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The qGSign”"and'imnlcmcntation' of transversal fi;tefs

\

;using charqe. couplcd dQVLgizfif descrihe& ..ne ults ' are

'pre"cntcd for: freauencv selective FJ.lter de51qns usinq two

-

different CCD ;mplemcntatlonq. The Fqut methnd dlacussed is .

*

a Flcx1b10 tcchnique usina thq voltaqc qonqlnq cep - and an"

' extcrnal welqhtlnq and sumn1nq nétwork. The - seconﬂ mathod

' dlscussed is a flxed cocff1c1ent techhlnue u%lnﬂ 'thQ'SDliﬁ

“electrode ‘CCD. which performs .the welﬂhtan and ‘summina

opetfations on chi¥p: An analysis is:presented to calculate
_the effeétive filter coefficient values based on' the

.positioqs of “the. electrode qéps aﬁd. on the capacitiwve

AldaRing associated with the rest of the electrqde_étthctufg.-"
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SINTRODUCTION 2

o ‘ , e
e : . L P : o
. L : y - . '

: Ceru1t capable of prov1d1ng storaqe and delay 'oF.aampledl

-

analoq SLgnals. The ba51c CCD conqlqts ofaa 1incar array'of

.Lclosely apacod MO s capac1tors on a common substrate. The

signal ' samples are stored as mobile _charge carrlers and

-'ﬁovod alonq' the silicon surfacc by ?ﬁléiﬁw the fcapaciton

electrodes with approprlatc cloc? waveforms. e

7 Tlie concept oF storan 51gna1 samoles and clocklnu thcm

LI L

along an array of capac1tors is not ncw. It was proposed in

‘ff§5é'by -Janssen[1l as an alternatlvc to LC dolav linos in:

low freouency applloatlons.'quure 1.1a2 shows the c1rcu1t in

‘whichAthe_ 1nductor'of an LC delay llne "section has been

. replaced by a switch and a'_unlty qaln buffcr ampllfler THO'

L
[

signal r'arm:vles Vl to VN arce. stored as voltages on the arﬁay f'

of storaqe capac1tora Cl'to cN EE .% '

The opcratlon of thls c1rcu1t 15 shown in Elgure 1.1b.
| . -

The "odd“"numbe:edg swltches ‘are closed momentaxlly at

intervals.- T.'seconds',iapart, samolinn 'the “input fand

- .

. transferring the samples to the odd numbered capacitors,.

”ﬂBetween these events, --also at T -second intervals, the even

-

'numbered switches are closed momentarilﬁ"tb‘transfer “the

samples.'to the. even numbered 'capacitops.'This"ofcla is

.repeated apd-thefrsiqnal is propagated down ‘the delay line.

PAGE 1

Thc charge couplcd dev1ce (CCD) is a-silicdn'inteqratgdA-

.
“a




& DELAY CIRCUIT ~ -~
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".F'ig'ure 1.1 Janssen's'piscorit_i-nudus Low Frequency Delav Line |
o . With Continuously.Variable Delavy(1] ' S
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- The two-phasc mode of operation as. described above is

required»"sincc only  ‘one-hakf of storage gapacitots carry "

-
L)

51qnal 1nFormat10n at any aqven tlmo. The othrr half of'ﬁho'
”,

array rcmaxns in a staté recadv bevrocolve information durlnq
-, , .

the nnxt transfor operation. This _ scquence of oporatlons
;mrallcls that of a two-phase CCB, exccpt that the latter

hAs no qw1tches or buffer amplifiers between the storage

oapacltors.

- . . - .

ThJ dlscontlnuouq delav line did nat foceive'.too-hhchﬁ
attontlon 51nco 1t could not bo-lmnlementcd " in d_practical

' :mdnner; with‘ﬁheo,techno}oqv avallablc at‘thak time'-the
"swiéchés and amplifioro 'would gavc ocon.more'.buliit and
'tfoublé%oﬁo-than the 1nduqtors whlch they were to°rop1ace; -
It was not until. 1968~ that .an_ acceptablo mothod of
1mnlementatlon ‘was found fwhgn'Sanqstér and'Teer[2] buil£
thelr 1ntegrated b+cket brlqade dev1cc (BBD) Theif'dircuitf
'us;ng bipolar technology is ~shown in flqure Te2a, .Iilwés
N almosﬁ' " a derCt solid: stato 1molcmontatlon nf - the
dlscontlnuous dclav 11ne c1rcu1t with £ﬁe éwitoh'dnd Buffer_
amollfler of each staqo reallzed by a smncle tranqlstor. It
also used two-phase clocklnq in 1t".operatlon. Thc clocflna_
waveform 3 wlth ncgative ‘and ° p051t1ve excursions . is

equ1valent to two non-owerlapnlnq phases anplled alternately-

to. the dev1qe .stagcs._'The 51gﬂal -in ' this ~ case ‘was
. represented as a ohé?ge deficit as 'illustrated in figure
}\ 1.3, The,inte@ratoé._form- of tho bipolér pucket brigadenj

ol . . . . ' - . .-
BN AN " . . ' . ‘ -




CPAGE b -

. BUCKET rBPiGAbE cIRCUIT -

b SINGLE STAGE IMPLEVENTATION . (BIFOLAR)

o o o o Ef”fftef . ,-Basé‘ . Collector and’ Capatitb‘r

. 2z /2///7>\T (TTT72N T (77 z’AT Yt a—
' - L Wty p base AN R Q \

r———

| J o 3 - '\—sfofagf" |

' - )/ coll_edbr o capacitor -C

pt .
isolution:. -

/ . . p substrate -’

— -

I .
'_Fi_gﬁre 1,2‘Sanij§f;er aind Teer 's Bucket Brig‘ade Circ;ﬁit[i.], L

I ... ot
. ; N
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circuit was_quitc ﬁsimnle'and- compact as shown 1n ‘Flﬂurﬁ‘
.I.Eh. The .etoraqc capacitor Qae 1mplemented b?*ovorldpplnq
_the n+ collector contact over hc‘baso defUSlon: o
fThc number of stages pos Slb]c in.tne bipelar BﬁD's.wes_
1%m1tcd"bv ‘the common_Jh 80, current aain . (a) of the '
‘trensistors.'Since a small Fractlon of thc enitcer'cntrcnt

' rccomblncs 'in'the"base'of - each transistor “the siqnal  is

"attenuatcd ovcr } transfers .by a factor A : - N

A =(a)f e

oo ‘ o [ ) -

" In later BBD'O the.hlpolar tran51qtors wcré replaced by

1 —

-

TMOS tran51storq ‘to producc dev1ces howan much less chnrqc‘

. -1055. The main lmltatlon Of MOG BBD's was _‘ﬁ_btethe chnrqc_-“

© lost comnletelv but rather the charge left behind on the.

: prcv1ouq stagc after transfer. Practlcal dev1cea are able to
;transtcr about ;990 of the stored’ signal charan to the newt-
stago in cach clock cyclc.

In“1970 another dcgreé‘of.simplification was achieted.
in charae transfer'dcvice"bv Boylo and smith[3]. witn the
Ilntroductlon 'of thc charqc touplcd dev1ce. As shown in.'
-flqure 1.4a the CCD ConSlStS of an array of closely snaccd

-HOS capacztorq. The dcv1cc is not rcadlly ‘broken down 1nto'
an equivalent circuit of tranglstorq and capac1tora like the
iBBD but must be considered in terms of charqe storaqe and

manlpulatlon. ‘In operatlon the CCD stores mlnorltv carrlers

in potent1a1 wells: created ;at the surface of the 5111con
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SRRA 4 ;
(I) dnwng B &
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wawform
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B

|
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| P _ T
| ~ V PO 'Vz"'i_c .‘V;'i.'..'cl
:\4 Yt =4 Q=T

vr L

st S:gnczl on C representcd Lg voltage deﬁc:f q/c |
be!ow reference vo(tage _

l7,'of.' SEE , on
o

|H+

:C, : ._%

-

Tom Foi
, _"'x\:f'-' ]

Wi
1y

T kb V7 o

=ty & cﬁcmges polarity turnmg T onand T, off

" Slgnal trancferred from G to C, by charge .
. deficit q, (ie’ charye .3, transfers from G to G)
“Similarly q, transfers from C; fo C as’

' ‘s:gnul goes from G to Cs o

-Figﬁre_i;3,BﬁD Qpefatidn.i
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R T T RN CF?OS‘ JE(T!JN

|-'-Xg L S /-Electrocles |
{; z] Lz '...1_1.'.! AT f-—,,nf/////u/ ff,u-. 7 J-:/-IS:OZL'_-,_

p substrate

b THREE FHASE. OPERATION

P, o = — . - I} Storage Mode CD;—"Cb” e
. Charge stored in potential
well under- @, electrgde

,CJI _-I_n AZAl j/lEZZZ‘

Tt TTh.eeer TTITTTT
P efed o L

- Tﬁ;“‘” C o — 2 Tf'cmsfer- Mode (2555(,'0, »Cb, :
———— Tt . Charge moves fo. potential
[ 2 - . :

p—— FEN R ‘1'7“_1, ' “minimum under @, electrode.
— = — @ <Q, 4o prevent charge -

. .l ] ] L ': R
@H Lol EN L-.{- | frbm trcms;errmg backwards
. .

Qe ) Sforage MO‘?’F’_CDF@;}Q

- ' ®z° — —t — ' Charge rerha:'n_ftmder'@; -

Qc'ti—-irJf/—\r’-f i I W electrode’ ready for next . .
g — 1 rrcmsfer o _

. *

Fig'uéﬂ;n Single Level Charqge Coupled Device. (n chanr_nel")
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A

‘shown in fiqufd 1 ta for the disconfinuoué delay " line, SO-

. PAGE'B'_

“substrato. Charqé,'transport'is,achieved by controlling the

maqnltudc and poaltlon of these potcnﬁial wells _dlond ﬁh?,fﬁ

- silicon sur face as shown ln flqurc 1. ub . o

" .The CCD has no equlvalent componenE to the switch as

_“that somL othcr me thod is rcaulred to chJne tho dlroctlon

-'foE charqc ‘transfcrnwlthln the device. Tn thc Fqut ccn's

impleﬁéntation of transvcrsal fllters u51ng ccD's. Chapter

j 1n00mp1ete rransfer are ‘discussea in- terms of their

"this was ‘acc0mnlished by. using 'a. thrgeéphase clocklng.
. . . - " B .

scheme. The third phase allows.the charge to transfer in one

. dlrcctlon only, as shown-in Eiqures 1. uﬁT;'to 1.4b3. Since

-the o;lqlnal. publlcatlon of the - CCD uSLng' the thfee-phage

sinqle lével . structure, many other structures and clocking

sghe@es -have bheen introduced.(4,5,6]. In- of

many

S direction of charge transfer is dctermined by -

assvmmetriés in the CCD COnstruction; so that only two clnck

phaqes are requlred for operatlon.

'The follow1ng chapterq of this work describe  the

two descrlbes ‘the* two-phase, twof}evel poly5111con nate CCD
whlch was. used in all-of _the examoles presented 1n thls

study. Chapter thrce réviews the'opcxatlon.of ‘saﬁpled data'

transversal fllters and deScribes' different ‘methods of "

'51gnal reconstructlon .Whlch are compatlble with CCp‘s.-In

chapter3 fqur the ‘effcqts of _cumulatlve charge loss and

r

‘7.
M

"'1nfluence on - thp,CCD fllter transfer functlon.



network.

the split

© PAGE 0

' . .
M . y

‘ﬁ;ppaﬁter-five‘iqescribcs“flexiblé~?fiitcr‘imblcmentafimn'

e

using the wvoltage sensing CCD, and ]an';cxternal' ‘summing

Results -are pfesentcd fof;a-Eu—tap‘ lowpass filter

’

and a 32-tap bandpass filter.

B

" Chaptler six describes fixed filter immlementation using

'Iquass filter. An khhalysis is presented on the loading
ef focts of, the electrode cépacitahccs 6n_the"outpu£ signal, -

. Suqqestions are made as to how the split electrnde filters

Y

. could be directly cascaded to producde highér order €ilters
. : L e . ‘ . w . :

~with less sensitivity to coefficient error.:

*

ectrode CCD. Results are obtained for a.2ﬂ-tap,

' Chapter seven- contains the conclusions ~obtained from =

this study.
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¢ - TWO-LEVEL P)LYSILICON GATR €D AT

.«

* 2,1 GENERAL
i 'he_two—level polysillcon aato CCD[? 8, 9] 1é sﬁown-in -
" fiqur ‘2.1.,Thc; purpose of‘the,two-level qatc structuré‘ls
to pfqduce'an assymmetrio-potohtial_well under'the-uoper‘and'
lower -electrodes with. the application of. a common -‘clock

——

puisc. I7ith this‘des' ¢ orgc transfer is

éefined bf_~thé oss?mmot;Q ofpthe deficel Aé‘o resuit oniy g
twozd%ock phases are roquircd For‘operotion;»

“The two-level CCD also maintainolmofclcffioient'oontrolt
of'the surfaco ootentiai witﬁ;n;thc channel reqlon. In the

lthrce-phase structure dlscusscd prQV1ously, dev1ce operatlon

 ':” is hlghly dependent on the 1nter-electrode qap Xg (figure.

