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Abstract

The increasing demands of digital signal process-
ing in avionic real time applications along with tech-
nology advances have brought the asrospace industry
to consider the utilization of a high-speed, modular,
programemable signul processor for next generation
pireraft eysteme. Noew architectural techniques,
LEIC technologies, and innovative computational algo-
rithma will be the primary factors for improving
procesaing system porformance, This paper explores
these pew concepts in view of future misslon require-
ments, and processor design guidelines baged upon
actual experience are presented.

L_ntroduction

Ti.e growing threats and miseion requirements for
military aireraft in the 1980-1980 time frame are ax-
pected to call for extensive processing of information
coptained in complex radar, ECM, commumdcations
and peoustic signals. Until recent times, enalog
equipments dominated signal . The -
ventional analog approsch red from stabllity,
flexibility, size, sceuracy and dynnmic range limita-
tiona. Reduction in the cost of digital hardware and
particular]ly the advent of LS I8 bringing digital hard-
ware deeper Into asalog areas, &8 well a8 into areas
where signal processing in any form hap herctofore
been impractical.

Signal processing in todays multiseosor interac-
tive avionles requires very high throughput machines
capable of performing a wide variety of signal proc-
eesing algorithms and simultanecos pre- and post-
processing, display formatting and enhancement fume-
tiona, Speclal-purpose hard-wired digital systems
were used frequently in past yeara for these gystame
deapite the mfavorable effects on life eyele coste that
resulted from the deslgn of a new proceasor for each
application. Initially the hard-wired designa appear
low in development time and risk but, when the over-
all avionle syetem is considered [inoluding logistics,
support, product improvement and next generation),
the true deve coat {s higher. The hard-wired
approech sbould be reserved for special applications
with atypical signal processing requi rements and
limited potential dsteibution, Recent advan jes in
computer architectyre aml LE1 fechmolagy, ¥ 1D em=
phasis on stendsrdization; and current msiheraatical
developments are all challenging the aerospace indus—
try to develop a programmable-digital -computer -fam-
lly optimized for signal processing. Commereial pro-
grammakle slgnal processors are belng used in such
diverse fields as selamic and mechanical stress
analysis with pome degree of success. Program -
mable signal processors are aleo bedng uaed with
some success in avionc multimode applications.
However, to achieve the degree of efficiency and
Nexdbility that is necessary to prevent proliferation
of avicnic programmahble and hard-wired designs, &
carafully planned and specified far iy of program=-
mible signal processors needa to be developed,

I. Airborne Signal anauuli!_laqdfﬂmﬂl

Many digital signal processors, (e.g., the E-2C
AEW radar processor), are currently implemontsd
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a8 gpecial purpose hard-wired processors which perform
& computaiional tagk dedicatad to a particular cvatem.
The computational structure is usually based on special
computation units = high-speed multiplier, adder, or
multiply and add units - and the deaired level of through-
put ia ackieved by replication of these computation units
in & combination of parallel, pipeline, or cascade
architecture., For apectrum generation, the FFT butter-
fly has often been the arithmetic kornel [mplemented.
Future alreraft signal processing requirements are re=
viewed briefly in the following paragraphs. In takieg
this look at future requirements the austhors were re=
impressed 1 with the desireability of achieving a multi-
purpese programmable gignal proceasor family capable
of effecitve reconflguration to encompass the major
areas of application.

Miassion Bequlrements

L
When establishing future avionic digital signal proc-
easor requl rements, one moat begin by forecasting overall

misgion requirements of future mropalt, Grummen has
considerable experimmee in various alreraft gystems such
as the E-2C Early Warning System, the A-8E All Weather
Attack Systom, the EA-6B and EF-111 Electronie Counter
Messures Systems and the F-14 Weapon System, Al pres-
ent, Grumman |8 participating in some RED programs for
Nawy V/STOL sircraft and a next generation attack sys-
tem © galled Radar Culded Weapon Syetetn (REWS),

From the related overall future mifelon redqultements

we have attempted to ascertaln signal processing cepabili-
ties that w11l contribute eignificantly to future alrcraft
misslons.

