APPARATUS FOR ESTI MATI NG THE 2190522 SQUARE ROOT OF DI G TAL SAMPLES This
inveﬁtion relates to circuitry for esti'mati hgit.he square root of a val ue
represeﬁFéd by binary 5 sanpl es. Recent devel opnents in very-1large-scal e-
integrated-circuits have made practical real tinme digital processing of

various types of signals that hapePARAFUSH GOR ESTIMATINEGS TgE W t?i{gﬁ!}?gq
circuitry. For exanple, ITT 10.$Qggg§EgEBQLbFI§?8§TA£E§ %bur vt

Ger many, has devel oped the DG 00 0 =2 T o v e v e digitally
processi ng baseband video and audio signals in television receivers. The

| npetus for converting to digital . .Sl o] IL,ng .ar . tentia
cost savings, inclusion of ?gg%u%ggé%gaonWEggﬁ%%gnﬁgtc%ggé%%égpkggly _
real i zed with con¢&himagkangathrogausrporenits ofand velue yrpresenpadabyt bivary
stability of digikampgekCuits. Digital processing nmay be performed with
signals formatted as parallel-bit égnples or serial-bit_sanples. _ 20 There
is a basic speed-conpl exi t yYREFEBEOPEVELOREERT S B VERY ~paFIPrEFRRRL or

serial -bit procesghtggrReedkbekchitschatei hnadei pragengcal, raad tefei aeditan
processi ng wi deband signals but_are relativel ompl ex. rial-bit. circuits
Dr e reratively o RpPECRRLRY, 8% 2REGQhE, VR4S s RABPaLE TRahARPUENREFGRArSEe
For the current sbeer protkssedt wothdageilaelh picceisiryg, Parakkemphe; ITT
Circui Lry | S1peqUifBeniRrRECERPUNIAIRSS! 998! Bulg SwTVoEEREHYST nalOWEYEl oped
t he audi o signals nay_ be grocesse in Sérial-bit forrat. For Eurposes of |
i11ustration, thethAvBREIEN2QPP| sgyiesphpide3sFnpss ifArt HagdkaliynpERcessing
portion of a digitakeBHAOvRAGECSHENGUAEbCEEgnalisaihVteeedi%ebnCaBakldek.
prpduQL?g stereo sound. I% is_to be und nstogq, howﬁyir,.tha t he i nvention
i's not™inited tor3fdFBPEFBEeEOFnGORVRTEIE e FRoILGEHGITHIPRAL PEPCRRELNT
broadcast sound 3arisesgfabmi potentipdsicoetssgrdhgsnchindlingisn( bfRfeatures

Component | SL8onppifactabhef| Bho8ERIRIVETy Selitrea N LR ABACERL bhat)
therefore nmust bearapagdedmponehts, and the inherent parametric stability of
5 digital circuits.

Digital processing may be performed with signals
formatted as parallel-bit samples or serial-bit samples.
20 There 1s a basic speed-complexity tradeoff between
selecting parallel-bit or serial~bit processing.
Parallel-bit circuits, in general, are required for
processing wideband signals but are relatively complex.
Serial-bit circuits are relatively simple but are relegated
25 to narrower bandwidth signals. For the current state of
i _ the art of digital processing, parallel-bit circuitry is
. required to process video signals in a TV receiver,
: however, the audio signals may be processed in serial-bit
format. For purposes of illustration, the invention will
: 30 be described in the environment of a portion of a digital
| | audio processing circuit of a TV receiver capable of
producing stereo sound. It is to be understood, however,
that the invention is not limited to audio processing.
In a stereo-sound TV receiver the broadcast sound
35 signal is a composite signal including a (L+R) or monaural
signal and a (L-R) stereo component signal. The broadcast
(L-R) component is compressed to enhance its



receiver to properly reproduce the original. sound signals. The system !
" currently utilized in the"United States Wwa& ~FEFECt ed by the Electronlc
| ndustries 5 Associ ation (ElA) unde?=fhe auspices of its Broadcast 3
Tel evi sion Systens Committee (BTSC). The paraneters of the systemarelf ¢
docunented, by the OFfjce of Science and Technology in the OST Bulletin hb
60. A ger®iemakykeeheiRR cFRbiPoAnfdafhsEefonaomnatbe sprpandedyincthee B,

Iﬂélzgr T10 re@?l‘ﬁér wtpi—épdrif\ féﬂﬁtﬁddtégtﬁﬁsbﬂﬂgfﬁél Mybth& h@f@sN%H \ribSOUHd"
ransactions nsu ctr a venber
1984, pp. 633-640. q&ﬁ %§§£§%y gﬁ?ﬁﬁ??o?ﬁ§¥éﬁﬁﬁaﬁﬂlﬁb hﬁnfﬁsdstereo audi o
di f f erencktiteR)was ggalected betbecBhdatyonidi tnd8striegnals. The
conpagdi %%JE/PAHP& SPEFA] a&ngemﬁésaegémenétO&énﬂrMSaQ«%nd anpl i tude

conpressi on/ expansi on ression and expansion are conpl enentary
f unct i onsTe QX#&#Q%S$Y#¢$@Sp@@m@% Geb9335§9ece@beopauémeﬁerﬁgofhthGME

val ue of éfEtémgﬂﬁé éE@hﬁ@hte&'Byttﬁg bbflééegfeﬁéieﬁéép9ﬁée and anplitude
of the conpressed signal as_a iilon of val ue grlor to

broadcastT?@Pn'E%ﬁﬁhﬁ?dﬁh%ﬁoﬁﬂeBB %Flﬁaﬂﬁ |ﬁ90lv€sgﬁ%?€ i AYSEER RVE val ue |
of the rededderb el mss e SEguad andaﬁnahaﬁczenbyandsmlBty'rpyei-he "

d I 54 t f d t
subeiGnt 16 19 b sleded; SHIPAbALPE s P FoRrErer B H T PRERRE RetY or egoi ng.
it is app&mmmd";rmEEErmmansecteonauen Copnsunier aBl&vBrdeiest oVol A
strai ght -dpor 5mfhdeﬁ86éﬁﬁerf9§82r°§ﬁ55€§§ F@gpled data or digital 30

signals, Tnc des apparatus to square thé sanples representing the
conpr essed si gnal , QPa§¥$§gﬁyﬁﬁ§msaﬁﬁf66m§aﬁﬁmE§n€%EQ ennEhe afHereot ake

t he squar@dmtdpfféf&l@ae(aenﬁ gfbHas, Bnal tné seybflaargnahgiare typi U I y'
represent ed 3%- g ng es hailng relatively w de
bi t -7 dt B %Xaﬂ{)tl‘ c%?ﬁ§1§guﬁﬂvg MBPeSPEPEL B gi ti zed to 14-16 bit

sanpl es. dbmpf&&simnWéapmnsnensang wiideshbanieamplituiend to i ncrease the
nu”ber(ﬁcgﬂﬁf2§§¥05§%§$§hsioﬁ.3 Signal compression and expansion
are complementary functions. Cdmpression is performed by a
process of detecting the RMS value of the signal and
20 limiting the frequency response and amplitude of the
compressed signal as a function of the RMS value prior to
broadcasting. Expansion on the other hand involves
detecting the RMS value of the received compressed signal
and emphasizing and amplifying the compressed signal as a
25 function of the detected RMS value to substantially restore
the signal to its original form. _
From the foregoing, it is apparent that the \/
receiver must include an RMS detector. A straight—forward
RMS detector, for processing sampled data or digital
30 signals, includes apparatus to sgquare the samples
representing the compressed signal, to average the squared
samples over time, and to take the square root of the
averaged values.
Dlgltal sound signals are typlcally represented
35 in digital format with samples having relatively wide
bit-width. For example, analog sound samples are digitized
to 14-16 bit samples. Arithmetically processing the
samples will tend to increase the number of bits per sample



as thq respective sanpl es course through the proce55|ng system The process
of sepﬁa?tlng the (L-R) component fromthe' conpgsite sound signal, and

|ng the separated (L-R) conponent, may extend the bit- wi dth of
thIS si gnal conponent to, for exanple, 20 bits. Conventionally there

are.two et hods USBY, hile dRapiBilal i 180 ARAER0 huBlugh $rie pr iU ihg

The first method utilizes 00k wher:ei n e va
whi ch the square r §¥6$elre Fo& Pé’&"—'&lsé ofpiserarading thedlés®)c sonpenent: From

the ROM The ROM ichep @ @bueaac@@@lﬁuesad@awo%m;% l%‘l'kntlf%%arated

square root of the |.i ed address codeword.. For any n- I na
even) it is known 5ﬁa%1tﬁgmﬁﬁﬁgp§ r B8 @&ﬁeﬁgvéhﬁhpiqimlﬂtés°§aﬁ§1§|§§9ﬂ§

