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CHAPTER 1

i wr F-,0D U CT1 10 N

1.". Thesis outline

This research centers on the problem o+how to

descri be an,, arbitrarily determi ned binary- pulswe wcLr. [

SUch a technique is developed. can WeC then i Tp 2EIjr

description into so m e f ormIT o"T devi ce w hi ch r P-pr-o J i-k,- -S

speci fied si qnal I In Chapt er I I exami ne the 1i mpet'- -w i r

research and concl ude wi th the probi1 em statemen~ 1t ate

contai ns the Concert of a n a;krb it ra ry1 p. Lw se : e F-ienr

provi des the f und a m e n al Jef i n i t i or s u sed thro -Cl cIo l f

remainder of the thesis. T r-A n sf+orm mlEtho0d S U Si M~ Q rhe [c

and Wal sh transforms are e2 aunined in Chapter I"hapl al- 4.

hardware solutions, such as shift r En . st er t h Ecr , tc s:o I 'e t~-

pulse sequen-Le probl em. The probl ems associ a--ted wi th r3a-o-n

methods arnd har-dwi red SCIuti ore wheni :Applied to the r rsi

sequence probl em ar-e hi ghl icqhtind inr Cha-:pter 'j wJIthL iml popae

sol Lit . on concl Udi nq the chapter. M-here Chapter 5 (ccntainma the-

specif + cs of my sol1 ut I on.] Chaptut C? Pr e :D ra e F

hardware/software implementations of+ thi s techr-:

Con:c1lud ing r- e ia r- V.s An d cn -iec: tu r es complete t- he t:7e 1 --n 1 n

Chapter 7.



1. 1 ac-kground

Bi nerv pulse sequences Occur throu.ghout many di s.: - ..

Probably the most recogni z ed appi ication, is the iei,4 t-: .

coded modulation (F'C M) , whi ch quanti zes an anal oq w.- Es vr, and

produces for each sampled instant a si ng. e v:il ie r ,p-e .-?ite,:2 a-

a binary word. This word. when viewed with other "4o..." Tr_-

previous samp 1 es , pr oduces a sequenc:E o b i nar y Des - :

which describes the analog input. P l1se coded TodL , 1ti j -;L

made practical in i.936-13jY7 by A. Reeves, and "Tods, 11 .,ne

universal standard for digital transmission of telephcn. n.o i-

used wi th terrestrial Mi ,r, Vi ',e radio C, -satel 1 L', -,d L- er

optics as well as metallic .ab!e.'[LI

Computer buss traff 1i .,ieds .. eq Ueni:es as 4r L2I tr-. the

programmer determines and the system sOftWare S Lip,-rt- 1 S

traf f c ,of ten assumes botr r ard om Ai per ! o, a. i E. ; r ;,

forms of data transmi ssi on. I+ we l ',ok at the ;c -L .r

in ternal m-echani sm, vie see Ihe o)utput 0-1 ite cib r.t rI d

sequential digital ci.rcuitS describing a binary pulse rEequrnC~e.

In fact, the fLinctior column of a truth table EsimTp iy e:TLi~t,?

a sequence of ones and zeroes that are condi ti .onal ..pc, th re

input variables and the time at which the uutput Lz, Lbmicet ed.

The triggering of measurement equi pment dur]. r a r,

evaluation creates another appl ication of pulse equrL. A

prime example is a nucl ear magneti c resonance (NMk) e. per ioert

involving either single or double resonance. Pul se pAttorrls

already exist for the Carr-Purcell, WAHUHA, and IF.EV--2



sequences. [2] These NMF patterns define the C .r-itic.-1

points in, the nuclear specr:-opy ex-pEri mert.

The basi s of radar I= pulse sequence timitq. ie

between adjacent pulses determines the una-nbigUiOU' ran nf :t,

system. Resolution of two closely spaced taroeta ,

the width of the radar pulse. Blind speeds .;.: .' =I

ambiquities associated with dopp.er and moving t are C;c-T -. _

(MTI) radars are eli mi nated througlh the pr-oper blend L

spacings. In the realm of electronic warfare (EW. , mucn C-

inferred abou!t the operation of a weapon b,. an aria ,-. Lt '-:

system' s radar pul se t.-ain. [ n Ici dental 1'. 1 a -r - L-

i-.o the .:oncept ,of the arbitrary pul se sequence nd the

associated with its ynthEsis whi .e wor' .inQ & t ,he-

Laboratory. El ectronic Warfare Di vi sion, Wri ght-Va.tte B I

Fcrce Base, Ohio. As a sol uti on, I creaLed t.

Qeneration synthesizer, Cal Iled the Mult -- I -. e

Synthesizer; but, without some means of compa ctJ , d> .- .

sequence, the MAPS was an inefficient device, it did, ,o .: w ,

provide the spark needed to search fUrther int,o th.- pr.L: -

and subsequently spawned this research.

This di scussi on i C by , o means a compen i .u, c1- LA

sequence applications but is instead meant to f iliar-ie tre

reader with a few applications.

1.2 Problem statement

In general, a desiqn engineer has little proniem



cor-cocFting a design wictii produces a desi red pul _, .

But let us now for.:e -n-ther pU.i Ie tr A in upon ,ur ,_nfig

engineer! Perhaps the ,'isting device can be aiterci cr Lr_

newy requirement; perhaps not. Frustrated, ur er ineer

foresees that management really wants a design Wrinn I.

independent of the desired pulse sequence. Herein 

focus of my thesis: develop a sequence-i ndepende., - L.

synthesizerz that is, find .a design which requi-.. ;, , !"ar-:

reconfigurati n regardless of the desired pui-E ., i-. 1,

solve this prohlem I will e'.amine what is requi-ed

an arbitrary puls-e sequence. Eis.t."ing methods ±i] no .how, -,

for their appi c-abi I it . a nd their hoartc-om rinq- p -r .:J1 -. LL

impetus for my method of description and rp.emert .

4



CHAP-TEPF

PULSE .-E--UE IICE DEFINI TION

I~trDduct on

Chapter 2 e. i t. so we can share a cc mm, CM .: - -.

teI-i r, .I.)gy and a mutual under-standing of the cor- _ r:_- . a

bi nar' pulse seqtence. la,-v o the I-erT-s s c r

sequences are borr-owed from the 4 i el d o+ ranar, vih- E t;-. c

definitions are already well established. BefL,re 2i . ,-. r .L 'v

the material , a fundamental asiLtmption about twe -

of a sequence is now stated. 1: as ume o n ]. ' L . .o s t w r : ' .-7

possible in the constructi on of the pu se seqen, . K, e

binary states may be represented in mar-,' diftmrrer t - r -.

(i .e., on-,f-f ke in g. polar pulsed :, qnala, ar, "._j

key'ing;, but there IU:st be on., two posz-ible staLes.

2.1 Single pulse definition

A single pulse is described by unit step Kunctiona.U U.-

definition, a unit step function, u(t, assumes the aue cf 1

for t 0 and 0 for t . 0 (Figure .). Please rn:E trat

f igures appear at the end of each chapter. ]he step t mr-,t- on

is a dimensionless quantity and is general ]. \ state: n '.

to) where to denotes the instant of time where the

transition -from 0 to 1 ocurs (Fiqure 2) .s pF se u :rreat ed

when two step functions with diff:erert trar s ition timTes o, at

5
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subtr exd. Fi Qure i I ustrates the pulse ormreG - t P

f ULn c t i ofn

v(t) = Lt t - tc-jI .. t t ) 1Or t to

The val ue t,. - to i s c: al ]ed _ he pul se wi dth F'W)

so, the FW = t, - to for this ei ,.mple.

2.2 SinQl e pulsea sequence

Suppose we now create a series ot pulses .t, ':>e -

to and a spacing between F'Ws Equal to T where T=

PW. Our function now looks like this:

v(t) = ELu(t - nT) - uFt--(nT+t:,) ]' J or -, 0
(see Figure 4)

This function represent= a square wave of TreqsiFCJ ,!r.c ,

beginning at the origin. The time interval betweer i.,-,

edges of adjacent pulses is called the puls e r epetl i -,

interval (F'RI)I so, the FRI = T for this ex ample. ,, .L i

repetition frequency (PRF) equals I / FRI. The va]ola_. u E:

+rom to to T represents the OFF time ot the sequence :,F

is equal to the PRI - FW. This will have special si ,i+i coue

later on. A note is now appropriate +or the terms .1-,N r.,,

"OFF. For the remainder of this thesis I assume tha t the

asserted (true) state of a siQnal is the "ON" state a-d the

nonasserted (false) state is the OFF" state. Further-. I

assume posi ti ve log ic is 1 used whenever the 1 ogi c pol sri -',- i

important in the discussion. Signals using ne a:,i- a e IO:JQi c

appear as negated variables ui . e. , low asserti e , is

6



These assumptions wi.ll not affct t1--he re-ults of thi- r.= cvi,

since I use ON and OFF to label the states.

There 1S no special requIrement that tr-e desired qu-v,.e

always be a square wave, and in fact the FP'j ard F' I elR.

generate a 5,. ,. duty cycl e. The only reqUi r-emner-t i r -pCD5e, LA :. 2

sequence is that 1":- t,:. (Fi gs. 5 .. 6). Please ncte

from now on a pulse" is described by an ON ard an A-F

time.

.. 3 Two pulse sequence

Although the uses for the single valued pulse sep, Ece are

nearly infinite, life becomes boring and impractical for narcy,

applications because of only one pulse value. Suppose .,e ncnw

wish a sequence of two pulses, each of different PW. err to

Figure 7 and let

FW, = tFP 2 = t
PRI To FRI2 =T

The equation for this system is

v(t) = [ut-n(To+T,)})-u{t-(n(To+T,)+to)].I +
[u-t- (n+l)To+nT ) --U t-((n+l)To+nF 1 +t±)}]

for n -tc

Algebraically, the order of the ter:m!, i r, t: Ijea njt

matter because of the commutative property of addition and the

definition of the unit step function. I ha-,e oroL ed :hcse

terms representing the creation of pulse 1 and pulse 2 tocgether

and ordered these so that the equati on reads frCm pulsIe ore

7



Puil se two. There is one sqIuare bracket for EaCf, PUI L:u -n tt 5-

sequence. Al so noit e that the f un cti1 :n vt eart an

infinite series, since n co .

.4 An "N" p~Ldse sequence

A loQical extension tor Section 22. is a P~lSe 52<a

containing N di f ferent pulses before the entire bUrit c- aztz

ad infinituam. The N-pul SE eq~tat 1on dif+fers f r OT te

-pul se equation only i n the number of brcrL:t,! qu-i i t i ez.

and for an N Pulse sequence there exist N bracikets.