.].u};.It must be‘ very narrow (2-3 microns) ‘to maintain a -
’_cohtroiled field under thq_gap- reqion.-Thio.plaoes'o rather
',ﬁatfohitoléranoe,ioh the etching oroceés ‘during fabrioqtion

and‘con resuLt in.reducedAyield;'Io the.owofloVel struoture;‘
. the lowoﬁ'.eleoffodes'(storagc eIQthodes) afo .wéll-onaced

andftﬁe choﬁnol. reqions Betweenjthcm'aré 'QOntrolled.by tho:
ﬁpper{ electfodes (transferﬁ electtodes) No fﬁaps exiét in
this structure since the two qate levels overlap sllahtly '

Operatlon of thls CCD 1s achleved u51nq two-phase " push

 ciocks. As shown in flgu;e 2.2, the - two clock waveforms @1
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sMh@OE .h

. moﬁ:\xﬁ woLp Q

oypb JIsoL’ qb

o ..M,EmEm_m ._SQ.:JQ.

-

904} 33}9  9H0I0}S .».1.. 2.
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m‘EmE&m SQE

=

Figure 2.1 Iwo'Lé\_re.l Polysilicqn';Gate CCD o
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< SR SRR - ready. fto receive charge
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durmg fall nme of cp . Charge stored nder @y
| ’ :tomqe elecfrodes

' ‘Piqure 2.2 Two Phase Push.Clock Opération
o ' . . . ot . “woow,
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'.and #2 'have 'a‘ Fieite_everlap “tb*?ensure, control of ~the
Surface;potential over. the entite‘ elock‘cycle; With @1 hiah
'and .Jﬁ lew, 'thc‘éiqﬁal-'eeMDles;”ate-stored unaer tﬁe &1
stetaQQ~electrodes.'~When,¢2 ‘gees hiqh durina the overlap
per iod the charge rema ins undetlﬁ1 but 72  produces a
' eotentiei'well reEQQ to accent thezehatée carriers. :ﬂs
"does low the potential minima disepbeer-from this phase and
'the'chagqe.is “pueﬁed" out of the ¢1:weils and ihtofthe‘ﬂzg-
Qells} It.is dpeereht theni.thet thé transfer ‘Operetion i'
-'occurq only. durlng the fall time of:the clocks;ZThe'purpese
of the clock overlap llS'tO ensure'that the enei'phase is in - | E'
" the correct tate to recgive mobile carriere as .the other“
plase voltage falls. The Eall time of the clocklnq wavanrms
hust  be slow_ enoueh to allow charas .to transfer asA
'_cempletely'"as possitle; eﬁ@er:the .electrodee of the neﬁt-
‘ phase. This is of the order ~of ten's of ﬁanoeecondsjfef the.

nermal.surfaCe CCD.

The maximum charqe thTh can be'étored ﬁsing the push
'.clocP operation is determlned by the leference potentlal in
. the substrate dUe to. the dlfference 1n ox1de thlc?ness under

the upper and 1ower electrodcs (the dlfference hucket)

‘2.2" INPUT METHODS

. The . method of charqe"ihput into_‘the CCD"ist-very



PAGE 14 - #

 importeﬁpcin ferms cf meintaininq- the maxiﬁhm'lincafity'and | ;
' d&namic'rendc of“device opcratlon. §e€cral'-Pbssibie input
mcthods for the two level cen .structure_are.shqwn in fiqure
; 2 3 In each case the charqe 1njecpion'is ccntroiled kv the
.followmnq three elnmentq | |
»n e1nput sourcc dlfquLOn
2 fEirst_transfer electrode
3 first stofagc electrpde
‘6nc of thc_simplest.metﬁeds. is the .dynamic injectioﬁ;'
. Hlnput[1O] shown iﬁ fquQC‘2 3a. Thc transfnr:gate .(Gl);ig
"_‘held at a low dc potentlal and the input is japnlied to the
' source diffusion. The amount of ¢harqe injected into lchc
- storage ‘well_ES' dependent én. the _apelied siqnel .voltage
':durlng the t1me  that :the Storade' elcctfcde is en.ijThis.‘
Lnject;on, however is somewhat nonllnear and 15 affected hy-
‘the.channel conductance under 51 as well as the lcngth of
.the clock pulse applled to. GZ' The fotal.-charqe 1n3ected !

.

uvarles in a dynamlc (1. e. tends to 1ntegrate the Sanal over

fthe perlod ‘of (%)) and nonllnear ,manner’and_thls method is
. not sultable for most analog appllcatlons;
N The other fourt*methods shown in the flqurc are not -
'3dynamlc 1n‘5;erateon. Tﬁe'igqgctéd charqge 15 determlned by
the’ 1nput .signal level “during a - ve;y_:short sempl;nq
interval. These méthbds represeht: improvements.:cﬁecl the
'-dfhamic ‘ihjecﬁioh method ‘and ‘can‘.be, compared uéinc a

-simplif{ed one;d;ﬁeﬁsioﬁEI enalysis. The “voltage applied'tc
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. S=input

" a DYNAMIC INJECTION

6 | | e Gesmar g
5""7 1| = . debias |0

T :-{__1' i G.FCD,

. 'S?inpuf'_. |

’ G,=strobe

N ' | S=trim
"¢ POTENTIAL EQUILIBRIUM T Pulse

‘. Glo_ | . —ocp, . '-G,=l'npua"

Vs Ll putldown) T ] \|_

_‘. < - — t .. ) .. ) | 7 ‘ . . . - ' ‘ t

- Figure '2.3___Input Me_thods for the.‘ Two Level CCD

E
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; d POTCNTIA!_ EQJ/L/BF\’IUMII

S=trim ' ' — —
roo ' ’ K pulse - . ;

" Go—n N G=,st,robe

w l Tl L] Gty
e ﬂfﬁm

+pulldown

. --q..-._\ .

) ‘ G=input -

r.“, i
el -_fpuﬂdOWh.' r| ﬂ ﬂ I\I j

Figure-2.3 (cbntinue?l} Input" 'Metqdds fer.‘the‘.'-'l“wd Level cCD '©
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. ' o . ) . (3
1 thc CCD elcctrode canbe reclated. to the surface pnotential,

[

'auhqtrate blas, and 'device paramnters  in  the fpllowinq‘_ o

mquer[11 s o A : d—_ . r“.
"‘Wlth no mohlle charqe at the surfacc':
B > 1/2 - ST
W: Vpgto +1/cox[2e QNA(G 'VBB) . j:.. o2,
‘with.mobile charge’et the-surface,
V. +1/ {2 7' v )1/2 ' PP
where ¢—surface potentlal undcr elcctrode I .f'J
" @ _=surfage potentlal under electrodc with no
moblle charqe at surface : .t
;._5' VF =flatband voltaqe ‘_. . : -

-Cok—oxldc capac1tance/un1t .area
VBB=$ubstrate-b1as (neqatlv? for n chamnel «device)

’u' ’ .

G"alele qatc voltaao - < \‘
ap=mobile, surface charne densxty | ":. :  i4 :
- = Fian =
In the diode -cutoff methb@ shown in F1Qure 2 3b the
biased'input signal is abplied *o thc ;;;bt“‘ 1Ffu910n a&d
.

- holds the surface potentlal to. thc 1nout voltaqe leJel thn
ﬂthe transfer and storage electrodes are boéh_ on, charqe is

-

- lnjected from the source d}ff&hlon unt11 "the surface
"A.potentlal under the‘two gates ‘ié reduced to thé; vaiuee
l.V‘ 42 Q (u51ng the onset of stronq 1nver51on as the crlterla
eilfor holdlng -the channel open) Subst/tutlng this value of

"the,surface potentlal-lnto L2,2) 'and solving fQ{ the mobrle -

. ~
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oy . '
charaqg density qives

.’ . ‘ ..h_l ) " . _ - . .
. qnf(Cox )s'r .VGZ. in 2¢F7{ I‘E.)G2 ’ |
e . 1/2°
tﬂ?(c )ST{v“ aM (v +?@F VBB)]
- | ' r. ,}
wﬁcre VBB<\ < ﬁ I WF' ‘
co subscript TR rofcrg to transﬁar electrode

- N

.suhscript ST refers to storaqe elcctrodn

From (~.3) -iﬁ is secn that the injected charqe is A
- . y " . . :

| nonlincar funqyion of the idput'voltaqe._ This;hﬁnlincaritv

is 1ntroduccd from the qdependence of " thﬁ depletion " layer

-charqn uson the surfacc pqtcntial mhere iq' also a. Tertain
. S
‘anlqu1ty in the partitionlna of " the chwrne atorod upder 7

"-ﬁdurinq the next trans?gr operation. Some of thlq charno wfll‘

. be transferred forward anl some will, be roturﬂcd bacP to thc

.source diﬁfusion, cOntributing further‘to _the nqnlinearity

of thié,inbut meﬁhod.'

.F‘iqt_ire 2.3c‘_ sh.ows‘.'anoth'er-‘ ainput 6echniquc, _ the .
. _ . . ' . o

fpotehtial equilibrium method. - Here the 1nput is ‘a;plibﬁ to

the traaner electrodex (G } whilg the storaqq eleqtrodc‘is
N . . R R

held on by the_ﬂ]‘ cloc} ‘pulse. Then the ' input dinde . is

rstrgngly reverserbiaseq to collect™, charqe back into the

o ’..-E . . . . } A »

'_éource? diffusion. Ch rge 'Stored under ' the trqnsfcrf_and'
,storaqe electrodes is swept back to the source'untii all of
the ° charqe has been 1rcmoved from jﬁder Gi. The sﬁrféde
potentigl uzder Cl with .no-. mobile charge present ié foﬁndi

1mplicit1y rom equation .2, 1 to qive

-
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.\ .

. . " ) s ) . ' . .. . N ' “ ' -l ' ' 1/2 .
'( QO)G;VM T(YFB_)GIT1/.(CQX )TR‘[Zeansle[ ‘_"’o)cl- -VBB].} _ ..2.u

" This tential represents a barrier toﬁanQ further flow

of .carriers bac% ~to the:éource_ region and prevents: the .

Ay
Y

'potentiél "under GZ from dropoinq below this level.

Substltutlnq the value of . the surface potent11l into ¢2.2). .

for the case of a sboraqe electrodo qives | _ o
. : . t '
a /(Cox’cz Vin Vo,  FBlo, " (FB)G?_ | |
: 1/2
+11/(C oyl 71 (Coxlg, 1 {26 qrA[(er )GMVBB]] 2.5
o N i |
‘ —E.. . . ) Fa- N
where  ( Qio)Gl—functl‘.on of V. | e ]

Thie' shdw5' that* the injected charqe.liﬁ?;a linéar

T functlon of the 1nput voltaqe for the case of a §1ngle level .
structure only. In the two-level CCD the oxlde capac1tanca -
is different for the transfer and the storaqe electrodeq,'

and 1ntroduces a surface potential dependcnce on the charqe

71n]0Ct10n (Last term ﬁin' equatlon 2.5). There is’ also -a
‘direct dependencglon ‘the ﬁoitage'appﬂied tO'GZ -so that any
noise in the clock dfiﬁinc 'cifcuitryﬂ:entefs the_nlnput
dlrectlv v1a "the, storaqe gate. | - o o

The llnearlty of the potent1a1 equlllbrlumf method is

iﬁpreved by reversing the connectlens to’ Gl and GZ. The - :

; input Signal is now applied to Gy and Ri is connected to the

a1 clockt The input can be isolated ~from the erivinq

.circuitry by ccnnecting_’_"1 to a separately &enereted'stfobe

N B
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- shown in figure 2.3e. It is ‘identical to the second version ..

"added to thefihputfsiqnal.

