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“ o

INTRODUCTION

*

One of the most interesting and fascinating devices

!

which are discussed and coming up in recent years is charge

cofupled devices. In the case of charge coupled device, 'the 3’

[

s signal can be injected to the device either electrically or

optically. The sign?I is injected in the form of an electrical
charge rather than electrical voltage or Current. The charge
injected at one end can be clocked from electrode to electrode,
gso that an output is formed after -a delay. Therefore one of

the most powerful applications of a charge coupled device is '

fo

as a delay line. Further sj.gnals can be processe«im in the
analog form. This\gliminates A/D Conversion in signal process-'
ing appa./ic_ations. The charge coupled devices are simple to §

manufacture, consumes less power, has high reliability and has
1 : N

——

Sear - —~——
"+ essentially a low-noise figure.

1, R

J t

1

It was in 1970, that Bo%%a.nd Smitp1 o;: Bell *Lavorato- R
ries demonstrated the principle of a charge coupled device.
I.t was‘shovm‘ that by clocking the gaEe vo tgge of a metal -
omide semi conductor, the electrical charge injected under thew...t
first electrode could be moved from electrode +d electrodé. |
Therefore one of the applications of a charge coupled devipe‘

. is as a shift register., Ameligz: who first experimented this -

1

by . : . ! ¢

Buke et pomen s minm o T o e - B T Ty ~




) chérge coupled device convinced the engineers and scientists

all over thd world of tife reliability of Bpyle ahd Smith : N

principle,

The concept of a charge coupled aevicé’Was\xill received
by engineers and scieltists. By 1972, large scaled ‘integrated
circuits were built and were used as imaging devices in Tele-

- »

vision systems. . - j

As the signél charge introduced at the first electyode
.could be transferred from elecfrode to electrode by means of

the clocking pulses, one of the powerful applications of the
+

charge coupled device; is as a delay’Iine; used in Transversal

) - <4
filtering. The CCD Prarisversal filteérs offers cost advantage, 4 !
size, weight and simpler manufécturiﬁg process. The signals

could be processed without any A/D conversion. /
s ) )

In Chapter 2 of this report, the prificiple, input/out-
¢put circuits, weighting,aﬁd frequéﬁqy of a charge coupled
device are described. Transversal filter principle as env;§a= —

ged by Kallmann is also described3 In chapter 3, two methods ~

of implementing the charge coupled device transversal fllters
are described. Performance of a 1ow-péss fllter 1mp1emented

using the two techniques are given. The transversal filters
. m\\

were implément;d using linear phase design. Linear phase

AN

filters have constant time delay over the entire filter frequency

band. This is very useful in data communication. However, the
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¥ . ¢ M i
» long time delays are undesirable in voice communication, asys 5
- 2 : ¢

their long time delays are likely to introduce echo.and singing - 1
on voice channels. Further the group delair increases, as the ‘
) number of stages are increased in a <ransversal filter. Iﬁ
v order to decrease the group delay for voice communica\tion
purposes, the CCD transv%-sa} filter can be designed ‘;Vith a ®
-minimuml-phase. Therefore a minimum phase CCD transversal ' |
filte;' is describved and -the adﬁa{xtages of a minimum phase
fil ter compared to a linear phase filter are given with the

o
[ e

) help of a 32 tap low-pass CCD transversal.filter. ‘
. ‘ L

“ ~
g

close to the clock frequency - -

. Anyzinput frequency fj

fo gi}es rise to (fgo* fj) and (f4-T3) due to aliasing. In
this caseif the CCD transvergal filter designed is a low pass \

filter, thenj:he spurious component (fg - fi) may falll within

b

the pass band of the fllter. As a regﬂt. if this spuwricous

frequency component% is not removed, it ma.;y

LT P

also appear in the
putpgt.d’ In ordgg to eliminate these spunou{? frequencies from -
the output, the.band width of the input signal is limited by

.a prefi}ter. which rejects all frequencies above (f, - fi).