A representative group of alreraft mission mudu‘::—
quiring digital slgnal processing are shown i
under radar air-to-air and sir-to-ground and r Bya-
teme in Flgure 1. Figure £ showa projected ieroapace
signal processing throughput requirements in theae
areas. Radar signal processing 18 the most widely dia-
tributed application in avionics and is relatively high in
throughput requirements, Bome simple Image proc-
coeing tasks such =8 brightness tranafer are being per-

hard-wired procsascra, These desoriptora may be aup-
plementad by polse signature techniques such as Bessel
tranaforma, eto,, with gome related taska handled by
macrod on a programmahble signal processor. Puture
ECM gystems may handle several million pulses per
socond. Track of of emittore or radar targets
involves associstion of slgnatures with large Hles. De-
muand for rapid update of track filen is cxpected to require
an ssscciative processor or comparable aasocliative
macros and supportive architecture into B
programmable array processor along w'th the comventlonal
elgnal procoesing tasks.

The procedure of defining elgnal processor operational
requirements conaists of progrossively defining the struo-
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Operational Modea

A particular type of airoraft will of course be
designed to perform a particular set of operational
modes in compliance with specific vehicle capabilities
and dedicated mission requirements, It {8 essential to
specify or at least establish & preliminary framework of
operational modes, mission performance parameters
and accuracies commensurate with mission objectives
and vehicle performance before golng on to establish the
processing tachniques, Iteration rates, algorithms,
storage, data handling, programming, throughput and
slze, weight, power constraints, etc., of the
system. There are of course Interfaces with other
specification and design afforts not shown for simplifi-
cation ir the top-down flow diagram. incloding radar,
navigation, di 8, eétt. Thede become increasingly
important as the lopment effort proceeds,

Most of the modes of ration in avionic systemas in-
volve the use of & l'l.lhlat?fthﬂ following major signal
processing functions and techniques:

* Preproces
- Presummation
~ Prefiltering and clutter cancellation
= Pulse compresaion
- Orthogonal ordering and windowing
= Phase correction and motion compensation

MIBEION MEGUIMEWENTE

NOGEE OF DFERATION

DHITAL BHONAL PROCERING TECHNIDUER

WATHEMATICAL OPERATIONE

BAMC COMPUTATIONAL RECUIREMENTS
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Fundamental Operations

There are two key approaches associated with the
above operational modes. One is the difference equation
that describes the ayatem In the time domain. For
example, an MTI double delay canceller is i
with second order difference squations to form a high-
pasa flter, The second is the time/frequency trans-
[E;u‘m This huW hu;: fast Fourier transform

FT) which in requUency mlinlauudlm'?n:-
trum analysis, signal convolution or correlation 3.4 |
An example is compression involving at least one
forward lorm, an array multiplication in the fre-
quency domain, and an Ioverse transform to coavert the
correlated signal back into the time domain, The malti-
plier array is usually a stored transform table repre-
senting the compression algorithm, The signal proc-
assor not only has to perform apectrum analysis and
digital filtering, it alsc supports pre- and post-proc-
essing operationa performing such ions as pre-
summation, aignal to noise improvement, signal phase
corrections, coordinate conversion, image correction,
display formatiing and avionic subsyvetem interfacing.

The math-watical and data handling cperations
irmvelved in thase aoplications can be categorized as:

Fourier tranaforma
Convolution & correlation
Difference equations
Vector oparations

Matrix oparations

Each of these categories 1s n set of Irequently used algo-
rithms which are to be made available to the user of the
multipurpose programmable signal processor as atand-
ardized macro instructions,

Oi. Future Computational Techniques

Backgrownd

Generally there are three approaches to improving the
implementation of the fundamental mathematical opera=
tions cutlined in the previous section. First, advances
in device technology improve the inherent chip speed
which affects all operatons equally. Technology and
architscture can be considered as having global effects
and do not alter the problem from a theoretical stand-
point. The third approach is to develop new computational
techniques that will increase speed and accuracy and
attempt o reduce the basic r operational requ re-
ments, The effect of this theoretical approach on future
signal processing systems is the subject of this section,