PAGE 20

pulsc ‘as shown in fiqurec 2.3d. As in the previous technique -

“the dinput diode 1is 'reverse biased so that charage is

collectcd.'back to the~ soufge dif fusion until.- no mobile

carriers are left'qnder dl‘ However, in this gaée, since the

transfer gate 1s connected to a constant amplitude clock
pulse, the finél surface potential is always'sét to the same

'Valuc.indepenacnt of the input siqnal level. Trom équatidn

2.5, with theﬂ,conncctidﬁs.to,ﬁi'and Gy reverscd, the input
charge can: bLe expressed as
'.*. . ‘ ) o

T/ Coxlg, = Vo, Yin *rBlo " YFBh,

“

/(G ), =1/ (G ), 1 128 el L) 1) /2 2.6

.f where 1¢0k31=cons#ant

Trom. the above eguation based on a onc-dimensional

‘analysis, this version of thélpotential equilibrium methnd

injccté a chafqe Which-is a linear functinn of the apﬁlied:

signal voltage. Also, since the surface pbténfiélﬁis Set~to

the  same value '~ durinqg ecach ~ samnlina .intervaly = the

" two-dimensional effeects and surface potential denenaeqt
terms haﬁc.a minimum influence on the input linecarity. Note

'that'it yis_crltiCaI. in this .mefhod that the clock . pulse

applied-to.Glgbe of constant amonlitude so that noise is not

AN

. The input - method which has heen used in this wo:k'is'

gbf?ffhe potential"equiiibrium #bchnique, exceptlthat 'the_

+r
v
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source is not pulsed into reverse bias but is held at ground

forythe- entire-clock cycle. Wheh the $torade. and transfer

‘electrodes are hoth on, charge is injeeted belpw.thcse gates

PR
L) -

‘until .the surfaee"potentihlé;drOps : to ‘the‘ value' Zﬁ

; qubstltutlnq thlS surface potent1a1 1nto equatlnn 2. 2 glveq

o : ‘ | - 12
‘In/‘cox’cf"in =285 (Vpplg, =1/ (Coy )G, 128 BqNA.(mF-vBB)} |

) !. . . ) . .. : ° .. L
The injected charge is seen to be-a linear function of

the input voltage. .The main source "of nonlinearity, not

‘shown expliciti? in equation 2,7,‘is:the partitioningjof'the

charge under_nl, as. in the 3dipde'cutoff.method. This. can be

minimized by making the aétive area under G, as small as

1
pdssible._Note that w1th this technique' the strobe . pulse

_amplltude on. Gi is not crltlcal 'since it does not set the -

'._flnal surface poteqtlal as in the previéus twd'methods. hs

lonq as: the source dlffuslon is held at a constant dc level,

there ;s no dlrect coupllng of clock n01se to the 1nput

signal;,Also there.ls.one.less.clock WaVeform required since

. R
the souﬁee diffusion is not pulsed. 'ﬂ'

.2.3 .OUTPUT METHODS = T L

_The sensing mechanism used to detect the CCD signal':

charge is equally 1mportant as the, anut in malntalnlnq

overall linearity .in the dev1ce performance.. The - final
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output mdst."elso'be‘a chdrge' sink‘anq remeve'lthe carriers
- from the end of the CCD channel. Interﬁediate.ﬁutputs,eh the.
'other hand must remove as llttle charqe as possible during-
'the detcctlon procesa in- order to maintain the hlgh transfer
.efﬁ;CLency_lnherent te the deylces.: o o ‘\.f
fThe‘eimplest method of output' is a reyersefbiased diode'
. .
as shown ;h;fiqure 2.uaJuThis._is suitable as a final butput’
;sinee:aii of the charqe is collected at the“reverse.biaeed
'i ]unctlon.1 The sxgnal 'can” hersensed' us{ng a dc blockihq
';capac1tor as shown in, the flgure. _The-outputwiliabpeer'as
-a narrow_ spike'of -current, such that the ;nteqra; ‘of the.
l current is'equeI.fte the:charqe semple‘in the ,1aet‘etaéefof'
the CCD. | o
Another teehnioué*which_is also teed as a final output

=is‘the. reset floating diffusien shown"ln flgure 2.4b. It

".consists.qf'a' floatlng dlfqulOﬂ, reset qate,: reset draln,
aand'ah'eutput'MOST. The draln is held reverse. blased SO that.
. Wheh-the reset 'géte is turned on, the -sen51ng dlffuslon ;s
" reseét to YDD'and moblle charge:carriere_are_ femoved. Then
‘ the reset .gate is turned off ahdﬁthe n+ dif fusion is left
| }float;ng at a Traised potentlal;'WHen charge“is trensferred o
'ifrom the last -eteqe -of the"CCD it lis.>attracted by ‘the:

potentlal of the floatlnq dlffu51on..The mobile carrlers are

collected at the dlffu51on, ‘causing the potent1a1 to drop by
|

some amount proport10na1 to the transferred charqe. The.

o L e
sensing diffusion also controls the gate of -an MOST. source

)
-

LY
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. o REVERSE BIASED DIODE

o =P Qe — . —

external
‘resistor

" Figure 2.5 Final Output Methods for the Tw_o‘.-Lével[_ ren
. ’ .
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follOwer to providehan output' voltaqge prOportiohal‘ to .the
Adegected slqnall The.voltade‘level‘of the,floatlno diffusion
fremains'essentially constant ‘until the.mdbile' carriers are
_removed‘upon 'anplication'of thel next reset pulse QR. Note
that the diffusion is also aFFocted by ¢1 through capac1t1ve,
coupllno-from,the_ad]acent transﬁer electrode, Thls is shown
on the- sketch of the outputFWaveforn in figure 2,ub. |
| JA technidue. slmilar.to .the one ahove ‘can be ruseﬁ*ln
; senqlngulntermedlate stages of the CCD ThlS is-the.VOltage‘.
‘senSLng method shown ln flqure 2 5a It con515te of a qma11
.n+ senQ1ng dlffu51on and ‘an ‘output 4MOST, The dlffu51on is
‘located-at the*Side of a ¢1 storaqe electrode and cohnected'
to the “input of an MOS tran51st0r to provldefa”‘hlnimum\of'
loading on the‘device stage. When the @1 phaee.turne on} the
.o n+ dlffu51on assumes the-'same potentlal .as the' substrate

o«

under the ?51 electrodc and controls the output voltage level ‘

. of the .source followerr When the 91 phase qoes,low, _the
- . b

’ sen51ng dlffu510n is left reverse biased and mobile kharqe

‘-carrlers cannot return to the dlffu51on. Thls charqe def1c1t

L4

w11r-tnfluence the next charge sample transferred alonq the

_'devfce and,thus<represents a SLgnal dependent dlStOItlon‘ln
\.the sen51ng mechanlsm. ‘The effect is minimized bv maklng the
total capac1tance of the sen51nq difquLOn and MOST 1nput
'hqé gate as qmall as’ p0551b1e relatlve to_the storage electrode
lcapac1tance.' | | | |

An 1mprovement in thé above technique is shown in
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a. _'SE/SJSING. DIFFUSION o

Output - .

. C‘; . “ . . '-‘ ‘.‘ . ‘1.. ' . *
\gJ-de\ , ' _ Scﬁdrmi‘:c

Vppe—rt 7 —
L - O lz‘puf o O i I-W

A . o '

-

b SEHSING "'7*'FFUS.fOf‘~/' WITH RESET -

'_ rcox) I .

.'(Cd)_sr

' Figure 2.5 Voltage Sensing mechniques o
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l. ‘ ‘ ‘ l‘ . i . ‘
fioure 2.5, Illere a reset transistor has been added to reset
. .’. " . o o

.

the  sensina diffnsion tq- the same potential after each
sensing oneration. his will cause some attenuation alona

the'line, but will lessen the cdistortion effect produced bv . -

)

charae sharina between adjacent stages .'of the device. As in

the previous method, this.attéennation ‘can be ‘minimized bv

making the”-sénsinn diffusion and inpit cate of thé'ou;pht

“0DS™ as small as possible.
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 TRANSVERSAL FILTER 4

- 3.1 INTRODUCTION |

The dlrect Form oF ‘an ch orﬂer qample& data f11£er is
shown in. Elqure -B:E, The input 51ﬂna1 \Y ‘1q conqldered only
- at a set of - p01nts in tlmc, bu£ énn take ‘on a contlnuum af
amplltudn_values. The filter prdduceq a gecond qamplcd data:;
signal at the'oufppt.whiéh is the deqlred transformatlon of '
éﬁé input signél “If the 91qnal lcvels- were quantlzed-then‘
the diaqgram ‘of flqure & would renreqent a digital Fllter and'_'
.thd operat;ons indicated within r the bowcs wpuld be
 imnicment9d' usinqkasyomorv;' addprq; . and other digitai“’
hafdware. Thi: similaritv can be 1mpontant in terms of usmnq
the ‘well establlshcd : dldltal, filter . de91qn
1 technlaues[13 14,15] ava;labie fﬁr 'calcﬁlat}ng thé'required
'ﬂl‘fllter coeFFLgaentq. |

* The diréct’ fllter form shown in 'the‘dianram 'has the

o

"i,transfer functlon

»

H(i)=-§f—*f*—r I PO B

‘where N=number of delay staqes .

a;=gain of ith feed forward qoéﬁfi¢ient

" b;=qain of ith feedback coefficient



.. .Figure 3.1 Nth b:gi’er Sam'pl_e:d Data Filter
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| Feedback .
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.




/- PARL 29
zf1=uhit_delavioperator
‘This' filter will realize'any function which'can be |

expresscd as the ratlo of two polynOmlals in z. The feed

L forward terms (a' s) reallzc the Zeros of the fllter transfer

functlon and the feedbacP terme (b‘s) reallze thc -fllter-
ui poles. A Dotentlﬁi problcm exlqts Wlth this structure in

' tHat any inaccuracies 1n-the 'feedback terms may cause 4hé
frlter poles to Shlft-{\ p051t10ns of 1nstablllty fhia
would cause the fllter to osc1llatc making 1t 1ncffect1vc as
a-slqnal proce551ng unit. ”

.BVI elimihatiﬁg thé Feedback terﬁé b(b's) the *gencral :
structurc shown reduces to that of a transvo;sal fllter[16]
‘flThls_ls_an_all zer flltar"and has no potential problcms of
 .instability ‘ It can-'ba ‘de51qned to .qlvq a llnear ,phase

f(constant delav) characterlstlc. - The shape of the Eilter
~re590nseyﬂcurve depends' ‘on  the ratio of the coef ficient
"_yaiues only aﬁd. not.on “their aﬁsolute'valaes as in. the
taedback'case: A" further advantaqe of the transversal Ellter

-

is- that onlv one summlng operatlon is requlred at the flnal,.
“putput ‘ | | |
| With the cllmlnatlon 0F the feedback terme, the’ N qtaqe
"filter fisf no 1onqer of. Nth order. To obtaln thc same
transfer functlon that was reallzed by the direct method[

t*e denomlnator of the transFer functlon muqt be e11w1nated

T
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S, . L | ‘ o
vhere h.=qain of' ith transversal filter coefficient
. ) . ' p )
. In‘qeneral, division of two nolvnbmidls,willﬁléad'to a

-~

L4

Qolynomial.bf infinitefdenfgé. Iﬁ.pracéice. ﬁhis resﬁlt must.
-bé ‘trun;atcd dfter- a Eiﬁitcﬁ numbe:. oFltcrmé to'Qield"h.
;finité lenqth“13£ructufc. I£ 'is also npossible to.'dnfimiieu
these tcrﬁs‘-to dive a tctter approximati6n to . theldesired:
filter transfer. Egﬁctién than,coﬁld be obtéincd::bv.éimple‘

truncation of the ifinite series,

- o

3.2 SENSITIVITY AUD RESPOISE ERROR ' S

-.A ‘mador .cohside;ation in zfilﬁcr " desian is : the
‘sehsitivit? of -the transfer function to errors .in “ the
'coefficiént values. This can be derived from  the standard
definition of sénsiéivitv.-

B(z) 3H(z) ~ h,

' s . -8 = . o _ '-_3..3.I
: h, 8 h, H(z) B

e i .
Ry %) o . R v,

Substituting the expreésidn Eor-‘tﬁejtransversal filter

" ‘lequation 3.2) ‘into thevabq0¢fsensi£ivitv formula gives

.._’_—'. o . _..‘ ’ '. ‘. . . - . : ' . L .7, . "‘ . AI“, .
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CH(z) - l;yiz"i

R = e T 3.

R : h; ‘i H(z ]
. . . | .- . ‘ B : ".
*. The maqnitude dflthis'seds}tivitv ?uﬁction is then
. o ‘lH(Z) ‘ h,1 . S
1s = a |
S ohy ‘H(Z).I .y

i
LW
LI
) ]

1.
.

e o ] _
. ' ' e ' ‘. R
This result 'shows that .the transversal Filter transfer

function is most sensitive. to errors Yin the larqest

-y

. : \ i . .' . 8 . .. . .
._cocff1c1cntq and ‘that 'the reqgion of hlqhest scnsit1v1tv is

in the Fllter stOpband where the maanitude of H(") is’ small.

ThlS .can be ‘seen 1ntu1t1ve1v bv COnSLdOrlnﬂ that 1n the

.

stépbénd.reqlons the filter is prdducinq'a véry small output -

sional from the sum.of manvy laTdger values.

Thé ahoVe expression is somewhat restrictive since it'

'repreﬁents the senSLtlv;ty of the tran%fer Functlon to Onlv

A

a 51ngle coeff1c1ent (i ec. thc local sen51t1v1tv) when all

transfer Functlon is more compllcatcd and must be con51dered

~in a statistical manner.

, Puckepte.?t al [17) have studied the prohlem - of

COefficieht err -in terms of_the‘.variance'ofl the filter

response error. THP ith coefficient can Bé modelled as the

sum of a nomlnal value plus ‘an error. term. - : .

o

~ hl h‘nom+-e1 . S _3'

In most cases of interest the error trrm e; can be

o‘ ‘the coeff1c1cnts contaln errors, the'effect on the Filter
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reproéeqﬁed by onc of the following two models.

T c, =h, *X 3.7
":':“';-é": o1 1
r ‘ ’;‘{/'.“.‘ “* _ . - I S
" 42 ey=max{hj)e X L 3.8

. where X=d randém variable with distributinn-.
‘ropresentative of the coefficient error

L T !

nﬁk[h] aqnltude of the 1arqcst cocfficient

e . Yoo, _2- . . . . ' ' ) .