The prefilter can be implimented by an RC network. In this

case the prefild¢er implementation offsets the cost advantage '
, of a CCD transversal filter. The prefilter is implemented
as a. transversal filter of only fewAtaps and is inchuded on

the main chip of the CCD transversal filter.

S c C A
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L™ . L]
prefiltering rejuirements of a CCD transversal filter.are \
also given. There is no doubt whatsoever that much work = . }
» > . {
{

appears to be done in these two fields. ’

3 . : J '
)
ﬁ.

In the chapjer 4, errors and cures in implementing
CCD transversal filters are covered. .Choice of clock frequency
number of . taps, chip/size and taﬁ weight tolerance are high-
lighted with examples wherever possible. Experimental results g

conducted on two:low-pass CCD'transvefsal»filters are also . E

- includeé. : . )

1Y

; During the charge transfer from electrode to electrode
ina chafge.coupled'devic4L some charge is invariably left
behind at eaczgyransfer. Therefore there is a loss in charge

transfer from\#lectrode to electrode. Transfer efficiency,

which is the fraction of the charge packet correctly transferred %
per stage. This is-usually in the raﬁge‘of 99,9 to 99-99% |

for a. three phase device. Therefore it is rather convenient

to défine a term called transfer inefficiency. The transfer

inefficiency is cumulative, as a large number of el?ctrodes
are used. The.gffecf of imperfeét chafge transfer put a limit
on the perfqnmgnce of a CCD transversal filter.. The;ﬁfore in-
the chapter 5, limitations of CCD transversal filter are

*»
covered.’
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2 . .
BASIC PRINCIPLES OF CCD AND TRANSVERSAL FIITER Y

’ N [
v

—

2-1 Principle 0f Transversal Filter g

EY

Passive filters constructed using inductances and T

capacitors produce phase distortion. Hence these filtefs can

———

be used,where phase distoftion can be tolerated. However, in

certain cases, phase distortion has to be avoided throughout o ‘

\

the range of the filter. R

e, ~ 4 *
,» The transversal filters described in hére’sﬁaw no ’ ’i
4 .
phase distortion at all or a phase distortion which variés ‘\g*%
slowly and steadily irgéspective of the amplitude responsé.

L2

As such the error introduced due to phase distortion can

\/ &éasily be correétéﬁ. Transversal filters are constructed from -
i _ pieces of cable, é‘§:rary‘to RLC filters. The input impedance o

‘ , of the trinsversal filter is matched to tite impedance of ‘the

generator and the output impedance is terminated with a proper o
. . , :

‘ _ resistance.: The cable is tapped at different points equidis- - -
. . . ™~
tant from the centre. The tapped outputs are Aadded %yfa . -

summing amplifier. ' , .
B N D . ' (" .
. Consider a lossless cable of impedance Z,-which is .

.

1 .
: matched to a generator 'G' dt one end and terminated with a

resistance 'R' at the other end. The lgssless cable is shown

7in Fig.2.1l.” The cable is tapped at two points A and B, such

4

’\ that an electric wave takesg a time‘”T'q%o tréyel from' A to B.

¢ The tapped points'are connected to an voltmeter as shown'in -

r
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, ¥ . Pig€. 2.1 in order to mea®yre the difference in voltage

— \,‘

+between A and B. The voltmeter has an infinite input impedange, |

P

"/

P so that even small differences in voltage between the points’™

- . A and B can be measured. Sine waves at different frequencieé

£

f
}
.
i
¥

were fed from the generator 'G' to the cable and the difference
ih voltage between the tapped points A and B were observed on
the voltmeter. A‘E\ freciuencies, -wherein 'ff was equal to 1/T; .
2/T; 3/T; ete, the observed difference in \{oltage was zero.

But at other intervals, a voltage difference was observed.

Aséuminé Eo to be the voltage applieg by the generator and ‘E’
to be the difference in'voltage between the tapped points A

)

and B, ; )

E = 2Eo SinT £T, Deeeeeeede (201) ‘ a

t a s K ,i

At frequencies f = 1/T, 0
E'= 2Eo SinTl = 0 as sinTl = o .