the nunmber, tlat i sompdneinits tol,n folrcexampldi 20f bd@shit digital audio _

he or der of Tert] x 10 or 15hueheiRreldy BHB8,a¥ ree ferRint. orts ¥Ra
precludes its use ﬁemeamgnlmgl&hessqnaaedm@c&ysménﬁlgIMalssagndls The first
conventional ‘met hoﬂaﬁﬁz?{odd%%‘?. Tpakng %Q:okt Q@ %‘A‘ﬁ%e %‘og %ﬁg'e%t t%h SNt

i's an iterative tec e UFa{APFELY & won's
iterates the equat fo¥ p@ncp the square rOOtS ar@lﬁeﬁh§ﬁé P§ﬁrPPP@iﬁﬁeaS

current estinmaie OEGHQ%5§Q%%HQWBQGE eb %ietﬁﬁmﬁa”ﬁh% k@hugs[ﬁEbbriﬁ%eEE%@

is the preV|ous estimpte uare root. uatlon %qé I's |terated unti

the quantity in paPéﬁPhé§8§eéén992§€§°Pot& SUEPUE; &hEl FIVAER rogtyef the
Processi ng equati oapplliedeaddressdicvdewerdQf {Foe &m&pheb&& bialabe h&mbbrbxn
oo S S SIS I BT TN RSN K AR TR
prOCéeéing hardmaras manqnbadsnastthb hhmbptes&hhtldsenVQob1MSQV|dnngha case
Gount and conl exPEy 207 Brsr BIEIER1C alBAETRSARIER, M RO InpTeleeels v
circuit for caIcuIarpwgdﬁh@hsqsaﬂéreo@poﬁffMB&KiDMWuldﬂghaxb sartab-@m@er of
audlo signals in aB0Sg q¥paRdep,iys m-p2tdese shedage. The cost of such a
ROM precludes its use for e.g. television audio systems.
The second conventional method for determining
20 the square roots of digital signals is an iterative
' technique referred to as Newton's Method. This method
iterates the equation
- Epyq = Eg - # (Ep - Sp/Ep) (1)
! _ where ER+1 is the current estimate of the square root of
25  the sample value sR and ER is the previous estimate of the
sguare root.

Equation (1) is iterated until the quantity in
parenthesis converges to a sufficiently small value.
Processing equation (1) requires division of the sample.

30 value SR'by successive estimates Ep. Division of digital
samples is a relatively complex process that does not lend
itself to parts-efficient signal processing hardware.

_ An embodiment of the present invention providing
a cost effective square root apparatus is described which

35 nminimizes the amount and complexity of hardware required.
A particularly advantageous circuit for calculating the
square root of real time digital serial~bit audio signals
'in a BTSC expander is also described.

C



Square root circuitry in an enbodi nent o6f the present invention includes. a’
st orage el enent for storing successiyve esltl mat es of the square root of.
digital sanples. A squaring circuit is colupled to the storage 5 el em;.gt
for squaring the estinmates. The estimate, the square of the respectw&—

estimate and the digit lﬁﬁ\t% r are
coupl ed to conbi ni ng rr?% ﬁﬁ; #EH%%EE%Z%Q &H one Ig&?
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FIGURE 4 is a_waveform di agram of and control signals use
descri bi ng t FOeFICRRYS e Blarity sense to produck therx I%ﬁ#%ﬁ%s

Ccircuit ry whiegght it e futind whaxne adot té£ heweadampieound tel evi sion

recei ver for perform ng w deb n of the audio stereo djfference
‘signal . The stereo di f%@eﬁ@%’ )s‘ps‘?r% e REFISPLARTRAHSR o SEYSR PR

synchr onous Ndydmﬁ)dwm-tlmmfﬁtn(mtemlé awill b ssowrdbe tde scer itved!ivi ¢l \J

counl od 15 F rstdlined REd Heddldifhind Wildlad 1n WERL IR, | Dou

termnal of a bandpassﬂIGuRﬁ'IULS a block diagram of circuitry for
expanding a compressed audio signal component in a
multichannel sound TV receiver in which the embodiment may
be utilized. '

20 FIGURE 2 is a block diagram of apparatus for
estimating the square root of serial-bit binary samples
embodying the present invention.

FIGURE 3 is a block diagram of apparatus for
calculating the characteristic part of a logarithm of a

25 'serial-bit binary sample which may be utilized in the

FIGURE 2 apparatus. |

FIGURE 4 is a waveform diagram of clock and \/
control signals useful for descrzblng the FIGURE 2
apparatus.

30 FIGURE 1 illustrates circuitry which may be
utilized in a multichannel TV sound television receiver
for performing wideband expansion of the audio stereo
difference signal. The stereo difference (L~R) signal,
which may be derived from a synchronous AM demodulator

35 (not shown) and assumed to be in digital sampled data
format, is applied to input terminal 10. This signal is
coupled to the multiplicand input of a multiplier




Bandpass- filter 12, has | ower and Uppef roll-off frequencies of 35 Hz and
2. L. [e%;E'respectively tolimt the energy_gensed by the RVS detector to

t he" do ant energy in 5 nost programnaterial. The signal provided by
bandpass filter 12 is coupled to the RVS detector 13 including the cascade

connection of a QQUQﬁBnQoCth@uhhpu%4te§ﬂ1ﬁﬁqr%Q‘%Qb%hﬁﬁ s% f&@ge%nqza
square root circyit al ue of the bandpass: I'tered signa
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i nput terminals co o) e band-pass er rnative

my be. ol routtryNELCEBeiha, SRPRE B8 ARLESPIEATABA N cBREPGREl 20ADBYaBFRYE
circuit 16 is ty@iffergntefiinectiionst iepehdingaspohi | fer. eXamplei ghhendesign
It erval. recommegge hé”gé%%ﬁiaﬁ%bfﬂ@ﬁ@r 89 'Stﬁ‘p%gxhﬂ&%' ¥1§ af*3E in

and na be. 30 reall ze recur sl mnimze ora
&l emdrits. FI GUREPera%lels}énadlgnabrrﬁeamﬁr‘e'n@néf thgpmudtiplier 2al eal atlng

the square yoot ghigechabi-hil Ewérﬂtuﬁél 1§am)| e&:ea&&eﬁen&bﬂgewe £henams
and wll be descrlfed with re e waveforns illustrated in _Fl GURE

4. The assunpti of2t8efnle FﬁéflPﬁ%eﬁpﬁﬁ%5Fu§°P§rP%oségﬁéﬁﬁlEﬁEﬁ?sEPPé&PQr$°
As such, the noshudtgpiiesasighalsof AbeernatiGelysalpl €hei auaisi giigaal is

polarity-bit. The, sl 1af-89€'é§81£a1 format and multiplier 22 is a
' serial~parallel multiplier, element 20 may simply be a
20 serial-to~-parallel converter to translate a serial-bit RMS
' multiplier sample to a parallel-bit multiplier sample.
Squaring circuit 14 squares the signal applied
from the band-pass filter 12 and may be a multiplier having
both multiplier and multiplicand input terminals coupled to
_ 25 the band-pass filter 12. Alternatively, it may be
5 U circuitry to estimate the square of an applied signal.
Averaging circuit 16 is typically realized with a
low-pass filter. The weighting interval recommended in the
OST Bulletin No. 60 is approximately 35 msec. and may be
30 realized with a recursive type filter to minimize storage
| elements

FIGURE 2 is a serial-bit embodiment of apparatus
for calculating the square root of serial-bit binary
- 35 samples representing the signal and will be described with
| reference to the waveforms illustrated in FIGURE 4. The
assumption is made that the apparatus is two's complement
circuitry. As such, the most significant bit of the



,the square root circuitry are presunmed to be all positive since in the
expander of FIGURE 1 they are derived fronlthe squaring circuit and singe
the square root of a negative 5 nunber is invalid. However, within“he ,
square root circuitry negative values may be generated and it is therefore-

necessary LoneeR. 1£38Ka9hn! b BRhAiy ol CATHARS AR apk (e o Ul

Several characteristics o seri ocessing will
be revi encthat SERAESpEPAL. cFFF&PqﬁY|§¥epﬂé%¥WWﬂ94|ﬁﬁ hﬁu?hlmFQ§L§mmﬁ ement

sanpl es ocgihcéNihi fRel BRBpanTedNic FARURY 1 Enal) afx‘er ﬁeﬁ%dﬂﬁiom
or for 05|t|ve and

significant bit B e S is alo
negati ve s%%?’éygge %)EEPF%eP? §é‘5‘%ﬁd%q‘ sgpare %(.9% Pﬁmadtnr?q 1¥eranded by
repIidﬁtin@umher51gn1hvalud.mDwaEwynflwxﬁnidﬂﬂhqnﬁydar@n&oo&he val ue of
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sanpl e. of advanc I ng aseri |l e by m
sanpl e bi ttherefose hacesBaryr ftockezp tusickmef ﬁ:@eym@aammlo\ﬂ ding the

del ayed orgagyposednfapRhe FobXneé BReGH.vely, relative to a non-del ayed
or non-advanced sanple. Fipally, an N,bit, sanple may be segnented into