This is an Opportune time for another aSSUmTptilor , .r~-

these pul se sequences. In the real world we ma,' havc ru

random pulse sequences.. but the arithmetic statement ot- z -ch

phenomenon. in terms of Unit step functions. .s in- in---:a in,

length. Therefore, I assume the pil se sequences dis.zdare

all recursi ve in nature, that is, there e;-xists a time E-- wr,.c2

the entire burst repeats into i nf in ity. Th is A-5 L!.mp tiCon

produces an unbearab ly ti. g ht restraint i n tnie mathemaIt I Ca l

f or MUIa tioan o f the pulse sequence theory; however, I will ::cw

that the assumrpt i on creates concept~lall1y s imcpl I - t.a:t e e rt-,

which can be extended to08C coun t f or the rando:m an d

pseukdorandom occurrences.

2.5 Multiple repetitions of a pulsie

The theory of the preceding sections also applieE to a



series containing multiple repetitions of a sir-,Qg1 puLc-:a. une

bracket is required for each repetition ot the e.... -.

bracket will contain the same PW and FPI in5trTatic'. -* t

predecessor, except for the time shift of each sac-'. ent

pul se. Further, if some other pul ses i n the 1ecue,_e sZsc

contain multiple repetitions., this method must be ;p:Iled to

each of those pulses. In Figure 8 the funct-:on vt, as 4

brackets with of these being redundant, ,i .e., t Dhr. nly

provide for duplicate pulses). The equation for .(t' ; siric wnr

along with the diagram.

2.6 Types of sequences

As you can imagine, the variations for bi nar. pulse

sequences are i nfi ni te; however, some series ac cir mZe

frequently than others. Wiley5j] suggests several cn--cv. L rI

categories: constant, jittered, dwell and switch, s'- gce.-ed

sliding, scheduled, periodic variations, and pulse :roL:.P, .

Admittedly. these classifications were developed for r ar, but

I submit that these categories also apply to a great man, other

fields and serve to quantify the many svariations in sequences.

I feel the addition of random and pseudorandom sequences to

these categories extends the list to cover nearly all

possibilities.

2.7 Summary of assumptions

Before proceeding, let us review the several assumct trions

9



made within this chapter. The sections where the arwt:crs

are eiplained follow the assumptions.

I. Only binary pulse sequences are e,,:mined. (§2.1)
2. ON refers to the asserted (true) state;

OFF refers to the nonasserted (false) state,
positive logic is assumed except where noted otherwise.
(§2.2)
A pulse includes both ON and OFF times. (t2.2)

4. All sequences are recurring in nature. (§2.4)

1 C)



0

Figure 1 A unit step function for to C).

o t. - t

Figure A unit step function for to 0.

t
0 to Lt

Figure Z Creation of a pulse from unit step functions.
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v (W

0 o T F-t-

Figure 4 A pulse of PW to and FRI = T.

0 o T -T.t.

Figure 5 A pulse with less than 5'. duty cycle.

v(4)

0 T Tt.

Figure 6 A pulse with greater than 50% duty cycle.

12



a

0
3

4 J

-c

In

LL

AL



f- w-

4-) a-

+ I + a

4-P

14

ALL



CHAFTER

TRANSFO:M METHODS

3.0 Introduction

How are we tc describe an arbitrarv pulse wEqLuEwrL 1.r

the worst case we could write out each one and zet,: the

sequence. An approach 1 ike this takes ar enormous .c'zrt o

patience and is very prone to errors. A more es-ter : * n3t

more practi cal, approach relies on identi+',ing to .C"

characteristics of the sequence and then trans.OrTi o the ,:J.:

into a usabl e f orm. Ir this z.rapt Lr 1 t2;a nefr., ne -

transform techniques for the decompo-i t i or of an e>i tr ry

pulse sequence into fundarnmrital bulldinQ block s. the:.

is to recreate the sequence, wi thout er rOr c ' i fl! the

transformed data as i riput tO a UI. Se -Equerce gFrert Lr:T 32Te

sort. The most common technique (and usually the iir-t y IV

the engineer to determine the spectral componerte ; c-ra

is the Fourier transform. The procedures for thi- t rFam-or,

are well established and provide valuable ini ht i:.tL: th,

composition of the input signal. The aplicabilit" of the

Fourier transform is uncertain in the c:ase o+ the a, r- ':r .

sequence, but the technique bears consideration. Another

existing transform is the Welsh technique. ThiEo transtorT .ia

prove very useful since its output is a weighted binary

sequence. The Fourier and Walsh transforms will tbe e.ramied in

15



the arbi trar', pul se seqLence app 1 cation and ar-e c:r, . in

the first part of this Chapter. The rest , the .:-.:t: _,r

discusses the Walsh arind Wa].sh rel ated f Uncti ons E.rjcj tr,

. The FoLrier series

Probabl ' the most popular and usefu l trar, so rx ,

engineering is the Fourier transform. Chamber- . ] pr er-, an

interesting method o+ i ntroduc:i nq Fouri er serie- tC, tre -.

and it is his mater i i whl ich f orms the b. i ,Df t.;-, . r,.

Fundamental I ., the F Cur! er tr-ansform ta k Es a ti -1e-de dnE-.den t

functi on and presents the s 'me -unction in the CC~e,_e., ::..i.

through the relation

•v(t) = (f)e,.p(jrTrft) df

This transl ati on (trr sf rm) produces two di -,er-e,

of the same fun ct1 on: on e PICt p-esen ts ti, -II..

ampl1tude (i.e., v(t) ) the other shows " te recm',nr-,c.

(a.e.. V(f) " of the signal. The classical an,amol i i-, t

height, unit width rectangul ar puls e centered at t :.t iar.

(Fi gore 9). Its Fouri er transf ore i d the

sfnc (Tf) function

V(f) = {sin(Tf)r( Tf) s-inc (1Tf) (FigLrre 1C)

As seen in Figure 10. the frequency spec trL.,T the

transformed pulse is continuous and infinite in ] he t,.

Intuitively we could reason this would happen since a reract

square wave, whose period is infinity, resuit E, I ,::, -he

summation of ever-increasing frequency Sile W.C., .i L nith

16



ami I t i'de decrea-.i nQ aa S -i, e ,] it e rc t- v 1 (1 Cr t .e _n' 

world perfectly sqLtare edqes are dIi. IT:'-t 1 . .

therefore, a practical puIse has a finite rlse a r.

(i.e. rounded edges) The Fourier trar-ns +ori x, f

w ill shodj that some frequencies do not e: i rt i, , '.t.f)

spectrum or are of i nSu+ i ci ent amp! i tude to , a L.: L'

edges.

The di scussi On thuS tar concerns aperiodic L .,r-er:.-

functions. 1-he Four ier tr-s orTI for- ou ap0 Ur i

account for periodic f Urcti- onS. vi Ver, trat the -

Per -di- in time, .t - ) = % v(t) t the n the t .. -

large class of per 1diC tun t,- ons can be e:.- -

summation of weiqhted ampl i tude si ne E, rd o 1 ;1.

increasina f requencv. The freqLuencv .spec t r um

fundamental frequenc.1 and its har-monic-. Shinersl ,

excellent e;.planation and pictorial view Ot t.e

transform of odd and evn =svmmetr square waes. "..'A t -Ie

constraint of being bounded with a finite F LTL, b t -

discontinuities on the periodic i nterval , T, the F L.i,' L er-

transform series for periodic functions is given by

v(t) = A + EAkcos(0:2T ft)+ EBksin (l::.Tf t,
K = 1 ~ w

Ak = 2/T5 v(t) cos(::2rft) dt K = 0,1,2....

Bk 2 /T v(t)sin(n:<2Trft, dt F

For odd functions (Figure ii) A= C, for e. r-,

functions (Figure 12) Ds, 0, and the [Kth harmoni c of.,

is denoted by the two series terms of frequencv i.'rrf,

17



amplitude VI and phase equal to.

tan -  (r-Bk, k . It, gene -&a , the F D r1e

transform of an arbitrar-v poise -.equerce - i c

ard cosi re terms, since tice sequence qereral]; i.

about the time origin. Take. for ex.amle the iinn ar.o.a. ir-,

Fi gre 7. Assume that the time origin mna be p i 5.c .. ,-V, :c

upoF the time a:is and situate the siqnal so that orE ,: ij cf

the Se -,L, e -c:S C, a ir orn ther aide of tn is me. or . L

B_ ., definition. an odd ,fuction i S on t ,e .h e;
at in is'k- fur

rt and -n e le, { tilo is one where -t' ,.

i- F 1re is I3. there i E no direct correl at i on btt Jeen ' 1nd

. .- t - -ecaLse 34 the ,.scoFtinLuitIez asncc;ate1 -i.W

EqLe eIs: . teref ore, the-e i s Flo S "'Mtetr- f t z-

Th F aces nrt mean there is no Four i er trarns cr.T :r -t .z..

_, i ipi I that the transforat i s more zompl e i . b I re

and £csine terms) .

Let -,a compute the Fourier transform of Filure I".

Let tc, = I, t, = T = 4, T = 4;

so. the period of v(t) is T = S an f = 1;I. -r- si, 2c: t,'.

or i er t the sequence as in F i gure I_: and tlI E tht!, .. , 'I eir-

transform of v(t) on the interval () to T:

A, = /T v(t) dt = 2,/d ,.1, dt + 2/8 k.) dL I

A.. = 2/T Sv(t) cos(2K:Tr--(Ft) dt
0

= ' sin (4 ) r) + 7/4 sin (7(!Krr)

W Tt 7/4 ( .n)

1A



T

2. T 5o 71 t 2iT 1! 1t dt

- . Cz ( - " 7. ..s. ' 4 (:.rr 0 "© iTr)
( ::T ;,"4 .it,' I. t

V t)= 1.2 + E (Q 4 s( t -TE .sir- !4 hitt

s canJ be seen, the Furier trar , n wr e ,

pulse sequence i , -i l d aii ni taR L u mat .L i a r-Cif, if f. t;e'

futncti s s lS, c.Ch W1tl . s.n. t n cti.or, S ei, ti r' af z iort.

The ri nt Cer o + terms re-:. i red depeds cn t, e -, .. Er ,-

on the reproduced pul se sequ ence but iTs, be as high 5a 20,

produce "cri sp" edges on F.rr,4W pL,.]es.