+ In the first model, (3.7}, the cnefficinnt errors arc
expreéssed aq a 'Eraction of the nominal valde. This- case
.‘wbuid arise 1n uslni- componentq wlth tolcrance"‘Cﬂual to

.-
some percentaqe‘ of their 1nd1cnted valucq.[ In the second

model (3.56), the cdefficxent e:rOrs are 'exnrcssed as a

fractlon of the. largest cocefficient .value. The errors are

* ]

cxpressed as absolute.rather than relative quantities as in

" the first. model. _ , : :

~If the mean  error can he assumed to he zero, then the
var iahce of the filter response error.can be calculated for.
the aboyé'two models in the foilow?nq manner .
' - : - N L : ' S
a1 etlel®)=elx®) 5 n S Y
‘ . T ‘ 4 :

~ - A ' . v .. : -
P2 €[|E(f)lz]= {xz}'N-(max{hi}} S 3.410
rs ! : . L4 .

rl

The simplest case to con51der is "a_ uniform ~ error
. . v s

distribution in the ranqe de‘lned ~hv - thc tolerance of the.

- coefficient values. The‘variancc,of the response error is

‘then, . . . o T
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2#1.‘1,E[PE(E)|Z}E.(tolerance%‘/3 -,Elhg ,. 3.1
) . ) ) . R . . - ) , 1: . U .

S . L, .
#2 E[IB(f)lz}= (tolerance) /3--’NJ(max{hg) 3412

il

Thé.feépcnso errd: wiil'af%ect'mainly the  §tophanﬂ‘6F ;
ithe“Filtéf'_as detefmined from the  sehsi;ivitv results
(eqpﬁtioﬁ 3.5). Thué the standﬁfd. deviation gf‘thé rcénonsé
:crrof 'shduld be smaller than the sidnélnbutpﬂt in. the -
stppbaﬁd ifv fhe dosiqned atﬁenuation*.levé1q  aré to Le
achlevcd The ronulred toleranco for the casc.of a unlform]y

' dlstrlbuted error wlthin the cocF‘1c1ont tolorance ranJc is

then
o : Vsi(passband qain) ‘ﬂdB/ZO: S
#1 tolerance < s 3013
. : vY3. (nassband qain) _ ~ :
. . - . Agqp/20
- &2 . tolerance< 10

314

, \f?imax{wif

where Adamde51aned stopband attenuatlon mnaqured in
dB : : :

‘ The abovc: two equétions aive an approxima;c uppér.bound
" on the tolerance required to achicve a qiven stopband -

Y

“attenuation.
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*3,3 IMPLEMENTATION

‘ﬁor the . apnllcatlons 'considered in  this worP the
”sampled data delay sectlon (1doa112ed PCD) can take the Form
as shown in fiqure 3.2a. Tt con51sts of M staqeu, ecach with
a delaf ef"T/ﬁ “seconds to yield an overall delay of T
seconde. To be compatxlle with_ thelsiqnél qtoraqe, thé
sampler must operate at a rate of /T samples per secepd;
'éince'samplinq and_delay are both linear opcrations, the
fabeﬁe delav section ean be repreqented bv.éhe :eﬁuivaleht‘
‘structure shoﬁne#anigqre 3.2b. ‘This is a contlnuous Aelav T .

followed bv a qampler runnlnq at the rate'W/T samolos per

.second. The output From the 51nq1e delay section is

v, (t)- z V(nT/M —T)&(t --nT/M) - 3,15
ne-ow .- o ’
. ) whefe V(t)-lnput 31qna1 L o
i 51t)—un1t 1mpulse functlon

erom = e

By connectlnq N of these delav qect1ons in cascade and:
welqhtlng the output3o~ each, a transversal Fllter can be’
assemblcd as sﬁeﬁnl:in;fiqure, 3.3a;_As in the case of =
single delay sectlon, the fxlter can be rcprescnted asra
contlnuous tructure ‘with the output samoled at the rate “/TI[
.sannles per sccond.. ‘This equlvalent Fllter shown in ficure
3. 3b has the same output a¢ the actual sampled data ‘1lter.

- - N . - .
A (k)= z £ h V(nT/M -iT) 81t —nT/'1) . 3.8

--E; . izl n=-o




. Figure 3.2 Sa_mpled ba.t_a Dé.lay,Se'ction‘
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RS a f@/\-fﬁLEDDATA DELAY SECTION -

"%f

.o v(r) T 1 o
Vit . ){ T/M Thal + oo T/A/I__"_.____q,\/(t)_.

{

Delay T4 . ¢

B v,(ﬁ vrt r) 'Zvu =) 5(r—”T/M T)
S _ N=-co

= Zv(r T) c)(r ”T/M)
n=- .

b EQUIVALENT DELA}./" SECTION o

e -

- V(t) A}f V(.t_) S

T ey 7

‘ v,(r) ZV(t)éS(t-n/M)

Nn=-co

nf V(r-T/ 5(1“ "T/M)

o~
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SAMPLED DATA TRANSVEPSAL FILTE/?

: 1’,-!

N secnons

M stages:

- BQ

O

. m(r) - zn,,f v(r*:T) 5(r-”"f/mj

iz n=-oo

vt 7 7 e T

V(r)"f 5(1‘-”/M) ): i v(f-fT)

n'-OO

l=‘l n=-o00

=3 io ,\_/(tf:'T)_'cS(f-;nff/M) o wﬁ o

-F;-i,'guré. 3.3 N-Stage Sampled Dat;a"f‘ra;i'sv_efsd'l. Filter
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LI

A reprcsettatlon' of the vaveforms aqsdtihted“ with thc
samplcd dat; transvarsal F1lter 1s shown in ﬁiqurd'3.#.—it.. ‘.Lw
is: seen thqt the delay T'dctermlnes the frcaucncv scalindr.
oL énd‘petic€dcity of the trahsfer'functinﬁ thlc the numbét of .
: ‘. AT - . -
- stage’s -per delay scctlon (M) dcterhinés-théjposition%lof'thg
';.frequcncv translated basehand, spectra. ;‘ t[
Using hlcher leucs of ™. does ﬁot chanqe the bandw1dth
, treétrlctlons on thc 1nput signal. The snectrum of the Ellter
- tran;fer “function aé ;répeated.evcrv, 1/T 1nterval in the
fréquéndy domain..Thus inlthe' qeneral case the 1nput s;qnal
shgﬁid be'bandlimtted “to 5/21. The main advantagelln u51nd 

higher. values of .M is‘in sidnal reconstruction at thegoutﬁut'

as explained in the next section,

' 3,4 SIANAL RECONSTRUCTIOMN.

. The Sidnél Qutput ‘froh the :s;mpled'daté tran vcraal
filter, as described in the previous_seétién, is a series of"
weighted. im@ﬁlses sbacéd T/M seconds apart.‘This, impﬁlse

train represents thé sampléd output signal as determlned by f

.

. the ‘iﬁput signal ana . filter .coéff1c1ents. In the CCD

structure, the output can take dlfferent forms dependlng on

" the method‘_used fo sense the charge samples. The simmlest

method, butlined"ig sectioen 2;3;is the reverse biased diode..
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ﬁ_(r)' Fflfer Impu(ce F?osponse H(f)

Ny ;?.- : H' |

vl f) B Conn'nqc')ué Qutput "".\-/,'I'f)‘. '

Ao

,1

o - vy

[ .f’qtl’ :I U f

Figure 3.4 Sampled Data Filter Output Waveforms '
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L}
o

fhis produces a spike of current durinj'each-fclock period
whioh' approximates the outout' of an ldeal sampler...Thc'
_integral of‘the“current-ih eaohfsnike'is proportiooal to:the
”charqe trahsferrcd " from the‘ previous stage.:.However, this
me thod canhot be'used for sen51nq the intermcdiate.staqes-
,‘since all.of the charqe 1s removed from‘the cep during the -
“sampling opEratloh. - |
A’ more‘praotioal method is the floatlnq dlffu51on,
describod in section '2.3;.It.can belused as' a’ f1na1 cutout
'(w1th reset c1rcu1try)\.0r 1s 'an' 1ntormedlate outout Ih
elther case’ the 51qnal produced is’ a voltage pr0port1qnal to‘
" the stored charge sample, and xs held at a constant level
for the duratlon of the ¢1 clock pulse. By controllln% the -
"relatlye~w1dths of the,clock.pulses ¢1land @2 it is possible
'to‘tvary'the fraction of the 'clook period for which, the
: .siqhal_leuel is held. .. .
The 0peratlon:of holding the signal'at afconstant level
: oau- be expressed as &  convolution Of the ioealf'sample&
output sxgnal with. a pulse P;(t) as shown in flqure 3.5. Theﬂr .

output 51gnal S(t) can’ then be exnressed .as

-

s

where v (t)-output of - sampled data leter
Cpp (t)=1 , 0<t<T |
°, 0., for all other values of t

Substituting-thezoutputq voltagefofithe sampled fdata ﬁilter 

. . ' 7 .' ) . . - . . S - .
! . . . - . + » - : .
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~ g DECOMFOSITION OF PULSE TR4IN L
fp(r-%) B S fé(r %) }‘

Ly

3

euy,

\ ""71;1‘ 0 7M '
F?r(t ) 6(r—%:) dt

fmﬁ%f %4)

b FOUFPIER TI?A\/SFORM oF p,r(t) _'  e

-p_,,-(f) L /P(f)/.

gi::) ‘

/'—"\

- O'I',F 3/‘1' 2/1' I/r O (/r 2/1' 3/r 4/1‘

Lo

nr(t) o Tsmc(fT) exp(—ﬂTfT)
/P (f)/ /T sinc (fT)/

+ . Figure 3.5 Sample. and’ Hold Output -

. e C T R o .
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(equatgon 3.16) into (3.17) gives | ' 3 ‘

, s.(t:)=i=§1' E-LQ{V (nT/" -iT) §(t fnTI/MI)*p;r t) - \ .
e‘N' £ | PR WS )
o =i=1 'n--aohj \ (nT/M —lT)P (t -n'T'/H S . | | 3. 18 o

‘The freqhency'dpmain.representation of (3.18),dives;for ..

- the magnitude of thé outpux'sidnalg S e e

Asiheteny] WL
where sinckx}=[sin(ﬂx)]/ﬂx"

'Thue'the effect of the hoidinq cireuit is to Cause.the
1deal Fllter magnltude function‘to‘be multipiied by‘a'sinc.
'_functhn.-Thls_ls shown in flqure 3.6 for different Qaluee
of thé hoid tiﬁeu_The' sinc.ﬁunction suppresses ‘the_hiqter
.L.frequencf hafmpnics:'ef'the'inbut signal bhut alse tagses a -
cittain fqﬂ;off ie the baseband'*signei itself; Tﬁe ﬁalue:bﬁl"
ﬁ_can be'chesen.'to improve koth rolloff . and hiaher_ band
‘sﬁppression‘at tte expense of"mgfe'steges'per‘deley eectipn:
'as_Ehown in flqure 3. 7 ' ﬁ | ‘ |
N " The ideal method of 51gnal recohstfuétioh weuld be'the”

.-use of. a sinc pulse generator, in which each San pulse was“

weighted by an output sampie from the transversal Fllter.

- The result of ‘this technique would be perfect reconstruction

- of- the_. output 'Slgnal, prQVLded that the u;nput was
bandllmlted to one: half of the system ' sampling  frequency.

Thxs~resu1t comes from the sampling-theorem

™
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L

M- <§T “9T -

| T —ba:ebcmd rolloff at £ /mg f: equencg é-r

s max:mum gain of out-of-band componenfs

(assummg mput bcmdumlted to /QT)

:.;‘1

1,

M

.r
‘(c'.iB)‘ )

s
(ap).

. 6366

-3,922. )1

6366. [

123,922

9003

1 =0,912

.3001

Cci0aess |

09550

-0.401

. 1970

- =14.380

J-Jgsjsd

0,224

. 1392

|- -17.126

" .9836

E -0.1“1“ ) .

.1093 |

-19.228 °

1.9886 .

-0.899

. 0899

| -20.927 ",

~|e|w

. 9916

. =0.073

0763

 =22.352°

.9936

=0.,056

1 .0662.

-23.578

Stages per Delay Scction)

. - .

ot

ii?/(’fj,x--'
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. o --.x(t)=n§5mx(nT)sinc(t/T -n) : ,'H“"‘.J.ZOu

Thc’51nc Functlon 1s phy51callv unreallzablc but can be'
approxlmatcd by ‘a delaycd truncatcd version of the sinc.
wévefcrﬁ;"This approxlwatlon 'introduces.a delav' iu. the
reconstructed waveform and causes'scmefdQQree of_aﬁplitude
.distqrtion,c The latte:'”effcct éhoué 'uh as ricple'ih' thc
" frequency dqméiu rcprecentatioh of the siquai. |

.To.ﬁakc .use,of the sampled data, structure:availablc;
uthcs 51nc functlon approx1mat10n can be 1mphemented as a
sampled wavoform, 1ntr0duc1nn tranvlated baseband dlgnalslln
the output spectrum. uowever, the sampling ‘rcquency of the'

'L output sinc pulsc can bc hlcher than (1 e. spme multlLlc 0f)
the cloch frequencv of the “transversal filter so that the
translatcd. basebands are ﬁuch.farther' rcmqucd from the
deslred baseband'51qna1;‘ ;ﬁ - Ce t ; | .

The .crcblem ‘of- signcl' reconstruction can aisS 'bc
ccnsideced .ép the ffcquéncy. domain in terms of ioucaSS
filter design. What ic rcquired“ié 5 lcunass .fil;ér which
casseé only the basebaud diqgnal 'énd uttenugtcs' ali higher
fréquencyucépds cf,ché ouﬁput éignal. It’is‘nece§ary then to
;caScéde‘ancthcr samole& data'transversal ﬁdltec as a fiﬁal
stage " to the prevlously deflned filter. ThlS final staqe can
be an Optlmlzed lowpass design with clocklnq .frcquency-at.
_sche nultlple (K) of the previous'e;cctions (i.e;l KM/T).