L-LSB's of variabl e S&VGEaR EH&IPHQEFHQ§BQ§<ﬂf\Fﬂq Soicompliement such t hat
the seapl &sdﬁi&lB-Bﬁy peodbssingPivdlanbed rexiewed) athaldls pedntow to FI GURE

4, t I left t he ,t t f desi ted CLOCK
"5 the systERREI BEiciE, Reeplifeds et s, Sl R Femlensn Aekate
occur r enceoodusanpl tibet 3easd etafgm.dis.@m $drti a(ILSaa)mﬂle:slﬁ tand mostate. The
gener al te&f@kﬂgﬁ ciRE. Bi"tcg ”Eiatsti:e S‘}%@ %1(?%%% 34 '1‘0‘3;)1%‘ V'S

techni que a nce of at1ons for art’icu
sanpl e. Th%omeWGeénénaﬁgéteV&EaP@LlSE (r@smeﬁfééfhlﬂes tswom,em

whi chy g he tﬁ@rﬁitoﬁﬁdﬁﬁcﬂé egpanu&ear %‘y‘ Q‘éﬂl@!ca‘iﬁ% RHeS@i%n Pt
waveform C. P bﬁ ussed J.ater, for 'the expander circyitry of

FI GURE 1, ‘P‘??ée sﬁh%%f%%{‘t ROSILHOBE o P Ve Rl bdtaMistHher

si gnal sangtpanded hasmphe willlebe thel/ same as the value of the
original sample. Third, delaying or advancing in time, a
serial-bit sample by m sample bit periods, has the effect
20 of multiplying and dividing the delayed or advanced sample
by 2! respectively, relative to a non-delayed or

non~advanced sample. Finally, an N-bit sample may be
segmented into L-LSB's of variable value B and (N-L)-MSB's
of variable value A such that the sample value may be

25 represented by (A+B).

Referring now to FIGURE 4, tlme elapses from left

to right. The topmost waveform designated CLOCK is the v/
system clock, the pulses of which are synchronous with the
occurrence of sample bits and defines the serial sample bit

30 rate. The general technique for calculating the square
roots is an iterative technique and, thus, is a sequence of
like 6perations for a particular sample. The waveform
designated CYCLE PULSE (C.P.) defines the rate at which the
iterations occur, one iteration for each pulse of the

35 waveform C.P. As will be discussed later, for the expander
circuitry of FIGURE 1, the square root apparatds need only
perform one iteration per signal sample so that the cycle



rate in that inplenentation conforns.to the serijal sanple rate. Serial-bit
prqces$| ng hardware is in general clocked by, cl ocking signals synchronous __
wi tth tfe sanple 5 bits. Differing arithmetie Tunctions require differing
nunbers of clock puI ses to performthei r respective.functions. Typically a

serial -bit adder [ 1 rial |t S e
be cl ocked by at™q a?‘?‘g%a% %l égtéls&gté\%lﬁe&é@sre}p#@ ? ?e]iajerg& $?{?,%i? he
(1%+1) mgm mum v?lnré:::)f the sum of tvvo N-bit sanples is represented by an

it sanple t er nat -
N-bit multiplicand by an (éﬁﬁjéflb % &%%ﬁn%uﬂﬁ%&ea%?oc{qu% ast
2N-L cl ock pul sé&stackese %MQ%%I%%#%ﬁW@FW% el bl th@mﬁé
val ue of sugh aleﬁBiUCtnlffea:J(@l-d-ﬁIﬁmietswpf@cfﬁné hi€e QUERIFP | B F/f SHASAE M

illustrated in RE ep tiv CII‘CUI'[ el enents are cl ocked. by one of
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I ch provi des aunatsito N ismsl Jpera (mfaPm:EE &ider perramgemekite Smcond
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represent the rdleast/dNiln otk pulErs af the sammkRe sblatldf«%*P@»L)SNEB! sthe

represent atﬂove-m v-g'!lﬁxé/"%/@fﬂ{éns?@n oﬂe@b I?Pt &xhidits a logic
state coincident wth the occurrence of th 'S durl%gneach CYCLE

e
period and i s a3deRfesenhed R¥ ahe(NSp bt ??‘TEP espettt ¥ ane
| ast nost wavef omlmlailsexa dioghel Z efx froul tiyel yind i @b mcnsit mmmlpmfmwcﬁ;e

i od and ch 1 D83 e .
gﬁ(rjl-(r)eﬁglnnsca?n O(B\f)c‘:'a)olr?glq'st“hutcﬁe% 3#)1%{|M%Qm%?%r%‘£% '3 gﬂ‘aﬁt%lﬂ-‘aﬁ"’d
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CLOCK P, CL XND from t he, system CLOCK.” One
skilled in the &ar dihejiepennlayyiysiemcebtasErared *’éa%?‘l”%ez able to

*8' " respective circuit elements are clocked by one of two clock
' signals. The first designated CLOCK N in FIGURE 4 is a
signal which provides a burst of N pulses per CYCLE PULSE
20 period. The second designated CLOCK P provides a burst of
P pulses per CYCLE PULSE period where P is greater than N.
5 Beneath the waveform, CLOCK P, are boxes which represent
. ' the relative timing occurrence of the L-LSB's and
(N-L)-MSB's of representative~samples. The waveform
25 designated count exhibits a logic state coincident with the
occurrence of the L-LSB's during each CYCLE period and is a
% _ logic zero for the MSB's of the respective samples. The
| ‘ lastmost waveform XND is a logic zero for the initial
portion of each cycle period and changes to a logic one
- 30 during the Nth
j one state for substantially the remainder of the cycle
; i period. The signal XND is provided to implement sign-bit

or sign-bit period and remains at a logic

replication.
Referring to FIGURE 2 the control element 70
'35 generates the waveforms CLOCK P, CLOCK N, CYCLE PULSE,
N COUNT ‘and XND from the system CLOCK. One skilled in the
art of digital signal processing will readily be able to
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devel op such signals and, thus, the details of control elenent 70 will not
be discussed. The circuitry of FIGURE 2 exclusive of the el ements drawmr,in
phant om exenplifies square root 5 crBeui try which may be used in thee;
FI GURE 1 expander. Adding the el enents shown in phantom conditions the > .
apparatus for nore general lications. The apparatus, including the

el ement s dr@ﬁﬁelﬂppﬁ%ﬂhoﬁigﬁégﬁoﬁﬁérlﬁéﬁ&bl@h@ dﬁtﬁhéseqﬁappuﬁrﬂa
[err]=[err]evbrest[e6rdils hbe Beeaeaeuggbanate of the square root of

sanple [err] is the previous estinm is the integer part of the
|l ogarithmto base 4 off ?hEIESHﬁFEY[QErFIGuﬁh 2v§FEé“FéWP]°§ ded by

subtracter SBemddts dsawnupheghhntbhe ekempldlfdedetquiage §8ot Wen the

boti mate | SSoRrrLFES uRERY BR0,BeChEHE, LD AR RYBLHE 1 BekRR RS, OF sanmpl e
[err], thre&@@iﬁgd@becebemeatprshpuasla pbantom spgdatlwhscmhes applied to

one i nput n e [o]"} The signal CYCLE
PULSE i s aﬁ%ﬁgaf@?ﬁ%aféggéﬁgglggﬁ?r?grn?ﬁﬁﬁgagﬁkﬁ & ate 66 which devel ops
§

“an output pul se coi ncFa@n#PRAFAtESe &nclrdppgsthe gAsmenssi dgrpyat dnt hat the
Iteratlve ?&& &th ) Oﬁérﬁéﬁmgoﬁ!ﬁéehtlbﬁé bife thaseqhafiba. The signal from

AND gat 66 is applie 2 o[qﬁmuuo @gmngnpl o the
ci rcui Qy for calculating ghelsqu %ﬂg % %hé si gnal mMRAND ga 3366 S
al so coupl exhépe ussregespeesenm ebelmateuoﬁrthOSQﬁaeb trbeitr ogont ent s

to zero to Sﬁxaié EJ ne; étﬁﬁét #%v%‘fi%egég%ﬁxgtlel, and IRtéﬂr%né%Pgﬁra'I

operation o 23 Feui roceed
coupl ed froks tHee tERheaar PRF@WOfothﬁelﬂggrégbmré@lb?Eﬁ 340¢'&h#ult|plexer

32. The outPathond gegl stRe J41he qsmahe )", op&wlaeat 8 3 38pihacel tahe \/
conpensati ng del a ed to,a second S|gnal

3 gister 36 an K%P% coup
i nput B miRigreRiedsto t etgﬁﬁﬁ eF§°Fé@PrcuW§F@dtpﬁr8&§H3r8§|ster
34 via mul t(sﬁ _)32ssDe§bathah asS predelteing nkdr vadaejuingd caadhg terati on

cycle. that the estimate is satisfactorily close enough to the

actual square root of sample SR' threshold detector 68
provides a control signal which is applied to one input

20 terminal of the two input AND gate 66. The signal CYCLE
PULSE is applied to a second input terminal of AND gate 66
which develops an output pulse coincident with the CYCLE
PULSE signal to indicate that the iterative calculations i
are complete for the last sample. The signal from AND gate

25 66 is applied to multiplexer 32 to admit a new sample to
the circuitry for calculating the square root. The signal
from AND gate 66 is also coupled to various registers in
the circuitry to reset their contents to zero to reinitiate
the iteration process.