. Fo'.i er applicatior problems

The Fourier series provi des or, e;,-e). I ert nsal vti ta.s . 1,

to describe the information czntained in a sion : ho e. the

objective in this thesis is to use this deswript:.~r a-s

program input for a PUI se generator. Sin::e the oLt-oe :. rba

Fourier trarsform is a weic !hted infirnite series ot .. iqe -.r,

cosine functions, the realizaztion of the p, Ie ojer-ertr

requires a number of broadband frequenc. qeneratcr; ra-r -h .

generating several fundamertal frequerci es and :4 oF,,-r

harmonics of specific amplit'des and prases. Althougr, this i,

a feasible approach, the creati on , f sLch .n, a,Tp I., ta 5cid

phase-controllable broadband svrthesier r.s ie-, t., LE .

e-,pensi e endeavor.
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.... m I rc,-duct i.n t,- W_ l=h - .._;c.._ i ons

Di qgi tal techni ues C:+ f er . ite e-i Fq note-i s '- 1 n -.

1 s a pp ic tio n. D I 1Ce th E- r- I i 2 r 1 :t i na 1

lo-ical assumption is that a digital s.nthesi me-c I,, L i

more efficient than an analog technique. The Foroci ; - till

remains of how to digita1 1, describe the QL e 1 e

transform the data to form usable by a pulse I:.-er ) .- tnd

synthesize the desired sequen-ce. The Walsh and Wal -h r .i-

functions take an i np Lt signal and tr:nsform the dat::, i-t.3 :

set of weighted bi nary sequences. As the Four ler t;E I- r, FR

produces a +requency spectrum o+ the trans.ormed i -;(', , the

Walsh transform produces a sequency spectrum of the input. The

remainder of Chapter concerns the Walsh trarvs ,ry, and itS

application to the arbitrary sequence problem. Be ELI ,chE JT pf']

authored an ex cel lent te..t t on Walsh LLnCt i on _ an t reir

applications- his work is used e'.>:tensively in tzhe oh Tr:t

sect ions.

1 Sequen',, functions

Whereas the Fouri er series U _e variable +reP u(erC.. SiIe.V

waves as baSiS functions to describe an input siqnal , the -Ih

and Walsh rel ated functionis use weiqhted sequer-c,, i -

Sequency i-s def ined as beir-, equal to one--hal-t c+ the a'.eraae

number of zero crosssings per unit ti. me interval 3 ::iEU7.,,].I

functions, as used by BeatLchamp, refer to th, r ,4. j-A

si qnal s of the Walsh and Wa .1 h re Eated + Ltr-Ict. ur , r I J-



to construct an orttoQon set C + si s F uct -D, E

sequenc,' domi 1F with whi ::h to deri be en .n L

Rectangular binary pulse sequences are used I;-t --oZ

Fourier sinusoids because the synthesi=- of Wal sr, i ur Sc 15

done with digital equipment.

3.2 Rademacher functions

The concept of sequency functions and the c-e;Ft1on OK

Walsh functions can be understood by examining the F:scem---her

functions. The Rademacher functions are defi ned OF: L.

interval C) t T and are a set of increasing f reqocnci

square waves. As seen in Figure 14, the Rademacher c e t - i.

ordered in terms of increasing sequency: that is, the +.nctaon

with the least number of zero crossings occurs fi rst and -

following function has more zero crossings than its

predecessor. The arguments of the Rademacher +LnticnF are r-

and t: t is time (as defined above) and n represents the o.ver

of the function. The value of n yields 2-1 pe- r

a square wave in the interval C) to T with the peaI, ies

the square waves equal to +1 or -I. The -FC

correspond to the zero crossings of a sine wave .i s-,ui ar

frequency 2-n (i.e. , sin(2"t)) .Rademacher

functions by themselves represent a marginal iy usef i =et of

functions; however, they are ei tremelv useful in ,zreat;_ rg

functions, namely the Walsh ser i es and F:ad emac h er-WA L sh

ordering.
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T4Walsh functions

Wal sh function=- ai. so are de- i red on ~ere

and assume the ValIues of ±1. but instead of square v_ res

(5 07. duty Cycle) the Wal sh series has variable 3L.!, 2-1 CE

pulses (Figure 15). As wi th the Rademacher fu~nc:t1a._n;, t,-e

Wal sh functions are shown ordered by increa=sinq se i

val ues. Other orderings are poss ibl1e and are d. iCUS ed tl

by Beauchamp 19 . Of+ i n t ere-s t i.n the a rI1trar -uc t>C

application i s the Rademacher-Wal sh orderinq because t h e t

of fun c t ion s can s impIi f y digital lC.Q i c desic~ gn rztLct:I z.r

Remember that the set of functions rendered by the

Rademacher-Walsh orderinn stil i1 s a Wal sh SEris 1 E I e

arguments of the Walsh f un cti1ons Are n and t,. t iL time, -- s

before C0.- t .:: T, and n is the order o-f the Wzil sr-Ir

The notation used for the nt"I order Wal sh t'Lknrzt. ornas

WAL int) . and actual generation of t he Wal sh se r P is

accomplished by any of the four meanls d i Ec:sed by

Beauchamp E 10J1

3..5 Application of Walsh fuct ior)s

Two possible uses of the Wal sh and Ha-l sh rel .teo Ltrct. ons

ex Is.t for the Sol uti on of the arbitrary sequence prrr'1 t.l.

f irst utiliZes the Walsh transform, and the SE"COndC uses the

simplifying properties of the Rademacher-Wal Sh orcieri nq.



7.5.1 Walsh transform

Similarities exist between the Fourier ard Walsh

transforms. Both produce a summation of orthogonal basi s

functions; the Fourier series consists of sine and cosine

functions while the Walsh series contains N order of Walsh

functions. The Walsh transform is written in the form

v(t) = aoWAL(C),t) + Ea-WAL(nt)

an = I/T S v(t)WAL(),t) dt
a,, = I/T 50 v(t)WAL(nt) dt

n = -i w

The number of terms required for reproduction of the input

signal depends on the acceptable magnitude of the mean-squared

error (MSE) and the characteristics of the input signal with

respect to those of the transformation series. Given that the

input signal is a rectangular pulse sequence, I would e?::peLt

the Walsh transform to yield a shorter transform serins than

the Fourier transform. This is because the Wal.h transform

does not have to use an infinite series to represent a

rectangular pulse (see Section Z. I) . As an e,:ample, let us uc i ,

the waveform of Figure 11 as the input to the Wal sh transfo-m

and refer to Figure 15. As with the Fourier transfOt-,n, the

weighting coefficients must be computed by an integration over

the interval T. Since the input signal is equal to zero for

portions of T, the integrands are simplified.

a = l/8 , v(t)WAL(O,t)dt =1/8 (1) (1)dt +1/8 (1 )dr
a, = 1/2 0



I n a si mi Iar manner, aI throuqh a 7 c:ari be

computed and the values found e+ -oIl ows:

a1 = I/4 a2 = 0 a = I1/4 a4 =
am =-1/4 a= 0 a7 = 1/4

With these weights we can now describe the r-pu .. .

of the Walsh transform.

v(t) = (1/2)WAL(C),t) + (I/4)WAL(I~t) + (I/4)W AL.L(-Tt --

(1/4)WAL(5,t) + (1/I4)WAL(7,t)

When these functions are summeu , we fi rid tnat

transform has proouced an e.., -t repli ia of tho rr

(MSE = C). The order of Walsh functions required , -i DI

is discussed in the following secti on. Therefo-e. -,,-

transform produced a finite number of terms for - :.r

where the FotUri er transform produced an irnfinite ser i

example illustrates the significant dif ference in

between the Walsh and Four-ier transforms when apr..

binary pulse sequence.

.. 2 Walsh transform problems

A) th ou.Qh the Wa 1 sh t r ar f or-m :een',s deal 1 i , . fL LA

arbi trarv sequence probl em there are several hi dder, L.i ,..

To compute the wei ghti nq cornst.an L-, the User- MUst. c j

integrate over the interval T. A1 thouh ti U q-,o t d ficait,

the process can become e;, tremel / tedi ous and prcre tc: - -ii -

This makes these cal cul ati ons pri me cafdi dte- for -zCl1puter-

processing; except, we mIuSt now somehow 'f:ec {'. t.o the _
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what tre i nput si inal 1. ooks i k e. As seer r E- . . ,

e pression of v(t) usino unit step - u-Zt i on. b-F ..- .

comp 1 eu even for simple pulse sequences, and if we spec::.

pulse train by ones and zeroes, why not simpl rjr-om the

computer to sequence through memory and generate t-.e -

train in this manner without resorting to Wal h tr-, .r : .s

This problem has the ;form of the 'chicken or the eqgd'

Presumi n g that a suitable means e' i st - to otL- t-et 1 IJ h -h

transform, there is another hazard. The Wa.h E F ti, r. £> F-i -T-

an e act replica ,of the i p ut si na oni i q .:- n a..-- n

crossi ng of the 1n p ut there e i st s jIt.hin the aet Q. '-al i

tunctions of order 2' N a ;:ere c:rzssing am !he -wn,:

instant of time. This is a probl em where the i.- I. T. s

not a Multiple of N. Take, for eiample, trie case whe the "

equal s (1/7) - (Fi ure 16) . The zero cr ssi ng f .- t h

transition +trom ON to OFF occur s at t I 1, ai nc r -::e 1.

not evenly divisible by 2", cnl-. at n - - will tje

Walsh tunct ions cr.o nn er.ee to create a zero cr-oe-q P- t-1; 1.

This is because the Walsh series is deri ed -from he

fUn,-tionz: these fVUIti.nl Cre.Ie- zero c.r d-i ... , da u. t

in frequencV for each increase in order (re-er t 1:.4; .

As seen in Figure 16s, the er-ror mari fests it:, y the Se-o

crossing, There is an amplitude error ard a :r ci:,c 0 L

timing error which both reaczh zero MSL for n :7 C. :, -:rc

the sequence designer knows that the ampI i t de JAI use- MTUt

ultimately be either zero or one, an er-ror thr:. .an he

25
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implementeo for the amplitude error; b t, t _- -:-, rq

error mav not be eliminaLle except for -iq . .rder .-

f-tL-Cct I orns.

