ai. I £0M fiA£/*0lv.V9 

r ■VAT v 
I G0   r<:? ^ i 

Figure  öl   Terminal   Mode  Supervisor»   Flow  Dlagrai   (Class   I 

Missi le) 
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i hti maximum throughput reMulremunt for inod# control Is 

determined by the Terminal modef since all of the missile 

functions are being performed at this time and the number of 

supervisor operations per minor Interval are also a maximum»  For 
i ■ 

♦.        Class It 28 thousand equivalent adds per second are needed» along 

witn 48 word of RUM memory» 
I 

The Class II and III missile Terminal Mode Supervisors 

are shown in Figures 82 and 83, respectively»  They both have 2 

msec minor intervals, and to save time the pitch and yaw basic 

autopilot functions (outer acceleration loop closures)» which 

each run at ^ msec intervals, are split up and executed in 

alternate ninor intervals»  The Class II missile self-destructs 

when the target is lost» but the Class III executive transfers 

control back to the acquisition mode supervisor» Memory and 

tnrough^ut increase in the higher classes» Keeping pace with the 

increasing number of subroutines that must be called» 

Table 33 summarizes the memory requirements for the mode 

control function as it applies to the single computer system» for 

eacn missile class»  Including the two utility routines shown and 

a 3^* Increase for uncertainty» from 280 to 629 RQM words are 

n. eded. 

! 

Throughput in Kaps» including tn» 30% uncertainty factor 

i ranges Iroj 36 to 317.  Tnese must be included witi alt other 

missile functions «hen determining the maxlmu« compuxtr loads for 

a single central computer system» 
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TABLE 33 

MODE CONTROL FOR SINGLE COMPUTER SYSTEMS 

COMPUTER REQUIREMENTS SUMMARY 

(PROGRAN MEMORY t   THROUGHPUT) 

; i. 

OPERATING HÜDE 

MISSILE CLASS 

1        II      HI 

i i 

Test 38 

Initialize 12 

»Prelaunch 71 

Launch 21 

Sie« 

Mldcourse 

Acquisition 

Teralnal/End Gaue 48 

Utility Routines ilnterruptt Halt)     ZS 

Contingency 130*) 65 

Progra» Me«ory (NdsM    280 

TOTALS 

••Throughput IKaps): 36 

38 48 

26 48 

99 46 

47 52 

- 52 

69 69 

- 63 

71 81 

25 25 

113 145 

488 629 

105 117 

•  Classes I C II acquire In Prelaunch Mode. Class 111 

acquires during Acquisition (Post~Launcni Mode* 

•• Temlnal Mode» including 30* uncertainty factor. 

L 
TriHlTir« mm iTiniiir-nri-BT»1- mMiUm 3L mmm 



'*.8 lai&mfilo 

The telemetering of missile performance data to 

ground-based receiving equipment becomes most effective when the 

missile is flown in an all-up tactics! configuration and in a 

realistic intercept environment.  Consequentlyi in a digital 

missile the on-board computer system must be capable of 

supporting telemetry throughout the test flights and without 

interfering with the normal guidance and control functions. 

r ON-HaD OOHTUm 

noouN 
STORACI #/10M 

cuwinii itw 

«AM 
DATA 
STOiAGB 

—r 

HUX 
A-0 

ilMWWTKfti 

I/O 

cw 

SERIAL 
I/O 

»DU- 

SIRUi. 

DIGITAL    ^^   J 

PCH/m TIWNS- 
HITTE1 

J DOW- 
LIMK 

rAiAUJu,  oiscun 
DIGITAL   DIGITAL 

DISCRITE 

Hyure d<t Computer Controlled Telemetry Data Acquisition/ 

Transmission System Block Diagram 
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I 

i 

IP 
\ i 

Throughput and memory requirements for telemetry must 

therefore be added to the computer loads for nissile guidance 

Mnen specifying the computer requirements for a single computer 

system configuration» or, alternatively the telemetry load can be 

assigned to a separate microcomputer, dedicated to the telemetry 

function which in turn could be removed entirely from final 

production models of the missile. 

Since the data to be downlinked is stored In computer 

memory as digital words, the simple t and most accurate means of 

transmittal to the ground equipment is serial pulse-code- 

modulation (PCMl using frequency modulation of a radio frequency 

carrier i.e. PCM/M, 

Figure ö<t shows a modular on-board missile computer with 

data acquisition and transmission modules added for the telemetry 

function.  Analog test data (e.g. battery voltages, analog 

picK-offs) are time multiplexed for sampling, A-0 conversion and 

direct entry into assigned locations in computer neiory (RAH). 

Parallel digital and discrete data sources (e.g. shaft-encoders 

at i relays) are input to adjacent RAM locations via programmed 

input-output channels.  The data to be telemetered should be 

ordered into contiguous locations for 
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sequential access and output Nord-serial, bit-parallel to a 

buffered serial I/o channel which temporarily stores and converts 

eacn parallel computer word into a serial bit stream» adding 

message synchronizing, control and word parity bits«  Completely 

formatted messages can then be output to a modulation module (1/2 

iDodem) tahicn converts tne serial bit stream into a frequency 

modulated signal for transmission via the transmitter and antenna 

to the PCM ground telemetry facility.  Figure 85 shows typical 

PCM telemetry formats for missile flight testing« 

; i 

FRAME SrNCHAONIZATIOM   WORD 

FWI FUI2 Ml 

SO   X   IO   BIT 

WORDS/FRAME 

FM 
SO 

I 

S/F 
W5» 

ISUB- 
f FITAME 
3zn?Ane 

l~RAME    RATE: 
B\r   RATE: 

20   re«   &£d<rPERlOD-ffOMSCC^ 
10 KBPS 

figure 85 PCM Telemetry Formats 
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In single computer system configurations telemetry is 

Jjst one of many functions the computer must execute« and hence 

data transmission can not be performed continuously as in analog 

or federated/distributed computer systems. Teler^try data must 

tnerefore be arranged into blocks of words which can be sent out 

at a rate of one block every minor timing Interval (see 

Subsection 6.2.2)t and formatted with parity» identification CIO) 

and synchronization Information to permit digital decommutation/ 

denu itiplexing by tne ground equipment. 

In a federated/distributed computer system a processor 

would te dedicated to the telemetry task and consequently tne 

timing constraints are relaxed. 

Since the single computer system presents the most 

critical case for computer sizing purposes« the following 

discussion will be confined to this method of Implementing the 

telemetry function. Computer control of the telemetry function 

in a single computer system is performed as follows.  During each 

minor lining interval« the active mode supervisor calls the 

telemetry subroutine which Is indexed to transfer sequential 

blocks of data to tne serial 1/U chcnnel. A beginning of block 

(BQti) address pointer (11 is used such that prior to exiting the 

telemetry subroutine« I Is Incremented« so that on the subsequent 

call a new block of data can oe accessed. 

Tne telemetry subroutine TELE Is shown in Figure 66. 

Deper^ing on the current mode of the missile (Prelauncn« 
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Figure 86  YELt Subroutint» Flow Oltgri« 

Hidcourse, etc«>t a difftrtnt initial valua of tht BOB addrtss 

pointer I Is chosen, as MO 11 as tht final value the pointer will 

have within the particular «ode» hence» the data block to bo 

transferred can be changed fro» «odt to node» If desired. 

i i 

A separat» parameter» J» is usod to keep track of analog 

inpjt paraaeters not ustd In nlsslle guidance coaputations but 

required for telanstorIng» The coaputer reads one of these 

voltages on eacr. pass through the subroutine and stores the value 

In <A* meiory froa which It Is called later for transalttal. 

Jnctf teadt therefore» an analog quantity can oe treated as any 

other variable In a »articular data block. As the TELE 

subroutine is configured» the saa« analog signals are read 

regardless of aisslle aode.  This arrangeaent could bo aodifled 
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by a  software changer   if  desired 

: I. 

The first word output during each minor Interval is the 

data block Identifiert which is the current contents of the BOB 

address I pointer.  The word contained In meaory location I is 

the address of the first data point In the particular data block 

being called.  The subroutine tften autonatlcalIy Indexes through 

tne string of variables until a progrmned nuebert K» has been 

output» i.e.  end of block. Following this» 1 is Increnented so 

that in the next Minor interval the next data block will be sent 

oat.  If all of the data blocks for a particular node have been 

sent» the 1 Is reset to its Intial value for that «ode» and tne 

entire process recycles. 

By organizing the required data Into blockst it can be 

readily changed fro« flight to flight and also fro« «ode to «ode 

during a particular flight» since the pointer register 1 points 

to the address of the first word in the data block» which in turn 

is used for »relatively addressing** the teleaetry data. 

i 

Tables 3<»» 35» and 36 list representative blocks of data 

by «isslle class. For Class 1 and «Inlnua Class II «issiles each 

data olock is llaited to 2 words» to •inlaize the computer load. 

For aaxiBu» Class II and for Class III «issiles» teleaetry data 

blocks contain 4 words each. The oata shown In the tables is 

based on the algorithms used in each missile class» and these are 

listed in Chapter 5 of the Phase I Final Study Report.  Two 

analog voltages are converted and telemetered for each actuator 
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and gimbal and for the receiver electronics*  Test flags included 

in the lists are internally generated indications of the status 

of tebt rojtines that the cowputer runs through prior to launch. 

Tnese Mould only be telemetered prior to launch. 

Although a certain number of data blocks are projected 

for each missile classt any particular block can be sent out it 

any desired rate.  Assume» for example» that in a minimum Class I 

missile all 16 data blocks are to be sent out each major 

telemetry cycle» and that it is desired to transmit the antenna 

rates» block 15» twice as often as the other variables*  If the 

dJB addresses occupy location 100 to 117 in memory (corresponding 

to 1 -   100 to I « 117)» then all that is necessary to send block 

1> twice as often is to put tne BOB eddrass for this block (e.g.» 

tne location of B*  1 in fcotn locations 105 and 114» and to add 

location lid to the memory requirements for the teiemetry 

function. 
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TABLE   35 

TEUNETftV  DATA   LIST 

CLASS   II   NISSlLf 

Blochs   i   througn 11   of   class  1  Hittllt  Otts plus tht  fallovlng: 

BLOCK   NO. ^AftAIEfER 

NAIIHUN 

CLASS   II   INII1.I   DATA  PLUS  THE 
FOLLOWINOt 

2. 

3. 

fc. 

S. 

S. 

}. 

«. 

10. 

II. 

Actuator   O volt* 

;2) 

6) Coaaan« • 

63 

NA Uiial  Ace.)      • 

*■ Uoil  lotfy Aatol 

A    INaaturo« ANT) 

•    IEatUato4 HIT) 

t    llstlaata^ vc  ) 

SB   IAOH   nn C«MaMI 

So  inter» Fin COManol 

6y  I fa«  Fin CoMan#l 

C,   lA/o  Oalnl 

Ct IA/0  Cain) 

C9 IA/P Cain) 

R    IF) itor  Cain) 

C    IFIIttf  Cain) 

M    iFHiai Cain) 

trft  U4«ona Coao.l 

€rf   l"o«ono Cono.) 

ar   lift.  Ace«) 

BLOCK NO. OAKANETEB 

U. Actuator 0A volt * 

12) 

&4 Conaanw 

6h 

11. A iNaaaura^ Vc ) 

Nu ICovarianca 11an) 

M|t Kovar lanca Clan) 

14^ICovarianca flan) 

I*. 

ft. 

0t I Ball  Connate I 

a»  IB. Ant la of   Attack) 

«, iv. An9lo of  Attacm 

0 IDyn. Btoiovfo) 

A  ISAI  Etanonts 

Mloolio naoo 

1 INAI ItoMntt 

wtvst    At» f lava  1)  mat.: Data Bloeha  contain 4 vatlaoloo. 

Inolcotno «ata oioco  la sont out at a Hlffttr  fata  ln«nlMl  alt 
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« *' 

I     J 

4. 

TABLE 36 

TELEMETRY DATA LIST 

CLASS III MISSILE 

Class I: Blocks 1 through 21 

Class 11: Blocks 1 through 16 

Plus the foilOMlng: 

HIN1NUH 

BL3C<   MO. 

1. 

s . 

PARAMETERS 

OCY ISaoker Coap.) 

GlP (Saaktr Coap.) 

Tc fSaaktr Coap.) 

Tul   Hrack Oual Ity 

Indicator) 

4 calculatad aaro 

varlaalaa 

vc CGultfanca Gain) 

Vg (Gjluanctt  Gain) 

Pj IGuidanca  Gain) 

Pj (Gu I da net  Gain) 

Arrangad   In blocks of 

4 varlabtas aach 

MAXIMÜH 

BLOCK   NÜ. 

<►. 

5. 

PARAMETERS 

4  |P|   ataaants ♦ 

of  aaakar  quadratic 

control 

K1 ISIa« A/P Giln) 

K2 ISlaa A/P Gain) 

U2 ISlaM A/P Gi$nl 

Ü.3  (Slaw A/P  Gain) 

i 
tr.aiiiits  it4 block Is aant out at a hlghar rata (noalnal K? ) • 

Ü 
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Memory requirements for the telemetry function are listed 

in Table 37.  Data memory locations are included for each value 

of I« (assuming a software pointer) and locations must be added 

for tnose olocks that are sent out at a higher rate 

i.e. repeated.  For the purposes of this study, those blocks 

listed with an asterisk in Tables 34 through 36 are assumed to be 

sent out twice as often as the other var lab les, resulting in the 

additional locations shown in Table 37« 

In each telemetry mode, an initial and a final value of 

the BüB address pointer (I) must be provided, and in Missile 

Class i and II 3 telemetry modes are assumed:  Pre-Launch, 

Pre-Acqulsition; Pre-Launch, Acquisition; and Post-Launch*  The 

first of tnese covers testing and missile checkout prior to 

target acquisition and the second covers all activity fron 

acquisition to launch«  A Class 111 missile breaks the 

Post-Launch mode into Launch/Slew, Mldcourse, and Terminal modes, 

since in this Class each of these modes may have widely differing 

character ist les. 

Last'y, space must be provided for each of the analog 

variables that are read into the computer prior to transmittal. 

ihtje were i is tec in previous tables, and their nunoer is shown 

ia laote 37.  Tne jjbtotal of RAH data memory locations is shown 

anj l\j%   of this subtotal is added for contingency purposes.  The 

TkLr subroutine of Figure 8<> requires approximately 50 words of 

program meiory iRCi) resulting in the total memory 
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TABLE   37 

TtUMtm  COHPUTER   REQUIREMENTS   (MEMORY) 

1  '* 

t MISSILE CLASS 

MEHOAY I 11 III 

I      I' 

ASSIGNMENTS MIN MAX MIN MAX MIN MAX 

Data Blocks 16 21 32 21 24 26 
S    i " 

Repeated Data Blocks 2 <* 6 4 5 6 

■ Te lemetry lodes 3 3 3 3 5 5 

) (2 Locations/Mode) (6) (6) (6) <6> (10) (10) 

Analog Sources 13 13 15 17 17 17 

SliSTaTAURAM) 39 44 59 48 56 59 

20* ContlngencyUAi) 8 9 12: 10 12 12 

■ i 

1 
j         i 

Programs i^OM) 50 50 50 50 50 50 

f         j 

TOTALS   RAM! W 53 71 58 68 71 

1f 
3 

ROM: 50 50 50 50 50 50 

ae -i ra^n'■•■ n urm-riii''- ^^ ^:..,:.., ...„.:■   ^jumami^ rumai 
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requirements shown In the table* 

Using tne smallest Intervals shown in Chapter 5 of the 

Phase I Final Report ano assuming 16-bit words are downl InKedt 

bit rates from 12 Kilobits to 40 Kilobits per second are required 

depending on missile class* (Table 37). 

The telemetry subroutine» except for the read function» 

is composed of short operations (load, jump, etc*).  Analog data 

inputs are assumed to take 10 add times each« 

TABLE 38 

TELEMtTRY COKPUTER REQUIREMENTS (THROUGHPUT t   DATA RATE) 

PARAMETER HIN MAX 

MISSILE CLASS 

11 III 

MIN    MAX    MIN    MAX 

Hinor Interval (msecs) 

Computer Wds/Minor Interval 

Ser ial bit Rate 

U i lobits/Sec) 

Data Kepetit ion 

Interval (msecs) 

4.0 4.0 2.0 2.0 2.0 2.0 

3 3 3 5 5 5 

12.Ü 12*0 24.Q 40.0 40.0 40.3 

72.0 92*0 72*0 46.9 54.D 60.D 

C3MPJTER   THROUGHPUT   (Kaps) 16.0       16.0       3Z.0       36.a       36.0       36.D 

nnii- --^.-.^—^.-..-^ 
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^.9 lasi 

For the purposes of this study missile readiness tests 

encompass the on-board computer is)t guidance and control 

programs, input-output interfaces, telemetry, seeker and missile 

control servos.  Such tests are performed by the execution of 

test program modules in the on-board computer(s) prior to missile 

launch and in response to a command from the aircraft 

avionics/central integrated test subsystem (CITS) computer via 

me umbilical interface.  Test programs are therefore assumed to 

be executed off-line without severe timing constraints with 

memory requirements becoming the chief consideration. 

In the case of a single computer system the execution of 

all test programs depends upon the serviceability of the missile 

computer, specifically:  the I/O channel, CPU, program memory, 

data tnamory and power supply.  A single failure in any one of the 

latter computer components would therefore inhibit missile 

suosystem tests. 

For federated/distributed computer systems the 

avionics-missile test command would be distributed to each 

subsystem computer, such that, a computer failure would be 

s^niiomoub with a specific subsystem failure, (e.g. radar sensor, 

U udfisor, guidance, autopilot, fuze, telemetry), thereby 

i^jlating a fault to a line replaceable unit (LRU). 

In all cases» test result reporting is in tne form of a 

"go/no-ctO" indication to the launching aircraft avl onics/C ITS 

computer. 
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^•9.1   LQLOLHeL.ieltrlasts 

iQaini£lIxiD.£^fi£iiXiaü-Iüsl- The first computer self-test 

is an operational check of the instruction sett using the central 

processing unit (CPU) and main memory.  Operands with predefined 

bit patterns» such as all I9s or alternating Irs are used to 

ensure that subtle failure modes are not present in either ihe 

CPU or in memory transfers.  Figure 87 is a fI ON diagram of the 

instruction test mociuie» ST-1, 

CMSTAMT'. AlD-M/mt BIT MfTS/MSi IMAXMO. OF W/T/AL 
BIT PATTIMS)}  AMAX 

iMmAUMi^nmi-o zmx~*,ca 

 1  -», aar 

AZirHMBTK.  CH£C*- 

^«6 

Htfl b\i wrBts~\ 
j _A_\AU) K^felAMX 7y 

|5£r fi^Grt . i 

ouytyur\ fitG'i 
(TtTF) 

Figure ö7.  Computer Instruction Test Program Module ST-1» 

Flow Diagram 

■ i 
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Fojr basic arithmetic operations are performed on the 

operand A» whicn could be unity on the first pass through the 

routine.  Pre-computed results are stored in main memory to 

verify each test result* On subsequent passest the single binary 

"I" bit is placed in increasingly significant bit positions of 

the A wordt and the arithmetic operations are rechecked.  When 

eacn bit location has been exercisedt two "I" bits (e.g., binary 

101) are placed In A» and the entire test recycles«  In addition 

to arithmetic and logical operations Jump instructions» indirect 

addressing, and shi't operations are checked in the process, 

prior to any other tests being conducted« The output of this 

test is a go/no-go flag Indicating whether or not the test was 

successfully completed« 

Module ST-1 occupies approximately 50 words of read-only 

program menory with read/write memory being used for intermediate 

data storage* For general register machines the entire test 

would be repeated using different operational registers and 

associated instructions« 

Data memory requirements for module 5T-1 are 10 plus 1 

for every initial value of A« Requirements for this and other 

modules are summarized in subsection <>«9«<»« 

;1 

i.^ .., .,„ ... ... n^gj^gjg^i-mj,   -    .■-,,,    ... i-ii^iiniiiii-iiiitiiiaiitiiriMri'iiiiiiiiiifci'i ülut-^liM 
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E£.üsxaA_&ftOi>r*_Ia£l - In read-only or prograaaable 

reao-only uemory, (P)KOKf tastSt programs tablt-looK*up and 

discrete constants are checked by adding each word successively 

In the CPJ and comparing the total sum with a wchecK-suir word 

wnlcn is the last word in memory.  Figure 88 is a flow diagram of 

the program memory test module ST-2.  This routine is common to 

all missile classes since It is a repeated do-loop» 

COHSrAAfrs.PMt.PMiW iFteSJAMb LAST LpCATfOffS OF PHI)i OMJ, MLW 
CF/tST MO LAST LOCATtcm OF MO 

lSiJ/ALIlL*VOtiMrmJ,t FLAGTt-O. 
m* ZUSLOM 
DM:   5 *0* 

S MAM 

NO 60 **< »-Of ^ r-J , 

\—<^liL!—^— "it w - oMt J<? -f e« 
r^- t*£* \coimi* 1.1 jC«/fl 

rK*"'iif%  FiAQIZ 

Mgure  88.     Computer   Program Memory  Test  Hodule   SWt 

flow Diagram 
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u 

Üala-üßB»ßLy_IfiSl. - Read/write meaiory (RAM) is checked by 

first writing a specific data value in successive nemory 

locations and tnen reading these out and checking against the 

fixed reference value for correctness«  Figure 69 Is a flow 

diagram of the oata memory test module ST-3 which checks every 

memory location in this way» using data word A» which can be set 

at different values on successive passes through the routine for 

added confidence in memory operation.  Approximately 3tJ words of 

program memory are needed for this routine« 

COWSTAftrs.eA/*„ (MO. Of  LQCAT!ON%   iH JAM); ATTEST  WOJtbS); 
IMA% (MO.  OF TEST  IVOfDSJ 

lA/tr/ALIZC-FLA6TJ~ O. 