Bht at frequencies f = -é-,i‘—- H o '

3 ‘ * . E=2Eo SinT 5k 1= 2E Sin 1T_ .

nol =

= 1

/

2E6 as Sin

= ° . In other’ cword”sﬂthe 'tapped points A and B reproduce
the amplitude response of a Sine wa\;e, without introducing
any phase error. The amplitude response of the tapped points f}
A and B are shown in Fig.2.2. The: response ivs‘of sinusoidal i
]

shape and continues to oscillate unattenuated. The function

o [ELFCRIPRE S N ] |
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«~ MPigure 2.1 Showing a lossless cable,

(CourtesysReference 3) b,
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" Flgure 2.2 Showing the amplitude response of a sine vava. ‘

(Cm}' sysReference 3)
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is periodic and the voltage E assumes alternatively positive-

and negative values. In other words, the magnitude of the

response varies continuously and periodically reverses in ¢
Fs f

polarity.

Assuming the centre point of the cable 'C*' as
reference phase, the resultant victor 'E' which is the sum of

A and B, has the same phase as 'C' vector at £ = 0.5/T; 2.5/T;

etc. But at £ = 1.9; 3.5 ; etc, the resultant vector 'E' P
T 7T ‘ o
has opposite phase. \\ ‘ N .

.~

Figure 2.3, shows the phas;e angle 'Q' between E and
f.is plotted against frequency "f‘.{" \

‘ The phase angle ‘Q' lagsTl/2 for zero frequency and
the phase linearly rises with frequemcy. The phase lag can be

N\ .
ignq\f'ed when 'f* is wery large. But if *f' is small, O f/f,
. ' ‘ s
becomes considerable. Hence at low frequencies, phase-¢orrect-

ing circuits ar\e‘ required.in order to provide slow but steady

phase change.

P d

s d
~ 'This can be offset, if the circuit in Fig.2,1 modified
go that instead of the difference in the potential between the
points A and B, their sum is used. The sum o;.“ the vol\t}egzs
between theé points A.and B, will result in an amplitude\r -

——
ponse of E =. é&; CosTT{T.

- i S b e
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This amplitude response is shown in Fig.2.4,
Now E.n-‘; ZEO C“QS-’TfT . -.ooo-c‘cn (2‘2)
At f = 0.5/T;

E=2E0 CosTih 0.5 T - B
. T 3

= 2E; Cos 2£_= 0 as Cos 1[_ = 0.

This means, .that at frequencies; f = 0.5; ;45;§2;5
, ' T T T

etc., the sum of the voltages E is zero.

At £ =0, 1/7;
E = 2Eo Cos Il fT
=20 !+ CosO0=1 ’
Hence at frequencies f = 0, 1/T; 2/T; etc.

the sum of the voltage is maximum.

The phase ?angle 'Q' between E and C plotted against

frequency is shown in Pig. 2.5, The initial lag in zero, but
/

the phase angle '§" increases linearly with frequency.
. : /

\

It is clear, that in both of the abgye cases of Sine

"

and Cosine waves, the amplitude response varies inversely as the

delay between the points A and B. This concept can be extended

to a number of .cable pieces. This has been gggxn’in rig.2.6

In Fig. 2.6, the cable is tappéd at different points

4

[PV + e 2 4 4 AT e it 5B Wonbae e S S
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Figure 2.5 Phase angle versus fraquency.
(CourtesysReference 3) ’

Figure 2.6 Multisection filters.
(CourtesysReference 3)
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Al' Az @ 40 0o v Ah‘ar‘d Bl' Bz‘lbloooil Bn' So that Al Bl,
A2 Byessessnses AnBn are equidistant from the center 'C’, the
reference point. This means that all the tappings are equi-

distant from the center. In other words, each tap effectively

-
1

multiplies the amplitudes by either + 1 or by -1.
Hence by using a combination of pairs of tappings,
| any desired amplitude response and phase characteris®ics can

!
be realized. Therefore a transversal filter consists of a

pieces of ‘cable, capable of reproducing any amplitude response,

withoufintroducing phase distortion. This is the basic concept
- of a transversal filter as envisaged by H.E.Kalmann in h

original paper.(3)