Even i the cost of the Walsh generator s wjere

many could be placed on a -single chip, there i i the

fundamental limitation that the order o+ the Wal-h. 6hfL'.: .E

essentially quantizes T into 2'- pieces, and if the

function is quanti zed more f i nely. more =. s, 1 f. C Z-l 3n

generators must be bui l t. Some ment 1 on sh ::ui rob;

about the MSE as it appl ies to the Wal -h tr ..._ 5 r-,Tl. A

reasonable termination point for the Walh tr.sform i ii .rwr

the ser i es summati on for each FW of the s,-rthes z.:I ..

accurate to wi thi r a r 1se.'fal 1 time margin. re qcT 1ten. .2.F,

for this MSE must be made individualv. 1 for e.-:r, e, .- :,. the

pulse sequence: agai n. a tremerdous".v tedious ta-.

Z.6 Fademacher-Walsh trans,rm

Several excellent papers have been publi shed cr, th

topi-. Edwards' [I1] article is most -pp-o late for tris

discussion, but the reader should refer a.so to Pennett l 2,

Ficton [1-]I Haring[141, and Chow L 18] for more ,-r- tni.s t-_.pic.

Essentially, the concept is that an, Bool.ean .ij.nctisn w:re,

constructed from a set of e;:lusi ve-OR qate and J',._sod

universal threshold gates. If you looked at the desired _:, se

sequence as a series of ones and ::eroes. the ,ehad w the

Rademacher-Walsh transform yields spectral coeffic:entc t-iihch
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are then crdered as Chow parameters and then crcJ--r> r

to tal es containing appropria.:te weiqhting i nfor5 ntc E? he

threshold gates. The problems associated with tfis mc-!:.,.cj :

i dentical to the Wal sh tran f orm wi th o:1ne add t :;,. lw,

current state-of-the-art in threshold 1. c,i c Pr ei Lides

widespread production of the arbi trar level rI, l- - h: .. ',,.

The tolerances required for accurate determ.rati tn o,,-

crossing are quite str ict w hen more than to I , E.

permitted (i.e., ordinary AND and OR gates are c-peci.ai ::.;

threshold gates). If any' integer weiqhting i. all.I oe>M. e

threshold gates become extremely difficult>, toD produce.

7.7 Chapter summary

Al thouqh th e Fouri er transf orm is well del. 1 cF i .....

arbitrar' pulse sequence pr,oblem this transform is cil,.,isv in

its rendition of the desired pulse sequence. UK. LJ , .

transform produces exact repl i-as of the i nput si onal L+ -ve aiy-e

given enough generators to adeqLatel y quant i ze the t. .e

interval T. Even if there are su. f ci en t rumLer H O

generators, we still -face a big problem in descrianir-,n tre nrz-_t

sequence to the Walsh transform gener-aktor and in o-,'._ei r.

sequences quantized finer than the highest order qaN. h

generator. The techniques of the Rademacher-Wal oh trari -

offer the possibility of exact reproduction were it not. cc-r tht,

electrical difficulties of threshold gate production. Ever as

technology produces reliable threshold gates. the

27



Rademacher-Waish trars-or m subduers the saIT, e p a e

Wal.1sh transfourm- So. ther'e do~es not seem to by a nunL

solution from the methods e amned in thi s chapter - r

other methods must be investi gated.
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Figure 9 A unit height, unit width pulse.

Ie

0.4-

0. -

-At37i -hvrr ,ITr ~ T .n Tr

Figure 10 The sine (nrf) fUnction.
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Figure 11 A function with odd symmetry.

vd

Figure 12 A function with even symmetry.

0 Io n al ToT e
Figure 13 An asymmetrical pulse sequence.
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CHAP F'ER 4

AIFDWARE AND SOFTWAPE MEIHODS

4.0) Introduction

In this chapter I will examine two methods tc D.ntri

the desired arbitrary pulse sequence. Computer-= h .,e 'E E -r,,C.. C, d

virtually every aspect of engineering; so. wr' , i- thi2

application be any different! L oQi ca1l 1 , y w, u ,W ld ,.,o-,: D

computer to make quick work of this arb5.trary seouevce xrce.,

but I will demonstrate otherwise. A hardwired ccl ut on _;eeTi

attractive, but there are si Qr.ni f+i cant probl ems a; tai .-1 -

maki ng an all -purpose hardware-ori ented p21 ce Ee:-u vc e

generator.

BEefore proceeding, a word on how the pulse seguer, c. are

examined in this chapter is appropriate. In Cht-s the

Walsh transform produced a perfect reproduction of the .l ut

signal only when the Walsh functions had quanti zed the interv-.3l

T finely enough to produce a zero crossing at the same instant

v t' had a zero crossing. I-his 'matching the edges' c.rcep -

used here to describe the pulse sequences. For each sequence,

find the smal lest time i FIterval whi. h, when weighted with a

zero or one, can be 'summed' (actual. I>. concatenated) t

exactl y reproduce the pulse sequence. In Fi gure 1 t, the

smallest time interval is (1/8)T, and when weighted with ones

and zeroes., the sum of similarly weighted quantizations equals

-'A



the ,original pulse sequence.

v(t) = (1) (1/8) + (0) (1/8) + (e)) (1/8) + (0) (1./3) +
(1) (1/8) + (1) (1/8) + (1) (1/3) + (C) (1.,8)

Algebrai call y, this equati on is not c orrect, 'e. , r,

result of the equation is .v (t) I,/2 a n Hr:;.: a I

statement'), but only concepts are being stressed here.

4.1 A computer solution

The computer offers the possibility of prcaraTm-t 4 iit, i-

constructing the pulse sequence. Ideally, h-i 1 .

language specifically for the construction of sequer,ces woul,

give people other than the machine lancuage pr-cmem.-arnfer the

ability to create arbitrary pulse sequences. There are

basically two prob Iems with using computer for th Is

application: 1 how do you specif,' the desired =zecuence Lo :,he

computer (see Section .6. 1) , a.nd 2) what do 'you do .bo4Ltt te

speed degradation incurred from the software over-head-' I : t hh

desired sequence car be characterized by' an ageursi. e_,t~cn,

then the computer simply computes the p1. aceme, t nf L h er e

crossings on the time ax is and e;r-ecutes a Tmar roin=e ato

count these intervals. As seen in Chapters 2 and ., .erw t:e_-4

of the pulse sequences are described in a closed ani convenient

algebraic form suitable for computer generation. When

equations fail to describe the protb I em, look--ur t blea are

usually the answer. So, now the computer is relegated to the

mundane task of looking in a table for the value of 't) JAs

time is counted. Let us ex ami rne th : ] on0k-u ip V aLl W: i thf.Ut

.A -. ,



some form of compaction, every one and zero in the c_-ee-:a

must be 1 isted for each qLtanti zed inter val of 1. F H :rt

pu lse sequences, as shown in Figure 15, this mears o'-i, ci ...

bits of memory are required; however, for- an applicat or su-ch

as radar where the PRIs are in the hundreds of microseconrd= ,

the PWs are on the order of a few mi,3roseconds, .

amount of memory is required for the look-up table.

Even if there is no probI em with wa t.1 1- mIT , -2- M tI-,e

question remains of whether the computer has a ] ar'e encu.h

operating bandwidth to handle narrow pulses. 0 i the faster

micro-computers priced around a few thousand dollari, mot -a.

master C1,oks whose frequencies are less tha n 1 l-i,:,. ]his

restricts their CFLU c,,cle times to the order- of a hLn re G

nanoseconds at best. E.en with the sof tware resi dent in

f i r-mwared microcode, several irnstructi on-s must be e';ecuted fc:r

each pul se. thus creati iC] a software c.Cle t.me IFn th f,--

microseconds range. Under this time constraint, sy'nthesis of

-1 uS time intervaL is i mpossi ble. Using a pipelne 1imPO.._

the system throughput, but the pipe's output can not be c:I cocso

any faster than the CPU can fill the ,ir at secti on -t the p pe.

The solution to the speed problem ics to spend tens of thousancla

of doIlars for a fast system or reduce the ai ..-ble b.,-dwidth

imposed on the desired pulse sequence.

4.2 A hardware solution

Provided that no algebraic method is stLt tle c-r

.96C



description of the arbitrary seqU.ence, tre naei: i r::c,]

solLtion is to hardwi re a circuit to "vrn e _ : the *ji. .

This method work<s very well unti. a rei si on ic n-EdC1E Lrn :

sequence. Therefore, the probl em i - t:) create Eg., ..,e

synthesizer. Shift register technolc.gy s eee pprprc, n* -

this situation. Golomb[15] authored a te; xt on sh 1 4t r- t e r

sequences, ard hi s work i s the basi s for the +_ D c-, w.nc

di scussion.

We first begin with an n-staqe feedback s hift r-ei st:er

(Fi gure 17) with x. bei ng the highest order atage cnd

F( ... ,.) representino the feedback:

function. Also. allo for an initial value for ea,-h staqe,

(i .e. , the parallel load inputs) and assume that each Etage -- F,

hol:d only the value zero or one. The operat ion Df the shI t

register is i mpl.e; on command each stage plces i.t- ,.rrert

va ue into the net hiqher order staC1e: thst I

k The first staQe c i nput comes tr',1m the

ouItput of the feedback function, ard the vaILICe cntax fled in

is shifted to the o.tside w'orld. U'-cual1l',y. the co,:ms,d

to shift originates from a system clock, but this need not be

the case.

With n st.aaes ard on I ' ones and -eroes .1 owce F each

stage, there exist " different possible combi1 rat, cn :,f

bin rar , val ues ,di str i buted oc er the FI n et ate-. F jr e * , rL L i f

n=2,. then there are 2 4 possible combi.r,atinis tor the

two stages:

AL 
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0) 0 So

(] 1S

1 (0 $-
1 1 S.

As showr above, there are four distinct comrb anat &rmn: t.cJr

the two stages; .label each individual combinataon tte "state'

of the shift register ard call1 at S3k for :=,,-

2"-I. Now, each state uri quely , ad ert:{f iss ,-,

corresponda nq values~ hel c in each .stagqo. !-he o:rde:-t- wtn

the shaft register sequences through the possiblea _= te-c

depends on the ini tial _-orditiaons ar-id the tedba,:;. t(_m;:CL, , F.