•.(„etu 
-e. am 

r-o 

[    JO*0 
J--1 
LÖAb   A(I) 

jfOtt   IN  KAM* \ 

AOO££SS> I—is****** rn 

iMiir 

flAGTiml 

Ojrrur. riAaT* 

riyure 89.   Comput r Oata Memory Test Module 5T-3« 

t!DM D lagram 
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üaaiaxiüoalZIaüliLai-iflilMa^a-Iftala - Tactical software 

^ests complement the previous test In that Instructions and 

jienfiory are checked simultaneoasiy using actual operating 

subroutines.  As an example the flow diagram for module 5T-4 in 

Figure 90 defines a set of inputs for the basic track and 

otac/i I Ization program module SI of a Class I «issile (see Figure 

<».1.39 page <*-U of the Phase I Final Study Report) executing the 

module and comparing the outputs with the expected values which 

nave been precomputed and stored In program memory. Obviously, 

this test can be run on one or all of the tactical subroutines» 

but if all of the previous tests have been successful It is only 

necessary to execute those modules which make use of a wide range 

of instruction words and us« widely separated memory locations* 

K   he purposes of this study, it Is assumed that two 

subroutines are called for Class I missiles, three for Class 11, 

and four for Class 111. Further, an average of 6 set Inputs and 

* expected outputs are assumed for each routine tested, leading 

to tne requirements listed In subsection 4.9.4 for each missile 

class. 
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COVSTAHTx £V#>£*V  iC-VZCUb  VALÜS3 OF OUTPUT*) 
iNITiAUZLx ntGTVmO. 

OUTPUTi FLACTV 

Ct/yrgQ 

FOP. THIS LJLAMPLE* 
PM =?g 
DM = ; «>»M 

IV - -0,1 
tit - o-« 

ö«T» -/.0 
r, - o.os 
CcPm  ~0 05 
Cej" 0.026 

INPUT 
CONSTANTS 

0 MOM ♦ 
CALL VMACK. Mb 

STAB'  mOOtlLg 
£1£*CI3T. 
ALGOß/Tm 

<: ^. 

FLAGTymj.        \ 

QHD 

Figure 9CX. Coaputtr   Optratloml/Tictlcal   Softwtrt   Ttst  Hodult 

ST-<>t   FIOM Olasran 

4.9.2      CflaflüiAi^lDiarlaca Taata 

I^a,JjojaxiiftliüD-Iiali * Tha «xt cut Ion of  coaputtr 

input-output   Instructions and assoclatad data  transftrs ovtr  tht 

i/0 cnannals art chtcktd by ttst program Hodult   IT-lt   (Flgurt 

91)t  using tlthtr  an txttrnal   addrtssabU oufftr  or  spart  0-A  and 

A-0  cnannals conntcttd  back to back.    Sptclal  bit tast patttrns 

art output as data Mords to tht dtslgnattd txttrnal   dtvlct 

tbufftr or  0-A convtrtor)   and  transftrrtd back  fro« tht  bufftr  or 

via tht A-0 convtrtor   for  wtrlflcatlon against  tht original  ttst 

Mord*    Assualng 5 dlfftrtnt bit patttrns art stnt out and 

cotpartd*  «taory  rtqulrtatnts  for  tht  routlnt art approxlaattly 

20  for   prograa and b  for  data. 
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C0ff3TA*Tto A (DATA m)*Dl),   IMAX (MO. Of OATA  VWXOt) 
IHlTIAUltx FLAQTSmO.   (1MAX»S) 

dumb '*' 20 

Z *Am 

LOAO  ACD 
OUTPUT Tu Ö-Ai 

 i ~ 
L fr^ftTI 

0 -Iflft MH > 1 v 

ALumi* zzm^izr 

OUTPUT* FLAtTS 

Flgu*rt 91.    Cooiputir   1/0 Instruction Ttst Modul«   IT-Tt 

Flow Olagrt« 

! i 

jLnaixm-aülliftiiisf ArO^CumotLixu, Idita * This tost  Is 

slailar  to tho  I/O Instruction tostt oxcspt tust Its purposo Is 

to choca-out analog »ultlpltxar  channsls and associated  A-D 

convsrtor.    Modulo IWt F Iguro 9a Is an oxpanslon of   IT-l  with 

Mora oxtsnslvo bit pattorn chocks to onsurt subtlo falluro sodas 

aro not prosont  In tho   Intorfaca hardwara»    Slngla or »uitlplo 

bits ara ptacod  In tho  tost words A In  ths sasa aannar  as Modulo 

$T-1,    Spart channals ara assusad  In aach aulltplaxar togothor 

wltn  two dadleatad 0-A con«ortors.    Tho data «aaory  roqulra«ant 

Is 9   locations (including S  Initial bit pattorns of   Al»  whlla  tho 

roqulrod prcgras «aaory spaco   Is  30 words. 

■ m !■-—     — -^-^   — tfA •AMMiMMikta 
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CQhSTMrS: A (ÜAJA   *Q*l>*>i IMAT (00. OF 0*7A WOttmi  AHAX 
imr/A^IZB* fLA&TtmQ. tr^^    « 

. . (IM AX» 5} 

, -   ♦   , ©M ■ 7 torn 
LZZJ^ZZZJ Z*A* 

\ LOAb ten wiumrtt Lmt,> 
—J oujpui ro 0-At k- 

| ouipgr TO O-AM I 

WAJT          1 

j  ' 

~E  

< ItlMAll      ^M  

OUT PUT v  fLAGTU 

Myure  Hi.    Analog Mulltpltxtr   A-D  Convtrtor   Ttst  Hodulf 

Il-it FIOM Oiagraa 

Aoaiüa-üülilaiajiÄi-AcOZÜÄA^iJOÄÄXlfii-lftUJ-laaJta - An 

•xran^lon of   the   1T-2  «odula  is  rtqulrad  to vtrlfy  that   for  zaro 

digital   coaaands to tna  saaliar  glabals and control  actuators tha 

putfom and  fin positions ara  correspondingly  at 

zero/undaflactad*    Modulo   lT-3t  shown   In  Figure  93»  accoaplishas 

me   iatiar   task,     Tnt asount of  prograa «taory  naadad daoanos on 

«isMie  cli&b»  as  snonn.    Mora tutanslwa  1/0 tasting of   this 

naiure  can  be  accoaplisned  nitn  the subsystem  tests discussed   in 

subsection <».a.3. 

■    1M   ■       ■   M      * 
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ItflT/ALlZe* fLACT7»0 

f/m V    CI 
*    CM 
9 em 

rmm tit* 
öMm i tem 

IMAM 

oum/r* WLmrj 

UMTIM) 

I«O 

AmO 
OUPUT A   TO Ö'At 

[ 

OUTßUT A TO  &A0 

(ttMtAL COMAtAtttÜ 

(ire) 

WAIT 

JO 

r 
Ufi^ 

3E 

|rc>«MM. %,7Ati i. ire.) 

IE. 
i     #<.A6r7»i 

1      | 

Figurt 93. Analog Mulltpltxtr A-O/O-A Convtrtor Ztro Ttst 

Modul« 11-3, Flo« Olaora« 

aabi.Ii£ai.Iaal * This tost laqulras Intaracüon Nltn tha 

aircraft avionics coaputar • Tha »laalla coaoutar aandt spaclflc 

oil pattarns to tna avionics coaputar f&r ratransalaslon back to 

tha alsslla coaputar for vor ifIcatlon. Nodula IT-4 parforaa thla 

>sit and Is Idantical to 17-2* Prooraa aaaory raqulraaants 

total Zb  locatlona. 
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Ines«  tests exereis« the  seeker   giftbels control 

actuatorst   menial   sensorst  and  telenetry subsystenst  and also 

serve  as an  additional   checK of  0-A and  A-0 operation«     In 

tactlcaj   situations requiring fast leaction tinest  the seeker  and 

actjator  tests Mould  not be practical   due  to  the  response  time  of 

the  servos. 

Ia££Al_iftAfcft£_(»l«fcU_lAala - Module  Sü-l»  Figure 9<»v 

outputs  a  step cooinand  sequence  to each  of  the  seeicer  giebais   in 

\urn.     A^ snonn»  the  sequence*   In degrees of  gi»bal   anglet   if   iv 

3»   -2*  3t  <»f   Ot  -a*  0.*.etc.»  up  to t »axiMun value   IMAx.    Note 

tnat  the iEAO km subroutine  (Module  S3t  Phase   I   Final   Study 

Report)   Is needed  for   this  test   in order   to  close  the  glsbal 

servo   loops»  and that  this subroutine Must i?e called at  6-16 «sec 

intervals as deterained by  the  real-tl«e  clocic«    The acceptance 

or   rejection of  the gisbsl   response»  honever »   is not «ade until   a 

pre-deteralned  tl»e  IDTlMt)   after   the  step coeaand nas  been sent 

out.     inii  dflay  tise   is a  function of   the st^p  size»  as 

indicated  in  the algorithm« and allows   the glebal   sufficient  tiae 

ta  reacn  the  desired  angle. 

Progra« seaory  requireaenis total  40  locations  for   this 

module»   and  data  aeaory  requiresents total   12» 
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r "if)T/Af/C -- TABU (STE fj 

I. 

TNrtr&m 

/)WA /   ; 1 r- I 
A'£W i't • ['.', /.AW 

i 
L  a NO/ 

NOH-ZLBO 

fyes 

r .&.5- . PAf=  HO 
L^^^r-JL-J        D/M» / äO/M 

üIJ: tur\ {:.nM v 

Figure 9<»,  Target Seeker Gimbal Test Module SU-11 

Ftota Diagram 

1 

] 

ilissliE_£lD-_4i:lüalxix-Iaala - Control actuator tests are 

not practical for »i ng-nounted missiles due to the resulting 

moments applied to the missile and pylon* Class III missiles 

installed In a bomb bay could be sequenced through step response 

tests of various amplitudes (positive and negative) to Insure all 

four fin actuators «ere functioning properly. Hodule Sü-2 

performs this test« and Is similar to Sii-li except that four 

actuators are tested instead of two gimbals» and an actuator 

position loop closure routine Is executed at a higher rate 

instdad of the nead-alm routine*  Memory requirements are 

unchanged from Module SU-1» since tte routine cycles through the 

sane locations for each actuator tested. 
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InaLllai-SAna^X-Iaaia - Inertia! sensor tests require 

interaction between nisslle and launch aircraft. The aircraft 

computer is required to transfer via the umbilical instantaneous 

values of aircraft acceleration and rotation rate.  The missile 

computer program (Module SÜ-3» Figure 95)t compares these with 

values inpiut from the missile Instruments using predetermined 

error margins. 

To minimize these errors the time interval between 

aircraft instrument readings and missile readings should be 

small.  It is assumed that any orientation difference between the 

aircraft and missile inertial systems are compensated for in the 

values transferred from the aircraft. 

For the three accelerometers and gyros tested» the 

program memory requirements total 31 locations for Nodule SU-3» 

and data storage totals 5   locations* 

(iHTEt) 

CAU   TO* AfC 
\AeC£LeeOMBT££(I)\ 

I 

.f r; -s 3 Acea££CM£ n&j 
*£• 

H 
TJJ. 

CALL roc /./c   1 

'      I      
■—m—' 

J &*0S y -ffri v  

OUTPUT x   fLfiSH 

riAfimi. 

QHD 

Figurt 95.    Inertial  Stnaor  Ttat N.dMlt SU-3, FIOM Oiagra. 

273 



IaJL&AAli.*_Iaal£ - The telemetry function is checked by 

outputtlng a multi-word test message for verification by the 

aircraft computer and ground test personnel prior to missile 

launch«  The telemetry test program Kodule SU-** is shown in 

Figure 96» with the missile computer outputtlng the required data 

In the first part of the routine« The computer waits for an 

interrupt from the aircraft computer which confirms an error-free 

message and initiates the next missile mode.  If a discrepancy in 

the received data Is detected this interrupt would not be given. 

i 

(emf) 

fMOUTPUT A(I)   TO   TlLt] 

r-x>i 
I 
l (dLÄ9s'l $ S) 

L 

WAIT 

r-i 
i 

*iAtl8TO*£ 
UPUKK WOtOS 

<¥K>gtKVmAlX)iy£Qm.M0 90 

Figure 9b» Telemetry Test Hodule SU-<»» Flow Diagram 
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TacticaMyt the telemetry test Mould not be performed in 

a Class I or II missile.  In a Class III missile» where a command 

linK exists between aircraft and missile» the aircraft would 

transmit the test message back to the missile for verification 

and the data link established.  This Is shown in the second part 

of Hodule SU-4. 

Assuming a 10 word test pattern» memory requirements for 

the first part of Module SU-** are 7 locations for the program and 

12 for data with the complete module requiring 24 programs and 22 

data locations« 

^•9.4  Ca3&uXAL.aeaulx.ABa£la. £uaaai>* 

A „omplete listing with summary descriptions of the 

missile test modules is given In Table 39. Memory requirements 

for the test algorithms are summarized in Tables 49» 41, and 42 

for each missile class«  Total memory requirenents (programs and 

oata) for test purposes range fro» 360 to 698 locations. 
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TAßLfc   ^ü 

Hl^Sllt   TEST   CÜMPUTE«   REQUIREMENTS 

CLASS   1   MISSILE 

M30JLE PROGRAM   MEMORY        DATA        MEMOt 

(RUM) «ROM)      (RAt : 

EXECUTION   TIME 

(msec) 

;   - ST-1 50 

i 
ST-^ 26 

bi-i 30 

i    l- 
ST-«» 62 

5 
IT-1 

IT-2 

20 

30 

IT-3 16 
4               S 

1 SJ-l <»3 
i     •• 

SJ-^ 7 

TOTALS! >bl 

6 

5 

7 

0 

6 

7 

L 

7 

11 

50 

8 

5 

3 

1 

2 

2 

2 

5 

1 

29 

0.2 

9,0 

5.7 

i.a 

0.2 

1.9 

0.1 

* 

0.2 

18.3 

(Plus  Gi«bal 

excursion  tlnel 

♦-  At suiting  I //stc  add  time 

lOyusec   input/output  tine 

<   a^verai   saconos  needed  for  ginbal   trave 



TABLt   41 

tmSlU   TEST   CüMPUTER   REUUlREHtNTS 

CLASS II MISSILE 

H30JLE    PROGRAH HEHORY   DATA   MEMORY 

UUM) «ROM)  (RAM) 

sw 100 

ST-2 26 

ST-i 30 

ST-4 93 

IT-1 33 

IT-^t 3ü 

IT-3 1b 

SJ-1 40 

SU-i» 7 

TDIALS: 364 

a 

5 

9 

0 

6 

7 

1 

7 

11 

S4 

8 

5 

3 

1 

2 

Z 

z 

5 

1 

29 

EXECUTION TIME 

(nsec) 

0.3 

23.1 

21.9 

1.5 

0.2 

1.9 

0.2 

0 

0.? 

49.3 

(plus 9lBbal 

txcurslon tlte) 
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TABLE ^2 

MISSIlt: TEST COMPUTER REQUIREMENTS 

CLASS 111 MISSILE 

; i 
; lüÜJLE PROGRAM MEMORY DATA MEMORY EXECUTION TIME 

- 

(RUM) (ROM) (RAM) (msec) 

i    ! 

■ 

ST-l 150 18 14 0.4 

ST-2 26 5 5 51.2 

i 

ST ^3 93 

12<» 0 

3 

1 

36.5 

2.0 

IT-l 20 6 2 0.2 

' - '    : . IT-2 30 7 2 1.9 ; 1 , 11-3 21 1 2 0.2 
f 
i * * IT-<» 25 7 2 1.2 

l            i Sü-1 40 7 5 • 

I  - 
SO
ä
2 40 7 5 • 

J  L SJ-3 31 0 5 0.2 

S^-4» 24 11 11 0.4 

i 

TjTAtS: 561 60 57 94.2 

\\ r 
Mi 

(plus glabal and 

ftll txcursion 

tint) 

2£L 



Also shown in the tables is an istlmated execution tine 

for each of tne modulest assuming 1  sec add» 6 sec Multiply and 

data input or output 10 sec» and A-0 conversion tine 10 sec. 

rtitn these nominal values» the total time needed to run through 

the complete test routine varies between 18 and 95 msec» 

depending on missile class.  As mentioned previously» throughput 

is not important since tests are executed before launch 

i.e. off-line.  In a tactical situation a launch de'ay of less 

than 100 nsee is assumed to be acceptable. 

Execution times for the control subsystem test modules 

Su-1 and SJ-2 are not given In the figures» since the time needed 

for gimbals and/or tail surfaces to move through about 100 

degrees of travel each 40uid be measured In seconds instead of 

milliseconds and would render the other module execution times 

insignificant.  The number and the size of the steps could be 

reduced» of course» but tf.e total test time would still be 

oominated by these servo control checks. 

Apart from tne foregoing servo tests» memory checks 

reqjire tne most time to execute» since every word in ROM memory 

is readout and added and data Is written into every RAM locavion» 

readout» and compared to the reference word.  The number of 

r mory locations used in the sizing was determined from the 

maximum values listed in the Phase 1 Final Stady Report» Plus tne 

numoer of locations needed tor test» telemetry» and mode control. 

Mhen computing execution time for Module ST-<». an average 

of ^oo equivalent adds was assumed for each subroutine tested. 
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5.    DIGITAL MISSILE PERFORMANCE 

Slinutatlor*« and analysts Mart ptrforaad for tha functions 

of astisation» guldanca autopilot/control and signal procasslng 

to conflra tha algoriths fornulatlonsv digital laplaaantatlon 

raqulraaants and to davalop function parforaanca varsus algorlth« 

coaplaxlty data. 

Tha parforsanca of tha systans undar consldaratlon oan ba 

axpactad to vary as tha oparatlonal algorlthas changa In 

coaplaxlty and In thalr updata rata. 

A prograa «odula Mhlch uaas savaral inpu*t paraaatars and 

procassas thasa data ualng sophlstlcatad aathaaatlcat tachnlquaa 

ahould provlda laprovad parforaancot but at tha axpanaa of a 

graatar nuabar of aaaory l^catlona» both for tha Initial data and 

tha storaga of partial raaalts. Tha data saapllng rata and hanca 

tha algorltha axacutlon rattt raqulrad to achlava suparlor 

parforaanca slallarly drlvaa tha coaputar throughput and hanca 

tha aachlnasr archltactura» circuit tachnotogy and packing 

danalty/dagraa of larga-seala-intagratlon. 

Conaaquantly as aach function Is avaluatadt Ita parforaanca 

will b^ coaparad with tha coaplaxlty of tha algorltha usad In 

ganaritftlng tha function. For axaapla» tha alaa dlstanca achlavad 

with tha four-atata guldanea !aw ahould ba lass than that with a 

proportional navigation law» but tha throughput and aaaory 

raqulraaants of tha four stata law will ba conaldarably hlghar. 

Plots of alss dlstanca for tha various laws varsus thalr aaaory 
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•ful throughput r«quirtii»nts show tht cost incrassnt for 

corrtspondlns Incrsstnts In achltvod psrforasnco* 

PorforKtnco of a digital autopilot Is bast ovaluatad Sn 

torus of Its rssponso to a stop g-coamand* Any analog autoptlott 

proporly daslgnodt will hava stability margins and bandwldths 

sultabto for the Intondod «Isslont and tho doslgn aay rangs fro» 

a slaplo tlxod gain systoa to ono Involving sons for« of 

roal-tiao adaptlvlty.  In a digital alssilo» tho adaptlva 

capability can bo sxtondsd to ovor Incroasing lovols of 

sophistication» as dsscrlbod In tho Phaso 1 Final Study Roport» 

with tho rosult that bandwldih and stability Margins can bo 

ealntalnod noarly constant ovor a «Ido rango of operating 

conditions» loading to laprovod Sntorcopt »>orforaanca. 

ftogardloss of how bandwidth and stability aro obtalnod 

li.o.» how tho autopilot gains aro chosonl» tho offsets of 

digitization «III bo osssntlally tho saa#> that Is» for a 

particular sot of flight conditions It can bo assuaod that tho 

autopilot gains wars optlaally choson» and tho laportant digital 

paraaotars Cdata rats» quantization» and coaputatlon tlaa) can bo 

Invostigatsd to dstsralno ttiolr of foots on autopilot porforaanao« 

Tho prlaary offsets of coarso digitization aroi a docroass in 

gain and Phaso aarglna which ovidoncos Itsolf la a growing 

tandsney far tho autopilot to Halt eyala. This tsndancy can bo 

roadlly ^aon in a forward tlaa stop rosponso siaulatlon and can 

bo quantltativoly aaaaurad by obsorving tho fin (tall» wing) duty 

cyclo that rosuits froa tho autopilot coaaand. 
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Duty cycle is defined as the total fin travel t In degrees» 

over a specified length of tiae: 

Duty Cyc le 

U-f In) J»l   0 

(T)  |dT 

where ^ is fin rate*  If the alssile ll«lt cycles in lateral 

accelerations» the fins taust oscillate to support It» and the 

duty cycle MIII continually Increase* The aagnitude of the duty 

cycle bears directly on the e»ount of oil that eust be carried In 

a hydraulic blo*-dOHn actuator syste«» and on the battery size 

and capacity needed by an electric systea» hence duty cycle is an 

important consideration in alsslle design» and» together ulth the 

peak-to-perk amplitude of Halt cycle oscillations» becomes an 

laportant eeasure of autopilot performance* 

In a siallar «anner» the effectiveness of a given sensor 

signal processor can be deteralned by the effective laierovenent 

in slgnal-lo*noise ratio compared to sispler conlfgiiratlons 

denanding less throughput and aeaory. 

The results of the above perforaance vs coaputer 

cnaiacteristics analyses are reported in the foiionlng 

sabsections. 