Purthermore a sample and hold circuit can be implerented ét,'

'
I
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the ' output ‘so that the  higher order Ereeucncieq are

'attenuated as dlscusst prev1ouq1v "The overall effect of - L,

thlS flnal lewnass filter Qtaqe w1th sample and hold output

is 1llustrated in flﬂure 3.8,

1

ﬁf the '1nput signal ;s bandlimited ho 1/2T, then.the

- baseband rolloff End'hiqhe} nd suppressxnn canh be found

, 3

'Erom the table ;n'fiquret3;7

the product KM. _A‘lafde.amou t of ”flexibility is available‘

in choosing the values of K and<M.to‘suit particular desian

requirements.

L]
. . . L0 \ .
: N . : K
- . il T
. . e
. R . . o
A . ! .
- L e s
- e .l - . . N .
L . 14 B P w 2 .o . A e .
.‘4 D _. 7. . ‘.. v A
T < T B .
. ) - - s S
’ P Ve - R ‘. .
4 . . o N - - :
.... - \ . .
ool . > ~ “ - o
. o - e . P . B
- I Y . .
" .u ' - 0 Ve v . .l“‘ . -‘
. . - - cot
e . .’ .
' . . " . .
A o e ’
. . v T .
. . .
t
L ' .
L.
. - N '
. & -
Al L}

2y replac;nn the value M w1th_
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Filter  MIf) - L8 Igiter. L |ult) X st

i
I

Coul

. : | i S
L reme= Ty e e ff e =
AL 2 L £ Mr kMg

' Figure 3.8 Effect of .a Lowpass f‘iltef dﬁtput Staqe
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" HOM IDFAL CHARAE TIRANSF‘ER

- 4.1 RENERAL . \\& i
.The performance . of charge .coupled devices as‘saﬂﬁicd

daté delay "lines is‘limitcd bv“thé effocts -of chanqc'loss

T

and inéomﬁlcte ttansfer[18,19,2ﬂ]. The iﬁferstage.trahsﬁé?:f
iﬁ the - devicéé cah. be bctfer":hani 99.ﬂ5$ 'éffibicnt such

. thé£ ﬁhe. smalllfractiqn of chach lost-,sz'left:.béﬂind is
barely dgtpctable. However, the\effécié of charqe loss and :

incomplete - transfer are cuﬁhlgtivo' ‘over ali '5staqes,f
resulfinq in siqﬁificantjamplitude'éﬁd'phase distortion over
a la;qé nﬁﬁbef of lfransfefs.' Theée éfféctsl must ,beig
considered in f;ltér desigq; éspéciaily iFlthé prqPoscd
filter has a iarqev number ,erldqlay"staées. It"ma? .bql .
necessary to offsct the 'effébﬁs of non4idéal'traﬁsferf bv.L

modifving the values-of thé tap weights.

.

f . .
- . 1 - , ', . . . .
R + * . . : . .- s .
. T ' . . . . g .
. . . B R
.

#.2 CHARGE LOSS

‘.*:, E B
. s | .;
. . . ‘ ] . . ‘ "__.I- . ‘. . ‘ ) I‘ - .A..
The simplest effect which -contributes to - non-ideal - .. "f”

‘opcration of the CCD is charge loss durina transfer (i.e.
' fsggﬁquhletgly‘ffém the shrface éﬁd _noﬁ'left behind on the
bfevious'stage). Thi8 effect 'can be characterized by the .

2"
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I ) » .". . ' ' ' . . . ‘ y . . T )
total charge lost .during transfer - overf one ‘staqe of the

. vdevice.

T - charge lost‘frcm]ith‘stace. T

;initial charge in ith staae

. The amount of charge in any ‘qiveh' staqe will ® he
detcrmineg by the fraction of charqe transferred fromcthe"

ol

previous stage..

| N éi(an%(.',"fY?qi;l(tn-1>T)' 42

If the iﬁput is such rthatf the cherqe samnles 'are
- Droportlonal to the inhut'veltaqe, then the voltace ofrthe
1th cutput can‘be expresscd as. o )
: . f! | o R o
v, (aT) = (1Y) vin-0)T) L 4.3
‘Prom this equétiOn' the net effect of'charge'ficss is a
frequency 1ndependent attenuatlon along .the.GCD'deiay line.
. In fllter 1mnlcmentat10n this can' be - compenseted-for by. -
adjustlng the qaln of- each coefflclent' to make ﬁn' for-the'
:51qnal attenuat1on at each p01nt alona the dev;ee. Normally
ICCD s.do not‘show 'charge'loss; as descrlbed above, since
this effeCt is .masked‘Ab§ the* more dominant. effect of
"incomplete charge_ transfer. However,-cne'case ‘where simnlejd'
- charge loss has eken made domlnant is the sen51nq dlffu510n—'
output w1th reset, shown in flgure 2.5b, Here the dlffu51on.‘

is‘ reset to - a constant voltaqe 1eVel after cach sensing-
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o _ - : _ . eder

'opération so that -any charqge left behind is romovcd bcgbfc

it can influence the next charge samnle to be sensed.
I(‘ ' . ' . X B .

4.3 INCOMPLETE CHARGL TRANSFER’

-The -dominaﬁt‘ prbbleh  in‘CCDr oneratibn ié that ‘of;
'1ﬁcomplcte charqe transfer. In this case a fixnd éractlon oF ‘
- the charqc samnlo is lth behlnd affer each transFer whcre

it affcpts' suhseauent charge - samples., Thls -effcct can bc

. - »
characterized b the transfer inefficienc
; : 4 by - \ Y

amdqnfjof chargn loft behind on ith stage

e= - . — ' — . EI.IF

initial amount of charae on ith'staqé

‘The amount of charge at any'qiveﬁ stage of the device
_will'then be dcterminéa bv the fraction (1-€) transferred

from the previous staqc-pius the fracﬁion (8) - left bgﬁigg_;_

| —
from tho prev1ous transfcrr
qi(n'I'.)=(1-.€)q'i_1-((h-.‘l_)'.l');erq..i('(7.1_—1). ) . s
Taking the thrarsﬁorm of thi$ e§uétién
'Q}(?)=(1;e)z'1gi_r(z)+e;'loiéz) '-_.. fr. ‘ :u.s
T :l Then_so%vihq'fér Qi(?) _ | |
‘ (Tf'ei_l Lo (2) W.7
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. nnssuminqlﬁhaﬁ’ﬁhc étprééﬁégar&e' is probqrtionai toztﬁéw

' inpht.voltaqe}uV(z),,then the.ith ouﬁnﬁt cén bé;expresséd‘as

I o e LA . R
(A (z)?w z V_(‘z) | 4.8

Thé traﬁsfer function for the ‘output of a simple CCD
‘ delay llne w1th k. stagea is then

k _k

BRI Y I

ll—e z- L

.VkM)'=
V(Z)

Thlg is known as the modulatlonltransfer function (MTP)_
of the CCD. In -the 1deal case €=0 and ‘the MTF is z°% (i.e. a}
lpufeidqlay‘ of kT seconds). _The of fect of. € on the_.MTF 1s¥
shéﬁh-inlfiqure-u.i.:Thé transfer inefficiency is shown to
.affect both the ﬁaénituaeiiand the phase of thé. dciayed:
s%gnal; Porhsma;lA vélueé df.e'as.ére characterlstlc of the
IIQCD; the MTF of‘aﬁ n-étaqé cCh is a functlon of the product,p

‘ne.,

If thlS aevice: is used as‘ an -staqge transversal

-fllter, then the output can be expressed as o B L
BJ 1-€ - "-i T

ot (?)— q—g*—r— z- V(z) o | 4.10

&
— P

_ The transfér functlon of thls.ﬁon—ideél'filter can then
be expressed in terms of mOdlflEd Ellter cneff1c1ents as ;

i .

N H (z)= E ‘hy, . S l:";{F _:'”

i

C o L 1=‘ 1-€°
where h;'s (TETI'

It is possible to compensate for Ehé-diSPEréion,due to
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'.tranéfcr" inefficiendy i by * altering  the - filter‘
'cocffiqient§[21]. .Expahding (H.]”) for thq. case of .an

infinite number of cocfficients gives

n | i-1 ‘ i=1 m 1.m1 =1 . -
H'(z)==< T h, ~-ay’ _ .
,'fz i [nugl'm rn.ejg ey’ P 4oz

Equating the' . terms ‘in the square  brackets - to . the '
7desiréd coefficient values qives ..

eMi-e™™

. lia
hi-iglh_ o |
e i

i L 4.13.
{1=e) 1

This is  an iterative formula .for  determining: the
 cofrec£ed coeffiéients necessary to ‘Trealizé “tﬁe fdésifed
s filter transfef_funCtioh. It generates an infinitec  number of -

.'éoefficienfs,'which-éan be truncated after approximaﬁeiyfthe :

- same number of terms as the al.filter desion, since
the remainingltermsxaré very.smali.
The usefulness of ‘this compensation- technique ' is'’

-~ limited by the abéh;aéy :ﬁnd consistency wit

which the
‘transfcr l:in.ef.fic'ienq; € can be predi.c'ted. Ne 'iatiqn‘s 'f-rom'.-“' ‘
the prediqﬁéd‘valué 'will‘lead to‘erfb¥é"ih the-chDcnsatéd '
,-filter'transfer= function. Tﬁé :éensitivityroﬁ "H(zy to "the“

) tranéferwinefficiéncy e éan be'galculated f;om:

H! (Z) ~ z',ljl-_-1 e N g
[ = — — . T i( - ) hi_Z'l-'
e .  (1-e)(1-ez ) H'(z) =L | 1-ez
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ez N PN | .
SN e piRyt ozl T
(2 i=1 = S

ThlS functlon is dcpendent on _ the part1cul1&flltcr
deslgn be:l.ng | 1mplemented The factor :Lh‘. in the summatlon'
suggests that thg sens:.,tlvltv w1ll 1nc:‘:ease' with an increase;
iﬁ the ._ number o‘f.d'elay,‘ sfaggs. : |
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4 o CCD T}?ANSVERSAL FILTER (EXTERNAL WEIGHTING)

's.ifGENEéAL o o
l A dlrect methoi 6? conSfrucfing ai ééb. transvéréé}
_fiiter is to prov1de an output at every ch staqe of the
.dev1ce. The 51qna1s from these outpﬁts can. then ‘he wclqhted‘
and summed_’approprlately to produce the required transfer:‘
-:  fﬁngtiqn;“ln,thls first methol of fllter 1mnlom9ntat10n to
.jbe mgréscntdd; a '3?—staqe CCD with an external output
availéble at each'stage‘ {i.c. Méﬂ V'was used. : Thc'outputs

were prov1dod using - thc vol*aae snnsxn« technlque Pxﬂ]alned

f
]

in section 2.3 and 111ustrated in flgu:e 2.5b. - The device -
was enclosed in a ﬂo—pln package to providq external. pins to
each Bf’éﬁe;32.CCD outputs.
5.2 ETTERNAL SUMMING NETWORK 4
The external summing network used to implement the
'transversal fllter coefflclents is shown in figgré"5;1t It
: con51sts of a re91st1ve welghtlng network' two"bp amp
-summers, and an. op. amp dlfference ampllfler. The fesis;drS'”3

o Rl to R32 are . all ‘source re51stors for the MOS source

fOlldwérs. which are 1ntegrated on the CCD qhip. The- two-”

s




-Lﬂ ;__;;_;__;J T

. AF‘j'.éJu're 5.1, External summing Network
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-,ummlnq ampllflers -ensure that alll bF.tﬁc above resiétoré
;are terminated at a virtual qrounﬁ In"thié wayfthe‘Cerent
Erom each ‘tap is 1nvcrsely prorortional: to thc c+mb1ned
: rc51§tance'of the source r051stor and the output impedance’
~of the MOSgtrapsistor..One op amp suﬁmer 1s-ﬁroyided‘thr;the
positivé‘ ctefficients'ana rthe. othor is for .summiﬁq'rthef
: neqatlvc cocff1c1ents. The. thlrd op amp 1is connccted in'a
dxffcrencc ampllFler conflquratlon to prosiuce thc dlfferﬁnce
'between.the sum of the p951t1ve coeff1c1ont9 and the sum of..
'the‘nedatiﬁe tébffiqients aé;well as to provide. any flnal-
‘qaln requ1red | | | o
A samplc and hold amnllfler can be addcd to the circuit
. to aid in fllterlng the'srgnal Howcver, the cffect nf the
samplé anar hold. amplifier can be closely.abnroxlmatcd by"
tus;ng assvmmgtrlcal dr1v1ng clocks such that the Wldth of @1
iSW-mucp.grcaterr ‘than the width of @2. This effect. was
illuStrated'in fiquré-3fi. o ‘ |
" The . range éf, coefficient-values- possiblet’with tﬁe
rcslstlve network is 11m1ted by a nunber of Factors.'firrt;.
the mlnlmum re51stance DOSSlble is determlncd by the amount ;
of nonllnearlty tolerable from the . MOS source _follOweré{'
_hlso the current through the ‘transistors must be limited to
a safc value to prevent OVbrheatlnq;' In low frenuéﬁcyl
tappllcatlons the‘m1n1mum current whlch the op amp can detect
will llmlt the max1mun res1stance 'useﬂ ‘in the- eummlnn'

-

?network: h h1qher frequoncy aonllcat;ons éhe resistance



" _integrated onto the cch chip.