In practice, time domain digital filtering is used in
real time applicstions on relatively short sample data
blocks, typically of 64 or less. Transform domain
processing is perferred for applications imvolving fine-
resolution, narrow-band analysis on large blocks con-
taining on ocoasion o thousand input dats points. b
both cases there {8 usually a continuous sequence of
data blocks to be progessed fteratively in real time,
Thus it {8 expected that theoretical developments in
these areas will have a marked impact on signal proc-
casor oapabilities. , new technigues have been

computations required to move between transform

domains. These new forms are not bounded by data

blook sizes which are powers of 2 nor by the N/a- loggN
complex multiplications of the FFT. The net effect i
Wmmﬂelmﬂmmm;ﬁcw
width of digital signal processors without necesaity
for a corresponding increase in hardware speeds. The
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system designer is thus given greater froedom in
choosing prefilter parameters, integration times and
Bystem rédponse to be shaped in either the Hme or the
freqguency domain,

New Techniques

The new 8 are being evaluated and sifted
for their areas of applicability, The ideal theorem is
one (or a combination) which can be implemented with &
common computationa! kernel that is readily reconfigured
to realize the time and frequency domain transforms and
other signal processing tasks with a marked optimization
of the repetitive multiplications and additions.

The theoretical approach has historically advanced
in three stages. The first stage involves the discovery
of a more efficlent organization of the basic caloulations
to reduce the required throughput. Thus the Goertzel
Algorithm, the FFT Algorithmi and more recently a
multidimensioral

all fit into the first-stage category. Although the com-
putation has become faster due to the reduction of the
number of multiplies {and, in fact, optimum via the
Wi.m;. any inherent undesireable attri-
B & original process remain, Thus dynamic

range, truncation/roundoff error, overflow, trigono-
metric function availability and multiplication are still
problems that must be considered when designing the

The second stage involves taking advantage of the
integral nature of digital devices and developing new
techniques that alter the nature of the computation,
These new approaches rely heavily upon number theory
and advanced algebrale concepts such as ring theory
and Galois fleld theory, The oldest of these technigues
involves decomposing the original data into a residus
reprepentation, performing all ealeulations with re-
spect to emall Integer moduli, and Anally using the
Chinese Remainder Thaorem (CRT) to decode the re-
sults. This method appears promising due o the faot
that parallel arithmetic operations utilizing am—all integers
ehould enhance throughout. In addition, moduis> arith-
metic eliminates the annoving problems of trunratlon/
roundoff and overflow if the dynamic range is cuvered by
the moduli set. The staumbling bock has always been the
reconatruction via the CRT, However, recent technology
advances coupled with a new look-up-table approach to
CHT decoding’ has brought this technique back into con-
tention for certzin applications. Another promising new
technigue i the Mumber Theoretic Tranaform (NTT).
Thia method ig capable of making significant reductions
in the number of multiplies required for some signal pro-
cesaing taska, If the modulus ia selected judiciously
then the complex exponential of the DFT can be replaced
by a power of 2 and still retain the cyclie conv-lution
property (CCPPE. Utilizing such a transfor~ reduces
sach DFT multiplication to a8 modular shift operation.
Again the modular arithmetic eliminates the inherent
errors of ordinary arithmetic, Unfortunately
the preservation of the CCP leads to an interdependence
of tranaform length, wo;'tl length, modulus, and trans-
form kernel complexity?. However, these drawbacks
are minor irritations when the potential gain in spesd
and acourscy are considered. Greater fecibility may
be possible by using paeudo NTTsl0, The Galois Field
Transformll is closely related to the NTT but is advan-
tageous in handling complex data. Thia transform has all
the accuracy advantages with the additional fact that a
Merserme prime is 8 good modulus to use thereby re-
ducing the modular arithmetic complexity. The major
drawback bere is that multiplication cannot be replace!
with shift operations.