1 i * 

n 
U i 
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5.1    £aiisaliOD^iiud.^iiidAa£ft.£AXiAiaaA£j 

Estlnatlon and guidance parforwanct Mart Investlgattd by 

simulation of a single nlsslle (representative of Class II) 

utilizing» In turn» each of the guldance-estlnatIon combinations 

to be tested. A coimon Intercept scenario was used for all 

cases» and tuo types of Performance data were generated: 

il) Performance in the presence of target maneuvers 

initiated at various times» but without heading 

error and measurement noise« 

(2)  Performance In the presence of heading error and 

measurement noise» with and without target maneuver 

(presented In the form of rms miss for 10-flight 

Honte Carlo runs). 

Although the extent of these tests was necessarily 

limited» the results allow an approximate evaluation of 

performance In comparison with computational cost» Including the 

effects of data rate and computational time delay. 

Complete descriptions of the tested algorithms art 

presented In Rtftrence R.l» but a brltf summary will be glvtn 

htrt. Guidance laws Investigated wtrt» for tht most part» 

rtsirlcttd to proportional navigation IPN» algorithm 0*1) and tht 

four-state law USL» algorithm G-2)• Estimation algorithms 

Includtd: 

62.  SMitcntd-galn filter. «This was slmulattd by 

determining approximate-optimum steady-state GH 
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filter gains versus rang© for the radar and target 

models assuned, and tabulating these as functions 

of range In the on-board coaputer)« 

E3rA.  (A variant of the decoupled estinator» E3f in which 

tne coupled nonlinear prediction equations are 

replaced by simple uncoupled predictors by reMOwIng 

Corlolls and centiifugal terns). 

E*.  Decoupled Kalnan filter.  Oeternlnes gains by 

propogating three 3x3 covariance aatrtcest but 

utilizes coupled nonlinear differential equations 

for state prediction). 

E4. Coupled Kaiman filter. (Propagates a coupled 9x9 

covariance matrix for gain determination)'. 

5.1.1   lASl.££AO*£ii) 

The test scenario utlllzled Is a rather severe one 

designed to accentuate performance differences of the various 

algorithms.  It is a ••tall chaseH engagement Involving large 

target accelerations and a low average closing velocity. Thp 

target achieves Its maximum acceleration of 6.5 g via a 2*second 

ramp initiated at a variable tlmet and the maximum is then 

maintaineo until intercept. The initial conditions are depleted 

in Figure 97 and additional parameters are given In Table 43. 

MISSTE 
• »r V^w 

Figur« 97 T.st Se.narlo-Intflal  Condition« 
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The initial heading error of the Missile is approxinately ?60 « 

and its thrust history is such that it attains a «axiaua velocity 

of about 2400 fps/731 «ps aboat 5 seconds After launch. 

The seeker is assuned to bo a radar with a reference 

range (unity SNR) R  of 51.6 kft/X5.7 KM.  It »easures range and 
o 

angle at a data rate of 10 times per second» and the associated 

error paraaeters are displayed In Table 44* 

TABLE 49  TEST SCENARIO INTERCEPT PARAMETERS 

Altitude Ift/m) $«000/1524 

Initial Range Cft/nl b,000/4829 

Initial alsslle velocity (fps/apt) 1,000/305 

Target velocity HPS/MPS) 950/290 

Max« target acceleration (gl 6*5 

Tine of flight Isecl 6 approx. 

TABLE 44  TEST SCENARIO RADAR MEASUREMENT ERRORS IRMSI 

ANGLE ERROR       RANGE ERROR 

Range-independent  0*6 Mr o 

Range-dependent    9.0 /EJ? m {iß "      "•' (d " 
Glint   Ift/M) 13/4 5/1.5 

12 H2  bandMldthi       13 Hz bandwidth) 

iA 
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The missile and target dynamics Mere simulated in planar 

I three degree of freedom) fashion on a CDC 6730 ^oiputer• A 

block diagram of the guidance and estimation models Is presented 

In figure 98. The complete estimation and guidance algorithms 

were programmed as described In Reference R.lt while the 

autopilot dynamics nere represented by a cubic transfer function 

fro« coamanded acceleration to achieved lift: 

Nc •-♦!» 

In general  the   radome  characteristics and antenna 

stabilization were assumed to be perfect» so that the seeker 

measurement errors arose solely from th% sources described above. 

*orr< *ltfiCf UUMU 

figure 9a Guidance and Estimation SI 
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5.1.2        E&llWtlai-EAJLlAXAaA&A 

In 9*ntriif  ptrfomance data was gtntratad for  particular 

combinations of astimatlon and guldanc«  algorithtia.    Hoiievar» 
I 
'•       certain observations «ay ba nadt about tha parfor«anca of the 

r       astinators themselves: 
L 

Although the Kaiman filters (E^ and 64) provide 

conslderaoly better estimation performance then the snitched-galn 

E2 algorithm» these Investigations have thus far revealed no 

appreciable advantage of the E4 algorithm over the E3, as far as 

performance Is concerned. Thus the E<t filtert with Its far 

greater computation cost» does not appear to be cost-effective in 

the cases considered.  (This conclusion could be modified* 

however, upon more complete Investigation of cases where range 

information Is severely degraded). 

The ESA algorithm is not cost effective» because It saves 

very little In computation and noticeably degrades the state 

estimates» in comparIson with the E3 algorithm.  In partlculer» 

transients in target acceleration are responded to more slowly 

and tracked less accurately. 

Since these filters operate In range and angle 

coordinates» the states experience severe transients just before 

Intercept» which are not well tracked. In general» by the filter 

eatlaates.  Tnls has little Impact on miss distance» but if the 

estimator outputs are to be used for fuzing purposes these final 

estimates may be important. If the filter Is to be modified to 
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improve tnese final astinatest it Is probable that the state and 

covarlance prediction equations Mould have to be solved at very 

hlgn Integration rates near Intercept« nhich Is cltarly an 

undesirable solution. Probably a preferable alternative Is to 

replace the state prediction equations by relations based on 

solution of the Intercept trkansle, as IOMOMS* Given estlaates 

of range rt fange rate r and LUS rate X; (the resultant of the 

pitch and ya* values Ai and X2 )• MO «ay compute (see Figure 99)* 

r ♦ r X 

x « distance to intercept point » -rr/V 

t  « tiiee to go to Intercept ■ x/V 
go 

■ »   Riss distance  «  r A   /V 

These transfomatlons having been perfornedi we «ay now 

predict the values of the states at any future tlee t (essuaing 

constant tf)   as follows: 

K(t)   «   x-Vt 

! r(tl   «   VV     ♦  x    (tl 

r(tl   • -Vx(tl/rCtl 

(t)   • V«/r     Ctl 
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i      v 

MISSILE TA£6£r 

Fl«art 99 CstUatlon Ptrforaanc« Evi tuition - 

InUrcoPt  Gtoattry 

Wltn tn«si aodlfIcatlofit  In tht tut» prediction 

operatlont   isprovod ootlaatlon can ba achlavad ntar   Intarcapt« 

Tha computation of  tha  III tar galna la  last critical» and can ba 

accoapilahad  In an approxlaata aannar* 

5.1.3     CAibiaM-Ullamoi>_£~£ia4aiKA.**£iAU*atft 

Tha aloorlthss choaan aa  t>plcal  of  tha varloua aiaslla 

cUssas»  for  pur posts of  parforaanca coaparlaons* arat 

; 

r' 
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■ *: 

Class I:       Estlnator E2 (snitched gains) 

Guidance Lato Gl (proportional navigation! 

Classes HUli: Estimator E3 (decoupled Kalaan) 

Guidance La« G? (four-state ISM) 

(performance unchanged nlth coupled 

estimator E4K 

In Figure 100 these combinations are compared In the 

chosen Intercept scenario and at various data rates« on the basis 

of the miss distance they produce due to target maneuver alone» 

versus time of Initiation of the target maneuver* This data Mas 

generated by removing all measurement noises» but leaving the 

estimator In the system In order to properly Include Its dynamic 

response* (For tests of this type» target acceleration urns a 

step rather than a ramp.I  The miss values are ascribed a sign 

(direction) es toell as a magnitude» because a planar simulation 

Has useo to generate them. Also Included Is a single curve 

exemplifying the performance of the modified E3 IE3AI filter. 

Several observations are readily apparent from the figures 

(LI  The obvious superiority of the (E3» 6?) combination 

over the IE2» Gl) combination (principally In the 

early-maneuver cases) • 
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12)     The consld«riblt degndatioii  In perforuns* tfh«n tht 

E3 estlnator   Is slMpllfltd  to tht  £3A variant.    Tha 

differtnca   la »oat pronouncad for   lata aanauvara» 

b«causa   It  la aoatly  lata   In tha f I Iaht that  It 

hacotaa  laportant to proparly soda I tha dynaalca 

Caspaclally tha Corlolla accalaratlona)   In tha 

pradlction aquations« 

(31     Tha dagradatlon which «ay ba axparkancad nhan tha 

data rata  la allowad to bacoaa to« alow. 

A aura coaplata parfforaanca  coapar laon  la praaantad  In 

Figura lOit   In tha fora of  raa alaa Iroa Monta  Carlo alaulatlona 

with all aaaauraaant nolaas Includadt and with tha aanauvar 

initiation t laa unlforaly distributed ovar tha duration of  tha 

flifht.    Thraa astlaatlon*auidanca eoablnatlona ara  coaparad 

(in< luding tha fully couplad E4 astftaator» whoaa parforaanca la 

substantially tha aaaa as tha E3)t at thraa different data rataa 

for each.    Also Included ara coaaarlaona agalnat a 

non-aaneuverIno targatt   In which case tha alaa  la due aolaly to 

aeasureaent  noise and  Initial  heading error« 

The  raa alaa  la plotted against coaputatlonal coat to 

facilitate wost-effectlvenaaa trade-offa«    Although the data la 

of   Halted accuracy I due to the necesaarliy gaall nyaber  of Monte 

cane runs used«  naaely tenlt  the principal trenda are  readily 

apparent,    without  target aanauvar  the perforaance dlfferencea 

are not great»  but with target aaneuver  conaldarable  lapreveaenta 

in alsa can be reallied fat the expenae af additional 

coaputatloni  by Increaaed data rataa or by the uaa af aero 

sophisticated algorlthaa« 
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figurt  101  CoBbin«d Ettlsatlen and Guidanct Parfor«anca- 

Rh^ Pias Olatanca Varaua Coa^utatlonal   aurdtn 

Tut  «anaraiiy hlfh  laval   of   tha alaaaa  la laraaiy 

atlfibutabla  to tut aavaflty of  tha  intarcapt acanarlo utll^ad 

for  tha tloulationa. 

5-1.4        U>U£l*.Ol.IiAAJltU* 

A aajor  factor   iMactlna  tha ra^ulraaanta for cooputar 

c«i»acity» aaoaci^iw  »ha« alonal  arocaaalna  »» antlraly dlaltait 

la tna ailOMaolt  »otoytattofiai   tina dalay aattiaan tha facaotion 

of   a raoar   murn for  othar ■aaauranantl and tha aanaratlan of 

auidanca cosAanda*    Accordlfialy»   Mfturat  102 and  10) ahon ho« 

tms oaraoatar  affacta  tha porfaraanca data oravlouaty oraaantad. 
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f 

Th« dtlay say vary fro» a alfiiau» naar zaro (as was atsuaad in 

tha pravlous data) to a «axiaua aqyal to tha data saapllng 

Internal• 

In Many casas it aay ba advantageous to partially 

conpansata for tha affacts of tiaa dalay by tha usa of an 

additional pass through tha flltcr9s pradlctlon aquations lor 

parnaps a siapllflad torsion of thaa)» to bring tha atata 

astlaates and guldanca cosaands up to data at tha tlaa whan thoy 

finally bacoaa availabia. Tha coat of thaso axtra oparatlons Is 

rslativaly »Inor; howavaft such a coapansatlon operation was not 

aaployad In thasa slsuJatlonSt so that tha dagradatlcns shown 

hara art probably soAowhat possiaftstlc. 

In ganofalt It can bo saan that an Incroasa In 

coaputationai tlwa dalay dagradas both tha «Iss duo to target 

•anauwar IFigura 1021» and the r«s alssss with and without 

•anauvar tflgu^a 1031. A dalay of 20 «sec appears to be of 

little consoguanc« In tha cases studied» but delays approaching 

tha sasp«a tiaa T  can cause Important Increases in alss 
S 

distance» espsclally In the prasanca of targot sanauvars* 

An apparant diacrapancy appears In Mgura «03(Blr whora 

tha data ratw is Incroasod« 

for tnlst 
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:  I 

(U)  The ms values are only aeproxleate t because only 

ten Honte Carlo runs Mere processed* 

(2)  The filter essuaes that the eeasurenent errors are 

uncorrelatedt whereas the flint errors (which are 

the doelnant errcrs In this scenario) have a finite 

bandwidth of 3 Hz.  The degradation due to the 

white-noise assuaptlon can be expected to becoee 

»ore severe as the data rate increases and 

successive neasureeents becoee acre highly 

correlated* 

?' 

- n'-nrtilTrTillir-l^ 
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5.1.5    £liAcla.fll-i:fliDPuting,.Praci.alaa 

One of the critical decisions to be made In tne digital 

IRPIenentatIon of missile guidance and control functions is tne 

degree of computing precision required.  In this study» the 

effects of limited precision were investigated in two separate 

ways; 

(II Since the most sensitive portion of the guidance 

and estimation algorithms was expected to be the 

propagation of the cover lance matrix In the Kaiman 

filters» a simplified (non-Monte Carlo) covariance 

propagation program was used to investigate 

precision effects on the calculated covariance 

values and on the resulting filter performance. 

(2)  In the primary simulation program» variable 

computing precision was simulated by truncation of 

all simulated fitter computation results at a 

specified number of bits» and the effects were 

f Investigated In Nonce Carlo fashion. 

Caxaxiaofia-ExAMMtiAu^ituiUma - Utilizing techniques 

which are well known in the field of estimation theory (see» for 

example» Reference K.2)» a covariance propagation program was 

developed* which utilizes the equations of the estimation 
i 

algorithms to simultaneously propagate three separate covariance 
> 

matrices: 
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Ill  Tht »optlmun** ccvarltnc« «ttrlx» which would bt 

yAnerated by a fII tor using vtry high precision 

and which wouldi under proper condltlonst closely 

approximate the true perforunce achieved b^ that 

filter. 

(?) The "calculated** covarlance Matrix» which Is 

generated by the Il*)ted-preclslon computer» and 

which results In erroneous filter gains and 

degraded estlaatlon perfomance. 

(31 The "true* covarlance Matrix» which indicates tha 

perforaance actually realized by the degraded 

filter. 

IC   m MHTlHMHT*Zy 

fy    a»   $P$7fQ 

£   ~ MH'lHMHTfiy1 

P   » (l~£H)A   CSTMbAZb FORM}  Q£ 

P    * Cl-£H)Aci~KH)r+K£Kr ("JOSEPH' fOW> 

LrUL 

Hgure  104.    Cover lance-ha tr ix Propagation equations 

a 
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The covarlance sinulatlon represents a six-state 

(Planar) system» and assumes floating-point capability using a 

mantissa whose length can be varied by program input.  The 

equations used» as presented In Figure 104 are appropriate to the 

case »here the limited mantissa length affects only the 

covarlance matrix and gain calculations» but not the accuracy of 

propagation of the state estimates. This implies that state 

propagation Is done In double precision» because such an approach 

significantly Increases estimator performance uhlle adding little 

to the computational cost fsince state prediction represents a 

small fraction of the cost of a Kaiman fitter).  In these 

simulations» "double precision" was simulated by using the full 

«»8-blt mantissa of the COC 6700 computer. 

One of the places where truncation error Is liable to 

be serious Is In the computation of the matrix (I - RH) utilized 

In Figure 104. When a measurement of the first state Is made» 

for example» the tr»l) element of U-KHl Is n-fct)» where kl   is 
A 

the first element of the gain vector K and Is given by 

« ULU— 

11 M 

where M       is  the   (r»)l   element of   the predicted covarlance matrix 

H  anda2        Is  the measurement-error  variance.     When    a
2   Is much 

fl M 

smaller than H » which Is often the case (especially at the 
I i 

beginning of the filter operation)» k, will be near unity and 

mantissa truncation can cause serious errors In the difference 

(l-K ). This dlffleutly can be avoided by the simple artifice 
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of calculating tha dlffaranca dlractlyt as 
2 

II -ÄH)^ « U-l^ I «  2iL.  

11 M 

This ■edification was aaployad In both tha covarlanca 

progra« and tha Nonta Carlo sluulationt and was saan to yiaid 

soaa Isprowasant at shortar »antlssa langths, 

SOMS typical rasults ara shown in Flgura iOSt in tha 

for« of tlaa hlstorlas of tha ms radial accalaratlon arrors as 

Indlcatad by tha thraa covarlanca Batrlcast for cantlssas of 6 

and 6 bits I Including sign», Tha scanarlo daaerlbad pravlously 

was uaad to ganarata approprlata tl«a historian of tha statt 

v&rlablas for datarnlnlng tha ajasants of tha stata transition 

«atrlx  and tha »aasuraftant-arror covarlanca aatrlx R. It say 

ba aaan fro« tha rasults thatt as has oftsn baan obsarvadt tha 

actual parforaanca of tha flltar faa Indlcatad by tha trua 

covarlanca aatrlx) Is ganarally dagradad lass than tha slaaants 

of tha caleuiatad covarlanca aatrlx. For a 6-blt aantlssst 

parforaanca dagradatlon Is quits notlcaabia but alght still ba 

accaptabla for soaa appileatlons» aspaclalty sines It Is vary 

naar tha optlaua towards tha and of tha flight* 
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! i. 

ÜttntA^LALlfl-^tudit« * For thos« In^stlgattonst the 

compute (planar) syste» simulation, modlfitd for limited filter 

preclslont was rerun using the standard engagement scenario. 

Statistics nere gathered from sets of ton Honte Carlo runs ulth 

all standard noise sources presentf except that the target 

maneuver Initiation time was Kept fixed at three seconds. 

The ultitaate performance criterion can be considered to 

be rms miss« but It Is Instructive also to examine estimation 

performance.  For selected mantissa lengths« Figure 106 shows 

averages (over the ten Honte Carlo runs) of the true and 

estimated target accelerations normal to the line of sight« with 

state prediction performed in double and single precision. It Is 

evident that the shorter mantissa lengths tend to cause 

oscHidtory behavior« slow recovery from initial transients« 

and/or sluggishness In responding to target maneuvers« Also 

evident is the fact that considerable Improvement is realized In 

the estimator and tho mantissa length requirements relaxed» when 

state propasation Is performed In double precision. (In ail 

cases« guidance-law computations were performed with 

double-precIslon.) 

In terms of rms error In estimation of range rate« a 

similar comparison Is made In Figure 107. Finally* Figure 10S 

snows how precision affects the rms miss distance. 
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H 

Fro« this point of view, It would appear that significant »Iss 

degradation does not set in (assuning double-precision state 

propagation) until the mantissa length Is reduced to 5 bits* 

Howeveri It Is dangerous to choose the «antlssa length based on 

this criterion alone» as can be seen by the degradation of 

estimation p^ffomance at short word lengths» which probably 

Indicates the possibility of numerical difficulties for other 

values of the system parameters.  Some Indication of incipient 

danger can be seen in the fact that» early In the flight» the 

cover lance matrix of the 6-blt filter loses positive deflnlteness 

for a time although It later recovers from this condition. The 

same problem was observed» although to a lesser degree» at 7 

bits.  In Table 45» Is presented a comparison of the range 

position gain (the filter gain by which the rangt estimate Is 

adjusted due to a range measurement! dur'ag the first second of 

flight» for various mantissa lengths« Although th's gain should 

never exceed unity» signs of Inaccuracy are already apparent at $ 

hits, and the gains ere considerably In error at 6 bits» 
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TABLE 45 

C01PARISM OF Hill« RANGE CAINS DURING FIRST 1-SECONO INTERVAL 

OF FLIGHT 

NANmSA LENGTH 

TINE 48   BITS       12   BITS       8   BITS       6  BITS     S  BITS 

ISECS) 

1.00 ,1.00 1.00 1.00 1.00 

k.00 1.00 1.00 r.oo r.oo 

uoa 1.00 1.00 

fctflfl .69 

l .00 •so 

< o .IB 

1«12 .14 

.7$ .2B 

.Sf .2S 

• SO .15 

1*0 .4^ .47 •25 
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If 

Fro« tht Invtttlgations roportftd on hort, it is 

rtasonablo to conciudt that 

111 Ooublo prtclsion should gonorally bs ussd for 

statt propagation« bacausa it rasults In 

parforaanca laprovaaants mhlct  ara vary sraat in 

comparison with tha saall addad cost* 

121 Covarlanca propagation «ay bo parfomad with a 

ainlau« of tight bits {Including sign) for tha 

■antissa* 

5• I.s   £ljUAi>,oi^flafti«d>d Sanas InfofMtiüii 

Tna rangt data tvallabla to tht tracking fllttr nay 

bacooo dtgradtd or nay bo coapltttly dtrltd* Anong tht posslblt 

causts of this arai 

111 ECh action by tha targot. 

(21 hangt dtaignation accuracy insufflclant to rasoivt 

ranga Mnblgultlts Crtsults In a rangt blasl. 

dhtn such a condition arlstSt It sty bteost advlsablt 

lo aodify tht guldanct and ostlastlon algorlthns to nlninlio tht 

intvltatl«. strforaanct dtgradation. Such situation» aaha 

Ptrfornanca prtdlctlon %ultt difficult btcausü tht rasults «ay 

otJtnd vary strongly on such things ast 

111 HO« tht algorlthns laspeclally ranga prodlctlon or 

coastlngl art nodlfladt 
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12)  The quality of the inforwatlon available before 

range data is denledt 

(3) The engagement geometry, and 

(4) The target behavior subsequent to commencenent of 

ECH. 