"of from 1K to SQOK.

values will be limitcd‘byithe' RC time_constﬁﬁt of .the CCD

output. If R is too larqe in this case. it will c&use
, L] : . . . [ ’

-

‘unwan ted rolloff of the filtc%od signal. " Further

restrictions, hasad on power . dissipation’ and arca.

as

limitations would be: in effact if the Tresistances :were

¥

thirty-two potentiometers. to achieve a range . in resistance

|

boe
-

5.3 RESULTS

%

.The fi:ét design -to beo impleﬁcntcd was a 2ﬂ—tdp linear-

]

phase lowpass, fiIter,_téken from the pﬁblishéd wdrk' bv

McClellan et‘.al [22}. It.is‘an” optimizeﬁ desian ‘with low

passband'fipplé and a minimum stopband attenuation. of. 38dB.
The cocffiéients were adjusted individually by: monitoring .
‘the output siqna11 amplitude of each tap ~with a. conStant

_amplitude sinusoidal signal at the ihput.'Thc‘dotentiONetérs'

were set in cach -case to produce the proper tap fgain as

determined by the filter design, This method = of tap

adjustment includes . the output _impeﬂance' of  the. MOS

transistors. It also partially. compensates for. the cffects

of.traﬁsfer inefficiency in that the attenuation ‘alona the

line is accounted for in settina the tap gains. There is,

- #
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The resistive network used in this vork consisted of-

¢
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"howevor, no compcnsation for the phase dlstnrtion 1ntroducod_

Hand thiq Willfaffect the filter perfo mance to. some denree.”

The output resnonse of this lowpass filter is shown in

-

fiqure 5.2. The measurcd. response is seen_to- be in good

agreement with the idcal response cufve. The‘exnerimental-

results show a ‘somewhat better attenuation in  the etdpbaﬁd

" as »the frequency approaches “the foldinq frequency. Tﬁis'

effect is ~however due  to the _sample ‘and hold\boutput,
reseitinq in'.e sinc function rolloff in ' the Ercauency..
domain}.Port this.filter with ene‘staqe per .deiay'seetion,_:
thet seﬁpie and = hold outpet qiﬁes'_eh attenuatiFnat the
fei&ihq fregency of aeout UdB':es . found oh'.t;e‘tabie iih
figure 3.7. a | |

A 32 tap bandpass filtcr[22] has'been ;ihpiemented in,

" the same way as described above, The filter was,desianed to

divc,an .attquation in the stopband of 56dB. . The desianed

{
i

output chafacteristic along with ‘a numher of -measuged

;responsvs are shown in fiqure 5 3. ‘Each curve in the fiagure

" was obtained after readjustinc' all of the‘potehtiemeters,

attempting to get coeffiCient qains as accurate ‘as possible.

The measured‘ curves all shew excellent aqreement WIth thc“

_-theoretieal curve 4n the passhand regiqn, but jev1ate' o
: o f - - SRR . e
-noticably in théi:géi;band. This aqrees.with the results of

section .3.2, that the transversal filter sensitivity is

.gteetest in the stopband region.

The accuracy oOf the coefficients implemented with the
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external weiqhtinq me thod was determined tho accuracy'of
the callbratlon 1nstruments and the resolutlon dvg&iéblc
ftom the potentlometors. The coeff1c1ent error is hest

repte entcd by thc. fxrst model discussed 1n_soction 3.2
(equation 3.7); From ‘(3.13[” the .tole:;hce tehuired' to
achieve '38dB'ettenuation ‘in'ihe‘ stopbahdl'of the lowpass

filter design is calculated to he‘usﬁf

filter .with. a stopband attenuation of

calculatlon shows a tolerance requ1rement

'experlmental setup used 'thc coeff1c1ent‘ accuracy Wwas

estimated ‘to be about 1%, From the - above ¢alculations this

Y. ‘

iS‘_sufficientLy atcuratc to meet  the '1owpéss filter’

. - ' - . - / -ta
specifications, . but not: to mcet " those of the bardpass

s

filter. The measuraed results_rof_fiqures 5.2 and ‘SQB_show

a reement‘with the Ve redictions based oh the -sih'le'

g aﬁa predig P

un1formlv dlstrlbuted error model of sectlon 3 2.
L

.”’K;ﬁMTP mannltu e measurement was made on the last’ stage

of the ceo t6 determine the transfer eff1c1ency of the

device. The results are . shown in Exqurn 5.4. The-device gain .-

a.

at the foldlng frequency was .92,' lndlcatlnn a transfer

'eff1c1ency of 9995 (from. flqure u 1.

-

‘rThe harmonlc dlstortion 1ntroduced by 'tho.-voLtaqe.'
senSLng CCD was examlned uSLng a spectrum analyzer. Figure

S 5 shows the spectral content of the out tvsiqnal‘from the |

last tap of the CCD for three dif ferept input levels; In

each ‘case the output has been normallzed to show 0 dB at the

‘.} .
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L, input Level's'
—.33volts rms
:'—.I—O- . —=-=.56volts .rm‘s'. '
' ' - 75volts rms
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fuudumontal froquoncy oftthe siqnal (2:h5_ ﬁH25.'With the
- input icvoL at 0. 33 volts rms. the harmonics are. all more
tﬁan‘ 60 dB - b010w tho fundamental Increasinag ' the .input
f51qnal iévcl"to_ .75 wvolts rms. .causecs qrcntot siqnal
dlstortlon S0 . that the harmonlc aro only about 47 4B below |
the 'mognltude of tho fundamontal aS'sh0wn. ‘In any ,givon,i
application the maxlmum input lovcl will be ,detofmined-b¢‘
‘the amount of harmonic distortinen tolerahlo. o
quuro 5.5 talso shows how the output snoctrum of the
CCD 1s rthooted.about'tuo -foldinq Froquency (O.SE'i} fhe
roflected harmonlc and fundamontal componentﬂ are seen to be’
1ncroas1nqu attouuatod from tho haseband levels because of'.
,tho. sanplo and hold outnput .as dlSCUS"cd in sectlon 3.4,
' Thére is.:o 51nn1F1cant output comoonont 'at thc clodk
froquency (£ “1” KH>Z, ) ThlS can be cllmlnatod by maklnq the
.hold® tlmo‘ of tho output ewactlv oqual to. tho‘”clock per;od'
T =1/f ). In.thc case shown, the output was hoId‘onlv Fot'
the duratlon of @1, whioh was_BOS‘of,the olock per}od.

The min1mum detectahle inoutf Sional to the ‘CCD is
lnnlted by the n01se lcvnl oF.the.devico | The output noisé
level. oi the 32-tap bandbass filter 1s shown in fioure 5.6.
‘Thls is a skctth of thc output spectrum obtaln!ﬁ wlta-onlv
the dc offsct. lovel apollcd to tho 1nput The qraph ‘has hecen-
normallzed so that n de represcntv the maqnltudn of the
flltercd 51qna1 wzth the 1nnut 51qna1 in thc nasshand at an

‘eampLitudc: 5% .?3'volts rms. Tho results show. that the'

> _-‘h
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dvnamic_rénqe available from this filter is 70 dR, ‘under the
'abovn conditiohs. "If qreater harmonic ‘distortibn is
tolerable fnr a qlven appllcatlon thcn the dvnnm:c ranac .can

be incrcased'accordlngly.

The output noise spectrum has the same shape as the
-oﬂtpdt'responso-bf- the bandpéss-Filfcr; This suggests that;

" the major source of noise was 1ntrodncod .at the device

input, since the noise spectrum is beina flltered in- the
this noise 'was through the qground connection ‘to the input
source-diffuéion of the CCD.

The output comnonent at the'clockfFrcnuhncy;_ shown' in

'fiquré 5.5 for the CCD oukhut, has bcen éupﬁrcséedj

conSderablv in the filter outnut, qhown 1n flqure J¢6 This.

. will always be- the casc Eor filter d051qns whlch do not pass

dc;-51nce the clocP frequency lleqlln thc stopband reclon of

all.such-ﬁ;lters;

. X d

. e . [l
,i ]

o . <

- same manner as an input signal. The most likelv 'oriqin-oF



" PAGE 67

CCD TRANSVERSAL FILTER (SPLIT ELECTRODE WEIGHTINC)

6.1 GENERAL,

" The splxt electrode'-'technique is . a method .;ef.
1mp1ement1nq fllter de31qn WLth flxed coefF1c1ent valuee. ;t;.
was 1ntroduced bv D.R. Colllns et‘al[23] 951nq a three-phase
;CCD The' tfansfer function of the.filtef‘is determined.on

Chlp by - the p051tlon of gaps in the’ CCD clectrodes.

6;2.6PERATIOH

The Spllt electrode strecture ls shown schematlcally in..
'figure 6 1 For 51mp11c1ty,.only the storage electrodes are.
'shown in- the flqure. The @1 phase‘is’used for the sensxhg
- Operatxon. Since'’ the storaqe elcctrode, oxlde, .and.silicon
‘Surface lform d, parallef plate eapac1tor, the{-aﬁount,"of'
cherée oh the eleetqode_ ie prohestional‘:to‘the laﬁount ef
‘.charge ‘('epresentlnq "'e. qidnal sample) stored: in * the
substrate below. If the electrodc 15 %Dllt, then a welghted
IValuc of the_ 51gnal charqc proportlonal to thc_ area'
t”part;tlozed by the. gab p051t10n is obtainea.'éﬁ‘findinq the

‘dszerence in charge on each. side oF the gap, it is possible

to also have negatlvcly wezghted coeff1c1ent5.'1f the lthj
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electrode is split at a cositioh'w along its width, then the.
value of the ith coefficidnt will be proportional to the,

I

fraction of the -e 1nctpodo ardé-Frcm 0 to rw, minus ‘thc

- tfractlon of thc areca from W to w as Jhown in quure 6 1

IR o. that the bul? of the current £ low occurs only for a bery
' s

‘wherciﬁ=chénnel width

—_— }:i-?wi‘/li'l |
l‘Thuc thc vaers";of'hi-caﬁ ranqc‘.frcm'f1'tc +1 ‘as the
'.valuc'.lo.f“lgi réﬁges ‘frpm O'toll.'h’gag“in the middle;of thc
eléétrcde reﬁresents:d.-cocff1c1ent valne of LE The storaqe
.electrqdés of/“thé ¢1 phase are tied to two common llnec
_ﬂ1(+ve) and ¢1(-ve) -Tﬁeqe two bccts dre -oohnccted to a
:dlfferentlal curront mnter/lntecrator }to,‘deteﬂﬁine thc
'dl‘ference in charqe flow1nq lnto t'hL two #1 clocP liﬁes”and
.produce:- thc recu1rcd flltercd sinnal. o . |

_Thc‘ advantaqe;of thlS technique i3 that ail of' thc

welqhtlnq '.aﬁd:-most , ofﬂt the summinql OncratiOns care
' convenlontlv perforncd on thc CCD chin. Ali that'is renuired'
externally is a 51nqlgr 1nteqrat0r-dlffcrencc ?mpleler 0
prdduce the requirea outnut Howevcr,t therc are ‘few
‘practlcal methods whlch can bc used to measure and 1nteqratd
the current flow1nq in thaq .CCD clock llnes. Charqe transfer
'occurs onlv durlng thc fall tlnc of the driving clock pulsesﬂ

|l

short durat;on. (a ufew , nanoseconds) Furthermore ~the
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maani tude, of this'curfent;is'vnrv -SHﬁll.éd that an ﬂéchrate'
JanﬂTaflOn and differoencinag nprJFlor wonlﬂ he leFlcult.to
.lmplomnnt. Ono mr\tlﬂn'1 ‘whlch has . heen uqoﬂf?W ”H} is the
-follow1nq. rr‘wo 1dnnflcal dr1v1nq c;bac1torq are ronnccted to.
¢1(+vp) and’ 241 (~-ve) and nrecharnoﬂ to nqual lavels.. After.
.the rnarno transfer haq hoen ;onplotnd rho difference .in the"
£wo canacitor voltanes is prnportlonal to the dlfference in

harnﬂ on the two 91ﬂpq nFf fhn @1 qtornqn electrodes.: M. hlﬂh.
inpnt.%rpednnce dlﬁferencn amn]wclnr is v&hen reaulreﬂ'.tél
nroduée"thé voltaaé di%Ferencn reprnsentlnc the filtered
 outp1t qlnnal ' | | | |
‘_The ﬂev1coq PmPlOVPd in  this - study nsed. A ~¥imiiaf_:

\ Lt ‘ ' ) : ' '
rethod, -Floatlnn nnto qcnslnn[?R], o prnﬂuce a voltace

CUanqe on the qtoranp electrode prcportlnnai to ‘tre éﬁarﬁe'
trahsferred to that, staac, Since all oﬁ the ¢1 storaae
nlorrrodoq dre.cohhnqtéd t0 thE £w0;conmnn_liﬁcs‘ﬂ1(+ve)'and
‘¢1(—ve), the"dontribwtinn of all oﬁfthe'eiectrodés can.be
'sumqu 'simuitanqously -by" usina ‘,thnsc | 1lnes.".This‘
¢imblenoﬁtation is shﬁwnuin fiﬁﬁre f.2a. -The channe in outht
' v6Itéqe ﬂnc: to aﬁvlonc:of ;tﬁg ﬁﬁlit*éleétrnde staces will
denend partxallv on thp loaﬂlnn. due £é the ot;qf.eléctfodes
pluq anv other aqqorlated caﬂac1tancps. Thlq "1oadina must he
examined care ullv Lo dptermlnn 1tq pFFocté on the Lalueq_oé'
the-filtér? coq‘ﬁic@ents. The . apac1tanceq assoc;ateﬁ w;th

the ¢1(+ve) side of the sto:aqe;elﬂctrodns _are shown in .

fiaqure G;Zba 7 . . o
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_f Inltlally, only the chargc flowlng in the'ith'stage,is.
considcrcd fin order to. d“termlne its 'influence oﬁ Uthe
output, baqoﬂ on the 1oad1ng from thetother =1 staqes end
fi the' load capacxtance..mhls ie- a llnear model with- the
depletlon capaCLtance re}reqeﬁted by . 1ts average valuc..