The third and last stage of improvement Involves
analysing each algorithm or transform and extracting
tta general properties to facilitate combining several
mﬂmﬁmlul?la optimum technique. The rectan-
gular tranaform1? does this by combining the multidi-
menaional, Winograd, and NTT (Specifically the Fermat
pumber transforn:) methods, The result is a procedure
that utilizes the CRT to reduce the caleulation to short
transforms in esch dimension, minimizing the number
of multiplications and replacing most multiplies with shift

operations. At this time this method to offer the
best solation although further effort could
ba in an attempt to minimize the number of

additions redquired,

The advantages of these new processing techniques In
terma of speod and accuracy will undoubtedly stimulate
changes in future processor design., The major problem
at thia time appears to be the ability to perform residue
arithmetic, The ideal modulus would be a Mersenne
prime but the favored candidate {8 a Permat number. A
recent scheme involving & diminished-one representation
tionld peems to offer a good approach. The effects on
processor and system architecture are difficult to pre-
diot at this time, However, the inoreased algorithm
speed coupled with techrology advances will definitely
make the programmable proceesor 4 major contender,
The mr&uﬂprqrmmxbﬂltymdhcnm up by
an ability to service more than & unique subfystetn
{among other advantages).

IV, S8ystem Architecture

Signal processors in the past could be characterized
by the ways in which they Implement a concert of airmul-
taneous computations as opposed to general purpose com-
paters which at any point in time are executing a single
arithmetic add, shift, transfer, eto. And while new fast
Von Meumann deaigna eould kandle some process-
ing taska, there are (as indicated in the firet section of
this paper) so many high speed signal processing tasks
which are desireable on a real time basis in future
avionics that the press for faster implementations will
contlmae,

An sdvantage of hard-wired architectures over pro-
grammable architectores is speed or throughput with
& minimum of hardware, A hard-wired syastem oan be
optimized to solve a apecified problem in a apecified
time. Hmplicit in this advantage is it major wealmemns.
E will handle only the limited namber of algorithma,
parameter variations amd operational modes for which
it has been designed, and can only be adapted to new
problems, if at all, hy hardware modification.

Programmable aignal processors require additional
hardware above that of equivalent hard-wired designs
for p controlled decislons, accessions and
steering of data through the arithmetic elements.
Most programmable designe also require increased
computational time to acoomplish these operations. R
is pogsible for a well wrought programmable design to
approach equivalent throughput on the major applica-
tions as would be achieved on a hard-wired design with the
the same arithmetic elements. Put such a programmahle
design will definttely require additional hardware for
program coptrol. In addition it will require a full bag
of architectural techniques to achieve the necessary pro-
gram controlled simultan:ous multiple accessions, add-
ress computations, artthmetic and IO operations.

Early signal processors in radar, process control,
ete., and for that matter some current and very powerful
designs use a large special instruction set having perhaps
4E to Bi-bit formats. These formats are broken up into
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gram controlled multiplexing of tnputs and outputs to
multiple arithmetic elements, registers, address and
data buffers, eto. The wholly special purpose architec-
ture and speclal programming tasks typloal of these de-
signs makes this approach unsttractive for future muolti-

purpose avionle signal processing applications.

There exigts little commonality of hardware require-
ments for such designs that facilitate use of the building
block modules developed for general purpose computer
applications other than the usual memaory expansion mod-
ules, Similarly, thwh:ﬂ /0O, addre -
metic, executive, and logic on one large
format hos resulted in need for specially trained applica-
tons prosrammers where program execution tmes are to
be optimized, This kas left little opportunity for use of
standard assembly or high order languagea, or for the
development of useable cross assemblers and effictent
compilera, Commonality I8 an important factor that hae
not been adequately realized in the past. This factor is
addreased in the context of architectural concepts as
discussed below.

Multlprocessor Approaches

Some programmable signal protessors have taken on
features of multlprocessor architoctures, Including sep~
arately programmed processors for arithmetic, address,
/O and executive functions. However, these differ rad-
ically [rom the typioal multiprocessor configurition In
that some of the processor units hive special purpose
functions which are unique to signal processing and some
have unique architecture as wall.

A promising feature of the multiprocessor approaches
to signal processing is that the address, /O and execu=
tive processor unlits may be Implomentad using small
general purpose computers. 1/0 processing and occas-
sionally addreasing or executive functions may even be
implemented on dedicated microcomputers. A multi=-
processnr Architecture such ag 18 shown in Figure 4 in
indicative of a way future signal processing coald be
implemented. By using small modular expandahle gen-
eral purpose computers for executive, L/O and address
processing and standardized modular memories con=-
giderable commonality can be achieved with other avionic
digital computer hardware.