It is thus quite difficult to conduct tests from which 

useful conclusions can be drawn. Nevertheless, a limited number 

of Honte Carlo runs were conducted In the standard scenario, with 

range measurements denied and with particular magnitudes of error 

in the initial estimate of the radial component of target 

velocity.  The results are depicted in Figure 109« 

Although performance degrades as expected for positive 

errors, negative errors appear to decrease the miss In the 

(EZtGl) case, a result which c&n probably be ascribed to the 

particular scenario used.  In any case, the (E3,62) combination 

maintains its superiority over the tE2,01) system even in 

degraded cases* which should be expected since It is always 

possible to modify such a system so that it degrades to the 

(E2,aL) system in the degraded-range case* 
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5.1.7   LoOLlüSiAüS 

Fron the performance studies described heret several 

conclusions can be drawn regarding the guidance and estimation 

algorithms and the preferred design features of the missile 

computer: 

(1) At least for the scenarios studied here, there 

appears to be no advantage In performance which 

would justify the much greater computational cost of 

a fully coupled Kaiman filter for estimation« 

(2) When a decoupled Kaiman filter is utilized* the 

complete nonlinear» coupled differential equations 

should be used for state prediction. 

(3) To a certain extent, cost-effectiveness (in terms of 

miss versus computation time) improves as data rate 

Is increased. The optimum data rate will depend on 

seeker characteristics and on the other loads on the 

computer. 

U)  Moderate computational time delays (on the order of 

20 msec} cause little performance degradation, but 

delays approaching the sample time in duration can 

have serious consequences, especially at the lower 

data rates. 

(5)  In short word-length computers» accuracy of Kaiman 

filter state propagation should be preserved by the 
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use of  double/triple - precision for the state 

computations.     In  genera»»  an equivalent nantissa 

length of   12   to 16  bits appears adequate  for  this 

purpose. 

(6)     An eight-bit mantissa  (Including sign)   appears 

adequate»   In most cases»  for Kaiman filter 

covariance-matiix  propagation. 
i 

.1 
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5.2 Aülüftilül-LöülXill 

This subsection describes the tests and results obtained 

through the digital slnulation of a three-degree of freedoa 

ODCIF) autopilot* The simulation model Is first outlined with 

the response of an "unrestricted** (32-bit) digital mechanization 

compared to the unquantized analog counterpart. Peculiarities of 

the digital mechanization due to non-linear effects are then 

described toaether with the corrective measures taken. 

The effects of computing precision are explored for the 

cases of:  ft» 12» 16 and 32-bits fixed-point» (sign plus 

magnitude)» respectively» A distinction is made between 

precision versus word length since the former is achievable on 

various word length machines subject to a throughput penalty for 

byte manipulation. Performance sensitivity to data sampling 

T       rates over the range of 125 Hz to 1000 Hz are reported followed 

by computational delay and A-O/D-A quantization effects, lastly 

the computer requirements are summarized for each of the three 
f 
• generic classes of air-to-ait missile. 

5.2.1  SiauiaiioD-doiUl 

A typical pitch (or yawl planar autopilot» shown In 

analog form in Figure 110» was converted to digital operation for 

simulation on a CDC 6790 general purpose digital computer to 

determine performance sensitivity to computing precision» A-D/O-A 

quantization level and sampling rate. All of the resulting 

digital arithmetic shown i)n Figure 112 was digitized step by 

■ i 

u 
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step in fixed-point fortaat with the choice of 8,12,16 or 32-blt 

precision» while the A-Q and 0-A interfaces to the re»ainin9 

analog section were quantized independent of the computing 

precis Ion solected* 

Sampling rates for the rate and acceleration feedback 

paths wera also independently variable, and provision was Made 

for delaying the output of the calculated fin comnand for a fixed 

interval• 

Two body bending «odes were Included In the analog 

portion of the sinulation to observe when fotdover of these 

frequencies becane a proble«.  The paraneters associated with 

these «odes and with the Missile rigid body notion are listed In 

Table 46 together wltn the autopilot constants used In the study« 

These values were chosen to give a relatively low stability 

syste», i.e.  one that would quickly point out the destabilizing 

effects of digitization. 

The open-loop frequency response of the continuous rate 

loop is shown in Figure Iir» as Is the gain plot of the 

closed-loop N /M  autopilot*  Innor loop gain Margin Is seen to 
L  C 

be only 3.2 db» while the closed loop bandwidth Is approxlMately 

7.5 .ad/sec.  Body bending peaks were not destabilizing* 

Tne bandwidth of the closed-loop response was 

corroborated by running the forward-tlMe digital sinulation in an 

essentially MunrestrlctedN Mode I.e.» 32 bits precision and 2 KHz 

data rate.  The corresponding step response of Figure 113. 

318 

- '^^    ,..^..    - . .     . ,■   iii ■.■.■-.,■.....■..■-.       ..->-..... -^-  r- f, ,..^^,1f ^-'  ^ i^«. --.^ 

2 



TABLE   46 

AUTOPlLOT/AlRFRApE   PARAMETERS 

i     * 
AuiaaiLQi 

■ { 

«     i 

RAlt-tlRü U) 

w 

2.82 

O.I5 

o.ns 

0.019 sees. 

H «  377 rad/stc»    ^   »  0.7 

Llfei.ACIUAiaR N  ■   150 rad/s»c,    c   •  0.5 

AUfRAME 

G     • 6.26  *    l-t,Q^0Q{i5ti^,l-Da0Q0flItl-  ^ N   ■  U.7  rad/stc) 
i 

1  ♦  0.04575     ♦  0.006I6S 

C     «   B.62   ♦ 1  t  ?.?IS. 
s 

BB 

**i 

1  ♦  0.04575  ♦  0.006165 

 sJttJa036A^ ("N  ■  242 rid/MC»    c   • 0.025) 

I  ♦  0.000215  ♦  0.0000175 

 £-0«QQO«a* PH   >  697  rad/stct C      ■ 0.0251 

I ♦  0.000075  ♦  0.0000925 

L 
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coMptrts rtther cloatly to a second order eyste» *lth deeping 

retlo equel to 0.6 and bandwidth equal to 7.4 rad/eect and the 

steady-state gain of 0.83 steMarly «etches that of the frequency 

response of Figure 111. Figure 113 therefore becoees the 

baseline step response to which the perfomence of eech dlgltel 

autopilot test case Is compared. 

S.Z. 2      aieAlAl-fcmEUJLUJLU I ea 

As stated above» each of the dlgltel arltheetlc 

operations In the autopilot was quantized in flxed*polnt foreat 

consequently requiring that the eaxleun value of each external ly 

end Internally genereted varleble be determined, hot 

conveniencet powers of two were chosen for eech of these eaxleue 

values« and a partial listing Is given beSow (reference Figure 

112lt 

iati&fclft     Hex lau« lUJUie 

N t 3a g 
c 

H l 32 g 
eL 

H i 2S6 deg/sec 

N 1 32 g 
E 

1 t 31 
I 

I t  16 
A0 0 C t 3a deg 

The values shown for the Input end output of the forward 

peth Integrator« ere soaewhat deceptive. This function hes the 
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. I 

Potential of giving a vary lurga output for t very soil I Input 

and intarnal quantization of the Integrator aquation of Figure 

112* can cause the entire autopilot to becoao effectively turned 

off. As an exaaple of this consider that the constant A,  In 

Figure 112 Is 

A  « K T /a 
I    IS 

where T  Is the saapling Interval. For K  • 2.02 and T  ■ t.O 
S IS 

Killlsecondt A)  becomes 0.00141. A 10 g step coaaand Into the 

autopilot Mill then produce a product A, I  of 0.0141. Howevert 1  I 
If the coaputer only has a bit precision* the least significant 

bit ILSBI of the output variable 1  Is equal to 0.126 and 
o 

consequently! the output of the Integrator resalns at zero for 

the first pass through the equations.  It is a aisple satter to 

show that the output Mill stay at zero indefinitely» effectively 

shutting off the autopilot. 

In this exaBpiet the data interval Is too short to allow 

the Input value to be Integrated up to the leaat significant bit 

flSB) level of the output. The proble« can be solved by using 

greater precision in the computer or extending the data interval 

I the foiMer reducing the output LSBt the latter Integrating over 

a long perludlt but whatever the coablnation used» there will be 

sons value of input for which the systea will not work. 12-blt 

precision and 8 «sec data interval» for instance» will not pass a 

step g coaaand saaller than 0.7 g. 

A aethod of avoiding this difficulty Is to perfora the 
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Integration In two stagtSi separating tht input fro« tha output» 

This is lllustrattd in Figur« £14 (A) and (Bit whara tha ona - 

and two - staga «athods ara coapared raspactlvaiy.  In tha lattar 

schaitt tha Input is intagratad up to a variable X^ » whosa 

naxlmua valua is only slightly Urgar than tha tSB laval of tha 

outputt I  • Tna L5B valua of X  v tharaforot Is vary saall and 
o 

tha integration is able to proceed with seal I Inputs. When X 

reaches an output LSB (plus or «inuslt the output Is in^reaented 

(or decreeentedl by X  • and X  is reset to zero. A coeparison 

of the capabilities of these two Integration scheees is shown 

belotfX 

SMllest Autopilot 

tLMclMinn/.QaJU,IiiUncel iDUoiatoi 4iM loaut Aiiowed 

S blts/l «sec 1-stage $9 g 

2-stage 0.7 g 

U blts/8 «sec 1-stage      0.7 g 

2-stege      0.0003 g 

Soaewhat the sa«e consideration «uat be given to the 

digital structural filtert since the bi-llnear 2-transforaatlon 

which produces the equation shown In Figure 112 else results In 

the constants B  and B  being functions of the data Interval. 
it 

Howevert for «aalau« body rates of 1S0*200 deg/sec and i steady 

state gain of 0.115 (K I, the «axi«u« value of B R .  product 

can oe kept consistently at 32t and the B A  product so«ewhat 1     M 
less consistently Ibut sufficient  for this studyl at 2.0.    At a 

data   interval  of 4 «sect this corresponds to a LSB of  1.4 deg/nee 

for e       with B bit precision»  and 0.09 deg/sec  for  12 bits. 
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a X3 
y. (?r » 03 <XJ+ ii) 

0, CA, * ix ) 
Qzcx,+xi\ 

s 

Q, ä QUAAfT/ZEZ 

NOTE* IF Ti*<Qit OUTPUT I0 

WtLL  NOT CHANGE 

U)    Slntii-StM« Oiflttal   lnt*«rator 

S 
J£1 

BESET 

A X/  - 9, (/>,»!!) 
2. Xj = (?,W,«rr) 

V. Xy = 9z(X5rXv.) 

6. I0   = (Xy t I0  ) 
7. ^£S£T  Xv  TO ZERO 

(•I    Iwe-Stat* 019IUI   IntMtatot 

FIGURE   11« -  INTCtftATION SCNEKCS 
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Throughout this studyt "dttt   Intsrval*'  rtftrs to ths 

sanpling  Inttrvitl  of  tht  Inntf  two autopilot  loops  (Flsuro III) 

tht outtr Caccolsroattsr)   loop  Is always sa«ptsd at half tht 

Inntr   loop rats.    Tht D-A   Is updstsd at tht  Innsr  loop rats« 

5.2.3     Loaoutlns Pfdaiop 

Flgurs  1151Al   shows ths rssponss of  tht autopilot to a 

Ids stsp Input using a  1 KHz data  rats and cosputlng prsclslons .1 

six     16,  12,  and S bits  (sagnltudt ♦  slgnl»  rsspsctlvsly• -^ 

Two^statt  Intsgratlon was ustd, with ths A-0 and D-A convsrtors 

quantizing at ths  saat   Isvsl  ss ths cosputsr  prselslon ssltcttd. 1 

Tht 16 bit  rtsponst  Is   Idtntlcat   to that of  Flgurt 113»  whllt 

with 12 bits ths systsa sntsrs a  ssall   oscillation sods soon 

sftsr  ths  Initial  psrlod of tht  rssponss.    Ths  ptak-to-ptak 

asplitudt of  this oscillation» stssursd sftsr  2 ssconds»  Is only 

0.2 gs  and ths frtoMtncy of oscillation  Is about 3.S Hz. 

Ths  oscillatory sods bscoMS dominant whtn tht  cosputlns 

prselslon Is rsducsd to • bits* with tht ptak-tfptaW aaplltudt 

btcoolng 1.9  g at a  frtqutney of   3.0 Hz.    Tht  oscillation slowly 

dscays but whtthtr   It dlsapptars tvtntuslly was not   Invtstlgatsd, 

slnct tht »try   lightly daspsd rssponss   Is  In Itsslf  unaccsptabls. 

Ths sapiltuds of ths osclllatlsn  Is sf   Intsrtst bscayss 

It was prsdlctabit fro« ths discussion  In ths prsvlous ssctlon of 

this rsport whsrs sn S blt/l sssc  systs» was shown to bs unabls 

tt pass s stsp csMaiid btto« 0.7 g.    Ti»lss this valust or  1,6 g 

would bo ths alnlMM pssk-to-tsali asplltuds squsrs wavt that 

could bt sasssdt   Isadlng to ths suspicion that   Intsrnal 
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quantizing in tht integrator is the cause of the oscillatory 

response of Figure 115. However» Mhen quantizing was virtually 

reeoved from the integrator 132 bits) but left everywhere eiset 

the oscillation was not completely eliminatedt but the amplitude 

was reduced to 0*9 g and frequency remained unchanged. 

To determine whether truncation of the fin actuator 

command was at fau.lt» the above case (tin-quantized integrator) 

was re-run with the rate loop closure and the D-A quantized to 16 

bits. This left only the structural filter» accelerometer loop 

closure» and middle loop closure quantized at 8 bits. Results 

were only slightly affected» the oscillation amplitude remaining 

at 3.9 g. 

The Investigation was not continued further since 

quantization of the A-Ds 10.25 g» 2 deg/sec quantum lewels) and 

Internal quantizing of the structural filter undoubtedly cause 

the 9.9 g oscillation» and it is obvious that It would be 

difficult to make an 8 blt/1 msec system work satisfactorily. 

S.2.4  flala^aapling/Updatm gate 

Figures 115(8), (C) and (D) show the autopilot step 

responses corresponding to computing precisions of:  16» 12» and 

8 bits respectively» at data intervals of 4 and 8 msec. 8oth the 

16 and 12 bit systems have negligible oscillations at the shorter 

Interval» but both have approximately 0.5 g peak-to-peak 

oscillations at 10 HZ when the data Interval is lengthened to 
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Figure US Digital Autopilot Step Responses 
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a »sec. Th« 8 bit systeftf ftOMever9 exhibits a 1 9 oscillation at 

either of the two data lnterval89 and In both cases this Is less 

than the amplitude for a 1 msec Interval. This Is consistent 

with the previous dlscusslonst in thatt allowing the integrator 

more time to Integrate helps to alleviate some of the adverse 

effects of quantization. Figure 116 summarizes the above effects 

with a plot of oscillation amplitude versus data interval for 8t 

lit and 16 bit precision. 

2.0 
1 1 t 1 . ! ' t l M i 

mSUHMiMT   I*r££VAl   : 2 Ut MfTZi STEf Umtf 
COMmTAJmSiLOBLAL JOJUC 

i   i   i   i   i   i   i 
DATA IHTUm O^MO 

Figure  116    Digital  Autopilot  Step Response 

Oscillation Amplitude vs Data  Interval. 
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The above results can be presented In a »ore concise *ay 

by considering the duty cycl* of the fin actuator over the two 

seconds of the step response.  Duty cycle Is the total travel of 

the fin, obtained by continuously Integrating the absolute value 

of the fin rate« Since everything In the simulation other than 

the digital computer model is linear« an oscillation In the 

missile g response means that fin must also be oscillating. The 

larger and faster the oscillation» the greater nil I be the fin 

duty cycle and the total volume of hydraulic oil used/passed in 

the actuator. 

Figure 117 shows the duty cycle resulting (over Z 

seconds) from step responses of the different systems considered 

above. The 32-bit curve Is essentially an un*quantized system» 

and it can be seen that a It6 bit system follows it closely. The 

32~blt/l msec point I4.S degrees duty cycle! can be taken as the 

baseline value» and going to an 8 msec Interval obviously 

Increases the duty cycle by almost an order of magnitude» 

corresponding to the observed fact that the 16-blt system 

oscillates for data intervals of B msec. 

The 8-bit system Is too lightly damped to be acceptable» 

but the 12-blt system actually outperforms the 16-bit at larger 

data intervals» an anomalous result pointing out the Inherent 

non-linearities Ina digital system. At smaller Intervals, the 

16-blt system Is clearly superior» as expected. The fluctuations 

in the 12- and 6-blt curves of Figure 117 (all of the indicated 

data intervals «ere run on the simulation! are unexplained» but 

assumed to be nonlinear phenomena* 
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r 

T 

Fron thest results It can be gentrally concluded that an 

acceptablt digital autopilot should iaplasentod nith 16-blt 

precision and with an Inner loop data interval of 4 msec ■axluun* 

5• ?• 5  LflioulAlJjuial-Dalay and-Interfana-AsttZOrA^uaülizallflo 

The effects of computer computation tine and of 0-A and 

A-o quantization were determined for the 16-bltM msec system« 

In Figure 118, fin duty cycle is presented as a function of these 

parameters.  Obvlouslyt the 8-bit interface gives considerably 

Inferior results compared to the other quantization levels, but 

there Is little basis for choosing a l;6-bit A-D and 0-A Interface 

and If the computation time delay does not exceed 600/taec, a 

10-blt interface will suffice. 

5. ?.6  Campmai.,aaaiLUBaaDlta Suimaiy 

Based on the simulation analyses described above» Table 

47 summarizes the recommended computer parameter values for each 

generic missile class.  The highest data rate CSOO Hz) and 

shortest computational delay (600usees) is required for the 

Class III system with some relaxing of these parameters to 250 Hz 

and 800 ..sees for Class 1 missiles. 
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Figure 1X7 

MM immi (msec) 

Digital Autopilot Stop Rtaponst Fin Duty Cyclo vs 

Data Inttrval 

MCtiMMSTtO*  COMMW C*c)J /Of   BTtP 
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tti 

A-0 AWP 0-^ 
QUMIiZATlO* 

aim  

Flsure 118 Digital Autopilot Stop Roaponsa Fin Duty Cycle vs 

Computational Delay 



f 

Paraneter 

TABLE ^7 

AUTOPILOT 

COMPUTER REQUIREMENTS 

I 

Computing Precision (Bits) 

A-O/O-A Quantization (Bits) 

Computational Delay (ysecs) 
(each of 3t channels) 

Rate Loop Data Interval liisecs) 

Miss)le Class 
II     III 

16 116 16 

10 12 12 

800    660     600 

Equivalent Adds 
(autopilot and structural filters) 

Throughput (Kaps) 
(autopilot and structural filters) 

183 

76 

615    615 

115 ^♦2 

It should be noted that the Class 1 data Interval has been 

reduced to <» »sec fro« the 8 »sec shotm In the Phase I final 

study report. 

The greatest change In the data reported In Phase I study 

report Is In the throughput (Kaps) required for the autopilot and 

structural filter functions. Previously! the equivalent adds 

needed by each Class were averaged over the data Interval» but It 

now becoaes clear fro» the performance simulations that the full 

Interval cannot be used to perform the autopilot calculations. 

Instead» these calculations must be executed within the allowable 

computational time delay» resulting In the Increased throughput 
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values shown in Tablt 47« 

It should also bo nototf that thoto vatuos apply only to 

the "basic autoplioft IModulo AD» and tho «structural flltar 

and fin «ix*» (Modulo A2)» wnlch aro tho high data rato aodulos 

discussed in the Phase I report» compared to the 20* Hz Induced 

roll reduction» fain dotemtnatlon and anglo of attack variation 

«odules. 
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I    5 

5• 5 SiMAl-Erxmaaai nQ Pftrfnr»anf.B 

s a« 
Of  the sewn radar  operattcr-t  nodes defined and 

discussed  in subsection 4*2*4  the  target acquisition node  has 
f f 
i 1. been selected to evaluate the effectiveness versus conplexity of 

r r digital signal processing techniques and algorltft&Sf since this 

«ode Is the nost crucial In the target engagenant process* 
i 
i r 

L 

5*3*1  l.Unal.£xa£AaaüX-IXAdajDlX Paraaatera^ 

The priaary requlreaents that affect target acqulsltiont 

given in Table 18 subsection 4.2.St ares 

Ooppler Aablgulty: 20 KHz 

Range Aablgultyt E/PRF 

Probability of Oetectloni  0.95 In l.d sec 

False Alar« Tlae?  1*0 see 

Range aabigulty Is specified as 1/PRF since for all of 

the range gated systeos of Interest In this study» the range 

aabigulty due to the inter pulse spacing of the oulse-doppler 

waveforas Is less than the AI radar range designation accuracy* 

The prlaary signal processor paraaeters that affect acquisition 

perforaance are: 

1* Nuaaer of ranges gates lapleaented 

2* Range gate width 

3* Nuaber of points in FPT 

<*. FFT doppler cell width 

5. Nuaber of daells post-detection Integrated 

i  n .illiM   -  I i n inia ttlm*t—m*m 



Tht «anniir In which these parameters are Interrelated nay 

be seen by considering the data presented In Figure 119 which 

shows the single look probability of detecton vs the required 

cumulative probability of detection and the number of 

observations (looks). 

1.0    ^z 

0.9 

0.« 

av 

0.2 

i 
~ ' ■    1 ,  1  

■    T
 
' 

pD-/-(/-^ t/Mj 

\5? '■ 
0 8S        N 

X 
i 
i 
| 

\ 
\ ( 

1 
i 

^ 

\ 
\ 

< ̂ Js .> 

• f^^s ̂
 ^ ^ s4*! 