T When a charge k., q is transferred ‘under the ¢1(+vc)
side of the storage eleet;ode~1t 'causes a voltage ehanqe,at-

the surface

e AV:-}:..q.‘./C.;-i' - R "-6.‘2
B 1 +c+)k?
. where = - +k C ; '
- T CE+CL+kC ‘d K

e
' —total capacxtancc sean by charqe P 9

Cq° N
+
Cg = d ¢ K,
c _+c, i=l
~ox  d _ ] _
=total capacitance of g1(+ve) electrodes
C C .
i d
4 Ce =Cr =k, X -
‘Ei E.:‘ 1'c‘+c
ox ~d

—loadlng capac1tance .on ith stage from
rcmam:.ng (N-17 -electrodes

' Cox—oxlde capa01tance of one stOraqe electrodc .
v . of area-WL

Cq —depletlon capac1tance of one storage

K electrodc . R o
R :\ » . S
| .CL =load capac1tance : K - , o
| . .
| , Lo . N
. k =w, /W T : L
.-f}actlon of lth ¢1 storage electrode connected
to ¢1(+ve) ' g - :
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The resulting voltaqc changc on thc storéqe dicctfode:
~is oktained bf, consmderlng the - voltaqc d1v1510n 'on 'the'.

. , _
circiit capacitances

P - + . .‘ o ‘ ‘
1/{(C. +C AV : :
AVt = ./_( E3 L) - : kiqicox i 6 3
1 -+ + s + ot B o IR
.substituting'for CE{
Wo. k.q.C% ' o A
‘ . 4+ i . . . .
ot ) Vi = - 1‘ 1_OX ‘/ ) ) . ) 6.“ ]

+ + .
(e g 4ef ) (C o)

The‘same'analysis applies'fd ¢11-§e)}'exéént that ki is
.replaced hy 1%k{)' and”CE aml‘CE ‘are replaced . by. Cg .and' '
' cl,' This ylelgs
- .(P-ki)qécox- o Lo

By = - _ . -
| (Cq +¢[ ) (Cy*Cq) |

The butput'llobtained from the."yoltage difference

81 (+ve) -@1( -ve) is then

: c I k. Joekpag) e
V0= ox 1:l+. 1 1+ _ 1" - |:6.6
Cox®Ca (CE-+CL') (Cp+Cp )

since hi=2k.-i,. the’ corréct Itrahsfer. %unctiop__iS'

_obtained Oniy when (C+ +C+')-(C +C ). .The ~ two, load

L
:-capac1tances C and CL will nerally be equal'ifasimilar

| output “OGT s are uqed on each 51de. However, the electrode.
* Note. The dynamlc range of thls output will be limited by

the non-linearity of Cyq and Cg Vo .can be llnearlzed
by making CL the domznant capac1tance.'




) .n . . L/ - .a' Ll N N . N ] . »
, . ""/ ®fF filters £ ‘-le']0= 2 hf‘-ﬂdsn that
K i=1 i=1 . '
Lo g . - w r ‘ ! ’
' . * I’
. : B (‘ox("d . ' - , 2 #ﬂl
“ . (‘IL = .=—" ; - - . . . ) - Vad ¢ A7 -
- ) ‘,) r~ + . . . . . B
' ' OX+C(| - ' }
L ', mhua the loadina on cdach sile of the B1 electrodes will
4“‘ ‘. * "‘ 1 . . ’ . ) ’ . ' .
. be caual and the “ilter transfer function can be implementer’
L " N \ 3 . . ‘.‘ . ‘ F]

R directliv, Tor Filters that . pass: de (1.0, lowﬁnﬁs;filtcr)-iﬁ

o~ . . . . . . ¢ ' ’ . .
e #3ill be nacessarv o readjust the k.. values or plsx add .

. * . J : . ' T -, . I T
*  extra capacitance to one of the two CngEuntll the: terms
L P . o . .. '\ ) ,
‘(ﬁ+ +C.” ) .and U‘*.+P ") are raual ’ o
E oL At e Lo R E :
A SR ¢ e
.. " L I [l . . \ \ \ . E . )
a - o
. Sl g .
N . .| - . . . .. ” -
R, erenLes o ' -
"y, ) R , e
. . .
’ . %7 [ . . .
L e ' i . .
. .- ‘ .‘.r . L . N . ) . R
:2? - The split alectrode techniaque - - with flnatann.‘natp‘
A . 3 . . . . .
v snnsiﬂﬂ vas nsed “to implement a’ 2u4-tap lawpass. €ilter [22],

." ) . _“, . _ . . ' . . -.. - . ) L
LR ‘the same desiaon  used.with the external weiahtipo method
T . * S Cot . o : . . ' .
" ?;' X Asgeribed  in section | 5.30 The output rasronse Ffor this .,
1 . . N N al . - ¢ . . . P
p . - R ‘ 4 - - - - o :
Ma €ilter is <shown-in Ffieoure A.73. The‘hpasnred results -show .-
¢ " eicnllnqt aarcemant with | the calculated response 1in the .
ke ' SR - ' * . . N T . Y . .

N . -fpasshnna‘ tegion with sore Ai€ferences  showine  nap In the

L]

.Kf . : o o ;. r: |
o R . COPACE TH
. v ) . .'r' . .

‘ < i - ' ' . , . . Co
capacitances Op ‘and € are not nocessarily identical since

- their  values depend on the coefficients of the . -lesianer!
“ilter. A spncini nasn“@risﬂklfor anv fFilter '"{w) sich that:
K : ’ - . . - . .. R . . . * '
'H(WH ‘O =n (i.e. . bandpacs filter, hiah pass filter,
W= ) R - - ' .

. . - N w N . ‘.
diffeventiator, Hilhert transformer, cte.). For. this class

. *a. ' . .
Paie "_‘ : Co R » .
T T D S : .
e L] . L
- LI ‘ v iy » ¢ -
A ‘ X . -‘, . ) ) ‘. . .\
> . . LY
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gtophand. This particenlar filter vas desianed for  use with'

_the current sensina  techniaue and vas not onptimized in any

way- for the floatina cate  sensind, #150 since it was. a

-

‘ . ‘

. mlectrodes was  not ccinl and had  to  be compensated,

PACE 77

.lowpass desian, the  loadina on each side of “the @1 storaae

eyternally by applyina more sain to -thé_¢1(+vn) aifle 0f the:

.

output, Pnrthcrmnre the cneFFicienté vere not modifie? in

* any wav to rnmpenqaro for rhp tranvfor inefficiencv of the

dovice. Tt in"thnn rerv o ‘f:rnlr o conment .on  the

+

. practical limits impose? b “this tecbniqu?.'fhc " results

' encouraaind. Tt is  contermplates that a ek nrore Aifficult

)filtcrs, athﬁr rhnn As a: nlnnlo Fransverqal F1lter. This is "

6.4 CASCADT!R SECTIONS

obtained ~ for “the  2"-tap lowmass filter were  very

: “r ,
+ . 0 . . .

filter desian conld  he @irplemented by takine © the' above

I .

factors into acaount. T . T .

:

L

1t ire known from thn resultq' oF ﬂlﬁltJl l‘llter wnrk

thﬁf a ﬂivcn filter d051nn. 1: 1eeq qenqlt1VP tc conF1c1ont'

.

errors when 1mp]omnntod ‘ag a series of cascaﬂnd-lower ordor

.

diréctlv_,annllrahle +o - cen -f;ltern..-lf a 11nnlo ‘11ter'

L]

'ﬁPrnrturo is llﬁ ed © to sone valné‘of stophand attenua:ion
(> de)-‘due to confflrlonr 1narcurac1pq then a filter

» .
implemented Wil th r - qootlnnq vhonld }n ahln ‘to a;hleve

R . . Y




speciications. R

ntophahﬂ attonuatfion o€ mx dn. The number  of confficients
[ . . . ) ' .
rnnu1r0ﬂ in nnv ono staan unll }o detearmined v the passhan?

rippln and rnlloFf -renu1rnmnntq ««* t'.v owverall filter

.
)

-

It would -thon he verv useful to he able to cascade

bl

filter sectiqns, dtrorflv without. th&l grn"nF 'cxtérnnl'

*

5amplifinrs‘hetwdcn: staces. THO 9“11t nlectrode ﬁnthnd with

floatino aate sensinea prndnr a5 two outpur levels whosv

Aiffareoncne  represents hhn Jdpgired.  filtere! siaonal.,  TF
Jranl circuitry is to be elirinated %nhwcen scctions then
an analoo snubtractor "uqt he 1Hnlomnnroﬂ nhlvb is conpatl‘]n

L s ®
with the COD structnre. A simple method of findina the

differéﬁ:n_siqnal at  =he inpuk of tho nent Filter stace is

shown in ficrure. f.4. Tt° is nssehhiallv “he same as the

poterdial. eqiilibriur. methods ﬂ: rnrqnd- in section. "2,

sexenpt that Firét aate hl‘ln Pnnnontoﬁ to ¢1(—"P)‘ and_the,

qonnnd nare dg. is connnrtnn ey ¢1(+vn) “otn'_tﬁat_iF thesc'

»

‘twq ;nnuts are pqtal f“nn charae is = t111 1n10rto? into\thC‘

- -

SV . B ~PneE 77

[N

I

E

first staqe, ﬂnpending'ion- ‘the 1ifference.  in tﬁ:ifﬁg;ﬁéﬂ’_‘ﬁaﬁ

veltaaces of the First twe nates. This is necessary sincde “*re

‘ Cﬂn_siﬂhai ihndt rnqt ‘he oFFqnt to nccnmrndateninputs with

hoth nositive and noﬁ1t1ve pxcnrqlon ~he fihal surface
.ontial durinae each qawnllnn 1ntorval is ’etnrnined by the’

. ' . . ‘ N
voltaqn on 'Cl as discnsscd in section 2 7. Sihce in this-

casc the nato Gy is controlled v a varvlnn 1npuf qlnnal ans

H

not a cbngtantfamnlipnde pulse, ;bis sirple 1 npnt method
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. REEEE - R
©owi not hn ‘cnmplotolw linear. This will limit

ranan avallnhlo to thn qucrnndlnn r1lfnr qfann.

h‘ more suitable wnthod can hﬁ. impl

ahrlratlnn hoth -imput .qates.” on the same.

1

irprovnq thea%lnonr*tv ‘af the 1npnt (qon onnatlo

circnitry is thnn reqnmred to aﬂﬁ *bo Faf 7oro
. o0 B ndN,
oFqu* rnnnlrpd to nccnwmnﬂntq hoth poqlfwve

:
L
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R

tranqvnrsal Fi ‘rﬂr” havc "heen Jntrnducad- ro prov1dc the

lﬁﬁitinn

CYICLUSTN IS

oy

: ' e ' o
-Hhﬁ 1mnlcmentar10n of tranqvnrsal filters usina charqgn

couplcd da wices has becn dnqcrl}od n the 'nrhcccdinq'

chantnrq. Thc conccrtq nF “(D opnrnt:nn anﬂ n‘ qnmnled f1ta

noccusarv bachrnund in the two divqréo ficlais n‘asi]iCTn

dovmco tnChndThqy and siqnal 'préceSQEnq.‘Penulté From tWo
d1"ﬂrent mntbods of CCD lmnlcmhrtnrlon have koon preqontcd
Thn rnlnt:vﬂ mnrlt" of thcso two apnTO1Chﬁﬁ,, As well (CD

flltorlnq 1n nﬂnoral w111 nnw Fe dlqcu,qu

.
"y

‘The. two- -phase- Poly"l‘lcon nata 1ochnﬂlnnv ” han 106& 
éhﬂﬁn'to're,“a nlnl mnthod 0¢ imn]cmnn*1rn CCh Filtcrd.;lt
was aiapt(d tn Loth the voltaqn sons znn tnvhnlnuc and to ﬁhc
plit c]cctrode mnthod. THP two= nh1sn dr1v1nd clock rcnuifcd
fer thesco CCDfs is simplc: 'to qcnorato than the thrco—nhnao
ci qu rpddifed ‘ er: the .sinqln,llovpl stxucturq. ‘Tﬁol
oxn fimqntdl devicésﬂ wer.e Fnﬁnd to'havé ‘a useful dvhamib_
.in' éxcesslof %dﬁn; .hdéquatb for.fﬁc HFiifﬁr;AnséhnT

teste ?urthcr 1mnrovcment in dynamic ranan can re achicved

by optimizing. thc 1nput aate strpcturé "to improve -the
of the ~charqe ‘injection (sectinn 2.2) and by
" the 1ntr0duct10n 0 nnise. The ;laﬁtﬁr'lcan re

’

accowpl:q nd'bv isolatinq ‘the 1nput n]onnnhs from thn rest e
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The desiqn _bf_ gamnlnd - Adata - tranqvnraal Filtorqf

r o

¢Qutlincd- in chapter 3, “invalves .ChOOSLDQ a ‘nth nf

paramcters such as clock freounney (F_ ), and th% number nF

staqcs 'per delay section (M. Tn hﬁnid n11nq1nn in the

fsystcm, thc Foldnnq FrPﬂU“nCV nf LhL‘F11tcr yoqnnnrn (1/2”)

. must bc at least as qreat as thc hlqhnqt fronunncv cnmnnnent

b

pf- thc 1nnut siqnal. As the §gllina Freqencv is .further

ihckeaséd,‘thc filter desiqn tcnﬂclL{{ bhecome .mote complex

and morc SQnsitive to corfficiant error. [2A]." :inuwever the

-~

’translatcd‘ba sehands of the snwhlcd‘ data systch hecnmn‘moré.
removed from the deqlrod baseland  sianal specttam  and
reconstruction of the output~ sianal s Csimnlificd. By

" keeping thc‘delaﬁ (T) constant'-aanincredsinn v, the filter

rcsponqo is unaltcred,' but the }amplinn ratc 1is incrensed.