30 The general operation of the FIGURE 2 circuit
proceeds as follows. A sample SR is coupled from the
terminal INPUT to the N-stage register 34 via multiplexer
32. The output of register 34 is coupled to subtracter 38
through the compensating delay register 36, and is also

35 coupled to a second signal input of multiplexer 32. The
sample SR is recirculated through register 34 via

multiplexer 32 so that it is available for use during each

iteration cycle.



Wien the N-bit sanple SRis loaded into register 34 and each tine it is

reci rciitated in register 34, it is clocked igito register 34 by the N pul se
cl éck ®t‘gnal CLOCK N. At the end of the CL N burst of pul ses the sanple
is 5 positioned in the register with the LSB | ocated at the output stage.

The LSB of the sanple is tdsn candindpnedkimpoPe &l opkerb Qla MfntsY 4
coincident with _the fjrst }Pul,se of CLOCK Nrgtri ngRthe next, su %quul%%f%%e%st

of pul ses of CLE&3Rd fRCH time it i3yFReEATYlated phaFeaistry i3 cltofis he
square root hof S:eJlmi]&d eimto iredqisteard 34 H;egti:liié N -phill s Ul Kk tdigridT SdLock
iteration this ue, J S.,zero. . However, non-zero estimat.es the .
previ ous esti ma}tﬁg E%ﬂl ﬁthreegelc%%q eorf'%er scééq)%ﬁt&??? h‘éf ?%}l?ﬁ (RAMRLS 1s
51. The estS matpssijtEardedSin the Medistemnpl ts. the rMLsBiocxteat 88 tile i s
desired.that th | gniqdy | ( e
subtracted f r'om%t bi tagsﬁ,%drrpl‘lfe ééftﬁs Q%fh}ﬁ% s%%lzgu?%ﬁf%n@éo@]t i:&gé b‘lpcf
squared sanpl e R (HOP @ QL t Eﬁ%’fﬁ‘é@’érﬁ%fcqwls&ﬁﬂé{@h |thegfirst -

Si nce registers pid G ALK N Wikeihe Ak mMent | Syl El SRS bt 1de pulses
begi nni ng of eac ccégolgg fhe bit alignnent of sanmple [err] with the l&l\/BB‘s
of sanple [err] 9 ‘i shed by the interposition of delay register 36
bet ween regioster 34 and swNomiacldry 3the pitevibdusSRistimatdieol e s@led t

squared sanpl es. a7 e Jhpiidied Lo SHIIAEAL Ao WAL absaauaitd Yohe

di scarded. In subtracte theRqua i'mat’es®Trom squaring Citcul
are subtracted filgiat HEey@iplan SThis Faig 68 Rexpantievesey [ ¢fey )all The

output sampl es HpAYe ANALL LS oL Sk iihadder A7 dduudly e
0 ve an 71 nherent

vari abl e del ay register 40. Subtracter 38 |s,]8$e,suned t

del dw/of one sarf EPArSseAHERSRAPERFLIFUIHY mhentThe fStinates Eyp
_\[/ari iatbl ? dﬁlsay @@ ﬁ-wiﬂ&ainrpm%ﬂes 2] ?sm:ea/ct%% [38 Elit dislT r&m&wd et tllle
err] of the quantit err.l). arrives ,at_ adder el ayed, byz2 sanpl e
bt periots i n BogiaRt TiEiRicRhe M ed \F e NHreE AR By B
VDMAX sanpl e bi tsubdmamted rEnc itde oV1leif ssampled $or thabtid, oflierpieciside
gb't peri o.ds. Oyt hald e iM2ldlfuared sample be the same as the precision

of the sample S

51

| 20 si'nceRregisters 34 and 44 are clocked

: ' concurrently (at least for the beginning of each cycle) the

R with the N-MSB's of sample EK2

: is accomplished by the interposition of delay register 36
~between register 34 and subtracter 38. The N-LSB's of the

25 2N-bit squared samples, EKZ, provided to subtracter 38,

bit alignment of sample S

. _ will subsequently be discarded.

- _ In subtracter 38 the squared estimates from
squaring circuit 51 are subtracted from the sample Sp to
produce the quantities (SR-EKZ). The output samples from -

30 subtracter 38 are coupled to adder 42 through the variable

delay register 40. Subtracter 38 is presumed to have an
inherent delay of one sample bit period, and presume for
the moment that the variable delay register 40 provides a
delay of VDMAK' R

_ of the quantity (SR-EKZ)
35 arrives at adder 42 delayed by D1 sample bit periods in

The component S

register 36, one sample. bit period in subtracter 38 and
'VDMAX sample bit periods in variable register 40 for a

total of D1+VDMAX+1 samplé'-bit periods. One-half the value



of ([err]) is to be added to the val ue of the previous estimate [err] from
'reglster 44 in adder 42. The sanple:[_ g fromregister 44 is thereforg
coupl ed to adder 42 through the conpen tlng del ay register 46 so that\Lbe )
LSB of the 5 value [err] occurs at the adder 42 one sanple bit period=-. -
after 2 thge uapt LLy ry |

desi gned to ?gﬁl i;(;Jlé Pe%rg igair%%l gﬁb d 1!:)0 thgs? a?_fug,_r of tt%% ?#%R’sl;é?rlﬁ es[err],

so that thes amﬁFéngrﬁfoanGeeﬁéﬁﬁF)4&p@ﬂ(§§dﬁ§'é@derTh@ egple Fhe ratio

of 1:h. 10from reglsterA&4d§§C"thQQ‘efo%‘édeou§ﬁe‘H Y G &gy Whi ch

correspond, to the values [err rr], lLterations of this e atlon\MII
conver ge t B hEOBRGAFR LIRS dfdPTe TG SitRE £0nR%Shat FheoLeB Wi \theew
|[ t er?tsonSVEﬂﬁé E_foecagsphe ‘thleuealdber 172 onldowgr],el lfuirtTHIp%rxg_QE \wHtees of
err] equ opyer ges 0 at. a S ortconlng i s
over cone biﬁh%u{"%g P§ {ﬁ]é %&a&ﬁ‘ﬁ&s{ g [era'?'eﬁf'?rreal FEFIEFhECndFat i ve
exponent [ées,’tgﬁed to prov1de PASVDL, trer mmh&bﬂmﬁdsamﬁe&ﬁayom t he
factor [erth tﬂeeQ%iQE £ soTt&ﬁh%Xme Saripl b WIOlHA BN 2 nee L1
0g

i ncl udes the I nteger e integer part it hm of the
sanpl e [er@pplied BPféé@ertﬁG @éﬁué§ Zh@[éﬁﬁPP &fe Litd-tiplied by reciproca

nul tippes of two 25 Asmhegarmédt)eaaaé&rndzl produesa@eaipiierg g n tine the

bit 2 positj né of the sanp antlales ([err]) relative to #d bi t

posi tion of*tfig ES¥FREPRE EPr] eT Hﬁstlpllcatlgp of the sanple

quantities 2 ([err] ) by 2 rai & a;: gxponent 30 [[(&Y)]] is

acconplish Valki g t r eI t|v reduces

t he nunberfg?fgtigﬁs ?g ggkgng e§¥%ﬁ§ébﬁgqbon t%hl?’prg%égéd by | atch

64. root values of the samples S in relatlvely few iterations \)
15 for sample values 0<Sp<2. However, for larger values of_sR

equation (3) converges more slowly or not at all. This
shortcoming is overcome by multiplying the quantities
(s -EKZ) by 2 raised to the negative exponent
[INT(log4(SR))+1] '

20 ' The “1" term in the exponent arises from the
factor % in equation (3). The exponent is a whole number
since it includes the integer 1 plus only the integer part
of the logarithm of the sample SR’ In effect, the wvalues
(SR-EKZ) are multiplied by reciprocal multiples of two

25 which may be accomplished by advancing in time the bit
positions of the sample quantities (SR-EKz) relative to the
bit position of the estimates Eg. o \/

The multiplication of the sample quantities
(Sp- KZ).by 2 raised to the negative exponent

30 [INT(log4(sR))+1] is accomplished in the variable delay -
register 40 which selectively reduces the number of delay
stages in response to control signals provided by latch 64.