10 
NUMBlt   C   Ö9Si**ATtOM%   CM) 

«00 

Figure 119, Single Look Probability of Detection (P  ) vs 

Required Cumulative Probability cf Detection CP  ) and Number 
CUM 

of Observations IN) 

Tne time It takes to make one obsftvation of the total 

range-doppler ambiguity It called the frame time*  If the 

complete doppler ambiguity Is spanned by a single FFT spectrum 

and the complete range ambiguity Is sparged by a bank of range 

gates« one frame consists of a single range-doppler "look**. On 

tne other hand» If the FFT spectrum covers 1/3 of the doppler 

ambiguity and the number of range gates * pulst width covers 1/3 

of the range ambiguity» It takes 3x3*9 looks to make UP 1 frame. 
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The slnsl« look probability of detection depends on trie 

slgnal-to-noIse ratio available per range-doppler cell and upon 

the allowable false alarn probability per range-dcppler ceil» 

The signal-to-noise ratio per range doppler cell depends on the 

doppler cell width for thermal noise (5NR "    l/3-_Ti and upon CSLL 

both the doppler cell width and range gate width for clutter 

envlronnents (SKR "     17A   X T   I« The required single cell PCELL  TGATE 
false alar« probability is (Reference 5-31. 

PA   n' 

where ny  Is the nunber of range-doppler celts exanined 

In the false alam tlaet T 
FA 

n7  ■ (No* of range-doppler cells per frame) x (T /Iraae tleel 
FA 

The relationship between P  and P   Is Illustrated In 
FA     DET 

Figure l?a.  It Is apparent that to achieve a specified P »Ina 
FA 

given noise envlronaentt that the threshold blas»   t nust be 
VB 

adjusted accordingly. The threshold bias level directly affects 

the slgnal-to-nolse level necessary to achieve a specified 

detection probability.  Therefore» having decided on the nueber 

of range-doppler cells to be exanined In the false-alam tlee» 

the slgnal-to-nolse ratio to achieve the required single look 

detection probability fellows directly.  Section 5.3.2 presents 

tradeoffs for the four candidate radar sensor signal processing 

systeas that were specified In subsection 4.2.3. Th« coMon 

•easure of perforaance for the various systeas and their 

paraaeter variations Is the slgnal-to-nolse ratio in a 100 Hz 

bandwidth to achieve the specified cuaulatlve detection 
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probat»i I i ty fill 

./•i» 

V'j^-A^-'* 

Fi9u.rt 120. Probiblllty of Dotoetlon und Fitst Alir« 

Kolitionshlpo. 

Tht iitKiau» »llowablo poat-dotoctlon-inttgratlon tiao is 

dlctotad prlaarlly by targtt accaltratlon/dtctIffat Ion alorg tha 

»lasMt-targat I lna-of-aloHt. This la atan by conaldarlng tha 

following aquatlena: 

Oopplar Fraquancy - fn > -JL-. R.- 

Oopplar Rata*of-Changa • f« %  - -U ^ 
D       X  ^ 

dharat R  - Nlaalta-to-targat ranga 
M? 

R      - 2fa      /        ♦ a      /    It tha accalaratlon 
MT MSL LOS THT  LOS 

along LOS. 
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l 

Tht doppltr frtqutncy thlfft due to nistlli 

acct(•ration/doctltratlon   Is conptntattd  for   In tho guldtnco dttP 

procosooro tarstt tracklno filtor  which uti1)200 Intogrotod 

oioollo   longltudlnol  oocolorttlon*    Tho dopplor  frtquoncy 

rato-of-chango duo to targot accolotatlon only  (At X-Bandl   Is 

ttion» 

f •  20«a 
D  'TGT TGT'LOS 

Tho iiaxlaiua oxpoctod targot LOS ocooloratlon  lo 

approxlaatoly 6 go(l94  fpo2/59 mpi)   which glvoo 

f      I •   -3160 HI/SEC 
0   'SgTGT 

Tho chango  In dopplor  for thlo aoooloratlon os a function 

of  oboorvatlon tlao  los 

TUocI Af(Hz) 

0.01 39 

0.0$ 193 

0.10 306 

0.?0 77? 

Thooo rooulta  Indicate that for 0 HI dopplor coll  width 

of  230 Hit  tho lorgot dopplor  will  shift by oni» wholo dopplor 

coll   In $0 »00c which  Is ton 5 «soc dwollo.    Tho not of foot  Is to 

rtduco tho offoctlvo post*dotoctlon-lntogrstlon SMt gain during 

tho tlnos of posh targot aoooloratlon,    Thlo offoot Is soMwhat 

wo lohtIng. 
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5.3.2       llgPal-EXftfcMl ilfcg  PiC 1 ÜIMMBÜA-lSAdMült* 

ÜLAAtot SaoiDf» - Ptrforaanct  tradtoff  dita  for the CM 

ndar  stnsor  ara ahown   In fIturaa  121  and 122. 

Tha  data praaantad  In Flaura 121  shoita tha SNR  raquirad 

In a  100 Hl   bandwidth to achleva  tha apaclflad  cuaulatlvt 

probability  of  datactlon and falaa alar» tiaa as a function of 

rouahlna filtar  bandwidth and FFT alzo.     In darlvlna thla data   It 

was asauaad  that tha aflactlva  nuabar  of   FFT caila waa aa 

folloita: 

FFT Effactlva Nuabar 

SUa of   FFT Calla 

32 2S 

64 SO 

12a loo 

It naa alao aaauaad that tha rouahlna filtar bandwidth la 

dlvldad by tha tffactlva niMibar of FFT calla to obtain tha FFT 

call width and raquirad dwall tlaa Ct.«. for 32-pt FFT and S KHt 

rouahlna filtar bandwldth9B^   • 5000/25 » 200 Hz and T     ■ 
CELL DVTLL 

1/2D3HZ ■ I  aaacl. 

Fro« Flaura 121  It  li aaan that tha  32-pt F?T alvaa tha 

eaat parforeanca with a 5 KHZ rouahlna filtart  tha 64 or  ^s*pt 

baat parforaanca with a 10 KHz rouahlna filtar  and tha  12a-pt  FFT 

with a 20 KHZ rouahlna filtar.    Tha couon factor for  tha thraa 
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I u "best" choices is the FFT cell width of 200 Hz corresponding to a 

5 msec dwell«  The noninal SA-Cirf radar sensor specified in Table 

IB (subsection ^i.5I has a roughing filter bandwidth of 1.0 KHZ» 

a 6^ point FFT» and a 5 »sec dwell which appears to be a 

reasonable choice based on the data of Figure 121. 

Figure 122 shows the effect of the number of dwells 

post-detection integrated for a 6^*point FFT as a function of 

roughing filter bandwidth. Again ten dwells seems to be a 

reasonable choice» and the limitations on post-detection* 

integration time are not violated. 
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Figure  121.    SNR vs Roughing  Filter  Bandwidth and  FFT size 

for 5A-CK Radar  Sensor 
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Figure  122.     SNR  vs Roughing  Filter  BandMidth and Nunbar 

of  Samples PD1  for   SA-CW  Radar  Sensor 

EQ^EaiiaX-lftoaAXA * Performance  tradeoff   data   for   PD radar 

sensors   Is  shown   In Figures 123i   12^ and  125.     The  data   In 

Figures  123  and  124  shon  the  signal-to-noise  ratio  reoulred   In a 

100 HZ  bandMidth to achieve the  specified cumulative detection 

probability  and false  alarm time   for   a   64 or   128-pt  FFT  as a 

function of   roughing  filter bandwidth and the  fraction of   the 

range ambiguity covered by  the   range gate bank. 

' i 

A ratio of R   /R   «1*0 implies tne total range 
GATE  V^B 

ambiguity Is covered by the sensors range gate bank. Mote» for 

this example It is assumed that 16 gates are required to cover 
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the range aablguity«  (A maximum of 10 gates corresponding to the 

candidate A~P0 sensor* Mould not make a significant difference)* 

This data shows the expected result that covering a larger 

percentage of the range ambiguity covered» the more frames per 

second can be achieved» thus lowering the per frame SNR 

requirement.  The candidate 5A-PD sensor for the Class II missile 

has 5 gates covering 1/3 of the range ambiguity» a 6^-polnt FFT a 

10 KHz roughing filter» 5 msec dwell» with 10 dwells 

post-detection-integrated. The candidate A-PD Class III sensor 

has the same parameters except that is has 10 gates cowering the 

complete range ambiguity. The A-PD parameters appear to be "near 

optimum" while the SA-PO acquisition performance could be 

improved with Increased mechanization Imore "cost*0) • The 

performance of the 128-polnt FFT is reduced ower that of the 

64-point FFT primarily because smaller doppler cells are used to 

cover the roughing filter bandwldih. This results In more 

range-doppler cells for the specified false alarm time thus 

lowering the false alarm probability per cell which is achieved 

by raising the threshold. The increased threshold requires a 

larger per cell SNR to achieve the specified per frame SNR. 
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The effect of the nuaber of dwells post-detect Ion- 

integrated for a 64-point FFT and 1/3 range atbiguity coverage Is 

shown in Figure 135 as a function of roughing filter bandwidth* 

It is seen that 10 dwells again appears to be a reasonable 

choice. 
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Pigure 125. SNR vs Roughing Filter Bandwidth and Nuaber of 

Dwells POI for PO Radar Sensor 
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Bastd •!> tht prtvious perforntnce data» it should be 

possible to buy l»pr«vtd acquisition parfor«ance at the expense 

of increased conputini lead.  That this is the case Is shown In 

Figures 126 and 127.  Figure 126 shows the required acquisition 

slgnal-to-no Ise ratio tin a 100 Hz reference bandwidth) vs signal 

processing computer throughput rate (measured in kops) and for 

the SA-CW missile* The parameters used In computing this curve 

are shown on the figure« The primary variable parameter is the 

roughing filter bandwidth which varied from 5 to 20 KHz with the 

FFT cell width held constant at 200 Hz and the number of dwells 

post-detection-integrated held constant at 10. The Class I radar 

sensor parameters correspond to the middle data point on the 

curve. 
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Figure 12b Required Target Acquisition SNft vs Worst-Case Signal 

Processing Computer Throughput Rate for S*-CN Radar Sensor 
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Mgure 127 shows the required target acquisition SNR vs 

the worst case signal processing computer throughput rate for the 

puIse-doppter radar sensor. The paraaeters varied to generate 

this curve were the number of points In the FFT and t'ie nunber of 

range gates mechanized relative to the number of range gates 

required to span the complete range ambiguity*  The parameters 

held constant were the range-doppler cell size (0.2 Msec x 200 

Hz), the range doppler target ambiguity region (3.2 Msec x 20 

kHz)» and the number of dwells post~detectIon integrated (10). 

As can be seen from the resulting curveis)t there is a very 

definite tradeoff between computer throughput rate and the 

required target acquisition SNR.  For reference purposes, the 

data from Figure 126 has been included showing how the 5A-CW 

requirements compare to PD.  It is quit« obvious the SA-CW system 

is superior In terms of computer throughput to achieve a 

specified target acquisition SNR.  However« It must be pointed 

out that this data applies to target acquisition In a thermal 

noise limited environment. The PD sensor will have a clear 

performance advantage in a clutter environment le.g. against Ion 

attitude receding targets). Also, the PD sensor has the ability 

to resolve targets In range which Is Important in engaging 

multiple target formations. 

ii L 
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Flgurt 127 Rtquired Target Acquisition SNR «s Norst-Cas» Signal 

Procasslng Coaputtr Throughput Rata for Pulse-Dopplar Radar 

Santor 

Tha "operating points'* for tha Class It II* and III radar 

sensors ara also shown In Figure 127. Notar that tha Class III 

sensor (A-PO), uses lass range gates to cover its range aablgulty 

along with a 64-polnt FFT. The reduction In coaputar throughput 

Is directly a function of the nunber of gates for a given FFT 

size so that this point corresponds to the (16/16) point shown on 

the 6<»~polnt FFt curve« 
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b.      MISSILE CüMPUTER PERFORMANCE REQUIREMENTS 

Based on the functional analyses and simulations 

described in the previous two sections of this report and the 

worn contained In the Phase I Final Report (Ref. R.l)f worst 

case computer requirements are presented in this section for each 

missile class In terms of throughput» as thousands of operations 

per second (Kops), and associated Instruction mix« (i.e. 

percentage breaKdown of add/subtract» multiply/divide, 

load/store/logical/branch)» and number of data versus program 

memory locations. The expression of throughput In terms of 

thousands of equivalent adds per second (Kaps), as in the Phase 1 

Final Reportt has been discontinued In favor of KOPS and 

instruction mix» since the latter Is more useful in assessing the 

performance capabilities of different candidate computers. Kaps 

assume a fixed ratio of multiply and divide to add execution 

times» and nence apply to a specific computer. Computer 

requirements are given for each major missile function» (e.g. 

signal processing» guidance» autopilot» fuzing etc.), and In 

totjm» as a composite load» to provide the flexibility to 

configure »ither a federated/distributed computer system or a 

single central computer mechanization. 

6.1 :us l*a..lisiiuu£.xui*.tuioi* 

worst case computer throughput requirements are driven by 

the aliowaofe computational delay following data sampling I.e.» 

tne toleraole time lag between the Instantaneous sensing of the 

real-time environment and the application of compensating missile 
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control surface actions.  The number of «isslle functions to be 

executed by a computer within the computational delay period is 

determined by the computer system configuration selected* Single 

computer systems would be required to time-multiplex all missile 

guidance and control functlonst while maintaining tne data 

sampling rate and computational delay criteria on an individual 

function basis» thereby creating a high throughput requirement. 

In federated computer systems» whole or semi-autonomous 

functions would be assigned to separate» dedicated machines 

thereby minimizing the throughput requirement for each computer* 

Two distinct computational delays can be identified in 

missile guidance and control systems determined by the type of 

controi loop i.e; 

1)  Body motion 

Z)     Guidance/Steering 
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Figure 12ti illustrates the abovie loops In a typical 

missile quldonce and control syste« Incorporating .1 

ylnbaIled-platform type target seeker.  Switches are shown with 

data sampling rates covering the respective ranges of all three 

classes of missile. 
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Figure 126  Sampled Data Missile Guidance and Control System 

Block Diagram 

Body motion loops encompass the missile planar stability 

and control loops (I.e.  autopilot) and target seeker 

gimballtd-platform stabilization loops.  The laxlium allowable 

computational delay for such loops has been determined through 

simulations Isuosectlon 5.41 to be 0.8 msec for Class I missiles 

and 0.6 msec for Class II and III weapons. 
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However» functions can be computed on an individual 

control channel basis (i.e., pitch» roll» yaw) with a certain 

degree of tine-skew between channels» such that pitch channel 

functions can be computed and then the roll channel» and fin 

commands output to the corresponding fin control actuators (fin 

nos. 2 and <»>» followed by the yaw channel mixed with the roll 

fin command tor fin nos. 1 and 3» as Illustrated in Figure 129. 
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Figure 129    Control Channel  Computational   Time  Skewing. 

No degradation of  missile  performance occurs for 

time-skewing  within the   limits shown  in  the  figure.     This 

characteristic can therefore be  used to  advantage  in single 

coiputer  systems where  channel   functions must  be  computed 

seqjentlally with resulting reat-tiie skew between fin commands. 
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Guidance or steerln9 loops involving target honing 

command generatkont using on-board target sensors or» 

alternatively» a command data link» require considerably lower 

data sampling rates» compared to the body motion loops» and the 

allOMable computational delay is correspondingly greater i.e.  20 

msec approximately. 

6.2 äatalr£aaft_liu.£uatiiiiii 

Taxing into consideration the above systei time delay 

constraints and the operation counts given in Section 4 of this 

report and the Phase I Final Report» worst-case throughputs and 

associated instruction mixes have been determined for each major 

function and as a composite load using the following 

re tat ionships: 

3 

Throughput (Kops)   • Ui.i.(UaiLl 
Tc 

Hix   U)     >   100.N 100.N 130   (N ♦  0.3M 
 4za       w    us  
N   ♦   0.3N        N   <   0.3ft N   ♦   0•3N 

tfhert»  ft -   Total   number   of  critical-path computer 
operations»   regardless of   type»  as  given   in 
Section 4. 

^ 

TC - Allowable computational delay In 
milliseconds. 

/S • Number of add and subtract operations 
n/D * ftumber of multiply and divide ooeratons. 

tf '  - Number of memory to register toad and store 
L/S  operations. 

As stated earlier» the program module instruction counts» 

given in the computer requirements tables of Section 4» are 

Increased by 30% when converting to KOPS and associated 

Instruction mixes» to allow for the additional short operations 

necessary to achieve a fully operational program. 
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Tables <»8 through 50 list all »ajor ntsslle functions and 

tnt corresponding throughput and instruction «ix requirements for 

eacn aissile cuss«  Functions have been segregated into body 

motion, steering and satellite/support categories in accordance 

witn the basic systen timing constraints. Sensor signal 

processing loads are given for the radar clutter acquisition «ode 

and the target track «ode since, although the ferner Is not used 

in the «Isslle steering function, it nevertheless entails the 

greatest njuber of computer operations and highest throughput 

compared to all other sensors and modes* 
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TABLE   MB 

WO»ST-C*SC   THUOUbNPUT   REOUUENENTS 

ItY MAJOR  FUNCTION) 

CLASS   1   IKAX.)   MISSiLE 

MAJOR   FUNCTION 

aQQl-lQUOXiilAiiiLlXl 
LQHEii 

Htad Control   IS1» 

Autopilot   Uli 

NO.  OP OPERATIONS     COMPUTATIONAL 
DELAY   latoc) 
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It 

O.i 

0.1 
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(2) 
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KUtSI-C*Se   THROUGHPUT   UtOUUtNINTS 

I BY  MAJOR   FUMCTION) 

CLASS   II   (MAX.I   NISSILC 

HAJO«   FUNCTION 

MQt-iOUaJl£UAttALiU 

tuteptlot   «Al.   A2) 

NO.  OP   OPERATIONS     COMPUTATIONAL 
OfLAV   («Sic) 

(1) (U 
THROUGHPUT        INSTRUCTION 

IRopsI MIX 
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0.4 

O.A 

(2) 

(3) 
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ilU.41»U-L3Qfc 
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\'  I     \ 

TABLE SO 

MORST CASE THROUGHPUT RFQUIRIMENTS 

IBY MAJOR FUNCTIONI 

CLASS III IMX.1 MISSILE 

(1) (1) 
MAJOR FUNCTION NO. Of OPERATIONS  COMPUTATIONAL   THROUGHPUT   INSTRUCTION 

DELAY («fflcl     (KiPt) MIX 

fiimjiauiiiiiiMiLUx 
umeu 

(2) (2) 
-Itad  Control   ISl,   S5I 2*5 0.6 319.6 17/12/71 
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6,2.2      CaiDo&sIl&^iüfli£.£.QaaiileL 

üae   to  the   time   multiplexing  of   alt   missile   functions   In 

the   single  computer   caset   the   determination  of   worst-case 

throughput  entails  the   followiny   preliminary  design steps. 

1) Mission time   line  analysis 

2) Critical   path determination 

&issii>0-IiiDa_Li££_ADai*sis * Time line analyses have been 

performed to determine the Morst-case function mix during the 

flight path/mission of each missile class. The results of these 

analyses were used to define the missile mode supervisor programs 

described in Section 4.6.  Figures 130t 13! and 132 are function 

time-line diagrams for the three missile classes respectively. 

Sucn diagrams snow function activity on a coarse timing 

basis.  In terms of throughput« reference to Tables 46« 49 and SO 

snows that« despite the greater number of functions being active 

in the missile Terminal Mode« the radar sensor signal processing 

throughput requiremunt for clutter acquisition far exceeds the 

aggregate throughput of alt other functions.  However« without 

radar signal processing« ;he missile Terminal Node represents the 

most complex mode for single computer guidance and contrcl 

systems. 
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i 

C£.ili£al_Ea~Ui_.QaJUxaXüali.im - To determine the peak 

throughput for a single computer systenw a fine tining analysis 

has performed using the 100 msec steering loop sampling interval 

and the Terminal Mode function mix for each missile class. 

Figures 133t 134 and 135 illustrate the distribution of 

processing functions over the 100 msec interval wnich Is divided 

into ^ or <* msec minor intervals depending on the highest data 

sampling rat* used for the missile body motion/stability loops. 

Functions pertaining to the latter are completely executed during 

each minor interval subject to the additional computational delay 

constraint! and the remaining functions are assumed to be 

partially executed Mithin each minor interval until completion 

Mitnin a specific multiple of such intervals according to the 

system timin<* constraints. 
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Tne critical path or timing interval occurs when the 

signal processing functions are Included In each 100 msec major 

Interval. Since the allOMable computational time delay for 

signal processing and associated estimation and guidance 

algorltnms Is limited to 20 msec it l» Important to minimize the 

tnroughput burden due to other functions during this Inteival. 

Hence« in Class 1 missiles» the state-prediction portion of the 

fixed-guin guldanco filters is executed before the critical path 

period and only the filtering of boreslght error signals Is 

performed Mithin the 10  msec period.  Similarly» for Class il and 

Ml missiles» tne Kaiman filUr algorithm m) is divided into 

two parts» the first part containing preparatory functions» using 

data competed during the previous major interval» such that the 

critical interval Is devoted to executing algorithms which depend 

entirely uoon current target tracking data. 
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Tables SI through 33 summarize the »orst-case throughout 

requirements, (including 30% contingency)» for single computer 

systems by missile class for missile Acquisition and Terminal 

Hodes respectively« 

TABLE 51 

WURST CASE THROUGHPUT REQUIREMENTS 

FOR SINGLE COMPUTER SYSTEMS 

CLASS 1 (MAX.) MISSILE 

FISSILE MODE   FUNCTIONS 

(1) (1) 
THROUGHPUT     INSTRUCTION 

(Kops) MIX 

All 
(2) 

Acquisition    W/0 FFT 

a/0 FFUP01 

(3) 
Terminal      Al 

rt/0 FFT 

1854 

357 

58 

1376 

191 

16/10/74 

17/4/79 

19/2/79 

16/11/73 

20/8/72 

J I, 

NOTES 

(1) Includes 3ü* additional short operations for subroutine 

linkages and miscellaneous overhead 

operations to achieve operational prograi« 

(2) Average throughput over a 50 msec interval tUe*» ten 5 «sec 

dwells) 

(3) Average throughput over a 20 msec Interval. 