If F cal cul ates the ne2;. t state from the r,ita al :st-a :'_-,-,_,

the relation

S.-= c 1 5 ,, + c72 S .... +...+ c.S-5,-

cc =0 or 1 (the ,alue is irdependent of r.

then the shif±t regisater is a linear shaft regqi ter i.r-d i-,e

relationszhip is that o-f ii near recurren-ce. .n .. ear.. ~

sequence probilem, the pulse sequence typi cal ! ' tfi ,C.AiJs no

recurr erce relIation ship ; th at is5, the valu UCD 0 the ne-ti p-..ie

a s n ndependen t of the ,Otr- r er- 1 va I -. 1 t a r e,: ,.yr- n

rel ati onshi p en ists, then determi ninGc the f eedb.sc I-; -Furcti or

requlared to produce a givyen sequence is r-elatl vel , ea., a nd the

methodology straightforward. Under the constraints= of linear

rec-urr encs, there e< asts 2 different state seqAences

f or y, = 2", ard the man a mum 1 ength of a si ng e sequen~ze

is bounded to 2" - 1 states. For l.i near rec-urrence,

the state Sc. (al 1 zeroes) does not occur. So, e .er,

3



the desired pulse sequence could be computed L !1r'ear

recurrence, the absence of the all zeroes state iz a tal

shortcoming. Again., refer to Figure 17; the sequence for this

pulse train is 1,0,0,0,1,I1,. Here, there are eight time

slices where the pulse train can assume either zero or one.

Three binary bits uniquely specify eight states; therefore. a

3-stage shift register could be used. Assume for a moment that

this sequence is a linearly recLirring string; then, the

synthesis of the 00,0 portion of the signal is impossible due

to the absence of So.

If the restriction of linear recurrence is lifted, then

the shift register can synthesize a total of 2K unique

state sequences where z = 2-M - n. This large

increase of possible state sequences is due to lifting the

restriction that the next state be predictable from the current

state. This is called nonlinear shift register logic and is

quite applicable to the arbitrary sequence problem. There is.,

of course, a penalty paid for the nonlinear logic; Golomb[16J

has proven conclusively that for the nonlinear case there is no

simple algebraic means of creating the appropriate feedback

logic, given the desired state seqLuence. This is in direct

contrast to the linear feedback case where several methods are

obtained for easy generation of the appropriate logic wher

given a desired sequence. For a small sequence, the logic

generation problem is no more difficult than finding a minimal

sum-of-products form of a 2, 3, or 4 variable function. As an
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example refer to Figure 1- for the pulse sequonce and Figure 17

for the case of n = .; the sequence describing this pulse train

is 1 1,0,,q),IIi, 1 and as stated above, a T.-stage shift

register has eight possible states. Shifting to the right, the

state sequence would look like this:

I•a x; . P ot tpt next i nRL.t t

SC0 C') 1 initial state 0
) C) C 1 1

1 C C) 1

1 1 C0 () 1
1 1 1 )) ('
C') 1 1 1 1
1 0 1 1 0'

1 C) 1 1CCC') 1 C') 1 '
0 ('J 1 U'

The initial state is given by the first three time slices

(quantizations) of the desired signal, and each shift command

forces a bit out of x' representing the value of the pulse

sequence for that time slice. So, after the first shift, the

output equals one; after the second shift the output equals

zero, and so on. Since Golomb[17] has shown that shift

register state sequences are periodic, the output of this shift

register is the desired pulse sequence. But how does one

develop the necessary feedback logic? The state sequence for

this pulse sequence is developed with the next value of

x •. If we use x2., x=, and - as

input variables to the feedback function and F (the next state

of x1 ) as the output of the combinational logic network we

get the following truth table:

4C')
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~La. F
Q Q C) 1
0 0 1 0

C) 1 1 1
1 C) 1

1 0 1 C)

1 1 0 1
1 1 1 C)

F x1 3 + 2 7: + x

F(>Ixax:) = E{Co 3, 4. 6)

The function F was simplified Using a 3-variable Karnaugh

map and is represented in literal form as well as decimal form.

Realization of F occurs through AND, OR, and NOT gates

connected according to the literal form of F. Also, a decoder

could detect the presence of the true states in decimal form

and produce a true output. The decoder form of F is preferable

since only output connections need to be changed for a chance

in pulse sequence.

4.3 Problems with the hardware solution

There is a fundamental problem with the shift register

solution: if the arbitrary sequence is quantized more finely

than the shift register system, the shift register synthesizer

will have a noneliminable error (MSE is nonzero). Further, if

there are a large number of quantizations, the shift register

may be 10. 20, 30. or more stages in length. Although it is

relitively easy to create a single integrated circuit with a
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1 ar., number - sh ift st e g, the prob em c ,F o

create a decoder with that nLullber .of .nputs
- . , - .

speaking, there are many sequences wi th peroc- n t, .. s,

minutes' time frame which require 0. 1 uS quanti zati on. 1

period were just .2 minutes long. there would te I.-

10' quantizations requiring 1. stages. Now tMe ,eccw"-

must have 31 inputs and ..2 10 outputS. T3, s : _

unrealistic for a decoder. so the feedoack function, vani h-,e

to be realized by verteN gates. Now, fie and on. --- Ie

equations are difficult enouch to -educe, let i :in

variable function. Generail. speakino, the User -cu o7.c.O . :.

accept some error in the i nal, synthesis.

4.4 Chapter summar,

Wa]. sh and Four j. er tranef crms had s ho tc:: i r-t C, j- : S t.,

arbitrary sequence probi Iem, sc other methods -. .'rth,-si: -i e

examined. A cOmputer wou,. d a). low great f]e. ) ) ii b .-- , t .

creati on of an arbi trarv sequence L f the dqenca c. h ci ie

described algebrai call y . rn a programmable forr. to, arbit oar

sequence has no special algebraic description. Morecver . if a

sequence cou ld be programmed, the time spent In sct tware

overhead would restrict the smallest ti TIC r-,t Ci, AI

synthesizable to some value depending on inrstruction e -cwt" zr

times. The user would then have to decide if th i- were

acceptable.

If a computer can rot be used, perhaps a hardware Joe ce
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can generate the sequence. Shift reqi sters hta e . j

the past and seem a likelv candidate for thi-.s aci4ason.

Since the requirement is to g enerate any sequen*--e. t. -, ' ",-, Ez

shift register model is inappropriate for this us. ." mwns

that nonlinear shift register theory Must be used: nd. a, ; L;T,

has proven that no i nql a. efficient al gebrai,- ivea.nE5 t

which can easily describe the nonl i near feecdack

requi red for a speci fied pul se sequence. F r

applications, the nonlinear shift reoister pr,.es t, C- -r,

effective arbitrarv sequence generator; however, if Wihe

sequence to be wvnthesized is quant) ::ed nore .i r, .- I r-, <, .7-., -.

shift register svstem, there will be errors iF the .iw>'tput

waveform. Also, i f there are a large number of qt 2 E t.;I my-n.

the feedback network: becom-es i mpract, cal .

So, we have a candidate for the sr thesi1 r but-

effective means of describing and crea..ing a tr-, ' _ri t.-ar y

pulse sequence.
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CIAFTER 5

DE';cr I Fr I ON OF: HN AF-T, I IF;jAF:,' IE I t lICE

5.0 Introduction

Of the materi al c over ed thus f Ar * i 1t OEITL" TIL >-5t

there ex ists some commonal it between the i ffer-et 7L L:cni .,i-53'

shortcomines. For each of the-. methods ea 1mino] i-her --

Was the problem ot how to easi lV des-i be the de.i n -

sequence. In each case thc- user kas forced tl-2 L -

sequencei int i n d 1 1 d Lal :o n ec a nd -eroi-.e, end thr, - :

the transform or the eedbac. .n cti on L/rt ,ems. Eh :e-- -

sc eci aI cases, no Cai ebr-a ,c: des: r P t i L c [ , reF , :CD h ,e

parameters of the next pu.l e in the sequence ho:Daus c.

nature of the arbi trarv eq uence. Uual 1 v th -',

performs soee uIC:ti on and the-ef ore procD L, : --

mathemati cal description, but the objecti v'e 1 = tr. d e, t- nd

generate an arbitrary sequence.

The second point of commonal ity concerns the o. '-

level. Each method required the know]ed,.ce of h-v mvn

the periodic i nterva]. T must be broker-, to comp I otel s F, e :i

the pul se sequence. The prob lem is that g i ven a sequence of

interval T quantized to some deqree, there .. as e: 1 s t. -

another sequence which requires a finer quan ti Zati on. To

achieve a finer qUanti zati on for the Walsh trai,f or m the uSer

must provide higher order Walsh function generators. n t he

case of the shift registers, more stacies are required ior a
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+i ner quaint 1 zati on.

This chapter presents iM, pr Cposal I Sr f or -.

description and Eol ution of the quantization le,-elV dii.,Ta.

5.1 uantization solution

The problems of pu]. Ee sequerCe d esc r. : Lir-, ,

quantization level shoLld not be consider-ed as in repernde M ,

one another. Ear ii or I a] iuded to the 'real ' -cr] d r: .

Se qLtan ce iE n ot trUl\ 3r-bi trar- n+i ,-E the sec4:ere :.: r

probably had some I unction in miFid fcr the pul. se trsr ..

state that the des igner mst also acOLunt 14" the a,. .d IFr,

whi ch the sequence will be synthesi zed. As seen i- th.e = -s .

and Walsh trar s orT ;oiip-ri sons , a digital -Er, £.: ,-

to be more compac:t 'ef 4 i . il E-rnt. , tharn a anal oi zs.r.t he: S_ " :.

this Inr mind the seqe,-,e designer" real ize---, that t e ',.ne

generator has a i r-i te bandwidth; that is, there -, a z,

cloc : somewhere i n the svstem which l imi ts tre r'l n ; tr.. fn

quantizable time interval.. Let the smallest interval Mhere n e

can only have one quantization (i.e. , this is an inter .al tihich

can not be subdivided into sma].ler time slices b,,, the ysteai;

be denoted as qk. Thi.s interva]., q k typical,..

equals one master clocP cycle but could be equal t, seral

clock 'ticks,' depending on the device. Mathematicll ,, let.

q. be any real number bounded by zero and infinit,,:

0 < qk <

Now, impose the restriction that the seque t:ce "nter. sl
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T imN : L t

Another way c, st at1i -n this re t r-i cti on - s

every PW and FF:I in the seq'uia.ce must be a n i -tegr . .-L n, o

qk. Not ice that rothing s naid aIoCLt whether cr Et

actual svstem coul d r0 l- 1 ? 
p
a.t i co lle :ear I., •

M1t hemat i cal 1 you - ar F ir- e z-, t- a , Cr. sE w her-e e c h.t- l

qL.1anti zatior, as r refeer-7-,.j t: d j f 41re EFnt q 1 vaJ ) % i:

general ieac F'W and FR PW time .I nter e.l I ,. .

sequence could be referenced c-, a d.i:fer-ent q. vaJ ,

e':treme 1I tIt for this H des. is that wi thl .i r- 4 orE - FFJ -- FW

time interva l are differe.nt qk \'a.Les a dr a]th: h t_- :

is feasible. the def I ni ti on of q. e c I d s ihj.

cos'- b11 ti ', nln-e q. i.s a rEf-,I] qL.l_ Fn I. t E?'.................-

can be contr-, (-. cted erom an tn qeir multiple _of a FEA ,o, er-

thr-e+ ore, only one 'iA]LAe o+ ib. is needrJed per PI :j-, z r

PW interval. ]his concept al lows for the case "aw e tWe se

generator switches between ref eterrc. C].ockVs o r P . 2. 2 -

where several distinct generators produce a .::,omp .cr.-..t e Cusl-:e

seq uen c e.