The variable delay register 40 control signals
are developed as follows. It is known that the integer

35 part of the logarithm to base two of a binary number
corresponds to one less than the number of the bit position
of the most significant bit exhibiting a logic one state
counting from the LSB. For example, the integer part of

]



The varjable delay register 40 control signals are developed as follows. It
i s_khowri: that the integer 35 part of the-l1pgarithmto base two of a

bi ar y*Yfunber corresponds to one |ess than the number of the bit position
of the nost significant bit exhibiting a |logic one state counting fromthe
LSB. For exanpltdie tlnganriktdyerbase t2 o8f the heighgebit hsampite Pepfesdmting

ei ght-bit sanplgd Wté:{‘g{éd‘@% 2 j?ri§1f$,990él&}élii%§ ﬁé%rélgge?%@ss

than the bit position 5 whichis, most signi fIcant
determi ne the ARAHGR iSTRIGR IntERRMeEFtSHgnificant 1pgarinerdesecte of
the sanpl es SRddtdrmider i chFdytaeLeesarortn paecbof eRsi tions of

t he sanpl e havi,ng |l ogi.c Qqne states., The integer _part of the loggarithmto
base 4 of the slé%ﬂlé&[}g'i‘ (rlﬁaﬁ% %e‘? 6 vrihh ’c?leﬂ??ﬂf%g‘g?ep%?? Y of
the | ogarithm treedesssayy tof ddwntsaripd ehibypdOitidns | 6f FtidREamplé HeavtnPpl e
[err] is coupled, whi e ] S t eferm t he
bit position hg\%#]%t %ﬁégﬁgniﬁ%aﬁ%%gfcﬁ%ﬁ% %?2%@? g?]%aélr%%gg% a
bi nary out put mRfedemf fhomanpke $habs tdetexmined byhdivEdingi they
output from el gHlge’8 dartdli ¥t date DYodat Nt iih CEEBaSE 30 SENEKE! SahPife, by

integer part of the logarithmbase 4 of the sanple[err]. This value is
coupl ed t 3% he Zncoder 62 whi ch may be a | ook up table (ROM programmed to
provide the control signals FICURIE2 yvath@bs mpbe ag_ rgi 6614 t6 €lement

select the requsite delay interval. 1t wl] b reci at.ed by, those, .
SKi11ed in t ha o pretdReniier e samplt to HePERLFRR HEE SiE RREfFisR o
el ement 60 may Heviprodihenmesst g gnhei cambdbegbe. ond\ sbatbey | amd yprovibdes a
di vi.de- by-two f q{%ﬁ?p lfﬁ;ﬁ | Ld entd r ns
'con\)s-r’gi ng ti rreﬂ.‘% erbco tr%lerés‘éiéén%ﬁe%?ge é%%r:g%iyf ﬁ%@ﬁl?sch‘_’%@%hdglrﬂé
control oftX he Rt OMPUE 1o ¢leperhedd ahp| 111484 Ha e2 b re biaei 80
The control sighflderdiratd ated einesgéntPal 8t 60 €4e UNEQarLeh I94s&f4 tHE the

CYCLE PULSE signal so that they are avall abl et he, vari abl e 30 el
Cagister Tor i MERRES Sy GBim S Line it SRRy ed tocri e hafer e LA
contribution fmay the & dsgpuktupy etalale| EROM) appbgeramhedr tgi srevidé. the
' control signals for the variable delay register 40 to

20 select the requisite delay interval. It will be

appreciated by those skilled in the art of digital
processing that the divide~by-two function of element 60
may be programmed into the encoder 62. Alternatively, the
divide~-by~two function may be eliminated entirely at the
25 expense of converging time. The control signals are stored
in the latch 63 under control of the signal XND after all
o of the sample bits have been examined. The control signals
are transferred into latch 64 under .control of the CYCLE
PULSE signal so that they are available to the variable
30 delay register for the entirety of the successive cycle
period when the contribution from the respective sample is
applied to register 40.
The details of the squaring circuitry 51 will now
- be discussed. The squares of the previous estimates do not
35 have to be calculated with full precision. Thus, some
hardware savings may be realized by estimating the values
of the squares of EK‘
can be represented by the values (A+B) as discussed above.

The respective estimate samples Ex
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The details of the squaring circuitry 51 will now be discussed. The squares”
of the previous estinmates do not 35 - Rave to be calculated with full -,
preci sion. Thus, sore hardware savings may be realized by estimting Wae
val ues of the squares of [err]. The respective estimte sanples [err] gan--

be represenhgdeR¥ctNequalues o thesds vl w8 aavans+p? - IR - The exact

squares of these, valués are [err]. To determne the exact squares an N x N
bit multi pPeERIMIneeghe, @&?Cqﬁé\?&' €S Aydb&k AbpHidk myktisd ier dige square
rrﬁy be reakegadred.calHeweserng a rg@o&llamo[:ﬁmra]ti}dﬂ 53 aiéﬁ isa;xﬁge ffayor by
t he anmount. corr [ t Lrl... The s re o L.t. nunber ,is a
2N bit noner eRiigRd St Rt <ERiiag S dATES ATRAL P 47 b
nunber $ t herport byntbe ameundumogtespopidingdio B/ .sudihe mgueatd @f an
cor r espondgy_pyBshafibed! ¥ &0 N1SA L | ©1id thelMin 9 ddiliqg the 10
square as the value Eerr%.wie not introduce significant error and may be
acconpl i shBHmReEh1S| RTURCatess dack 1R any N-biltpnunhan,i fheepomtdon 1©f s t he
nunber of BheSsiaRredc8hinpd el NOsHAbe dhchl sl corredddnad ncl udes
regi ster 44 15 latch 48, a r.262, AND gats%}l?tétg_l%dge;[tf%

ail abl e

from Jexassgnareuasnthel ralu: H2AB Tedds ndtn iMtirodutd anigmilfficantar e
(NB) - bt corspr BRY' ndY! bePactonblible® wichid o' SUMREINE X4 &
of (N-L)-bi{NsLankit- pultipddgacwhexiey L As tthe puwgben of &its cycle period

segment A egpt-akBatifg tNeliaYRRB $.0f the N-bit estimate sanple E and
segnent B contains thé L-LSB' § of the sanple rr]. The (N-L)-NMSB's,

representing val ue ATBE SHUaring SIFQUYLY| efe JeAMPteT A4 coupl ed wija
parali1sl opapullpdriatth @Be ladidelr 42 WANDh griter 2 iRl (Hie nuIHE P it
conneot | ongborBagh: rf ks r etisatd fera gy Latash SIS carple [orr]
correspondavgiisblhefyramuBezas InstBumentishdmal,odedd dsi,t Texasat un nt o one
input of agdgr PRsRAHcENEneRelard AYHIYIH K a1 e NRHA tntdtilpy i&1abl ed by
bits resulting in square estimates of (N+8)-bits.
20 Register 44 is segmented into two parts A and B.
of (N-L)-bits and L-bits respectively. At the beginning of
a cycle period segment A contains the (N-L)-MSB's of the
'N-bit estimate sample E, and segment B contains the L-LSB's
- of the sample EK. The (N-L)-MSB's, representing value A of
25 the sample having value (A+B), are coupled via parallel
output ports to the latch 48 which stores the (N-L)-MSB's .
and applies them for the duration of a cycle period to the \/
parallel input connections of serial/parallel multiplier
50. The entire N~bit sample Ex
30 (A+B) is then clocked bit seriatum into one input of adder
52 and one input of AND gate 54. AND gate 54 is enabled by
the signal COUNT to pass only the L—LSB'é of the sample to
a second input of adder 52. Adder 52 outputs bit seriatum
a sample corresponding to the value (A+2B) which is coupled
35 to the serial input of the serial/parallel multiplier SO.
Responsive to the value A and A+2B applied respectively to
the parallel and serial input ports multiplier 50 produces

2 equal to A2+2AB.

corresponding to the value

the estimates of EK



t he §i gnal COUNT to pass only the 1-LSB's' of the sanple to a second input
of adder- 52. Adder 52 outputs bit seriatum-m3sanple corresponding to the
vafue {A+2B) which is coupled 35 to the serial input of the
serial/parallel multiplier 50. Responsive to the value A and A+2B applied
respectively to the parallmlthadibmsttatejuembodisent| thel sampbés pEodares
t he estimates eguel _ rl. D el r '§E§t

t he sanples E ;gre seﬂén%%t ed In _% %%é L%Ba’s‘daé&”%gw%g S'Eﬁ%‘fgi%?%‘ggggzk +2AB
t herefore has Ne¥refoxs Ies gt N-Ip| ¥ i@ Pitshe Relativeokk PaesEivsttihe

cycle the prodygiodie piel f esle oftge DbycPe tRETHpLLatLe IQ_éePS'fe@iéné’%ﬁﬁ in
adder 52. Thus, the . 20 MSB's of the, products[err] arrive at subtracter 38
del ayed by i n@8FI°DefYodC 7 PRI R1EXARHRE, 1R oA}PR a?Z ng HRESy tRYi2Per