IL-LA 
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TABLE 52 

rtORST CASE THROUGHPUT REQUIREMENTS 

FDR SINGLE COMPUTER SYSTEMS 

CLASS II (MAX.) MISSILE 

(1) (1) 
THROUGHPUT     INSTRUCTION 

MISSILE MODE   FUNCTIONS        (KOPS) MIX 

All 9691 16/10/74 

(2) 
Acquisition    */ü FFT        1787 18/4/78 

a/0 FFTCPDI    290 23/4/73 

(3) 
Terminal      All 2420 15/11/74 

«/O FFT        443 16/11/73 

NOTES 

ID  Includes 30^ additional short operations for subroutine 

llnkigos and miscellaneous overhead operations 

to achieve operational program. 

(2) Average throughput over a 50 msec interval CI.e* ten 5 msec 

duellsl 

(3) Average throughput over a 20 msec Interval. 
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TABLE 53 

WORST CASE THROUGHPUT REQUIREMENTS 

FOR SINGLE CÜHPUTER SYSTEMS 

CLASS III (MAX.) MISSILE 

MISSILE M30E   FUNCTIONS 
THROUGHPUT (1)  INSTRUCTION (1> 

(Kops) MIX 

Al 1 19»748 16/10/74 

Acqjis ilion 
(2) 

»/O   FFT 3,941 18/5/77 

W/Ü   FFUPOI 946 22/7/71 

Terminal     , Al 1 2782 16/11/73 

h/O   FFT 805 17/U/71 

NOTES 

(1)  Inclades 3ü\ additional short operations for subroutine 

linkages and miscellaneous overhead operations 

to achieve operational program 

12)  Average throughput over a 50 msec Interval (l.e.t ten 5 «sec 

due Us) 

(i)  Average throughout over a 20 msec Interval 
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Mgures 136 and 137 are plots of worst case throughput 

versus missile class with and without the radar signal processing 

loads respectively. 
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Figure 136  Norst-Case T;\rnughput vs MlssUe Class for Single 

Computer SysteMSt Including Radar Signal Processing 
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Aa4.IiJb& - Since the add time Is a fundamental performance 

indicator for a generai-purpose computer, coupled with the ratio 

of «ultioly to add time, the composite operations counts and 

associated instruction mixes for the single computer case have 

been transcriber to provide a choice of multiply/add ratio within 

the bounds of the required worst-case throughputs* 

Figure I3t through 140 provide multiply/add vs add time 

plots for each missile class and for composite throughput rates 

with and without radar signal processing. Add or multiply time 

refers to an Instruction fetch» operand fetch» (I.e.» addend or 

multiplier» both from main memory) md instruction execution with 

respect to the existing r.A*t«nts of the accumulator» (i.e.» 

augend or multIplIcand)• 

^T 

J 

c 
3 

,100 

1 7 TT 
4ft*'*'*f'AOO   «ATM 

-y 

figure lib    Computer Nultiply/Add lime Ratio vs Add  Times  - 

Class ;  emax.) nisslle 
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6 • 3        üßlDOL^-Üfiaüil.fcfflfiD.LS 

Tables 54 through 56 present the worst-case nemory 

requirements for each of the three classes of missiiCr by major 

function» and in terms of program (ROM)» real-tine data (RAH)» 

and constants/table-look up data (ROM)» to provide flexibility in 

computer and memory design techniques. 

For single computer systems» composite» worst-case memory 

requirements are given in Table 57 for each missile class. 

As stated In Section 4» all program memory requirements 

given in the tables include 30* additional Instructions for 

subroutine linkages and other miscellaneous overhead operations 

necessary to achieve a completely oper?tlonal program. 

367 

f^ 



TABLE   54 

WORST   CASE   HEMORY   REQUIREMENTS 

(BY   MAJOR   FUNCTION) 

CLASS   I   (MAX.)   MISSILE 

FUNCTION PROGRAM M 

Head Control 84 

Autopilot LI6 

Signal Processing 975 

Estimation 143 

Guidance 52 

Fuzing 46 

Te lemetry 50 

Test 281 

Uti1ities 312 

<"4odd Control 280 

TOTALS ?339 

NOTES: 

«* For single computer systems 

L)ATA   MEMORY 
(RAM)        (ROM) 

26 16 

10 8 

5C6 150 

12 36 

7 4 

6 4 

53 

29 50 

88 * 

S17 268 
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TABLE 55 

NQRST CASE MEMORY REQUIREMENTS 

(BY MAJOR FUNCTION) 

CLASS 11 (MAX.) MISSILE 

it 

FUNCTION PROGRAM 

Head Control 272 

Autopllot 936 

Signal Processing 975 

Estimation 606 

Guidance 354 

Atti tude Reference 494 

Telemetry 50 

Fuzing 228 

Test 364 

Uti lititts 369 

**ode Control 488 

DATA MEMORY 
(RAM)   (ROM) 

50 359 

62 121 

2780 153 

38 - 

40 - 

111 58 

58 - 

5 12 

29 54 

105 • 

TOTALS 4536 3278 754 
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TABLE 56 

WORST-CASE MEMORY REQUIREMENTS 

(BY MAJOR FUNCTION) 

CLASS III (MAX.) MISSILE 

PROGRAM MEMORY 
FUNCTION (ROM) 

Head Control 449 

Autopilot 1222 

Signal Processing 975 

Esti mat ion 26L0 

Guidance 354 

Attitude deference 494 

Telemetry 50 

Fuzi 09 184 

Test 561 

üti1Ities 4 36 

»Mode Control 629 

DATA MEMORY 
(RAM)   (ROM) 

62 359 

96 1222 

5510 150 

71 - 

40 - 

HI 58 

71 - 

3 7 

57 83 

127 - 

TOTALS        7954 6148    1726 



■ 1 

I 

TABLE 57 

TOTAL MEMORY REQUIREMENTS FOR SINGLE COMPUTER SYSTEMS 

MISSILE 
CLASS 

PROGRAM 
MEMORY 
(ROM) 

DATA 
ROM 

MEMORY 
RAM 

TOTAL 
DATA 
MEMORY 

TOTAL 
MEMORY 

I 23?* 268 817 1085 3424 

11 4536 754 3278 4032 8568 

III 795<i 1726 6148 7874 15,828 
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7.  MODULAR COMPUTER DEFINITION 

In order to define the modular computer architecture and 

preferred software characteristics capable of supporting the 

entire range of missile functions and configurations analyzed In 

the previous sections of this report and the Phase 1 Final 

Report, while Incorporating growth features to accomodate 

performance and technological improvements throughout the life 

cycle of a missile system» computer design requirements must be 

broadened to include the latter and other important system design 

considerations in addition to the throughput and uenory 

leqjirements given In the previous section» 

Although programmable digital techniques have been shown 

to offer Improved performance and greater flexibility than 

traditional hardwired analog Implementations» the direct 

substitution of a single» real-time» general-purpose» digital 

computer to perform the on-board guidance and control task does 

not provide an optimum solution In many cases«  tinlle throughput 

could be satisfied for all missile type:» with a single» 

hlgn-per f ormance» mlnl-r;las3 computer and a dedicated» 

special-purpose» sensor signal processor» an excessive 

performance margin results in Class 1 and 11 missiles.  Also the 

centralization of a single standard computing unit presents 

forn-factor incompatibilities across the range of missiles» 

together with a poor electrical interface.  In addition to the 

latter deficiencies» peculiar to the missile application» design» 

asseibly and checkout of major missile sections/functions (e.g.» 

seener» guidance» autopilot» attitude reference» 

umotIical/command-lInk interface» warherd fuzing) as completely 

372 



■ :r 

operational modules Is not possible with a central computer 

design approach. 

In the light of the above preliminary observations and 

to achieve a more balanced design» the following all-Inclusive 

>:-        criteria »ere established for this study task: 

I   |Q 1.  Missile form factors» design; construction and test 

2*  System growth to accommodate performance and 

*- technological Improvements without major redesign 

3.  Hissile subsystem and avionics interfaces 

<>•  Computer loads» function antonomy and input-output 

traff Ic 

5. Available computers» components and lature/proven 

architectural features 

6. Avionics software experience. 

Such a comprehensive top-down approach to the problem 

ensures a more practical modular design specifically for ilssile 

applications and provides a greater degree of flexibility for the 

missile system desigrer. 

7 • l     liaaiJa-tDi. i«£a£liitSA-üAaiao*-Cüü3lLucIloo.aod.Iaai 

7.1*1   LOLS-Eaclota 

Since the missile presents a unique form factor 

sitaatlon for tne packaging of guidance and control components» 

profiles and dimensions M missiles representative of the tnree 

generic classes discussed in this report were reviewed {Figure 

IV1I«  Body diameters typically range from S In/12.7 for Class ! 

^        missiles» to 8 in/20.3 and 11 ln/28cm for Class II t 111 missiles 
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respectively.     The   functional   partitioning and  arrangement of 

major   component  parts   in  tanden along  the   longitudinal   axis 

becomes a  design prerequisite   in each case  due   to the   rigid 

constraints  of   the  fundamental   air  vehicle design. 

CLASS T   ma. 

CU69Z 

LEGEND 

S-SEEKER 
A/P-AUTOPILOT 

* 8'  iD A/M-WARHEAD 
iva        P-PROPELLANT 

"        CA-CONTROL ACTUATOR 
• APPRO* LAUNCH WEIGHT 

MISSILE ftxScm 

Hin 
CLASS Ä    T 
MISSILE   210c* W H 

-yv.0f*/«3rn-  

!>, 'tn'i, 

Figure Ul Air to Air to Air Missile Fom Factors 

Modularity and PacKaging Constraints 

7.1.2 lisaLlla-Oeslöü-aad-llaoulacluLe 

Missile  sections   I.e.*   radome»   seeker«   Marheadi 

autopilot/fins»  propulsion  unit and  tail   are designed» 

manufactured and  tested as   indiviudal  assemblies before   final 

asseibly   into a  complete missile. 
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7.K3 Üiaallt-ttaioiEüaoLa-Etiilüaüftüy 

■I 

i« 

In a similar manner to the design and nanufacture of 

missiles» Mithin Navy maintenance levels» guidance and control 

sections are given a go no-go che^k prior to asseibly to the 

warhead and motor sections In the carrier electronic workshop 

(Intermediate Level).  Faulty sections are replaced with a 

substitute section. Defective sections are returned to Overhaul 

and Repair shops at shore depots (Depot-Level) for corrective 

action. 

7.1.<» U0£lA.**.£A4AialA4-CMAiilA£.&*4lfiB8 

1   r 

il 

The choice of a single central computer syste» versus a 

federated/distributed microcomputer system has important system 

modularity and interface Implications In the context of the above 

missile form factor, design» manufacture» test and laintenance 

considerations» as Illustrated in Figure U2. 

at aurauT&s» a tsst: 

(EH(=GIDnHEB*>E f 
Figure  T<*2    iingle  Computer   vs  Federated/Distributed Micro- 

Computer  Mithin Missile Form Factor  and Modular  Asseibly 

Constraints 
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The federated/distributed computer system supports the 

traditionai subsystem autonomy of seeker» fuze and autopilot and» 

in addition» allows telemetry to be included/deleted without 

involvement in the operational software as in tht> case of the 

single computer system* 

Similarly» system growth would be more straightforward 

if a complete seeker» guidance» autopilot or fuze assembly could 

be replaced with an improved version without upset to the 

remainder of the system.  The follow1 tg subsection explores this 

aspect of system design more fully. 

7 • 2    iy alAJB-G tßMlt»*kilUfiiJl,üaiÄL.aAiifisIao 

Table 58 shows the application of the various guidance 

and control function program modules defined in the Phase I Final 

Report» by missile class. 

The implication of changes In module complements for 

eacn missile class from a growth aspect is shown in Table 59» 

where» performance improvements are correlated with actual module 

additions and/or deletions for each major function» Including 

those addressed in the Phase 11 Study. 

For single computer systems» growth entails additions 

and/or deletions» to the computer software» and this In turn 

demands a high degree of software modularity and discipline In 

tne software generation and documentation process» since 

estiiated program sizes range from 2K to »K words over the three 

mlssile classes. 
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In addition» provisions should be made to Install a 

higher-performance computer to accommodate the Increase In 

throughput while at the same time stipulating that software 

written for the lower performance missile computer be portable 

and run on the higher performance machine without major software 

redesign, 

7.2.2 LAdttalft4£(UaliJ.bulftd_CiiAaulAi .Sg&Uma 

Growth In federated/distributed computer systems could 

be supported by the assignment of a medium-performance 

microcomputer to each major missile section» (e.g.» seeker» fuze» 

autopilot)» subject to further computer systei partitioning 

considerations iSoction 7*31» such that» growth would be confined 

to physically modular missile sections» 

Program sizes for major missile functions are modest» 

e.g.» for Class I/ll/lli:  Autopilot - 116/336/1222 woros» Head 

Control - BW272/449 words resp.» which» coupled with the 

pnysical separation from other functions» aids software 

modularity and documentation,  further» with the exception of 

radar signal processing» throughput remains below 320 Kops for 

each major function from Class 1 Imin.) through to Class ill 

Cmax.) missile systems. 
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rihMe an  on-board missile system   is virtually 

seif-containedt   its  connection  to  tne  carrier  aircraft  weapons 

control   system  (AMCb)   via   tne  umbilical   cable  before   launch and 

via a   radio   frequency  command   link during  flightt   in  the  case  of 

Class   III   missllest   impacts both  on the  electrical   interface  and 

tne  design of   the  missile  guidance and  control   system as an 

extension of   the  avionics« 

Avionics  system  integration»   from both hardware  and 

software  aspects»  has  undergone  critical   evaluation and 

development  during the  past 2  years»  through SUCH programs as  the 

Digital   Awlonics   Information System  (DAIS)»  ftefs*  R*4»   k.^»  with 

tne   resulting specification of   a   standard»  digital»   tl&e- 

divlslon»  command/response»  multiplex  data  bus  and  associated 

standard  terminal   modules»   CHIL-STD-1553A,  30 April   1975)» 

together  with  tne  on-going definition of   a  standard  higher-order 

programming   language   CDt*D-r»  Ref.   R.6). 

Whereas  these  developments would .J of   little 

significance  to existing analog missile  guidance and control 

systems employing a multi-wire  discrete   Interface with  the  AUCS» 

(Figure  IV3I,   their   Importance  to the design of   future digital 

missiles  is particularly noteworthy* 
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Figjre   1^3     Avionics-Missile  Umbilical    Interface  -  Analog   Missile 

System 

7.3.1 4*IaDl£S_Iol£Xia&£ 

The use of a skngle-wirei seeiaI-digital (or two-wire 

redundant) umbilical connection to the AWCS for the transfer of 

all missile Initializing and test commands and data can achieve 

up to two orders of magnitude reduction in number of umbilical 

wires.  Fjrther the adoption of the MIL-ST0-1SS3 interface would 

provide an additional cost reduction through the use of a 

standard terminal unlt(s) in the missile.  Figure 144 illustrates 

the compatibility of a digital missile with an avionics systei 

using the 15S3 oata bus concept.  Interface could be provided 

either to each major function computert m the case of federated/ 

distributed computer configurations» or alternatively» to a 

single central computer.  The federated systei» would afford 

direct access to each major section of the missile for test and 

maintenance purposes. 
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7.3^ JUaailn-iouayalaauiatatlafia 

Since digital missile guidance and control systems are» 

ln-effect» pilot-less avionics systems without displays» and are 

notably more similar In the case of Class ill missiles» the 

adoption of the 1533 Interface between missile subsystems 

together with digital avionics system design practices becomes a 

serious consideration In missile computer system design*  Testing 

major missile subsystems/sections would be via a common» simple» 

digital interface resulting in greater standardization of test 

equipment and a reduction in system life cycle cost* 

Mu-sro 

r- 

-ISS» 1 UM3tLlCAL 
MUX. 

A 

RTU 

MtSZlll 
COHPUTML 

Bcia 

i f MJl-srö-SSi   MU* 

1 f i  T' 

 Jl  
1       *TU ITU *7U :   ^^    i 

seexu WAIHCAO NjrOPllOT 
'. J 

MM JOB   M iSSae   SUBSySTeMS/S£C7JO*S 

»CIÜ - BUS CONTtOL WT£iFACi  UNIT 
*TU   ' UMOTi,   7£*M/AfAL UMiT 

Figare  !<><•    Avionics - Hlsslle  H1L-5TD-15S3 unbillcal 

Interface  - uigi tal   Mlssile 

382 

u 



7. k LamiaitaL-Lüad SA-£uüiiiioo_AaloaQa^-aüd_liJftutrQiil&ul 

lialllü 

Based  on  the  system  timing constraints  discussed   in 

subsection 6.1   and  the   computer   loads  given by  major   function  and 

in  totum   in  6.2  and  6.3,   the  compatible   implementation  of 

federated and  single  central   computer   systems   is subject  to tne 

following throughput and   input-output   interface  considerations. 

7.^.1 £ßdßl.AXft^üislXibillEd_DJMUlßl_l^lftiDS 

For   feoerated/dlstributed computer   systems,   the  most 

logical   separation of   primary missile  guidance   and  control 

functions  is   into  the   three  semi-autonomous»   functional   groups 

Iisted below: 

Group   1   Steering  Command  Generation 

Group  11   Seeker Head  Stabilization and  Control 

Group  111  Missile  Stabilization and Control 

(i.e.   Autopi tot) 

Figure  145   Illustrates  the above  partitioning!   observing 

tne  systei  sampling  rates and allowable  computational   delays. 
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Additional supporting functions Mith the same degree of 

autonomy and simple» lon-spedd» Input-output interface are: 

1) Attitude Reference 

2) Fuzing 

3) Telemetry 

7 •<•. l • I ^iftftx.log-ComAAOd.£ftomLaXiAQ 

The results of sensor signal processing, radome 

compensation and estimation, as tandem functions, are used for 

seeKer head stabilization and control, tviz: c and m       )» and 
-      *    -L08 

missile stabilization and control,  (ctu »  R» ( and a-)*    This — - LOS * 
feature»   togetner  hitn   the   IOM update  rate of   10-Hhz  and  small 

number   of  parameters   involved,  provides  a  practical   Interface  for 

the  partitioning  of  guidance  and  control   functions   in  federated 

computer   systems. 
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Table 60 lists the number of computer operations 

required for each major function in the steering command loop 

(SCL) and for clutter acquisition. The execution of all 

functions in the steering command loop is subject to the 20 usec 

overall computational time delay constraint as determined In the 

simulation analyses.  Ho*everv due to the time required for data 

collection from the radar receiver* the time ivaitable for sensor 

signal processing» radome compensation« estimation and guidance 

Is reduced.  The allotment of time to individual functions is 

subject to the performance of candidate computer configurations 

as discussed in the following section. 

I ! 
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7.*a .2 ieakAX.ao4_ttls£iiA_.iiab.Ui2aiifin-aod.Laoliai 

Since both seeker and missile require stibiIization 

against body motion using dedicated ginbat and body 

instrumentation respectively» sampled at the higher sampling 

rates (W^-SOOHz)» and» furthermore» since the stabilization 

process is highly repetitive» the dedication of a separate 

computer to each task would be both convenient an3 practical» 

Eacn of these stabilization and control computers NOUM then 

receive steering commands on a more quasi - static basis» 

(13-20HZ)» asynchronous to the repetitive stabilization task. 

Throughput requirements for each of the latter computers 

are summarized in Table 61. 

i: 

TABU 61 

WORST-CASE COHPUUR THROUGHPUT 

AE0J1REMENTS FOR SEEKER AND KISSUfc 

STABILIZATION C CONTROL LOOPS 

STABILIZATION C 

THROUGHPUT (KQPS) € INSTRUCTION H1X 
NISSILE CLASS 

I II III 
IHAX) (HAXI MAX) 

Seener neao 

Autopilot 

82.0 
I13/1S/72) 

84.5 
117/9/74.) 

109.4 
113/15/72» 

262»8 
115/13/72» 

319.6 
117/12/71) 

262.8 
U5/13/7?) 

iL 
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Of tne remaining supporting functions, viz:  attitude 

reference» autopilot gain determination, fuzing and telemetry» 

only tne latter two are realistic candidates for federation» 

since attitude reference and autopilot gain determination are 

closely associated with the autopilot and its data inputs. 

Attitude reference utilizes many of the autopilot data 

inputs (i.e.w  » ü , hl, and in turn» autopilot gains are 
N     N 

determined oy table-looK-up as a function of Mach number and 

angle of attack computed by the attitude reference algorithms. 

Hence tnese two supporting functions would be best co-located 

witn the utopilot« 

fiarnead fuzing time delay algorithms require few d|ta 

*       • 
transfers froü the missile estimation algorithms (t  »$ » ft » 

M  G   N 

t I ano at a low update rate (10-20 Hz),  iince the fuzing 
go 
system is virtually self-contained» complete with Its own target 

sensor» a separate processor for the TDü is practical «nd the !ow 

throughput required (23*2 KOPS max) makes this lunction an ideal 

candidate for a simple N-HOS microcomputer. 