"
This sxnnllFleq "1nna1 reconqtructlnn wjthnat 1ncroaalnq tho

sen51t1v1tv oF thc Flltor dnqlnn. This wa$ 11]uqtrated in, -

_‘1qure 3.7 for thc case nf a sanplc and Hnid nutput whcrn

'thc bascband rolloFf ;nd hxnhcr ‘band nuhpreasion 'ore roth

lmDrOVPd bv 1ncr'ih%nn the wvaluce nF s, Tt must }f emnhnsizcd

that the foldina Fronuoncv of thve ‘lltcr rn*vnn"n remains at

that the input sianal be hand11r1+ni t6 1/2T tn nrevent ﬁho

1nc1u51on of out oF hand qmﬂnalq in tho nutput.

[y [}

. Thc ‘addition of a caqcadeJ outrut FJltcr was discusscd
_ . - O - B
‘as. . a fur ther 1mprovencnt to 51qna1 recohqtruct1on. Py,

‘clocking this unit | at some\multnnlc (K) of  the main ‘1ltor

‘1/7m rpqardlesr of the valuo n€ M. Tt is therofore noccssarv-”
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clock frequency, it is pessihle to increase the separation
. . . . 1 L : . .
of the unwanted . upner bands from the -desired * basckand

.gieonal. The desiqner  can chooqc - yalues of £, M; and o

C

(qhapter.3)‘tb_nr0yid¢ thc bcqt comnromlqc in f)ltcr nrdcr,

"aensitivitv, CCD lenath, and easc of. . 1nnal roconatructlnn

" for any given apnlication.' o 5' D .

» ¢

" The length of ’thO:CCD uscd.is-limiteﬂ  b§ the-trhns%nr

efficicnecy of the - device. When the value.of the hroddct ¥

the . numlcr of ftaqq; and ‘thé trahnfnr inefficichCV' (ke)

pXCccds 2, thc MTP naqnltudc OF thc kth outnut is decreas nd'

#

to almoqt- ?cro . as was” shown in fiqqro f,1... If  the

.attonuatlon is. not too qcvoro, it -is pessible to invert the

,,‘.. .

h:dl perslve effccts of transfcr 1no“1c1cncy bv mcdlfvlnq the -

COOfflClQntS accordlnq ,to equatlon ?'13,.nrOV1icd that the

value of € can be prcdlctcd with suFF1czont nccdracv. The

_prodﬁdt ih- in,thc summatlon of eduatlnn u.14 quqac%t“ that

'the-sen=1t1v1tv of the traaner Functmn to, ﬂ.can be rﬁduced

'-bv havine the_larqe coc“1c1ont“ at the hon;nnxnn n‘.thn
filﬂer; It ‘would thus. appcar advantadqeous. to usée  minipum
nhase rather'than linear nhase doqinnq"éincc the  former

tends to have the larqe coefflclcnta at tho hoalnnlnq of  the

fllter whereas the.'lattcr is a qvmnetrlcal Flltor w1th tho

Iarge cocﬁf1c1ents near the mlddlo n* the structure.
. * - ’

v

The flrst fllter- 1mplementat1gm preqented ‘was the

-

L voltaqe sensing technlquc. This is a flexible me thod qlncc

1t_can.be used to 1mplcment any Plnd of transvcrsal Flltcr

.v . : 3
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.by.cﬁnnoctinq"the qpprOpriato-exfornal summina nethrk. An
‘gxthfnel output is availahkle At cach"érﬂqn of the ﬁhvice
mqkind'it noésihle to‘mdnitor'the ocn siqhal ‘gt nacﬁ Aclav

5

interval, This facility made 1t very useful as A Ec;t.

doviecrn s

As .a"practical‘ mhthod. nf 'Eiltcru;mn]cmdntaﬁirn_ the

’

voltane sensing CCD haq aeveral ﬂiéaﬂyantdqcs; It requires a’”

]} nn Jnackaqe_ to accommoﬂatn All" af the outpﬁts,~ and
. ‘ . . - . i T . N !
b

L) k) N . ) ' - - ' ' ) . ‘ g ' . i
;fc.t ensive oxternal c1rcu1trv “tn  perform the -requirnd

;éhmmation'of.thc dgldvod siqnals; The output ‘sinnalrlnvﬁlé-

§

are dencndent . t0 somé_extoht on substrate hias an? sional
voltanc offset, thus limiting the accuracv - which can be
: maLntalncd ‘in roalizinq the filtnf con‘Ficionté. Tt - was

qunqﬂstcd that the qonq1f1v1ty of tho Flltnr to cnoFF1c1nnt

-varlatlons could 'hc"rcduced b cascadlnq lownr nrdcr .

:chlOnQ. Thlq can bc donﬁ wlth thﬁ voltaqc qcn51nq cope, hbuty

rcqulrcs ‘an external summlnq netuwQrk and awnllFlerF for oach

sectlon maklnq thc overall 1nﬁlonenta-'on morn'irvolvnd.

The"voltaqe..:sen51nq tcchn1GUh" would_ he uqcﬂ in_

\ -

applications'which? rcddirc.thc ‘lov1b111tv 1va£lablc with

this method Such that thn cost of 'xnnlemontatlon can he

jusﬁified. One: p0551blo annllcarlon would “é'a pronrawmable;. -

filt#r'uqed'as an adaptlvo channel cquall"cr. In this case
-thé tép valucs would be sct dvnam1ca11y whzfc data is beiny
{rCCCLVQd to m1n1m17o' 1ntnrsvm?ol intorFﬁronre.'qlnce-'thh
taps are set using a ceé%ack conflauratlon the sonq1t1v1tv

'54

A
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of the ‘1lter to the operatinq parameters of  the CrN .would
not he a proh]em as in thc casc of an open loop systom,
. Tho. second Flltcr implcmentat1nn proaéntcd was the

LY

Gﬂllt clectrode. technlquc; Thls. is a fixed Filter mathod

since the transfpr Functioninhtained cannot . re " zhanand

. without altering thc electrode qtructnrn of the CCD.'ThiS‘

L - . . .
approach is well qu1ted to. thq nroductlnn of larqe.
quantitids of fixed filter. dcsiqns. A larae initial

_investment is reaquired for the mask deqtdn 'which'cnn- ke

-

'bff"ct. hy larae vnlune producb:nn. The rc"ultlnn filtcrs.

sinn tho spllt elcctrodc techn1nun reauirce .a comparatlvelv

-

small anount of external c1rcu1trv Sincc 111'qf'the summinq
y 5 .

is done on chip. The flltcrq arc also less suscdntihle‘to

variations in oporatlnq " voltages of thn'CCD' olncn :uch
: _ .

paramce'ter varlatlons afFﬂct bbth sides nf the elcctrodo

structure equally. ' _ T . .

The coéfficiqnt‘ accuracy avﬁllablo k\‘llnltcﬂ hv the -

precision with .which the ooqltlnn of the qaps “in. the
' . e . . N

olectrodc structure can . be 'detcrmlncd.* This prlaces an

:absolutc tolerance on thc cocFF1c1ent accuracv»sdch that-tHc

”50cong model, (3 8), dlSCUSSCd in scction 3..§is;ahn1iéablc.

?

Enuation"3.1ﬂ;cani be used tﬁ ‘obtain an‘rﬁkkimatc of the’

coeff1c1ent tolerance roquired to Pt aiven

' attenuatlon level If' the accuracv-proves‘uhsuitahlc for a

partlcular fxlter d051nn thc filter can be rédesiancd’ usina

cascaﬂcd.loWer',order sectlonq- The snl;t ;}pctrndc cep is

. . . 4 - .
“ ' . . . '7 -




bettor ‘quited to cas cadlnq sébgjﬁns' than  the - voltamo:

-
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éonninﬁ device -since no external connectinng are required.

Thi~ . was ‘outlined in

fﬁétion A5

method. More data must be obtaincd from othnr.f:]tor 4091nnﬂ

b i

determine the available accuracy. nf_'the ooff1c1ont

. values thch‘ cah' e realized witg\_zﬂ?g\;tnéhnioudl The

nnthodq oF caqcaﬂlnq sectinns mpst Le anilvzed - in terms of

. . N ' 1
device oneratlnn voltaqn\ &y that a CCDh -~can ‘c. desicnec

( ti “inpu 10 ' i vels.
which has comnét;hle input anl nutout s;nnalllc 1

.
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Kite t qot[”?] was constructcﬂ to Facalltatﬂ tnqt1nn 0' 

the CCﬁ filter “CerU1§§. THO sot’ proéucor thc two-nnaqe'

[

'dverlnnbinq,¢lock' Wavcforns ﬁﬂT and ¢°) rnﬂuirnd t0n1T1Vﬂ.

4,

‘jthé twn - 1cvel CCP 5 usad, qqnarnfh control .arc avallahln
.For tho ¢1 clocP wzdth (T1).," 4’ cloc‘ &idth (T?), ¢1 ovcrlap

(Lj), d ¢z ovcrlnp (Lu) In addltlon, bl nwwher thcxtra

. . : S ‘ L . .
wnveforms. are qnnorateu; fFor use as ' strobte nulses, reset.
_pulses, )tc.

_.Thé thrﬂn\ auxiliary . pulses'(ﬁx, Ay, ﬁ?) are cach

R nrnv1ﬂnd wlth soparatc delav aﬂﬂ pulse wid)“'cor-rnis. Thav™

.. can bq triaqerred by thn lcaling erdan oF ¢1 nr of 2.

Y [

The Circu;t-dlaqram for this tnqt set 1is 'shown in
' ’ ' ' o

.
CE]

: : Lot —— - LR i
: flgurc A1. It uses TTL logic for the pulse qenoratlongiii/
_ . . _ ‘ e 3

ocutput dr;vcrs (I MHAN26 p are used to provide tho'fnltann}

. levels cnu1red EQr Ehc ¢rp cirenits.  Two monnstable.’
. - . L

L A L

multivibrators, 7ﬁ1?1 1 aqﬂ 7"12}-? are connected as’a. free

" running oscillaﬁor anﬁ control the ﬁhidc.widths of .¢1 and

. " ‘ ‘ . -
- @2. The 0 outnutq ‘ron thoqq dn1rs_,trinjcr “two nther

gﬁ Y mbnéstablc mult1v1hratorq, 7u121-3‘ and- 7r121=-t, .which

»and 74121 2 are used to triager thh anxiliarv ﬂulch

L ¢x, Gv and ¢ A two-noq1t10n ‘or1n1n'1w1tch is uch tn

o o enab&o onc of the two‘ﬁ 51qnals tn thn trlnqer lnput q‘_oach

‘he OVﬂrlaﬁ tlﬂCn ©TF ¢1 anﬂ Az, fﬁe 0 ouEputs from
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LI

‘auxillanv pulse. Monostnblﬁ mult1vihratnrq are ysecd analn to
ny

prOV1dc a controllahle delav (7u1ﬁ1 “fh to 70121=- 7) and alqo a

controllab]c' pulqo width (70121-8. tn_'7U121-10)-Fnr cach

auxilihry'pulsn.' The wavcform %2 has externally availablé..

P

triqgnr. and enahlo inputs whlch can bo used in oonjunction

PAGE 89

with_other wavoformq producod bv the tegﬁ snﬁ; to provide ..

some form of word qcncratlon For tht1nc purroses. Two

' .counters, . 793-1 ahd 7093-2 nrov:de TTL level waveFofmS'.

-a,.

which can‘be' scd for scopc trlnqerrlnn nr with - ¢z for blt;

‘.l

Tattern qoncrat1on. The timina diagram for thls teqt qot is
qhown in F1nure A.. - . R ‘ S , “‘i>

a*
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