Address and /O Processing

The dedication of a separate processor to programmed
compufation and control of multiple simultansous mem=
ory acoeasions Including multiarray address indexing,
orthogonal accessions, loop counting, cueing, etc., s
relatively unique to aignal processing. Yet where
gtandardized multibis control, memory Interlsave, and
multiport shared memory or multimemories are avail-
ahle, a amall general purpose computer with buffering
for computed addresses can be used to implement these
parallel acoession tasks. Provision for modular changes
throughput, number of ports, ete., will be necessary for
efficlent aystem configuration. A multiported inter-
leaved memory 18 a minimum, with partitioning into
separate memories likely lor large systems.

I/O processing involves the more conventional se-
quential block transfers and is thus close to & conven—
tional I/O controller. However, there are tasks of
multipurpose aignal processing such as data format con-
version on the fly, occasional participation in orthogonal
or other special accession/transfer ordering, or data
truncation, presumining and scaling that are relatively
unigue. Thus a smart /O controller with some buffering
is necessary.
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Arithmeatic Processing/Technology Trends ponents selected, Figure § shows a projected time frame

for development and estimated signal processor through-
The arithmetic processor with its requirement to per- put. Technical evolution is expected to result in about

form simultaneous multiplication, addition, and other 50 MOPS (million operations per second) for airborne
arithmetic tasks in a program varisble order at rates signal proceesors by 1985 with the possibility of & tech=
equivalent to § to 400 milllon complex multiplications nical breakthrough by the early 19808 resulting in even
per ascond 18 unique to signal processing. Careful higher performance.

application of parallel, pipeline and cascading techniques
is neceasary to achieve such rates of data rrunching which The arithmetic modules will be relatively unique to
must be accomplighed in addition to the exncutive, 1/O signal processing and should, by modular expansion and
and addressing computations. The mix of multipliers, substitution, be able to cover perhaps two orders of
adders, complementing devices, etc, will be determined by magnitude in crunch eapability. An interesting arrange=
eviluation of the new thecretic approaches to decimation, ment here is bit/byte alices allowing expandable, very
mitrix computations, etc., as well as new techaology

developments. Multiplication in nanoseconds, reduction to g
simple shifta, switching in plocseconde will all speed up

future Implementations. 1l

Teday's technology offers a wide spectrum of logic 5044
families. Various MOS technologies (NMOS, CMOS, RO
:w Epeed 11:“ dm: mlngﬂnpmﬂmutlm— ACHE i A

gute ty while retaining low power 3 ‘
leadership. Bipolar logie become n true com:wtitor AR
to MOS with the maturing of 1L, while ECL families are
legders in speed. The sercspace signel processor must
consider specific requirements of clrcuit speed, power,
wcoat and reliability for optimum component selection,
with apeed the dominant parameter for arithmetic elements.
Bipolar devices allow greater throughput per L8I chip than
comparable MOS devices but consume more power. Mat-
uration of fast double diffusion (D2) MOS or MOS/SOS could
result in comparable speed. New oxide techniques applied
to ECL have resultad in even greater increase In through-
put. Improvement in lithography using electron beam
techniques is expocted to Increase resolution in all teck-
nologies. Imsulating substrates or cells will alse reduce i
capacitance and increase speed. A move from 10 pj to

i

ke

THROUGHPMUT IN 80FE

.1 p] speed-power product might be achieved. New tech- . - . [ =
nology cycle times may drop to 10=40
nanosaconds by the early 1980a, MOPE = 17 LLION QPERATIONE PER SECDIND

OPERATION = EQUIVALENT COMPLEN MULTIFLICATION, 18 X W BITS

The speed of the next generation signal processor is
heavily dependant on the state of technology and the com- Fig. 5 Signal Procemor ™ -lopment Time v Thromghput
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fast 36t by bit moltiplieation 3+ 14, By retention of the
multl mm,i’dn-atimtrn %ﬁu nrl':lhmlﬂc cantral,
Line/paralle ri computations
WHMFF By separation of arrl.Elmetlc control
from executive, L0 and address contrel, common as-
sembly language and psuedo aspembly language pro-
gramraing technigues can be succesafully applied.