Telemetry is essentially a data gathering and formatting 

operation using both guidance and control aata and general 

missile data.  The former could be obtained by 

direct-meiory-access (0*A) to data stored In the steering and 

tody motion staoiIizatIon and control processor meiorles» while 

tne latter would oe acquired direct from the respective sensors» 

Mitn A-ü conversion as required.  Table tZ   lists the throughput 

reqjlrements for fuzing and telemetry t>y missile class. 
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TABLE 62 

WüRST-CASt COHPUTtR ThRÜÜOHPUT 

REQUIREMENTS FOR FUZING I TELEMETRY 

I F THROUGHPUT (Kops) t INSTRUCTION MIX 
4.      SUPPORTING/ MISSILE CLASS 

SATELLITE FUNCTION      I 11        III 

FuzTns 0.9 23.2 *0.7 
(I6/S/79)      (iS/21/64)     (16/24/60) 

TtltMttry 96.3 32.5 32.5 
10/0/100)      (0/0/100)      (0/0/100) 

7. <i. 2   ilo*lA.Caftayi*x.&*aiftM 

Tnt txtcution of all Blssllt guldanct and control 

functions In a slngit* convontlonalt gtntrat-purposa conputar la 

currantly lapractical dua to tna high throughout rataa raquirad 

for radar digital signal procassing. Hanca a M»lnlaua fadaratad 

coaputar syatan** is nacaasaiy wnara soaat If not at It signal 

procassing functions ara axacutad In a hlgh-spaad 

pra-procaasor(si. Flgura r46 lllustratts tha nacassary 

avacuatlon of Individual signal procassing tasks fro« tna singla 

GP coaputar iihan prograsainy fro« a Class 1 through to a Class 

III alssila systaa.  In affacti «ora ana «ora of tha radar signal 

procassing functions andt Indlractlyt tha staarIng coaaand 

ganaratlon loopt ara pushad out of tha GP coaputar# In ordar that 

tha aachlna can handia tha raaainlng aoay aotlon and otnar 

supporting functions» (a.g, fyzlng9 talaaatry atcl« 

[' 
i. 
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CPLt 

(A) CtA»«  I C^Mt) AUMILI 

RMOOOM) 
«1 t*     l| 

(■> CLA* S #MU MiS&>lt 

L fr,r ^•x «f*C ^        1 pKIM CV wiieodp« ftl*MO contp^rcc 
\äS%im k«/ff Ofti 

cm. \iti mnt\ 

ALL or^c« 

mcuiHtm 
FDX  # MiSC 
$*«. AMI 

ALL or^f« 

t¥CLUO>** 
mt9c »* 
«to 
<4.«9S0^9 

AIL on»r« 
ruwer/o«» 

co CLAM m t**v mm*it 
HOU*tm*r* 

Flgyrt l<»6 Hinlaua Ftdtrattd CoiPuttr Syitt« Conf durations 

fSlngla CP Conputtr). 

Tht fotlowing »actions addras» procaaaors and nachina 

arcnltacturaa capabla ol aupaorlina tna coaputar loadat and hanca 

tna practical dlvlalon of tna total conputlna tl«a audoat for 

aacn al&alla class as snonn In Tabla 6ü. 

7^ CosAiiJUi-Lfiadi.xft.A«Jiili^lft/e£AJi*iL.CoaiiuUi.i 

Aa   Indicatad   In tha pravlous aubaactlon*  tna  tnrouahput 

capabilitlas of  aalatlng and provan coaputar  archliactutas nava a 

dlract  oaarlny on tna cnolca of  coaputar   ayata« configuration to 

support any flvan »orst-caaa cotputar   load« 
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' i. 

In tni^ subst ;ltnv tht ptrfomanct characttr Isttc& of 

•Misting ill Sp«c. «Ini ana «Icrt «i«ntril-purpost computers are 

usto to dotoralnt tntlr offoctivontso In oxocutlno tht functions 

dofinod for fully fodorattd coaputor systoas and M«lnliuM - 

?        fodoratod systoMS" uslns ono OP coaputor« 
I. 

Slnctt as statod oarllor» a singlt ctntral   coaputor 

systt«  Is not practical  duo to tht high  throughput rtqulrtatnts 

iaposod by radar   signal  procossingt  tht  resulting Nalnlaua - 

fodorattd coaputor  systoa" «III  bt consldorod first followto  by a 

totally fodorattd systta* 

1.5.1        iiiMUm^fee^Ca—ulti Smaas^lttiaLaua-iadataUd-tesiaal 

Tables 6) through 65  shOM the perforaanct capabilities 

of   threot currently avallabiot Hit-Spec*» aisslle ilnlcooputers» 

pitted against  the worst-case coaputet   throughput  loads for  radar 

Clutter  Acquisition and aisslle  Toralnal   nodes  respectively»  for 

eacn of   tne  tnrtt gtnorlc alssllt classes» excluding ffl 

processing  In all  cases.    It can bt seen froa the results and 

conclusions   irdicated that a relatively nign^speed OP coaputor 

IvftMCI  could accoaaodate  the Class  I  and  II  throughput 

rttuirtaonts»  eacludlng FfT and POI  signal processing»  «hlle 

providing radar node control.    Haaevor»   In the cast  of   the Class 

III   systeaf  all  radar   functions aust bo  reaovtd froa the single 

(.»»  cft«»ut«r   t« avoid saturation,    flfwro  l«6 llluttratotf this 

I tnrott.itout atsrotlon  In Mock tfla«ran  torn. 
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The accommodation of trie excess radar slgnai erocesslng 

fjnctionSff in conjunction with the remiinlns steering loop 

algorithast using compatible processor architecturest Is 

therefore discussed in the next subsection which addresses 

federated computer systems design* 
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7.5.2 tediixaled/Uiiliiliuiad^LßiDöylßL-^aieiBS 

: 

Based on tne partitioning rationale discussed in 

subsection 7.4.It a feasible federated missile computer systen 

comprises tne following dedicated processors: 

1. Steering Command Generation 

2. SeeKer Head Stabilization and Control 

3. Missile Stabilization and Control (Autopilot) 

4. Fuzing Time Delay 

5. Teleme try 

Steering command generation entails the execution of 

radar signal processlngi radome compensation, estimation and 

guidance functions within a maximum allowable computational delay 

consistent with acceptable miss distance, (refer to subsection 

3.3.4)•  Since it has already been shown that a conventional OP 

missile computer lacks the throughput capability to execute all 

radar signal processing functions within an acceptable tine 

delay, an analysis of tne FFT operation is given in the following 

paragraphs followed by an overview of compatible machine 

architectures and execution speeds. 

7.5.2.1  Eaal.£üuiiei.l£aoaiax.A-l££Il.Eiacfiaaiaa 

The Cooley-Tukey FFT algorithm (Ref. R.7) is executed by 

repeating a complex 2-point transform Iteratlvely N/2 Log N times 

per range oin, thereby constituting a major processing load for 

digital radar signal processing. A description of the FFi 

algorithm together wltn programming examples and hardware 

Implementations Is given In the following paragraphs. 
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ttasiL-Looia^rluhey-Ltl-UimialiuD - The basic operation 

m and common denominator of the Cuoley-luKey algorithm consists 

of one addition« one subtraction and one multiplication Involving 

two data points and a stored multiplier - all of which can be 

eltner real or complex quantities» Figure H7 is a flow diagram 

Illustrating the basic operation with complex data points (a+jb 

and c+jo) and multiplier (x+jy). The operation yields two new 

complex values: 

and 

(a*cl ♦ j(b*d) C1) 

lXla-c) - Ytb-d)l ♦ j IX(b-d) ♦ YU-OI (2) 

•fjb 

c+Jd m 

(•fjb) + (c+jd) 

. t(a*iM - (c*Jd)l t»^Tj 

figure U7  Basic PFT Operation - Flow Diagram 

Thus» with complex data points« the basic operation 

requires the following computer arithmetic operations: 

Adds:    3 

Subtracts:    3 

Multiplies:    ^ 

i 
i 

For N data points (N being any power of 2) the basic 

operation Is repeated N/2 tog N times total using original data 
2 

pairs and resulting pairs and   foilolwng  an  Iterative  process   In 
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i   I 

accordance wtih the complete FFT algorithm (Figure 1^8). 

LasaiilaL.ELQaLaois - Programs to implement the basic FFT 

operation with complex data points on both single and three- 

address machines are given In Table 66* 

It is assumed that all Input data points are fully 

buffered requiring 2N memory locations, although the basic 

operation involves only 4 of these at a time plus an additional A 

for intermediate results (scratch-pad memory),  ttitn this 

arrangement! memory requirements for the basic operation, 

excluding Input-output programs and Indexing or data sorting 

programs are as follows; 

as* LAcailoos Xyoa 

Data Points ?N*<» RAM 

Multiplier constants N ROM 

Basic operation sub-program K (10 or 30) ROM 

üiBalfcla-££I_AJ,uU.lba - Figure H8 is a flow diagram 

for a ib-point FFT showing log,* iterations m of H/Z  baste 

operations (bl» i.e. 32 basic operations total. 
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INruT SAM^tC 
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• ••■»i-itt/ii 

•W * 

■!•• 

"I 

! "^F" 
Figure 148  FF1 Algorithm - Flow Diagram, N = 8 

To use the same sub-program (Table 66) for N/2 IQ^LN 

basic operations requires the adoption of one of the following 

three data addressing schemes: 

l.  ülrect Addressing (straight-line programming - no 

Indexing) 

?•  Data sortlng/re-ordering 

3*  Address modification, through index registers 

üiL££l-AddLeaameIÜLAiata=LlOft-£iogLi.Miog - This would 

require tne same program to be re-written M/2 log N times with 

new addresses each time to directly address tne required data 

points and multiplier constants.  Table 67 shows tne resulting 

program sizes for values of N between 16 and L024, using direct 

addressing compared to Indexing with a common subroutine.  The 
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.   i 

inefficiency   of   the   former   scneme   is  self-evident  but  could  be 

tolerable  for   small   values  of   N  with  currently  availablet 

trasked-progr amned,   semiconductor   ROMs  at  4f   8 and   16  Kbits  per 

LSI   chip. 

(UXa_an£.iino£&£rüx4fixiofl  - An  alternative to  the  direct 

addressing of   data points   In each   instruction  is  to   re-order  the 

data  such  that  the  sub-progra* for  the   basic  operation   (Table   66) 

addresses  the   same   locations   In a   10-wordt  scratch-pad «eiory» 

but  obtains   the   required  pair   of   data  points  and multiplier 

constant as  a  result of  an earlier  sorting process. 

A  significant   speed advantage   could  be  obtained  using  a 

second  (micro)   computer as a preprocessor  to handle  the  data 

sortlng/re-ordering  task and  overlap  the  2-polnt  FFT  process 

performed  in a  follow-on computer. 
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BASIC   Ml   OP-RAtlOM,   ' IMUf   t   3-A0Ü«tSS 

CONPUTCR  »«OCRAMS 

SlftiCLt-AOOAESS  PR00S4M ä-AOUtlSi   fRLGRih 

Inttructten        op«r*tion Instruction u»»ratton 

to* W   * 

SJt »  -  c  ♦    * 

STA 4   ♦   tiH*\ I 

LO* b ♦ * 

Sub b-d*   4 

m 4   ♦|?'««^) 

id« •    •   • 

4^0 ■ •e  ♦ 4 

M* 4   ♦til 

101 6*4 

tad b«C<»A 

SI« * ♦ iM*n 

L^A 4-e*  4 

OT Itl-Cl*  A.I 

if» ** Ufa 

u* l*-«l» * 

49V »«•-€!•   *.« 

SI* *• lt^»U 

lü* *•#♦  4 

«»» Mt-<*   • »>• 

SI* 1* |/v«*i 

iv* lf«i • 4 

•ft *|»«4I • *»» 

\IA * • IV*«/I 

1114 ■ •••i1   •  4 

tJ» 4l«>cl-*lb-«l • « 

%l* 4 • I1SIMI 

i»* ■ lb -41 • * 

4U0 

SI* • *life*ll 
1 

t»ut 
tittrwtttMtt id 

su» •-e ♦  liN»ll 

sue b*tf *   IIMII 

4JD «•clll 

AOD b»c nir»ii 

«PY n»-e»   •    lis*it 

HP» »lb-c»   •    ii>»»li 

H>Y llb-dt   *     C2V«<>) 

«P¥ rib-*»   •    ^^^^♦^l 

SJfe ■ lb-e f -Mb-d» ♦  IN/**U 

4kJtf Hb-al«t la-c» ♦    Jiitl 
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T»UI 

tnttructUntt 10 
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TABLE   67 

FFT   ALGORITHM,   PROGRAM   SIZE,   DIRECT   ADDRESSING/ 

STkAICrlT-LiNb   PRÜGRAMM1NG   VS   INDEX ING/CQMMLN   SUBROUTINE 

DATA PROGRAM SIZE 
POINTS D i reel Address!ng Index i ng 
U) Single 3-Address Single 3-Address 

16 960 320 88 48 

32 2,400 800 120 80 

6J» 5,760 1,920 184 144 

128 13,440 4,480 312 272 

256 30,720 10,240 568 528 

bl2 69,120 23,040 1,080 1,040 

lf02<i 153.600 51,200 2,104 2,064 

4ddXAss.do4ilicaii<u_iibii)uii0.i.od**.c.ftgistftLal -  To 

utilize a  single,   conmon 2-point  transform sub-progra»   for   tne 

entlra  FFT   algorithm   requires modification  of   subroutine  operand 

aodresses and   the  usual   method of   achieving this   in a  GP  computer 

is  to utilize  hardware   index  registers  whose  contents  can  be 

added  to  the  displacement addresses contained   in the   Instructions 

of   the  comion sub-program, 

looulrbuloul   -   For  nign-speed  and  a  minimum  of   buffering 

and  prograimed  operations  the  direct  memory  access   (OHA)   1/0   Is 

the  most  effective method  for   block   transfers. 
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DutPütling of transformed data in re-ordered form could 

be achieved in a simitar manner to the inputting operation by 

tit-reversing tne counters for memory block addressing thereby 

automatically re-ordering the data to the original sequence* 

Figure U9 is a first level flo* diagram of the FFT 

program for a single computer• 

LQ8aule£..Cooli6iii.aXioos 

Table 66 lists the four major computer configurations 

for FFT processing and their relative execution speeds as a 

function of the number of 2-POint transform arithmetic units 

employed Uef. ft,8).  Of these four machine architectures» the 

single sequential confiquratlon» as a minimum hardware version» 

is more practical for on-board missile applications*  Further» 

tne ?-Polnt transform arithmetic -unit" could be considered as 

eitner a fjii hardware implementation or a conbination of more 

simpie hardware and supporting software/firmware routines*  With 

this latter concept in mind» both conventional GP computers and 

their FFT optimised counterparts were reviewed* Figure ISO 

illustrates tne candidate computer configurations considered tilth 

their respective performance capabilities summarized in Table 69» 

using the basic '-point and 64-point complex transforms as commom 

benchmarks. 
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TABLE 68 

FFT PROCESSUR CONFIGUk&T1ÜNS VS EXECUTION TlMfc 

ConfIguratlon 

No. of 2-ot Transf o. ;n 

units F^ T execution Tint 

Sin«,!« Ltquontlal 

P IOA i me 

Peril lei   iterative 

Array 

1 

t092N 

SH   »092   N 

N/2   I092   N   x   b 

1092 ^   x   d 

b 
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üith a Knowledge of what Is practical in terns of 

computer types and throughputs versjs the required processing 

load, a tiling analysis was perforned to determine the aost 

effective load distribution between conventional GP and 

FF T/PDI-opt iiilsed coaputer architectures. 

Figures 151 (A) and IB) are curves shoning GP coaputer 

throughput versus FFT and PD1 - optimised processor throughputs 

for the radar Clutter Acquisition and missile Track Modest for 

Class I aid II L 111 missiles respectively.  The optimum design 

points chosen for each class are given in Table 70. 
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TABLE 70 

GP CDMPUTEk THROUGHPUTS I   COMPUTE TIMES 

FOR 

STEERING COMMAND LOOP ISCL» L   CLUTTER ACQUISITION TIME CRITICAL 

PATHS 

FUNCTION 

MISSILE CLASS 

«ACQ 
(SCL) 
TRACK »ACO 

II 
«SCD 
TRACK 

III 

»ACQ 
(SCL) 
TRACK 

FFT 
PDI 

Ither S ig Pro 

Radome ConpensatI on 

Estimation 

Guidance 

8.1 
3.2 

1.5 
1.78 0.456 

0.192 

1 .8 J.2Z 4.544 
(87.9) (278, 7) (462.7) 

N/A    N/A N/A N/C N/A N/C 

N/A    11.9 N/A 18.5 N/A 19.806 

N/A    (167. 3)N A (127. 7) N/A (127.8) 

Total Compjte 5.0    20.0   5.0    20.0   5.0     20.0 
Time (m&ec) 

NOTES: 

*  Jne 5 msec dwelI 
N/A Not appl Icaole 
N/C In the steering command loop, but not in the time-cr 11lea I path. 
I ) GP Computer throughput requirement (Kops)» including additional 
3Dt overhead. 
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iencet of the several different types of computer 

arcnitecture ana associated FFT processing performance reviewed 

in Table 69t two types kill provide the processing speeds 

required to meet the Class It II and 111 radar signal processing 

loads» namely: 

1)  Single microcomputer (bipolar) with hardware 

multiply 

2.)     Single microcomputer (bipolar) with 2-point complex 

transform arithmetic module 

Oje to the high processing speed of the above computers 

and the short processing time allowed» the remaining processing 

tasks associated with signal processing» estimation and guidance 

can be accommodated by a conventional gp computer with 100» 330 

and 500 Kops throughput capability respectively. 

7.5.2.3  aDdy-ÄßliOD.ilaäiiUiuaod-LflOlifli 

Table 71 applies the seeker head and missile body motion 

stability and control throughput requirements to an available 

HlL-Spec.» bipolar» microcomputer set» (Intel 3000-series), 

configured as a lt»*bit processor.  Mhile there is ovencill in the 

Class 1 case» Class II and Class III are well matched.  This 

snows that an N-HUS processor would be a better fit for Class I 

appl Icat Ions. 
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The remaining missile functions of fuzing and telemetry 

are similarly sized against an available, MIL Spec, 

microcomputer set CAMD 9080A-2ÜM) in Table 12.     Fron the results 

obtained, based on estimated computer loads, a N-MOS 

microcomputer with a software multiply routine matches the fuzing 

throughput requirements for Class II and III missiles and has 

overkill for Class 1 and all telemetry requirements. 
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7.5.2.5     ißCDffimEüdad_£fiiiataiadZÜislritiulßd-£QB0ulßL«<S^3lfim 

As  a   result  of   the previous computer   systen  analysesi 

the   recommended  federated/distributed   computer   system   for   missile 

guidance  and  control   is  of   the  form shown   in  Figure   15?. 

Six microcomputers  (p C  -y C   )t   of  varying  performance 
i   6 

capabilities are matched to the respective! semi-autonomoust 

missile functions which in themselves follow the physical 

partitioning of major missile functions for design» manufacture» 

test and maintenance. 

The body motion stabilization and control processors 

( UL  and \i.   )   are colocated with their respective sensors and 

actuators and execute the control loop functions in an 

uninterrupted cyclic manner. 

A 2-wire» serial digital multiplex bjs. as defined In 

ilL-bT0-1553Av forms the Interface between all microcomputers and 

the carrier aircraft AWCS computer. 

Before launch the AWC5 computer controls tne ulsslle 

microcomputers via a BCIU to subordinate microcomputer RTUs. 

(The BCIU of microcomputer no.l IUC ) functions as an RTU during 
1 

tne  prelaunch  mode»   Ref.    R«9  para   3.1)• 
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After   launch*   the  body  motion  staoiIization  and  control 

computers   (MC     andu C   )   receive   appropriate   steering  and   9 

comnands  from  microcomputer   no.     1    (yC   )   asynchronously  at  the 

low-frequency*   10   to  ^0  Hz»  update-  rate.     Input  of   these 

parameters   is   by   dirPCt-memory-access  to   pC     and   uC     memories 
3      5 

after serial to parallel conversion by their respective SDIG 

modjies.  The fuzing computer IpCJ receives its input data in a 
4 

simiIar manner . 

Steering command generation is accomplished with a 

hign-speed microcomputer (yC ) performing the FFT/Pul functions 

under tne control of a medium-speed microcomputer {yC ) which 

also executes radar mode controlt post-processing, radome 

compensation, estimation and guidance functions, all within tne 

maximum allowable computational delay for steering comnand 

generat ion. 

Pre-processed radar data is transferred fro« pC  to pC 
2     1 

across a Parallel OHA I/O interface at the end of each dwell or 

series of dwells, as in the case of the clutter acquisition «ode 

For missile flight tests* the warhead section and 

associated microcomputer (pC I, is replaced by a telemetry 

package and dedicated microcomputer CpC ). Tie telemetry 

romputei and Itb associated RTU operate as a bus monitor for 

digital data gathering, with the additional analog test data 

being Input via an analog multip lexer/A-0 converter (ADAC) I/O 

module« 

1 41S 
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Fuzing and telemetry are handled by separate 

CPJ-on-a-chlp type medturn/iow-speed microcomputers* 

both the launch aircraft ar>d test equipment have direct 

access to each nicrocomputer via the common bust 

«0.9. Hil-ST0*1553)t enabling fault isolation to the major 

subassembty level. 

7.6 lo d ul äL . Cam j)iJl£X -üftlioil Inn 

; \ 

The available mini and microcomputers evaluated in the 

context of missile guidance and control system requirements! 

while suoportins the respective computer loads» lack common 

modularity features, and» even more Important they tack a comion 

programming language.  These two deficiencies constitute major 

drawbacks for low-cost» modular growth» design flexibility ano 

simple logistics in missile systems. 

Tne solution to the first problem identified abcve» ties 

in the definition of standard» major/macro-function computer 

modules eacn with a standard Interface to a common 

Interconnecting bus.  Such minimal standardization would provide 

the leans of changing tne performance of a given coiouter 

configuration by interchanging r.exory modules with different 

cycle times» centrnt processing units (CPUs) with different 

computing features» and input-output channel types to suit the 

specific 1/ü situation» in order to achieve tne desired 

performance and programming features for a specific missile 

computing task.  In other words» to achieve a best-fit of 

computer hardware configuration at lowest-cost &nd without 

restrictions on future growth to accommodate changing technology 
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both In performance and circuit pacKinq densities. 

fissile guidance and control computing requirements nave 

been shown to demand a hide range of computing throughput rates 

together with memory capacities! therefore a corresponding range 

of related computer configurations is needed *ith tne modularity 

and common interface characteristics previously identified. 