36 rruzt t her ef gqssmayfdtlaua piﬁ?ahyc‘lﬂé FRABaaprvei 4t peubotsctdd 38

Dependi ng on t rticular. | plier. ected, . e, require 0, .

continue to cl o‘g%ﬁ&%éfﬁXﬁﬂn%eéigoégﬁl%%T Odfgf%%s%arg%}?,rgg%réggg%atlng

sanpl e has beerelaykezyister 36 (musie thepeéfobetppevidelsaidelay abovine

exanpl e). Duri rga“#ﬁ | kd may al so be necessary to replicate 15
fthe ésagrr%[f ?%@iodé.

the-sign-bit o erng multiplied. To effect_the replication
regi ster 40 is confi gur edPeRPRERT OB r B8 PRRERLCRLRE MU LBiR bipY ctelected,

output. The transid¥Be | Pé@h réd tHb ScontinieetdScIOOk! hé efubyipheefi g2
XND and passes unalterfgd { he ‘Blbts c] ocked thrgugh Zg thﬁ%reg(:\%ier 4é
when signal XN iREFIPS FLLFT Hoo SRGIES £RRAYL SRR RRgRFe o884t 0 a
| ogi ¢ one st at eirfwdeit t (reise granple i sipresehodat ihhtheecabave oexample) .
regi ster 44) | %4 t ér\t,dgf i ii 188%E0RLL O+ QULBHY 1 LLE
1 ogiWstate fo?ﬂ5 enég‘t:}l?% :}f)%?l 0 si’sg{r:la 2 I\Bremalgnfsq.a?gsér& tﬁe F%g?’c oﬁe
state ef f ddii vethe reigndeit mf t Hee ssgnpbet beIngnaphtenl 1ed: chTa4affhagtpthe
simlar to the Lape deel GRALAGy S IALER s bbAbi piragatbankoe! som Texas
I nstrunments I nc. ring a particul ar Cécli regl sfer 44 provides estimte
[err] bit seri JGXARERAXSRL ntRtFlI 442 SOURBLED| 50| ERAUEBUT- hi tP€eri at um
with estimate [Efddspatinevbatchhin thRyssirstddcbegsneontpoklied bgtthate
é[err] to milti pel',:f.gergaf’o)mlgséﬁ égségé r,!maltered, the bits clocked through
20 the register 44 when signal XND is in a logic low state.
However, when signal XND goes to a logic one state (when
the sign bit is present at the serial output of register
44) latch 44a captures the sign bit and continues to output
its logic state for the entire period signal XND remains at
25 the logic one state effectively replicating the sign bit.
Transparent latch 44a may be similar to the type designated
- , SN 74LS373 which is available from Texas Instruments Inc.
During a particular cycle register 44 provides
estimate Ex bit seriatum to the multiplier 50 and is loaded
30 bit seriatum with estimate EK +1° However, when re_gister_ _44
begins clocking estimate Ex to multiplier 50, estimate Exsq
is not yet available to the input of register 44 because of
_ the delay inc_urréd by the contributing components to Epel
i in, for example, register 46 and adder 42. In order for
| 35 estimate Exi1
bit-justified for application to multiplier 50 at the

to be loaded into register 44 properly

| beginning of the subsequent cycle, register 44 must be
| clocked by a number of pulses in excess of the number of



is not yet available to the input of 'register 44 because of the del ay
‘incurred by the contributing conponents to [err] in, for exanple, register
46 and adder 42. In order for 35 estiifat e [err] to be loaded into &
register 44 properly bit-justified for application to nultiplier 50 at-the: .

begi nni ng qf -t he_subsequent_.cycl e,. r.eqi st 44 st be cl qcked by a nunber
of pul ses -gﬁlgycgiég&s tfie nﬁ"grglcﬁte%' _%Ep_er. °é§?'str§§é‘ssqﬁq¥ 4fe %Segi st er .
Ther ef or e, clogketdewith CIOCKoPked Imi ttheCliddasRrative fembiddinsntatoifve

ner et . ed 14 (theCliOdsrat
ol s Soven” QP AT 21 ot VoI And hiee ety BE SR P S Bro 110

contri but eB1Hf GEUPPi 8RARYSNER Vhpgyy SRHAiAe defays fQIODR -p ddderpr ovi de
a burst of 420¢48t+iButee @nOGadiHiveal loHeO IR ipatiica deaGkead imHya regi ster
44 during EE-SSI nitial (19 pul,ses o Thi s .information_2 caqrresponds

l, CL :
to the | SaCLOGK b utes, BrBY iR, s Euist Of 2ATARI 6T 3 (Lo BALRSRG
t hrough regi ster 44 andobrawttiolf itshelewkdd iaftfe dedittedy Wwacaturdmef the
squar ed sapple...¢ S its: I Y V]t .t ransparent
| at ch 44a gp%c%?%é&?%eigﬁ %&:&etgf %gr‘gtbgr P?M a 16%‘91&(%1%%3:1@ ses.) FI GURE
3 illust racegraSpanﬂBc@part%@' LER's foft the sayamadrisampg & Fy 1-ogdtieasem base

2 of §he spERkeareRclolRed thirtiidh HRSIFHRY @ SRIMIes Rehe! AreS

bet ween zero and one, thus, the presurfption is made that the system of

FI GURE 1 i §9sBfpPFedthet hrunGatdon of Hn fauanetk Sampdse,| (The, pjs
Sanpl 65 [ eprl anRll S Lok S e rant oo 1 Ll Pt el s of
[err]. Forf)%ﬁgggg %‘gSSO Rﬁgﬁto%gatrﬁglcq"aerra(ﬁq’eﬂéft%cJ}gﬁ\xoca{f q%qsddari t hm
base 2 corresponds t BIGHRELSt iddgistinatesf a lparfiitlay tciafqudrt tfor bi nar w_J
poi nt ic i bt gi -thg.p HeAlL. ' i Nt i st hi s

I nst a:r'i%g ogggréghgg%'%ﬁh%hée%glan %l t N-zi.of% (l:gha zi%tsgﬁ&'t i (l:fhg'rg.i nt eger

part of thEiFcyati PRATARSS: KOXefdPles Favane VAl uss Qalwieary asre @htber of
| ogi ¢ zer ogfiel, Nthilg, S&hR! pHleSuimp tiInEeN rdi [afdt adfedysi®nl @ C one bit
and the bi E?&;RE 1l is supplied with samples, S, having values
-1<S<+1. 1In this ihstance, 'since the samples, S, are
20 squared in circuitry 14, the samples Sp applied to the
R<1.
For numbers less than one the characteristic part
of the logarithm base 2 corresponds to the bit position of
the first bit after the binary point which exhibits a logic ' ,
25 one state. The binary point in this instance occurs ' \

square root circuitry 18 will have wvalues of 0<S

between the MSB and bit N-1. The characteristic or integer
part of the logarithm may therefore be determined by

counting the number of logic zeroces in the samples SR é
between the last occurring logic one bit and the binary :
30 point.'
' In FIGURE 3 counting is performed by a five-bit
counter 80 clocked by CLOCK N. The samples Sy
to the data input terminal of a "D" type flip-flop 82, the.

output of which is coupled to the reset control of the

are coupled

35 counter 80. Flip-flop 82 is clocked by the complement of
CLOCK N provided from inverter 81. in this arrangement
counter 80 counts pulses of CLOCK N until a logic one bit
occurs in sample S which sets flip-flop 82 and in



30 | thi: nt. In FIGURE 3 counting is performed by a five-bit counter 80 .
cl ocked™by CLOCK N. The sanples[err] are coupled to the data input termnal
of ‘a "D” type flip-flop 82, the output of which is coupled to the reset
control of the 35 counter 80. Flip-flop 82 is clocked by the conpl enent

ofI CLOCKf N C%g\godﬁé’\l dliéliméslwlﬂiéﬁoﬁ];beéé\té f&@;r@téﬁr&?nl?cﬂtz&w.nt Etfotﬁﬁt&:@% S
pul ses of. ntil_.a laqgic . one bit occurs in sanple, [err ich sets
Pl nt1 op 82 and iheresdhe Fhiet & it rorautiiid chadis s 1t i e
Counter 80 is tippldfeat samgslet. byAtevidiey et wf i the [mgrst o CLACK IN thelses
appl i ed sanpl e. J r t

contains a courﬁdﬁt\?zﬁé&: 8?&%63%%1% ?e(p) ?%%ﬁé]u\%@S 0 %@%gﬁg‘i%ﬁ%ﬁp ol
[err] occufrin@fafzegoashdmeAnmiey it i QAFHITIRG AR ERE Dthe merk sidwWeligant

that counter 8Q ffiuNiched M tEX! NMOZES M EEFES PO H odithtdie $0 Wolbkts Séhd hat
in effect the count corresponds to the position of the first logic o

bi t
after the bi naF P& RETWAWF SPIHERRBST? PG 7180 Bt so that'in ct
count out put fruhe eaultercdfrdéspandmryd | e pds Saigm eo £ othiee sl Npgic t he