: “ 1
This basic concept of delaying the input signal and

sampling can best be achieved by using charge-coupled devices.
vIn charge coupled devices, the information 1s stored as an
‘electric charge and not as an current or voltage in convention-
al circuits. A charge-coupled device is basipally a shift
register, whereip the signal charge is shifted from electrode

to electrode by means of clock pulses. A unique feature of

the device is that the sjgnal can be injected either electrically
or hopticallyL_ In order to perform transversal filtering with

a charge-coupled device, it is required to nondestructively
sampl;‘the analog signal as it shifts from electrode to elect-

rode. Therefore in the following chapters, the basic principle

t
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of a CCD, CCD transversal filters, its impleme tion and its

limitations for analog éignal processi e fully covered.

\.) L4

2.2. Principle of a Charge-Coupled device
\ A metal-oxide seméeonductor cell is shown in Pig.
2.7. The metal electrode is made of Aluminum. (‘I‘he substrate

\ is silicon, which can be either P-type or N-type semi Conductor.

| . In the Pig. 2.7, P-type semiconductor is used. In P-type
‘\ gemiconductors, electrons are the minority carriers and holes
\ being majority carriers. - ,
: R
‘ ;\\ When a positive voltage is applied to the’'silicon .
electrode, oholes are repelled back from the electrode. Thus

~ t
\ the area under the electrode become depleted of the holes or

\ forms a potential well to/store ¢trons Hence the extent
\ of the depletion regitn is a function of gate voltage. Inform-
ation can be stored in~the depletion region in the form of

minority carriers.
T

\
‘ \.‘ Consider four closely spaced metal electrodes as shown
'1\1\ Fig. 2.8: 1*% . Initially the electrodes 1, 3, and b
are biased with 21 volts, whereas the bias on the electrode 2,
is kept at 10 volts. The bias of 2 volts is assumed to be ‘
suffl\czient ﬂin order to maintain depletion, under all of the
electiodes. The charge is assumed to be s_tored under the
electrode 2. Now increasing the Bias Voltage on the electrode’(




)I

-
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L

¥

3 to 10 volts, makes theé potential on the electrodes 2 and 3
to be the same. As a result, ‘th'e depletion layers of electro-
des 2 and 3, will merge, as shov;m in Fig, 2.9. NoW reducing
the voltage, on electrode 2 to 2 volts, the charge which was
assumed to be under electrode 2, will not shift to electrode
3. This is shown 131 Fig:z.lo. In other words, mc':ving the
bias voltage from electrode to electrode, the charge packet
can be made to propogate beneath the surface) of the semi-

conductor. " This is the basic principle of a charge. coupled

device.

The bia‘..s voltage on the electrode can be made to move
by;means .of a clock mechanism. This is because, the bias
voltage on the lelectrodes has to be changed in a time shorter -
than the st;;'a e time, say ‘'t*, "I‘he” storage time 'fé is given
by o |

t, =

Ql, Sessos s eerssscos o, (2"3)
s -Id \

when Q = Charge density, ) -
o
I4= Themally generated Current. \

Generally, the storage time is of the order of seconds.

—

The magnitude of the'charge that can be stored under a given -

-

electrode depends on the size and the bias voltage of J;he ¢

el ectrode, -

™
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The potential wells are used to store and transfer
minori’éy carriers, also repels majority carriers.  The

minority carriers for examplescan b;:?a.lo‘g gignals. As a
- \

1 result of interaction, a minority carriers are lost from the

}

original chirge packet @d are left behind at 'each transfer.
N -
he applications of CCD's require more than 1000

An most of

transfers. Theréfore the charge left behind namely '$' has

to be exa:\remely small, in ‘order to avoid signal degradation.

Generally speaking, ﬁ' is'in the range of 10~ to 10“'5.," In
PN}

order to \accomplish this, no po‘tential barrier should exist

i}
!
¢
i
!

between any two potential wells, so that all the c.harge can

be transferredﬁ When a barrier does exists, a small amount

bt et 3

of charge is left behind as already stated. In this case the
barrier height shown in Fig.2.11 determines the ?ount of

charge transferred at low frequencies.