Now, the inter,al I taken ,:jn a new loc., F. f -, -r r--:

sequence appears as a summation of ir-di ldual q,:' s, ard

the total time required to produce ever, pulse gleE Lte -5,use

of the sequence' s per c,d 1 rCttr ...a]. F, ar, tT' c.n P t-

quantizations. F'reviousl .Y, we Ioel ed at hn? 1rnter ,a1 l and

attempted to divide it into equal slices of time, but now te
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idea 1i - to bu i I d each p ul e in rdi v dual. ] ', i rcT ia . ' . I

uantization value. From this idea comes a PUj -s ;.t-, -

which creates each pul.]s.e i-o, i id ul . . w i t -h t - u--r u r

value of T. This value of T wll come as a matte: -

from the suimimati oF, of the sequence' s£ pul es.

f.. The 1ulse description

Based OF, the r-esult s c, Sect on-, n , we mu Ls-t - k z.:-J-.

the SeQuence with respect to i : I .ue..n z:-tI r, .on I1-, 5i

k tM pulse's PW and RI -- FW time interval . et

be the quati zati on val u of the k " FW, and Ien ,

be the quanti zation valu= ,of the ktt F-RI - F"t. ,T>rnrr-

to Figure 18, let the k"- pulse be denoted a. F_. and

described as follows:

Pk 
4

"k )+( "QY'k

where x = P1. y = q2 and q1 q2

The operator )+ ( serves two fu ncti ons: I ? i t prc-: :I:s tu r

the algebraic sum of the FW and FRI -- FU time inter v- S i-,t

2) it provides a notation showinq that there e.: - =, ; :,- ,d r-d

relationship between Xk and ',k. The total time

requi red for a pulse (i.e. , the FRI ) is found b. zum, c-IT, I .-1 he lJ

and OFF times: so, we have the relation

PRI = ON + OFF = OFF + ON

FRI = 4x ,yk =yk + 4

This is the standard use Of the - " symbo,, 5Th i

properties of addi tion hold under the symboloc. of this
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appl i catl on. The probl em r FIes when tr rc t - he

shape of the p u] se Nr .. he .L .t .C

time:

Pk = ON ) ( OFF

The notation ) ( denotes con-atenat.on o-+ - c t . .C,-. 7

the right-si de guanti ty i -:concatenate to t.

left-side qUantity. In this application. ) ( -. ToDi "-

the OFF time immediately follows the ON time. i.ow. .:

is no reason why an OFF time Lh ld not precede ar-, r t.I._:

= OFF ) ( ON

Since 1 F any pul se sequence there et an cstr 

summation to deter-mine T and a ,oncatena-tti-or, c Ji a--r ':-t-

times. I create the operator )-+( with the following pro-1a tie:

1. The period T is computed from the standard ac:braic in..
the quantities specified (ignore the ) ( symbols). In a.s -. ii r
fashion. the FWs and FRIs are computed from the indivi dual
terms.

2. The ON/OFF sequence of the signal is crdered ac-oroir-
the concatenation shown by the operator (ignore the +

Refer to Figures 18 and 19 to see that

that is, 4x' )+( yk y )+( 4"-',

T = 
4 
xk + 3y k = s+ 4'"k

F is ordered as in Figure 13
Pk is ordered as in Figure 19

P Fm if f
Tx = T2

AND every concatenation matches exiactly.

Essentially, I have created an algebraic con-atenation

operator; with a single symtol the compositi on of the ,,ul-ne

sequence is completely specified. An e'; t r-emel; 1mportant

reminder is now apropos. Remember that ever' -equerc.-. -tdi.+,

49



thus far is periodic: thereore, the rctatlons :i..n -,

periodic as well. This means that Fig ures IS' and 19' r- r- o.r -,rt

infinite series described as shown above.

5.3 Capitalize on u.nrecessary repetition

The concept of time interval redundanr-y is - mp i.

derivation of the new notation in Section 5.-. . FW

interval is quanti zed to some degree, the shor hcFrd dt.-n : -fr

specifies this interval as an integer multip*e C- SO:S a :- e

quantization. Let Us use this ccncept for the ent° p, I

sequence. Whenever there are identical ad e a-n t r' -

specify this portion of the sequence as an integer mu.ti ,e of

that single pul se. Referring to Fi gure 2 1 cejF,: the

following description:

P = F' )+( P-- )+( F'3 )+( F 4

P = 3.[xl )+( 2yv ] )+( [2>L )+( 2 y]
for xk = cc, and

P' = F = F-z

F' = 3F'1  )+( Fs

In this enample. the brackets si qni fy a u r 1 -e q .,L.t].Ie

and the integer bracket multiplier spec fie the :-,umber of

repetitions of that unique pulse. A unique pulse aec. ie-_a

basis 'vector' in the construction of the sequence. Within a

given sequence there may be sore pUl se F'. , r,-,se

parametric val ues and concatenation order .ap p E s;r acvi n

somewhere wi thin the sequence (i . e. , F'.. ). The ta:3 is.

then to identify all unique pulses iFn the cdesiLred sequence.
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declare the number of pulse repetitions of each sniu'o 1 nacw e

identical adjacent pulses. ard order the equatior ta cr I - ';

the concatenati on order i a correct. For the bc ,. .. I n.

(Figure 20)), there are two unique pul.ses in the series. ...

there are three duplications of F'P, the first part -- tr:

equation for F' becomes

F' = .:<-: )+( 2ylJ )+ ...

F = 3F 1 )+(

With only one unique pulse remai .ning in the Ha-ncwa.

becomes specified, as shown prevlously.

5.4 Block repetitions

In the general case, there may exi st por-tio orS -,

arbitrary sequence which repeat: that- is, a gr-ocip or Lo.n of

uni que pul ses repeat some number of times before pr.ce:::.' . f,

to the next pulse of the series. Referring t- " -Fg .--i

suppose there is a single block consisting of t'ic. pr: qU-

pulses: that block repeating itself twice before praceedini, on

through the sequerce. The sequence descri pton appezars .,s

follows:

F -'.['' ,+( 2 )+([4. )f+( yv )- ([ ; )+,( j] +0 +'

FP =2.F, )+( F' )+ P;3 )-( -P,%

In this example, there are four unique p. iE.: or, .l..

repeating twice with two urique puls-es. a sinql- r p.o,. i i f ,

the third unique pulse, and two repetitiors cA Ka 110

unique pulse. If you were forced to specif. th:i 2e -em,
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Wi thout the shorthand n ztat I ,Dn, tne sequ ene :: -, r.-.r',

digits appears like this:

1,0 ,) 1 , 1.. I . 1 l,),(', i,1 ,1 1, i., 11, o 1~, i,C. 1,0]

From a mathematical. standpoi nt there is -o S ii -L -m; r,:

the level of nesting for the block notation; therefore, i L. n

sequence coul d have a bloc k. nested wi thIn a t I c, c

nested within a block of pulses, and so on.

5.5 The random sequence

The assumption that the pulse sequence ws p 1v.. -j: i

produced a succinct description -for an arDo trar C ruI

sequence, but what of the case Where the +funct: cn . &-,.

Consider a case where the sequence is defineo e.act- , _-

interv al of time but enters . random mode f or a . ,.te per 1c:,

of time. This function still hasa+ ttribut C a ; -. icjc-

sig nal if You look at the 7bin p :tUre. Usi n ,-he r -

notation for periodic puIl se seqLenc es we derive an e_:;L7.: r OF

the -form:

P { [ specified portion cf signal - . ) +
RANDOM (FW, FRI, F'LS REF, I..L F. , MISC INFUTS)

The known (explicitl. y stated- part c-f the -i,)na. uses th

regul ar method of descri pti o.n, anid the r- a, doT, port io 3n i s

signi-fied by the function RANDOM. RANDOM i a - Lnctonr- o-h-:c-e

outputs are the PW, FRI, pul se repetition-n, -a bC),: I

repetitions of a random n- f a.: t. pseudorar L:r' e.T-... -

-finite time; sequence o- pulses etermi ned b, th-c 5-.-,

f+Uncti on and its set of .nputs. 0i course thE a-.,-pz.: Zn
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the sequence 2.s pecri odi.c j i-in v -). j. d to th e r z4.c:

you can see how devel op men. t of the per i odi c -

allowed for some quantification cf t h . acncm .C;?r a

description.

5.6 Chapter summar,'

An exami nati on o-f the -'real ' world cinstreint- z.:,toL

the generation of an arbitrary sequence .,lelded o. as,', Lr;, v

to describe these sequences. The key iies. : the- n

most pulse sequences consist of redundant time in oman:i.n. zy

assumi ng a peri odi a sequence, the shorth",aid . t -l 3->.:

and compactly descr i be- the sequenc:e. I? a. I c. - : - ,n

repeating blocks o-f unique pul ses and random t .l .TC I-.-.z J.z,

the sequen.ce descr i p t.i on i -a- c:-pab Ie of de s,:r .iir :a .' - ,

arbitrary sequence.
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Figure 18 A pul se for F'= 4xL )+( y 1 .

Figure 19 A pulse for 3y )+( 4 x.

Figure 20 The sequence for 3P, )+( F.

Figure 21 A pulse sequence containing blocks.

54



CHAF'ER 6

I MF'LEMEN[TA[ 1011 OF THE FULi3E DLRI F'r 10!1

6.0 Introduction

A puLlse sequence description is only S _;co :

implementation. If the description p rov ides -or L :;

transform, then the description is usefu. ; . a. tan .

pul se s Ynthesi zer is based on this descriptiorn,. t 7-_F' nte

notation is again LSef Lii . In Chaopter n- 2: Le.vinp

shorthand notati on for descri bi ng an arh trar-y po)U se - .