i nteger part (base.2). of..the J.ogardt f & I d. i
to the divide- 8% \ﬁd)tciar%ttﬁ‘i -*éh?g-q‘ﬁlrr%ﬁ%fib%{@mbs‘%ﬁ%hﬁi{seg@? racgen%“r%‘?‘gg‘y%‘gg'
| ogari t hml®base 2) char adthe icaunt tautput 15crom | eeentenBq b ea Harallel

characteristic ' sz&;h ' <A\ T i | f e
out put of the gﬁ'\rﬁj e- yl-tétev\%&?'{ércw t%éaé%lr%% {%ﬁgg%%rgﬁ%{%%@ c‘??84

whi ch is | oadedh thegard Bab okt SIPR THARMADICWUMRL FrFdy the
cont fg' Si ?PQ' _&iN?-déllﬁﬂaif woNd reRyi heg 20 Dﬂﬁi@dﬁﬂy-:@&wcﬁ @Iﬁcayi?lmnt 85 to
provi de sufficient ti L, the count, to,.reac atch 84 before it is
cl ocked to st_orté:aﬂ?é“%teﬁfr 331%&%??‘&’? e(}?ﬁﬁ%t?} o&?ﬁ?%ﬁe%’zls cc%%p#%% to
e.g. the afcoddrodixithm t(asxphdshacppberissiofand GURE He ixeaki2éd by a
presuned that t : Ho s S@_?PI A t. f
approxi mately é&%‘é&hz@aﬁe%lr%odr mat 1 on %HM%?%U%?@%%E ‘%f sanples is
however, nom nalivide-hy-dwa 2K inrarpliedsto g tPasrblettl s lakeh B4
_;'r (racu't 14 and iR Al E ivith ttHE, chifa SRl €1 angt atieé agied sanp! es
sample S, by the control signal XND. Signal XND may be
20 delayed by a delay element 85 to provide sufficient time
for the count to reach the latch 84 before it is clocked to
store the characteristic. The output of latch 84 is

coupled to e.g. the encoder 62.
In the expander apparatus of FIGURE 1 it is
25 presumed that the (L-R) digital samples will occur at a
o rate of approximately 300 KHz. The information bandwidth
- ' of the (L-R) samples 1is, however, nomihally limited to 20
KHz. After passing through the squaring circuit 14 and the
averaging circuit 16, the squared and averaged samples are
30 further limited to a bandwidth less than 1 KHz. As a
result the samples applied to the square root circuitry do
not change appreciably over many sample periods. 1In
consequence of this the cycle PULSE clock of the square
root circuitry of FIGURE 2 can be established at the sample
35 rate and it is not necessary to iterate the calculation of
the square root of each successive sample SR‘ Thus, in
: implementing the square root circuitry of FIGURE 2 in the
| 'FIGURE 1 apparatus, the threshold detector 68 and



30 further limted to a bandwidth less than 1 KHz. As a result the _
sanples applied to the square root cireqQislsry do not change appreciably over
many sanpl e periods. In consequence of this the cycle PULSE cl ock of the?
square root circuitry of FIGURE 2 can be established at the sanple 35 7 ..
rate and itmultiplerecre3gampyt bei ediaiaatied.calltid dttiera tiforish@ £5 Aty e root

i rout (ry of Tp Y penatBifig) Thbly Ratpids] S TRATHANE IRSMNG R,
and - 16to thetrplakiévedy Fagtbsampile xated compagread dicattitens of the

sl owl y changifgwiaeHt osatRkesanB1W liln fAcaatiiopherently due to the
relatively fast sanple rate conpared to the bandw dth of the sanple

i nf ornetion. 5 Referrjpgepgadd XGaifd UREFRGURR 21taTnatisienati ve
enbodi ment émbodaiheat edlsbyntlieagkanbymtaver a?m?co:d R it 3e.ﬁb00hm&i}hst he

' dde hi
o buit “op FEbRaERk . EhRLORKBRE %&%ﬁﬂ@iﬁ Q?JF] o) (LR addaa AR TR
desirabl e, tbophedntd the labaarh.dmm caresddr b8 aatheratthan tie elnp”ﬂmat i on

of the d|V|g§m€ye£m§ C|r6?htfggthgg E@ ﬁqul ovéﬁ?% ;#] &#9 aq; t he

circuit ele S renBins e sane as |bed I on
functibh i sakpahybe. ngaesegqyllyi 8nd ﬁ@ta‘q §si ttéh%ledd-mmaé}ms#ed:l’tw 15
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signal processing wll readil % abl e to develop alternative ment s
wi thin the SEoPRE oFIFRBIENGLRIEDES ESMadRENHNe SAMSaaf |dasaxibesh ahave oot
processor npytbthe@0itepaseshl €dnktivnbdisi icand@dsa parallel bit adder and

subtracter for el enen aral b|t uarer for c CU|try 51
and a parall el - bit b.%ﬁgh?ﬁﬁég gg‘rt 5&1 é'%& % h)
substil®iting |atcheByfor=t Bg tedi(Sgers éré (4) |

addition, for certai nOﬁQpEkEi‘?.bahe OlI‘Jc?.‘put %fd?ilg ﬁle %elt ect the

occurrence of negat ive suns a ad negat ive suns
t he out put REPEESSTRT wa;«lbﬁegté@lﬁrobseuabl&am deyelgpuad teynative regi st er

44 embodiments within the scope of the invention. For E
example, a parallel bit square root processor may be |

20 assembled by substituting a parallel bit adder and
subtracter for elements 42 and 38, a parallel bit squarer
for circuitry 51 and a parallel~bit bit shifter for
variable delay register 40, and substituting latches for
the registers where necessary.

25 In addition, for certain applications, it may be
desirable to detect the occurrenée of negative sums at the
output of adder 42. For negative sums the output values U
OUT may be set to zero, and the values input to register 44
may be set to a predetermined value such as %.



nay be set to a pr edet er mi ned val ue such - as[err]. * C
L M ?s * CLAIMS: 1. Apparatus for. cal eul ating the squar e roots of
bmary*—‘sanpl es, conprising: a signal input term nal for l"mmlm

bi nary sanpl es; storage nmeans having an ijwut term nal ﬂu'"ﬂ"
termnal, for storing sanples therein; ﬂgle conbi ni ng means “hali ny

first input termnal coupled to the output termnal of said storage neans,
and output terminal coupled to the input term nal of said storage nmeans and
havi ng a second i n ut terminal ; squaring means coupled to the output

term nal of orage neans for generating sanples having val ues
representlng He squar ep, of psdiPd ©8s CEoP | eslLéURi€ing ene aPg Adoeslt put
term nal ; g&%e?dlfferen0|ﬂ%§neans havj ng first and second input termnals
coupled to s FRPRHLFHS but put terminal of said squaring

means, respectlvely, anal sbynal brpwtit tetminaln foi ; supplydmdgssadd coupl i ng
t he out put tel{i ga[%é)%meéf%g sanple differencing neans to the second i nput

term nal of sail nbi ni ng means; wherein val ues representing the
square roots of sai d bi stoxage means dl@mg)vamlemmttwwq;lltamérmwl of

sai d sanpl e %&Ir%tg |nc:" gfo:?—h@t ggbéloéfg Ah Claim1 wherein

said neans for coup nmeans cou efween_said sanpl e
conbi ni ng neans and sm%l%"@#ﬂ’eﬁ%mw n‘%%t‘h‘sn%n% fixsholaPebnt r ol

i nput term naiertﬁﬂ{arf‘@é\%]:&itf@ tEhé @tqsutleeﬂﬁﬁz@i SE NP4 ES @@@fagel
thereto respansive téﬁ}fg cont r ol

ternminal for Bttt at %‘é’f%u‘éo'iﬁ rn%-i- g‘if?ﬂ% $§B€QS d fﬁszsﬁd Sianal

characteristiaf sdid hetdwage indang sk Kjvirg sai sedomdr inpatptesminal; neans
for M“p' ing said control, & 402 Reddk S FO LS thdPMILSEL "E8Phinal of

said storage means for generating samples having values

|nput

representing the squares of samples coupled thereto, and
having an output terminal;

sample differencing means having first and
second input terminals coupled to said input terminal and
to the output terminal of said squaring means,
respectively, and having an output terminal; and

means for coupling the output terminal of said
sample differencing means to the second input terminal of
said sample combining means; wherein values representing
the square roots of said binary samples are provided at

W the output terminal of said sample combining means.

2. The apparatus set forth in Claim 1 wherein
said means for coupling includes:

means coupled between said sample combining
means and said sample differencing means and having a
control input terminal, for changing the bit significance
of samples applied thereto responsive to a control signal;

means coupled to said signal input terminal for
generating said control signals representing the
characteristics of the logarithm (base 2) of said binary
samples; and

means for coupling said control signals to said
control input terminal.