The barrier height is determined by the amount of
charge in the receiving well. Large signals results in charge
repulmgq and so ¥ncrpases the barrler height. This results

in less charge being transferred for large: charge packets than

for small charge packets. This barrier height results in a
transfer loss of 10 -3 at gate lengths of 10/.«m. The trans-
’fer Joss 1ncreases, as gate length :mcreases.‘ Therefore h <
whenever higher transfer efficiencies are required. the potential
. barriers arpe: to be avoi\ded. iSuppose, even if this is accompli-

shed, the transfer efficiency is limited by fat zeros caused

RN
EY v e e
) ‘. v i e v d . roowee

= i e AR S A st bt iy s 4 ST ¥
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by trabping effects. The fat zero is only effective in the . v
deeﬁest parts of the potential wellé but not the edges. This
is shown in "Fié. 2.12. This trapping effect is severe with
surface channle CCD (SCCD) than barried channel CCD. It will
not be out of the place to mention, that in the SCCD, the .
Mos Cépécitor has a uniform doped substrate. In the cage of
buried channel CCD, the Mos capacitpr has a substrate with a
th{n depleted lgyer of opposite conductivity a; the surfﬁce.
In ;he‘case of surface channel CCD, the potential minimum for_

the minority carriers is at the interface of si/sioz. The

potential minimum can be moved away from the surface to a

/jNﬁgint within thé»ispurity. This can bg aécomplished by

doping the surface with opposite polarity.than the substrate.

This means that for a P-type ;uﬁstrate, an n-type layer is

made use of. This is the basic coﬁcepf of a buried-channel

CCD.-6 The SCCD~and BCCD .are shown in Pig. 2.13 and 2.14 | | '
rgspectively. The BCCD prevents contact of the Q&gnal.with .

the interface and as such eliminates surface state trapping

on account of this transfer inefficipncies of the order of
-4

N

107* to 1079 can easily be accomplished.

”

Two methods of charge injéction'qre described7 namely:

(a) Linear current method \

() Measured charge method.

Rl . . -
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Figure 2.13 Surface channel gparge coupled device.

. (CourtesysReference 6)
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Figure 2.14 Burried channel charge coupled device.
(CourtesysReference 6) .
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‘étage of the C&b. without any loss; The"P+ diffusion shown

Bl m s et v o o 1

b »

20 | {

Figure 2.15 shows ‘the basic circuit required to - L

inject a charge linearly to)a CCP elément. The circuit consists
of an inpe} diode - input gate;énﬁ a first stage of a CCD. - °
The first étage of the CCD is a low-input bias current
amplifier and one pesistor. This is similar to a current
regulator and so produces a constant current at the input of

L%

the CCD. a .

Assuming the‘input Vi to be positive signal voltage,
causég the output,of the amplifier to swing negative and this
negative voltage is applled to the lnput gata,of the CCD. ??13

in tum causes the input FET to be turned on and allows cutrrent

flow to the CCD. The current injected into the CCD is propor-

tional to the input signal and hence can be expressed as

-

' iinjectedl

-3

-—-er—l LA R BCI O A0 BN BN DI BB BRI BN B B ) (2"14‘) ‘.
R ) ;g n “ /

Therefore the charge injected to the CCD is given by
V..
(.—%.r.l. dt 0P 00 B e0s 0 (2"5)

e

3\
. The magnitude of 'the current injected\is very small

and is of the ‘order of Rangamperes. Therefore care must be
ot N _

taken to see that all the signal current enters the first \

in Fig. 2.16 forms a junction diode with the substrate. If

|

|

i

H

a blas voltage is present across thls junctlon. a current will }
\ .
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flow. This current will add or subtract from tﬁe current
injected into the.CCD. This is likely to cause an grror.v
But this circuit eliminates tﬁis error, as the bias volfage
acros% the junction i@ zero. The circuit also has enough
compensation for threshold voltage, oxide thickness and needs

no crltlcal adaustments.