At the user level a common high level (o g. .
SPLS1 or future DOD standard) and stondarvdized signal
processing macros can then be used for efficient devel-
opment programming. The user may also be provided
a simple procedure for combining standard macros into
his own super macro to reduce subroutine transfer and
initialization overhead.

Executive Procedsing/Task Synchronization

The executive functions have boen handled with success
by an external host computer in some cases. The signal
proceasor in these implementations, though in actuality a
multiproceaser gystem, ls handled by the host as a peri-
pheral devles to be glven task assignments (rTom boat
program storage. The tasks are readily defined by a
gtring of macro commands handled one or more at a time
as subrouting calls from an application program executed
in the host. A limitation hers hae been that of synchro=
nization of program control of mecro command transfere,
data hlock transfers and slgnal processor executions to
gchieve efficient utilization of the signal processor over &
wvaviety of tasks. The overhegd for Fortras calls alone on
gome implementntions has idled the signal processor a
aigmiffcant pordon of the time. Little program sontrol
can be exercised by the host on data translers unlesa the
data bus is shared by host and aignal processor. These
naed to b program contrelled in multiperpose applica-
tions as to source, destination, channel, block aize,
inftialization, eta,

Another facet of aystem synohronization and control
thit puts & heavy lead on an external host executive is
acermmodation of & complex atream of insks, typioally
a stream of macros and sustaining tasks. Each proces-
sor unit will execuate its own machine languags routine
representing its nssignment for a given macro. A sep-
arate macro involving only the 1/0 units and data mem-
ory may be in progress, for instance, while an FFT
macro i4 in execution on the arithmetic and address
procesaors and the executive being otherwise fdle la per-
haps asslgned computation of the motlon oom
vector for the next data block untll an interrupt indicates
completion of an 1/0 transfer or transform task, A Be-
guentinl stream of macros will be performed on a given
data block while a new block is being input and formatied
and the processed results of a previous block are for-
matted and output, A typical string of macros may start
with preprocessing tasks such as presum asd phase cor-
rection, proceed with welghting and spectrum genera-
tion, and contirue with post integration and detection
followed by pixel data compression. While all of this is
to be coordinated by the executive processor, it will per-
form pustnining tasks such as servicing of displays and
cootrod recuests for parameter and mode changes,

The problems of contral synchronization within & signal
processing system batween the executive and the arith-

metio, address and /O processors are minimal only whers

dedioated control buses are provided, Thus a dedicated

executive processor unit appears to be the better approach.

The extornal host typically will function for data tranafers,
program loading and limited control via one or two buses.
The limitation here 18 similar to that of real time multi-
processing aystems comprised of several general purpose

compulers, where one ProcessoT ABscouwes executive fune-
tions and iteration rates are limited to that of the processor
having the longeat task assignment plus hand shaking time

to 8 task initialization in each of the processors,
A solution is & dedicated programmable executive processor
unlt with private control btses to minimize simehronlzation
overhead. An interesting varian here is o data driven
approach with the dedicated executive concerned with long
term task assignments and synchronization. Shert term
task ssslgnments are redoced by cued backloge of comtrol
commands, data buffers and instructions. This asynchro-
nous approach can be fast, bt has some subtle require-
ments ad to programming considerations and coslng.

Y. Concluaions

This paper 18 an attempt to cutline Hkely requirements
for slgnal processing in avionics for 1986 and beyond, and
to indicate some of the considerations that will influence the
design and performance of future signal processing ma=-
chinea, Detafled discussion is not attempted in any of thess
areas but rather this paper serves to indicate some new as
well as some currently suwocesaful technigues which ahould
be axploited for multipurpose applieations. In order to
minimiza the foture need for relatively costly speclal
purpose Implementations, we conclude that 8 multiparpose
programmable signal processor family is meeded which
meets the full diveraity of major avionics applications.,
Functional modularity and sofftware commonality are recom-
mended as areas of atandardization which will allow for
growth in device technology and theoretic developroents.
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