Now let us focus on the problem oT generating, .- -- ,

from this notation. The first oart of hapt,-r 7: d,- 7 _

generic pLl se generator 3P a block: di agr a m a a- ..

remainder of this chapter corcerns Ty Eoecia.t. C. ci wt 17

requi red to imp I ement these i deas i n f i rtnware ar, -,c,f tjs r e.

6. 1 Characteri ati cs of the orbi tra 5-t eei -rLnce

From the pr 'vIOuS ch p 1:ers t , :- : L, - : :c ] h I r, c . .&,_ E I.'

the desired pul.se sequence i a per i dic: .nJ for the - tuation

where randomness occurs, ., here i -L z .. t rs c.F ., ]. -oc.d : n the

shorthand notation. Use of ti me r ed 'Fu J n-., , .- , a

description which is c: paIc:t and t " . • . . _':: ....-

sequence. So. to summarize Chapter 5. an-, c- c- r :n the

follow: nq characteri stics:

1. There exists an ordered sequence of ON ond OFF t ,
order being specifted by the operator )+(.

2. Each ON and OFF time is composed of some ir-teesr niL -2 r
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quantizations, the quantizat.ons possibly bein C:if-ere . -.-
the various ON and OFF intervals.

3. A unique pulse is one where its F'W and F-RI -- F W
different from all other pul.ses of the .ame order ifn th..t
sequence (i.e.. the same ON/OFF or OFF/ON orderi.rg .

4. When adacent pulses are identical, that portion f ohe
sequence is specified by an integer multiple of that ,r.q.
pul se.

5. When there is a group (block: o f pulaes which
several times before the pulse sequence esrjrfe the.
compri sing the block are grouped tcgethEr-'. d the r ..
block repeti tions becomes the ir-tege? ' -, t f iier°  th
specified block. Theoretical I,,, there 1. : no ]. i tat-cjr, .. he
nestinq level allowed for Lioc:k r-epetta ons.

6. For the ,case where a seqcre c:-ntt r r-andom pul'is eE .
function RANDOM is inserted in th sequence description .n -e
point where the randomness begins.

7. The entire sequence is pre-uFmed to be periodi:c with .

equal to the summatio n of A.. F'W and IRI - FW values.

6.2 A aerericz outl-e , ner:or

Based cn the resul ts shown in Secti on t. 1 r,

implementation of the sequer-ce description in foLrcmu. in this

section. Only block di aram Fi gure 22) foremat :.s ccar-,.- i jar ed

f or this di sLtssi On; th i i ai lows the generat ar- oEar, hr. to

have an infinite operating bandwidth in terms o-f nemccur' ;n

speed. If an arbitrary sequenc:e a. descrilb,._d b, thca i r

F a.F, )-( a 2 F 2  ) ( . ) n F, .Fk )4f( k r.- -lF'Ln.
for P. = xk;'. )+( m y,

nk~mak = integer

then the pulse generator must be capable of Court I ;-,i

quantization intervals, pulse repetitions, and block

repetitions, and the system must recognize blocks of ulses anr-d

the beginning and end of the specified seq ue:: e. Lx.i nar y
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c u nter- e ut ed t,:D zDuLnt te qu Ft-,ti t i r. i .

repetitions, an-d block repetitaoris, Rnd c:or, trcs,

required to recogni :e state crdi ti ons vi thin the s

form of memor ' is required to stc, re the data, rd r- . F.,

data are different with regard to the PW I F'F'A " e

intervals, pulse repetition. and block repetit.oins. K _,

three separate memor' divi sions are required. .... , : :; rT = t. i" ITI

of i [terf ci n: to the- oUtsi de wor. d f or the cutpu L E r i . e

But how wo.uld such a device use thi 5 1a M ori-t iorC" S. .n-,

the Basi red pulse seque ,c: . 1 filt in -l 1 4Lr, ,

Deri od lc case, at least) , the user muift rec,-qFri ":E tre -

and erd of the sequence. Fro m the 1 IteratU,'e -- c V . .r

software. I cal1 tne compIte sequence a "f i 1 s"' .D s

because thi - informati on W i 11 become the prc qr-erm f mCi the

generic pulse gener-ator. nc:e the fe1 E has Dees n t -,d

(usual 1. y a ver , easy task) th eseq ues. nro. r ut .MU Cet 1-. t .

any blocks of pul ses within the file. Ne t , fiZ rid an p or Vion

of the signal. which has mu.ltiple repeti.tionsf c . L.nqU P.-e

and finally, the only items left w ill be s Inqe gCc I : n

pulses. As with the equati or- descri bi nq the ec;, u 0r-,: . .-,::r - cr

the pulse information from the f .ir Bt ouI se to the 1-at ' -51- ul, of

the file. For exemple, ec amine the pU s.e se qF2S ae .er,-i -, ,-

Fi gure 20: there are two unique puilses in the se-ies ,. ,uc: i g

a total of eight ON/OFF t ime intervals. nd wr,]', the 1 ira-t

unique pulse has multiple repetitions. The ON time D+ F'

represents the first time interval of the series., end ,'-he OFF
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time of F 4  is t he 1. st t r.me i. nterval or tne I . ;

that i n thi= e.: s.,Tpl e there are n h i: oc:s o -f P ue .

To operate the ezner; c: p,.l se qernerator We , - - 5 -

data i nto the memo ry ot the system and execute the, c:,c:--'.

The proqram miqht look like the:

MEM # I NT VAL PL S R EP S DI-J: P-ERS CIMD

1 2 0 N 3F'

2 1 : N 0 F'

-2 1 .u EOF

FSA =ii: File Start Address ELIF End Of File ,CIF :47
Operat ion

MEM # =. Memor. Address Number in generator

Not ice that a sinql e quatnti z at i ,mn ,al1-te ha. neer. i- r

all of the time interval s thiL i 2 rc f ,t req.2 red -..c , - -, -

Qro'ides a nic:e" e;, Ample. f ,e1.e .A. n It'zal . ,

Used, the command c:olLimr- also contaiins i.nforma-t3. or zcc':

the appropri ate qLuaiti .- at Ci c- ,ck for th-.t Ipec I ,- .

The time interval va. Lie represents the ir-te.jer 'T..] !, ;.I. r,

ak shown above in the genera1 equation. The number c:

pulse repetitions shown for each interval of a single p,-s1e

equals the same number since there is an ON and ao OFF tie

for a single pulse. The number of blocP repetitiona s ::e-o

because there are no blocks in this sequence. If there were

blocks of pulses, a block-start identifier is placed or, the

first time interval of the block, and an end .o+--LI cr.I

identifier is placed on the last time interval ."f the Io:k.

critical point is to notice that the ident 14 1ati.:r- om T -,
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interval is the CN and which is the OFF is .pft :.

description. The assumption is that the fir-.: tia :E - -;-,a,

counted represents (by default) the ON time, (i.e.- *he ,

and from thi s pci nt the Output simply toggl e:s betec-, '!F .ar,d

ON forever. The definiti cns of a pUIse and paul -z,-..erc

val idate this assumption. If the first interval P., n M e

inter'.al , the command cc l 'r' contains the i n , r i t " -: n t -. r-,

t:D c, anQe the defou. ordu.r inq.

The 1 ast i teIT r-eqyun red- to r-eal i ze the p il - e ::. _ er-, c

eq, n s ome a: al n I at Jr of the random veqae,,. - I -t

t h e a p p r o p r i a t e t i m e . e .t aer n a ] , v a l. u e s r e p c: F- i': E . , -, I

contai ned in the generator' s memory, e ac r , Z " r 1 , _

aperio+dic sequence. In fact. the data intro,..sc :-l- ,

system may originate from anwhere .nd be pi Ioc,, ;1 I. <9F,

means. This modification allows tremendous fl]omibit. in the

generator. As configured in Figure 22, the pLi C,5 --)3. V C s,-?;"ICC]r

renders arbitrary pulse sequences of an. 1 ancth SKI]

con+ i qurati on.

6.3 Realization of the generator

From Section 6.2 a block diagram of a pulse seqer-,c-e

generator is shown in Fi qure .21. Based on 1hi s di'qr -;, a

hardware device could now be created which accompl i .-he- th-e

functions. Although the actual hardware, 3ot t a-e

implementation of this device is beyond the sC:ope -+ this

thesis,. I feel it is important to e'.'ami ne the p:,ssi b I e
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confiqnurations for such a device.

6.3. i The MAPS system

A first-generation pulse cenerator e;.ists at. tne Air- [nn a:?

Wright Aeronautical Laboratories, Avionics Lna -tor-.

Electronic Warfare Division. AFWAL_/AAWA--2, Wright-atte-

Force Base, Ohio. The system was ch-ri stened the Mlt t- i .- I e

Pulse Synthesizer due t, I t- ab 1 :. ty to render , -3t- i

variable PW and FRI; and, in addition , the IAF'S aillIo-;s t r

variable length pulse sequences .and pulse combinat i o"- a

first-generation system crea t ed pulsee through the u-e t tn-,ec

16-bit binary counter c hai ns with one chain cort j. n

intervals, one chain countinq pulse repetitions, and theo .ast

chain counting block repetitions. Each chain w5as dedicated for

use by only that division; therefore, unused counters -ma -ed

dormant unti I cal led upon by the control hardware. Thi .

problem manifests itself in the situation where you need a

20-bit count capability but had only a 16-bit count available

for that chain, even though only one or two bits were being

used between the other two counter chains. Further. te

control section did not support the pulse sequence description

as developed in this thesis. Programming the MAPSF-E requir-ed

decoding the desired pulse sequence into a series of onee* and

zeroes, as discussed before. The user had to spend a great

deal of time formatting the sequence into a usable forT for the

MAPS. The control section consisted of "fine tuned" hardwired
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jl qital 1oq! -a d w s e: t -iFf e5I, -Ji fFI l: u, t to -t..n.

-.i. tther poss i rb]. real.i z .t .or-,a -

I n thl s ie c t : Or) n V I I e 4aTl le -ogRD e -Ix i 7 a 1 a

implementations of the gener-ic srnthes=Fizer- . -lsE actua l 3
. i -::e

depends on the .:a- 1 ai ble r, o'i r-, ::a a, i 1 s 1 : .-1.L.x V h R Y ,

des.gn and contructio F. S. nce we now have an e: --'

describing any ar bi tr ar y pul S- oEquen , ... fca 1 t h - OI-I

e.:p Iored should be a n i nput Un 1 t. Us.ignq thH- tC. _

software engi neeri ng. the first step is to tI< ani I- U I.,_t

string via a parser. Given the i nput stri-g E F--?-- :

previ ou sl y, the parser ha. little mor to ' ] - r 1

order an input command stack. This is becausE? tha 5e,0.4-

description is in tioken -form already by using the -mbi a

E, 3 , ' and the multipliers as speci f i. in t-e

notation. Since the generator must e'.ec:ute toe .deism-i- T oI

sequenti ally, little or n1o optimi-ation i -s possn- ---- r- t ,

i nput. As described by 7elk,:jitz 19) . i f we -ata:It t- ,p Er m[r-,,l s

and execute the operators sequenti a. .y, we rncw nava cad I t

execution machine. The control unit would simpl ; p, the star

and supply that data to the processing elements.