I: 

A review of state-of-the-art» special-purpose» digital 

signal processors and conventional general-purpose computer 

architectures (see Figure ISO and Table 69) has revealed 

significant commonalities in both major functional components 

(macro-function units) and organization.  The only Tiajor 

difference evident In processors performing high-speed fast 

Fourier transforms (FFTs) versus regular Von Neumann type GP 

computer designs is tne use of a special aritnmetic module» 

optimized foi the rapid execution of the basic i-point couple* 

transform, in place of the genera I-purpose arithmetic and logic 

unit.  In addition to signal processing commonalities» 

general-pjroose computers have reached a level of maturity over 

tne past 25 years resulting In certain estaclished design 

features being commonly employed to Improve performance and aid 

programming.  Tne recent advent of large-scale-integrated (LSI) 

circuit microcomputers as high-volume computer component sets has 

further complemrnted the standardization trend. 
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In the light of the above prelk*inary studies and 

observations, a family of macro-iaodular >n*cr ocoftputar s as shown 

In Figure 153t offers an effective neans of neeting the 

processing requirements of all three classes of A-A missile» with 

the option of onfiyuring either single or federated computer 

systems according to the specific constraints of a given missile. 

Table 7^ lists ten major types of macro-function modules 

required to support the range of microcomputer configurations 

shown in F igure 153. 
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7.7     iDllwate 

In the past» the accent has been on the conservation of 

memory space in avionics applications due to size» weight and 

power limitations and the use of magnetic-core or plated-wire 

iremory systems.  This in turn» emphasized the need for "tight" 

code or the highly efficient use of program memory in avionics 

computers.  The compatible programming language for this design 

goal is symbolic assembly language since it achieves one-to-one 

correspondence with the final machine/object code. 

Assembly languages» while efficient in the use of memory 

space» nave the following drawbacks: 

1. Peculiar to one computer. 

2. Highly flexible in terms of programmer-peculiar 

r out Ines 

3. Difficult to read and spot errors. 

'4.  Difficult to re-understand and modify - even by the 

original programmer. 

5. Difficult to Impose and sustain modular and 

structured programming techniques. 

6. All software generated peculiar to a specific 

computer - non portable. 

7. As a result of the above deficiencies - costly to 

ver1fy and maIntaln. 

OJO to increasing labor costs and diilnlshlng computer 

mamory costs» the latter as a result of large-scale-Integrated 

(LSI) semiconductor memory modules« the accent has shifted from 

tignt-code for avionics computers to the following criteria: 

421 



1»     Common high-order   programming   language 

2. Structured  design 

3. Modularity 

7.7.1 iQllnai-a.Loat 

Total software cost for a fully commissioned computer 

system is measured in terms of average cost Per instruction wnich 

includes:  initial design; coding; verification of coded programs 

and the subsequent updating/maintenance necessary to meet the 

system performance specification. 

A parallel with software development can be found In 

hardware except that the former has not reached the same level of 

maturity and formalization In design practices and control 

procedures. 

Software cost can therefore be defined and summarized as 

follows: 

Cost  per   instruction  - 

Qasida_LDsl_i-£adiOtt~cxi3l_i.ttaiill£aiiojQ_£i*st_i-ttaiolfiQaca_LQal 
No.  I Ines of   Code 

Costs Identlfed are predominatly labor costs and these 

In turn depe>d upon: 

1. Firmness of requirements 

I. Proportion of new vs proven algorithms 

3. Size of program 

<►• Complexity of program 
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The resulting number of lines of code are attributable 

to: 

1. No*  functions assigned to software 

2. Level of programming language 

A survey of software costs experienced In the 

development of several recent tactical computer systems shows 

that real-time» operational software costs tyolcally range from 

ikO  * $60 per instruction, wltn off-line, non-operational 

programs costing *8 - $30 per instruction, depending on tne 

proportion of new vs existing routines. 

7.7.2   CQal-&aductlOD.äaasuLas 

From tne foregoing observations, software cost can be 

reduced/minimized by: 

o Nell Defined Requirements 

o Re-cyclable Program Modules 

o  Small-Medium Size Programs (SOD - 2K words) 

o Use Nodular, Structured Design 

o Penorm Balanced Hardware/Software Design Trade-off 

o Keep No.  Lines of Code at Minimum i.e. 

- Use  Higher-Order   Language 

- Use  machine architecture which  minlaizes overhead 

code  (load  and store) 
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i 

In contrast to rising software costs, which are 

predominantly man-hour dependent, computer semi-conductor 

hardware costs are rapidly diminishing, 

rihlle earlier minl-computer architectures were simple, 

to minimize hardware cost, such machines required a large number 

of overhead Instructions to implement a given system function, 

typically bO-70* of the toal operational program, which In turn 

resulted in a high software cost compared to more efficient 

machine architectures. 

To evaluate the benefits ol lower-cost LSI computer 

hardware features witn respect to software cost, established 

architectural features have been identified and their Impact on 

hardware, throughput and software (Ref.R.lO) is shown in Table 

7W.  A simple 8-bit, single-accumulator computer was used as a 

reference witn Incremental improvements added and related to 

hardware, software and missile function execution.  From this 

assessment it can be seen that computer Instructions and hence 

software cost are reduced in each case, assuming assembly 

language cod ing. 
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1.1.** diatiÄi.-0idttL_£xDgj:aifiiiiiQfl.LaüaüaaÄ3 

In addition to the standardization, control and 

visibility afforded by higher order languages (hüls} for software 

development albeit at the expense of less efficient code» 

(typically 10-20% reduction In throughput and a similar Increase 

in memory capacity), the use of a common higher order language 

(e.g. 000*1) for all military software can imorove cost 

efficiency in digital missile development. Both the Initial 

simulation of missile performance and the generation of object 

code for the on-board missile computer(s) can be accomplished 

interactively using the same HDL program modules.  Figure 154 

illustrates a unified approach to missile software development 

using a host computer and associated cross-compilers and 

assemblers.  The customery approach is to code in one language 

for missile performance simulations e.g. FORTRAN, and re-code in 

a different language (i.e. assembly) for the on-board missile 

computer. 

>> 
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APPENDIX A 

LIST OF ABBREVIATIONS 

Ace Accelerometer 

ACOS Arc Cosine 

A-D Analog to Digital 

ADAC Analog to Digital. Digital to Analog 

Converters 

AFC Automatic Frequency Control 

AGC Automatic Gain Control 

Al Airborne Interceptor 

A^ Amplitude Modulation 

A-Pj Active Pulse Doppler 

APN Augmented Proportional Navigation 

Ak Active Radar 

A*H Antl Radiation Hlsslle 

ASiN Arc Sine 

ATAH Arc Tangent 

AiiCS Aircraft Weapon Control System 

B3B Beginning of Block 

BSE Bortslgnt Error 

BM Bandwidth 

C Number of Magnitude Bits 

CCO Cnarge Coupled Device 

CFAK Constant False Alarm Rate 

CMS Central Integrated lest System 
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cm Centimeter «Meter x ICf2) 

CPU Central Processor unit 

CM Continuous Wave 

0 Hiss Distance 

0-A Digital to Analog 

DADD Double Precision Add 

DAIS Digital Avionics Information Systei 

db Decibel 

deg Degree 

DLQ Delayed local Oscillator 

DMA Direct Memory Access 

OHAIO Direct Hemury Access Input/UutPut 

() UJF () Degrees of Freedom 

DTHE Pre-Oetermined Time 

ECCI Electronic Counter-Countermeasütes 

ECN Electronic Countermeasures 

F Signal to Quantization Hoise Ratio 

f Frequency 

FFT Fast Fourier   Transform 

FH Frequency Modulation 

fps Feet per  Second 

ft Faet 

FUJ Fuse  on Jam 

FOV Flmid of  VieM 

FSft Feedback  Shift Register 
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0 

9 

GHZ 

GP 

HArf 

MMPV 

HÜJ 

HOL 

hf 

HWCJ 

HZ 

I 

ICH 

10 

IF 

UPü 

In 

INT 

I/Ü 

1 C 3 

IR 

IRC^ 

J 

J/N 

kbits 

Gain 

Acceleration of Gravity 

Gigahertz (Hertz x ID9) 

General Purpose 

Homing Al I The May 

Hardware Multip!ier 

Home on Jam 

Higher   Order   Language 

Hour 

Hardwired Control un't 

Hertz 

Address Pointer 

Interrupted Carrier Wave 

Identif ication 

Intermediate   frequency 

Injection Locked Pulse Doppitr 

Inch 

Integrator 

Input/Output 

Inpnase and Quadrature 

Infrared 

Infrared Countermeasures 

Analog Channel Number 

Jammer to Noise Ratio 

Kilobits (bits x ID3) 
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Kit 

Kg 

Krtz 

km 

KOPS 

lb 

LET 

LM 

LÜ 

LOS 

LRJ 

LSB 

■ 

HACH 

^C 

HCI 

>1rt2 

MLC 

«« 

HOpi 

•PS 

*ft 

«»•c 

n 

NA 

f>«i 

KHofeel (Feet x 10J > 
3 

Kilogram (Gran x 10 I 
3 

Ki Ithertz (Hertz x 10 ) 
3 

Kiloneter (Meter x 10 ) 

Thousand Operations Per Second 

Pound 

Leading Edge Track 

Llmiter 

Local OsciIlator 

Line of Sight 

Line Replaceable Unit 

Least Signifleant Bit 

Meter 

Mach Nunber 

Mid*Course 

Major Coftputlng Interval 

Megahertz (Hertz x l(^ ) 

Malnlcbe Clutter 

Mi I llaeter (Neter x id" ) 

Million Qpeiatlons Per Second 

Meters Per Second 

Mllllradian (Radian x TO*3) 

Millisecond (Second x 10* ) 

Acceleration 

Not Applicable 

Nautical Mile 
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N-HOS N~Channet Metal Oxldt Semiconductor 

P 

PCH 

Plü 

PO 

■ p^l 

1 Pölü 

I 

1 

1 

1 

PtA 

PN 

PRC 

PRF 

PROi 

P/Y 

k Q 

# R 

t • RAU 

f * RAi 
• • 

• • 
Rat 

Rf 

* • RFI 

" RIO 

ÄHV 
r 

4Ui 

, IMS 

Probability 

Pulse Code Modulation 

Programed Control unit 

Pulse Doppler 

Post Detection Integration 

Parallel Digital Input/Output 

Programmable Logic Array 

Proportional Navigation 

Pseudo-Random Coded 

Pulse Repetition Frequency 

Programmable Read Only Memory 

Pitch/Yaw 

Quadrature 

Range 

Register Arithmetic t Logic Unit 

Random fcccess Memory 

Range Desensitized Lau 

Radio Frequency 

Radio Frequency Interference 

Rate Integrating Cyro 

Root Mean Square 

Read Only Memory 

Radians Per Second 

S C A SafIng and Arming 

ittm^^mmmm -:--"—-^'—- 
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SA-C* 

5A-P3 

SAR 

SCL 

SCR 

sau 

9§C 

S/H 

OSL 

SeMl-Activt  CM 

Sanl-Activt Pulse Ooppter 

Semk-ActUe  Radar 

Steering Connand  Loop 

Signal   to  Clutter  Ratio 

Serial   Digital   Input/Output 

Second 

Sawple  and Hold 

OState law 

SMR 

SSRT 

TOO 

TERi 

TIAS 

TÜA 

TU1 

TV 

TVC 

Signal to Nolte Ratio 

Square Roct 

Target Detection Device 

Terminal 

Target  Identification Acquisition  Systen 

Tlae of  Arrival 

Track Quality  Indicator 

Television 

Tnrust vector   Control 

Velocity 

434 

_-    .-^.^   ■■^.,ä^^-J-^J-    ■        ..^     .-     r ■    .,- --■..nfrl- 

J 

i  ilnili   ' Ti i I     i ^; CT* ^hi i 



APPENDIX   ß 

aoa: iüE -i EltLtlllMG ■ = Itl£Q&JL-afc.Q££&AJIDIit 

Bl ULUaaULIKUL 

A functional flow diagram Illustrating burst a»olitude 

weighting is shown In Figure Bl below.  Burst amplitude weighting 

Is shown applied to a signal which has been observed over a 

limited time duration (I.e. T ) in order to reduce the resulting 
B 

frequency spectrum sidelobes. 

sr(«=>Acos^a>Dt SoCt) = sJ(i)/M/(t}Afza) 

DA7VI 
COLL&CTlOt* WBlSMTim 

Figure Ö-1   Burst Amplitude weighting  - Functional   Flow Diagram 
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BZ üliüi£IGHI£ü»SiüJiAL_SE££iaUH 

Consider  the  signal   of   interest»   5   Jt),   to be  a  sinusoid 
Ip 

observed for a time duration» Tg.  This is represented as the 

product of the input signal» S (t), and a rectangular pulse» 

M^t).  The spectrum of S git) is determined as follows: 

sl3<t) « SI(t) • W (t) 

taking the Fourier transform of both sides 

for 

for 

where   (*)   denotes  convolution 

5T(t)   =   A cosAw^ t 
I D 

S   ( w)   =   A     <5( ü -   Aw    )   *  A     6( w i-   Au    ) 
I 2 

D 2 D 

ere   öc w )   «   j^o   ü> ^ 
0 

¥0 

Mj   (t)   «  RECl/l—^ 

U)TC M     (w )   «   Tft    Sine  „i. 
1 ß 2 

f 

mm 

where  5 inc   (x)   ■  SIDX 
X 

performing  the  convolution we obtain» 

Uw -   AwD)Tßl STtt ( w )   »  ^iß Sine 

+ -MS Sine 
2 

Uw  ♦  AwD)IiJ j 
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The spectrum of the unweIghted/tIme-I Iwlted signalt 

5 ß( üi )t Is shown in Figure e2A. Note that the width of the 
IP 

spectrum mainlobe varies inversely with the burst duration 

(observation time/dwell time)* T0 • Only in the case of an 
p 

infinitely long observation tine does the spectrum approach the 

two impulse situation corresponding to the rourier transform of 

cos (Aw  t). 

-ACüo 

ainc (foJ-AoJ»)^ 

(Al  Spectrum of Unwelghted/TIme-Llmlted Signal 

COMPOZITS SIGNAL Sö(JU» 

-AC^c» 

SofoÄ 

Alt 
2 

sen c fa-&(*>*) l£~n\ 

5t#ic[^-ACJb)^*n] 

sine [w-Afio,)^! 

(B)  Spectrum of WeIghted/Time-Llmited Signal 

Figure 82 Burst Amplitude Spectral Relationships 
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B3   ä£IGtil£D.iiUiAL-i£££iaUM 

Burst amplitude weighting is applied symmetrically over 

the observation interval of the signal of interest.  The 

resultant weighted signal spectrum» 5  (u) >t Is determined as 
o 

folIows: 

So {t)   ' Si0m # M  U, 

Let Ma  (t)   «   a  ♦   (1-a)   cos     [Z   *-   ]   \t\ L lä > t) k0 
Where, a = 0.5 for cos2  weighting 

The restriction on the absolute value of t for M  (t) 

can be removed by rewriting M2 (t) as: 

Ma (U « RECT (v.) [• •"-' "•(^)] 
rewriting $§ (t) In terms of the Input signal: 

So it)   « Sj (t) . Hl   it)   . M^ (t) 

« Sj It) . RECT (i;) ••"'(';)•[■ •"■""•(«I]] 
Since the two RECT functions are defined over the same 

Interval» only one Is necessary» I.e.: 

s m = s j CU   .  RECT^Tßj.  a  ♦   tl-a)   cos j|SIl 

taking  the Fourier   transform of   both sides 

S|   C«  )   •  S Iß< o»)   •ja«« «>   ♦(ijSJ «(tt. &) 
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We see that the effect of the weighting is to produce a 

convolution of the burst time United signal spectru«, S j^ ** I» 

with three Impulses that are separated by w ■ a- which 
T8 

corresponds to the spacing of the first null of the sine 

function. Performing the indicated convolution we obtains 

<w) « qAl^SInc t (ii - AwD j5i|* JlralATB Sine 

♦ ÜIäIAT  Sine 
2   ß 

♦ JlrfilAT     Sine 
2       a 

C   w -  Aw  ) 5 fi+ 

4 
}■ otAT ßSinc 

(   b) -  AyD ) ?-•] 
(   w ♦   Afa)D)   P I 

(w ♦Afa)n)?B.l  JlralAT     Si nc (d) ♦Ätüjj)   ♦P 4- irj D'2  |   2   6 

The resultant weighted spectrum and the convolution to accomplish 

It is shown In Figure B-26. Note» that the situation corresponds 

to the case for a *  0.5 which is the so called cosine-squared 

weighting. Note also» that for this weighting that the spectrum 

mainiobe is broadened by a factor of 1.6 (3 db bandwidth). 
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APPENDIX C 

UTILITY SUBROUTINE REQUIREMENTS AND DEFINITION 

Utility subroutines in the computer software are 

defined as those routines which provide basic mathenatical 

functions.  They are used to support a variety of missile 

functional algorithms and are called as frequently as 

necessary to satisfy functional computations.  Those 

necessary for an on board missile computer are listed in 

Table C-l with associated instruction type and memory 

requirements.  For this tabulation» the equivalent adds are 

based on a ratio of eight multiplies to one add and a 30X 

overhead burden was assumed.  As shown» the subroutines have 

modest requirements and do not by themselves dictate 

computer sizing. 

Some of the routines such as the digital filters 

provide a level of flexibility which is attractive in a 

small computer,  the algorithms used to provide a four pole 

filter» for example» can be used to implement a transfer 

function which is a fourth order lag or a lead/lag filter 

with any order numerator up to four.  Tne only difference 

from one transfer function to another are tne values of tne 

constant coefficients input to the software routine. 

The algorktnms used to define utility requirements 

are as shown in Table C-2. All the trignometric functions 

are tdsed on series expansions and a four ten expansion Is 
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considered adequate for most applications.  The table 

IOOK-UP routines only become significant when functions of 

three variables are required and tnis has been assumed 

necessary for a Class III missile only. 

Table C-3 defines the mix of standard routines 

assumed for computer sizing for each missile class.  A 

minimum of 373 «.ords of program memory is required with a 

corresponding minimum of 141 words of data memory.  The 

maximum requirement results in 489 words and 177 words 

respectively. 

i 
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TABLE   C-l 

OTILITT  SUdKOUIIHtS  - ftfOUUEMINTS  SUHRARV 

»•••ory 

lodult Mant 
Add/ 
sub. 

MUlt./ Load/ 
Store 

Othor 
Utilltitt 

•Uulv. 
Add* 

Pro«f ■• 
RQM                  1 

}ata 

  ————>—— —    —.  "•— —- —— 
Ul. UN 3 7i. 21 

Ui. cos 3 ftl. 11                  1 

Ü3. FAN 3 72 23 

11*. A TAN 3 72 23 

\ti. AWM <> l-SOAT 102 2ft 

U6. UCi <i I-SU4T 101 2« 

III. SORT 2 «9 17 IS 

Ul. t«P 2 ftl III 

U9. CUIEK   INTfeG, It 30 1« 

UlS. tl^IT 9 1« I« 

Jit* *kCTD*   «OTATILN «ft 1ft« 57 

uu. OUUBL!   ADD 

aitllAL-ULIU 

It 11 11 

U13. 1   Polt 7 «3 17 

Ul%. i poi«« 13 7« 31 

J1S. 9   toltt 19 10* ft» 11 

uu. '•   Peltt 

l4bl.i.L0Q&.at 

a 197 19 11 

JIT. 1   nay i 2« IS 

Utl. ?   bay i* • I Jft 

JI9. J »«y ft* 201 *s 12 

U». tut.   HOAiAl 

(El 

20 «• 22 

>lil. ft«  »t.  fiT till fit MSI 11971 11 

Jll. Ui at. MT 

catMti.iuum 
IM! ll»l •Oft* lift 1ft 13 

1111. ft«  at. m «U 1» 

uik. Ill  »ft. 

UUl-tUbHXltti. 

Ill IU 111 IS 

Oil. ft% »t. UI if« Iftftft 1» ft« 
tfl*. UI  »t. m Sll »III IS ill 

Y* 
must 

•  Inaiwdai aiditl««ai   «0ft  «vardoad fturdon. 
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TABLE   C-3 

UTILITY   SUBROUTINES   VtkSUS   MlSSlLt   CLASS 

UTILITY 

MISSILE   CLASS 

11 III 

SIN 

C3S 

TAN 

ATAM 

ASI*i 

ACOS 

SORT 

EX*. 

EüLE^   INTEG. 

IHIT 

VECTOR   KOTATIÜN 

DJJdLE   AOO 

DIGITAL   FILTER 

1   »Olt 

I 

1 

U   PoU 

X 

X 

X 

X 

X 

X 

Min 

x 

x 

x 

x 

X 

X 

X 

X 

X 

X 

Max 

x 

X 

X 

X 

X 

X 

X 

X 

X 

X 

Mln 

X 

X 

X 

X 

X 

X 
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UBU C-3 

UTILITY iUBROJTlNtS VERSUS MISSILE CLASS 

MISSILE CLASS 

UTILITY 
RUJTINE 11 III 

Min    Max Min    Max 

TABLE   LÜO<   JP 

I   way X X X 

2 

3   way X 

AHv*   normal X X X X 

FfT   (64   pt.) X X X X 

iQRHER TUNING U><* pt.) X X X X 

BJRST   wEI&iTING   164   pt.) X X X X 

TJTAL     Progra«  semofv   {«ords) 375 <#18 <i32 <.Ö9 <»89 

Data  Manory  (words) 1<*1 1S6 IS» 177 177 

LrGEMJ:  x Jenoies use of utility routine 
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