* C L M S * -18- 3. The apparatus .set forth in Caim2 wherein said’
bit significance changi ng neans effeets a mul npl es ap jed
thereto by a factor 2 exp[-INT([err] [err])] mmummwm”i € vaI ue L
respective binary sanples applied to fgld i nput term nal, san R
[err]([err]) denotes the integer part [err]([err]). 4. The apparatus set
forth in daim1l wherein said neans for coupling includes nmeans coupl ed
bet ween sai d sanpl e, co I | C|n means and
havi ng a control |ﬁ%ut erﬁ%%%?P orqgganglﬂ ﬂg g}gi gnﬁﬁ?ﬁﬁ e of
sanpl es a3pid it mmﬁxmsq:hmgmg meamsoefteghala means coupled to

the outpyhulfl fiddt fin ¥ % 184 "EngPSES bY! agfa&a&'gg sai d
control signa representln aracteristic of The logarithm (base 2)
of sanplé?ﬁ&ﬂiﬂﬁ: 94 P bhi %¥ﬁ¢§w|%§ ﬁb%.Salﬁﬂdoﬁe§ﬂ§9¢ﬁtlﬁﬁupl|ng sai d
control o ééhﬁiéé’éiﬁiié& t@pﬁildeiﬁ§@€|teﬁmlnaiheaﬁ&paratUS set

forth in erein such aratus rocesse rial bit binary
sanpl es (ﬁﬁiligﬂnégklré%ﬂﬁﬁﬁs sHtede rBﬁEtngg gé Lﬁgfses. serial -bit
shift register means arranged to |oad sanples bit-seriatumand to segment
N-bit sanples into I S t
significant bits (I\;é‘B e])ﬂ%% n%&g%n%% e%%?&ﬁ sai %ilg‘!hmfg\t’ig gf;') mean
haV|ng|Mﬂﬂﬂ¢nmﬁanSNfQinqmuklxgg|¥n@k@@$$el the (N-L) MSB's of the N- bi t

sanpl es and havi ng xﬁea?&é'@éu éd%%eﬁeéﬂl&aéaﬁ 1e086ﬁﬂihiﬂ8 the N-bit
sanpl es bit-seriatum rat us, set Clalm 5 wherein the

squar i ng RS %ﬁqls‘%éa’@%%r‘igf’?%%}%g %@PF pﬂ“érhﬂ‘é%nﬁgaa paral |l el -
bit i nputcdriionthputsetéthimal, | fpttchangingdthevbie siigRifpyaneert

coupl ed toof Ssaaingpfarrpaltpepﬂéé et[_t?en:?é{] Pgsaggﬁsive to a control signal;
means coupled to the output terminal of said
sample combining means for generating said control
signals, representing the characteristic of the logarithm
(base 2) of samples produced from said combining means;
and
means for coupling said control signals to said
control input terminal.

5. The apparatus set forth in Claim 1 wherein
such apparatus processes N-bit serial bit binary samples
(N being an integer) and said storage means comprises:
serial-bit shift register means arranged to load .
samples bit-seriatum and to segment N-bit samples into L
least significant bits (LSB's) and (N-L) most significant
bits (MSB's) (L being an integer), said shift register
mean having provision for outputting in parallel the (N-L)
MSB's of the N-bit samples and having a serial-bit output
terminal for outputting the N-bit samples bit-seriatum.

6. The apparatus set forth in Claim 5 wherein
the squaring means comprises:

a serial-parallel multiplier having a parallel-
bit input port and a serial bit input port and having an
output port coupled to said sample differencing means;



-19- neans for coupling said (N—L)-NBB'S'fron1said storage neans to said

paral fel:-bit input port; and means for coupling the serial-bit input port
.ofi th§~Serial-parallel nultiplier to the serial-bit out puﬂmnﬂwj’l’”ﬂmm
shift register neans. 7. The apparatus set forth in C aiifmK

means for coupling the output term nal oi%said sanpl e diff%réhc#ng"neéns*to'

t he second input term nal of said signal+¢onbi ni ng means includes a serial
shift register having input and output termnals coupled to said

di fferenci ng and conbi ni ng neans respectively. 8. The apparatus set forth
In Claim7 wherein said serial shift register coupled between the

di fferenci ng and conbimeans nEemscéupling sabd utiRsLp-M8Bts ofremgsaidi nput
port and sai al [t | | : i el peri od
Fespons ve. (o o e 6 PAEL FabkPIEE 12 Yabud bor el BMaPTl “hort. o
The apparatus set fortMeaRs Fe¥ reOURAERG| Bhe hserbaksbibrinpupl Pogtt of

output termyrd £drifl bHPATIEL dhii€IiSILéNIeIEERS 6 P2l dpSENPhEpGEENDI Ni NG
means further ingcludes; ans, ., oqg%ed to said signal input termnal for
appl yi ng bi rﬁﬁ’i}“’s‘?&#pl%%,t %rélb’eﬁ%r RS JPFRF - representing the
characteristic part of the logarithm (base 2) of said binary sanples; and
nmeans, coupled to saidynea 0] e i sal d .char eristi art_for
generating said cont rg{' Si gﬁ%‘% Ség%aiz%%?% o#]gY hgégtéﬁlavlg@i?ﬂa %f%%:%lgeri al
shift regi sttre meansTEonppeupling sthe fautput nttmimaB oficsaid sarepheans
for couplingi t ] . | | | to said
sanpl o conb o s iy MedRd o AhE S seoGRIT fpbt  LERRIKAT G FEBRRa Y 3%,
‘means, coupl PRl (FRRARINA Heans nticbidesiy serial sibE reglskens, for
‘genbeat i Ng’ ehaBHHR ! iNRIY SRR iogpi b e SHA RE1 ST éSipTed¥d ©4idhe | ogarithm
; | differencing and combining means respectively.

8. The apparatus set forth in Claim 7 wherein
said serial shift register coupled between the
differencing and combining means further includes a
control signal input port and Said serial shift register

~ provides a variable delay period responsive to control
signals applied to said control signal input port.

9. The apparatus set forth in Claim 8 wherein

the means for coupling the output terminal of said sample
L differencing means to said sample combining means further

includes;

means, coupled to said signal input terminal for
applying binary samples, for generating a signal
representing_thé characteristic part of the logarithm
(basélz) of said binary samples; and

means, coupled to said means for generating said
characteriétic part for generating said control signals to
contrpl the delay period of said serial shift register.

10. The apparatus set forth in Claim 8 wherein
the means for coupling the output terminal of said sample
differencing means to said sample combining means further
includes:



(base 25 of said binary sanples; and means, coupled to said nmeans for

estimating the square root of a binary sanple c
termnal for applying said binary sameﬁ_stora
an output termnal, for storing a sanpl® corresponding*to*ar | mat e of
the square root of said binary sanple; sanple squaring nmeans, having an

gerierating said characteristic part, ior'genera%+ng‘§§LgI§gﬂ;ég;ingnakgito o
control the delay period of said serial shift re@ister. us fyer
C

output termnal, an input termnal coupled to the output term nal of said

storage neans, for generatin %iggles representing the squares of estimates
14

provi ded by said st R £he MERYHy trrminabef rid said

sanpl e i ngamples Wordirdng nHEIES! ifr QHndtatBigidBigmd] said storage and

squaring neans for .comji.ni nq said estinate, the are of said estimte and
sai d bi naFﬁ"E&ﬁ&“&H‘W% éﬁr(? SEHSLIC Bart r&é & koK AFB MG conbi ned
sanpl es frbaseai2d ednisadidpimmarys sampglles; md ter m nal

nmeans,

of said storage

wh ' ' f _Of i d Dbi I
poss bl 6 at the. out Heerts, s @ B4 & neind et AFRITT Sl (e

out put t echaracterissie pagtagfaraeneratingsaial wontarokstigrelsig t he

reference to Figures 2 and 4 optionally together wt

square roeb ebntrBinege WY HUhNNGAldat LAl LIRRETIDEb UL

acconpanyi ng draw ngs.

1ll. Apparatus for estimating the square root of
a binary sample comprising:

a sample input terminal for applying said binary
sample; ' o _ '

storage means having an input and an output
terminal, for storing a sample corresponding to an
estimate of the square root of séid binary sample;

- sample squaring means, having an output
terminal, an input terminal coupled to the output terminal
of said storage means, for generating samples representing
the squares of estimates provided by said storage means;

sample combining means coupled to said sample
input terminal and respective output terminals of said
storage and squaring means for combining said estimate,
the square of said estimate and said binary sample in the
ratio 2:(-)1:1; and

means for coupling combined samples from said
combining means to the input terminal of said storage
means; wherein estimates of the square root of said binary
sample are possible at the output terminal of said sample
combining means and at the output terminal of said storage
means.

12. Apparatus for estimating the square root of
a binary value substantially as herein described with
reference to Figures 2 and.4 optionally together with
Figure 3 of the accompanying drawings.
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