As wi th the f i rst-generati on synthesi -: er , ther-, i 7 a eed

to count time intervals, pulse repeti t on"s and b,] cick

repetitions. The Ulse repetition increment-s onl wher thrp I'W

and F-FI - FW time interv.aI s have been CoCunted. [he t:, ]. o C: .

remetiti on count increments only when the pro per nu m-e)r of+
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pul se repetitia ns of each pulse in the blocl has n .i

From these restricti ons. a three-stage pipeline 5r,....r

for the processing eiements '.COLlnter ,chains) IR an r-:v9it..

configurati, or. Since each segment of the pipe : I

different taei< for the same pul se, the p.1 po t w I J v

processor pipeline. -Whe? pipeline perfor-ms a t_ , ." _.-.:- : .

(uni+ unctional pipe) on scala r operands. Ths p,-t i..- nt I ie

new generator performing the data processiHn a

processor pl oel i ne operati ng in a unl f uncti onal mc Dr) sc ; I ar

operands, if loading the pipel ine requi,-es -i S ' : , F

amount of time. a possible solution would be to u_on c- ay,

processor configuration with each of the processi n::.o eeer,.

(PEs) being a single, three-stage pipe as descr -ie .;Lcvs.

Whi e one FE e;xecutes the data for a Unr que u.]-yre. .- c'.:.-:

PEs could be loaded by the control unit and read,, ,_,.- re,

upon completion of the ::rrrent pulse-. The 3 r-,ter-n--,.i , -

network would simply be a demul taplener out pt. ]li

configuration a.lows for multiple sequence cLtptO;. when T-u

control unit can load each FE fast er-ough.

The problem of unused counter bite wes mefr-.ti. crec t.?= ct v_

the first-generation synthesizer. ideall., the FE would acsxqr

the appropriate number o-F counters to each pi.pe ct:t a I rucT, _'

bank of counters located withir thaet pipeline. Yhe r'uIh. ( - r of

counters required depends or, the magnitude of the muitie.

used and their corresponding binary equi valent represertation.

Perhaps this job is best handled by the control un. t; th, t as.
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;fT t he 1 nP'Ut dat a * the COrt r- -)] U- It dec i d s hcV~rD.-j --r

are needed to 0tCour- t the timie i nrorva I s' p'A =e rt.::r-u-

blIoc k repetitions. F ro ii th).s dec isi on, t h E c ::-.-.

commands the azp p rop)r ia te FIE t o c -)ntfi g ur-e 1-

accordi ngly. The i rt-e rc cnnnec t o n neF-t woc. tweeb E. t 4PEn

and the d a ta i n PLIL- co uld be Ec-f several frms7F. ir"e t~ 2'

network all ows any Counter to be connected to the 2 ut9

as to other counters (for- cas-ading), however,* tne ::c>

crossbar network is of the order NI where N is the-- ru it: er

o f interconnection i np ut /ou t iu t seI ec tc) rs I I t;. L

Cert ai1nl1y, a dynamic network: .s required-, hoiwe. er th L

im pl1emne n t ing R crossbar system May vrho'-tre

system. Real Isti CallIY' a Co0U nt er w i 11. , at mod, - : , :te a:-nn c:

to two other counters; theref ore, any o-f the netvsir-1: w r-, I -Ah cre

mutlti staQe in- n atUr e and al.low up to two coLnr-er o n n ec o cn-

may b e used. The crossbar and ClI os i~to L tLI I -~

requirements as we). 1 as the Ill iac-IV mesh cor-rec.-tac netw or:

and some networks now beinrg consi dered + onr a rr avs o f

processors.

6.4 Chapter summary

A p Ul1Se s eq Ue n ce d Es5cr ip t ion i s o * no 0U Se UF! 1ci5 I Si

some al qebra or- caLn prov ide f or- an E, :sy:,) 1 sinVI e mer-, t-4ta r -or)f

sequence generation. Sinrce the notati on described In Chap)te-r :

compactly descr ibes a sequence i n termis c, e5.i' .tiipleir~

variabl es, the rew notati1 on seems very use- LII i or t h
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applicaetion of descri binrg an d s'/Fnth e s,F .z1fnl c r

sequence. A genefal model was discuzsLed two aomE -laH WI?

implementations were presented. The actLa] haFri-

will be configured accordi ng to the budget -? lo. CDL 9ic.- ,-d

available engineering expertise.
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CHAPTEF 7

CONCLUS IONS

7.0 Summary

The objecti ve of this thesis was to f&A no a, .- r

describing an arbitrary pulse sequence, and sho, , ._

method be found, to try and implement the nott;i ci.-,,

fashion. The Fourier transform is the enqi neer' _ ::t rv 2--(2

to determine the spectral components of an input si.._. , -,

use of the Fourier transform was exami ned in the +fr: vtot

Chapter 3. [he problem with this transform was mnat it . -

an infinite series which became unruly) for ev'en simpe uul Oe

sequences. Part of this is due to tre F C: er -r e r{ o.r

attempti nq to identifyv all of the frequency ,ompon- w. a

square wave. Since the Walsh transform prod'uces=. .

decompo- ition of the input, it was the ne.t loq .zal -:=,ce lor

a transform method. The Wai sr, funct: on becomes mess, rA

produces round-off errors when trying t:) trans:ftor-m ar a iter- .. l

which is not an integer multiple o 2". A] so, 0cth

transforms required the designer to piecewise inteqrate the

input digital sequence; this forced the user to iodenti:, et.eSry

one and zero in the sequence.

Since transforms did not easily descri be an, a-t, itrar

sequence, programming al 1 of the ones and Erot- 0G i nto

computer was tried next. In Chapter 4 the problems with

computer execution were ex:amined and it was four,,d t.ht larqe
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amounts of memory ar-e requi red - or an arb i tr ay seqer.zc. a

lenqth. Further, the csoftware over head reqired IDZTH

through memory>' prodLce-J 51 qnl i c an t 1 1 sfii t-at i On -s -.)ri t hL- i,, i r.i T.I

value of time interval E. th at C:Oul d be creatcet r.tc c. cc.t , y . i "

means. A means of averting the speed limitation in n t ;_i L

hardware device which generat-s the desi red Eq is.re -: ,- -e r;

combinational logic. You gain the speed of a tin 0"rs , .i::

but lose the programmab.] i y cf a computer. -:r .. ,._. .-r

and hardwired approaches the user still h d to trd i .,K,

spe :ify each one and zero in the sequence.

In Chapter- , my shorthand not-t i on-, +or d-escr- I tl r 4 L r

arbitrary sequen ce was introduced. The symLol c:> T "r;-I, I e -- -

necessary add x Li on requi. red to compute the sequen n:: Pe r
Seiod,

T I ard SLAP p 1 i es the or d Er of the 0H,' F CI _ ' -,.

deH:-ri bes the shape of the .-ignal . in all ow-t e i- ma-r e Tor

the i n stance wher-e.-- the s eq n e c onE . - r ianc-i r -, f .lrut
. i .

After incl.udi ng thi s ,pti on, the new notati On 'nizmip-t. ' rd

precisely desczr c he_ an arL tr yt "A] se se-quence.

A hardware/ software i mip 
, eien tat ion of the co i

given in Chapter S. A general blo:ck diagr:.m w> .F 51 ir thes

over-al 1 real i z ati on o:t the notat ion , aind p Q- L L) I e

implementati ons were looked at nest.

7. 1 Conjectures and future work

The utility of the new notation out-ide the realm c-P the

pulse synthesizer is questionable. :or long trui-i - sic isis the
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notation provides a succ inct descri pttion but the; c? B. -iD

algebra for the notation which coul d aid in reductI on rctvK c:a-.

Examination of an aIgebra for the notation .1 Fn ?-cA For

possible study.

The area of acceptable error needs to be ev&,.v - ,

Walsh functions. When the interval is not an iL.:-ir (T.<:i;AIe

of 2- , the Walsh functions produce ME - 0 cr y for

WAL(n, t) where n equals inf i n ity. Deperdano on tPha a,_ ,7 ta-ble

error. the Walsh -frncti cn- may prov'e to be usetul. ± h t, •

proper- error algorithm.

68



CI2 1". Smth, Dqg uil.........

I 1e w 'f or I V' .ia I' I tu r~ i er I j n j on J *Z m. I-,

123 0. Dart. D. BurV.A~h W R n h tj " i( r; 1 -. ,i E

r~~ o q- r I.n - PDIILZ

Feb:~ uar 1p. .I I

L: S.* 5I o in i . 7nr Zcz .:.

N'eIw f o I - i'*~r iw-H-i 1 1 Eq. (,Z p. 2

143 E" Johnson. J. HilbLrr,. 2. johnscon.

:rr53 ~ .H~ F. W 1:~ 1 pELE.4

[5) ~ ~ ~ 1. F..d hi IL?, U1ECrF; I ); E P

witecrh Ho e in .-. p" 1-15

C63 M. C am t er s : , 1 a.

[7] S. :Shinners. Id rn

ES] r Beauchamnp. api Jtun: aJ5.h5d~I~

Lon-Jon: Acui=ke-ic Pre . * 1-N14.

69



.r . .~u cP c . r ......... rC .

. ... 1. ........

L02 :D!-; oE F) I I -J LQ t"

[ 1. ... .... ...... .. ....

Fn,.. rz-.-LC7 4-i.1 rtr-t- r .D u--t I- I tL -j

Do~ n .> i f7 .tF ------ Tc~i! , n~, 'I

LE_E nrr~ e ~ ~ p ,a ELD1n t &-4.i 1 ~ 1-r-

IT5 , 'k 1 oib 02 t eq ~ e u e--quer!o..e... ...

~~~~an~i~L- FL pc~o odnL', o.I&

ia f.: : n , ea Ij. H ei-Dr-, Tri . .- f Q9 ' I. 42

117] a. olrnb ID- !r . A t B L Ue ur i,,E hO. C E

a~n Francisco: Ho 1d en-D, I nrc S i1 7 .. 2.

7C~)



LW