Y ¢

Figure 2.16 shows a 11nearly injecting signal to a

N

CCD by neasured charge method. The circuit consist of a charge

-
\

first stage of a CCD, a comparator, which controls the FET

"input to the CCD. /

Initially the first stage of the 'CCD is empty as the
FET is turned off. The charge detector is set 1ﬂrorder to
me#sure a new charge. Now applying the signal Vin, will cause
the comparator.to turn on the FE?. causing current flow to the
CCD. Therefore a correspo;ding cha;ée accumulate ig the first
stage. The charge detector, detects this éharge, as the first
stage is fiiled up. The comparator compares the output with
the‘input arnd turn éff the FE@, This method eliminates the
nonlinearity caused dué to the depletion region égpaéitanée.
This circuit is shown in Fig. 2.17. Non destructive sensing

is used at the output to detect the charge in the CCD. The

Fig. 2.17 uses two detectors, one at the input and one at

the output, having same electrical characterlstlcs.
: (

) detector. which senses the amount of charge injected to the -

5
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In charge coupled devices, there are two types of
charges namely, the free electronic charge Q. which is .
propagated through the CCD and the bulk charge Qy, which
resides in the)pleti‘on region. These two charges Qp and Qy»

causes ‘a corresponding signal charge Qg to accumulate outside
the semiconducﬁ:or on the sense plate of the CCD. Hence Qs

can be written as follows:-~

stl - 18an} -} Sevl ......(2-6)

In linear Current method, the free electronic charge
Sdn is proportional to the input signal on account of this the
signal current is al nonlinear functi;;&of Gﬂr'x, as 8Qn is related ’
to 8Qb, the depletion region capacitanc;e.’ This nonlinearity
can be reducedl in many of the CCD applications by using a

—high resistivity substrate, keeping the sense plate voltage

constant and limiting the range of £Qn.
. . . R

N
However, in the measured charge method £Qs, measured

gignal charge is i:roportional‘ to the input signal, ;:n account
of tﬁis, if nonlinearity exists in the input current or if
leakage currents are present, the circuit completely eliminafes
these sources eof non-—lmea@ltles due to depletlon region capa-
citance. ._In Fig.z 17, it does not really ma tterghow much

. charge is gtoregi in the depletion region chpacitance, as both

the input and the output gircuits are strictly funqtions of the




lsr sTAGE
CHARGE

OUTPUT DETECTOR

' Vour
184t S urpur
SIGNAL

\

NTYPESI

~

5

Figure 2,17 Circuit for eliminating the nonlinear sffects
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sigﬁzi charge 8Qs. It does not matter, even if the detectors
are nonlinear. The only requirement for the detectors being
they should be non-destructive and have identical electrical

characteristics. : ‘
2.4, Weighting

In order to process thé analog signal successfully
by a charge coupled device, requires accurate weighting of
each CCD tap. Figure 2.18, shows split conducpance weighting
concept used in a single stage CCD. The weighting network

N ek el

consists of R1 and R2. The network is placed between the CCD

. t
sense plate and the charge detector Qdet.‘ 3

The weightihg factors depends upon the values of resis-

tance R1 and R2. Hence the weighting factor can be expressed

: i
as follows: . * i’ 3
\ . , i
Weighting factor "= R terereeeens (2.7)
| R1+Rp >
<
The output voltage of the charge detector is given \
N 7. \ .
Vout= -(-:1'.' Rz f idt 0'.00.0!..00.0(2.8),
3 R1+R2 P L
The only disadvantage of the circuit is that the dynamic \
range i3 limited to the rat?o of two resistors. To increase the
~

dynamic range, the ratio has to be incleased.
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This in turn calls for large values of resistance which is

diff;\.cult to achieve 1n integrated circuits. In order to

-

overcome this. problem. two detectars as shown in figure 2.19
L
are used.

The ouput of the positive and negative detectors
are summed &p to give the output, Vyut- In/thié case the |
magnitude and sign of the weighting coefficients are uniqupely
determined by the conductance net y:or.},c for each plate. The

th

weighting coefficient hj, for th\e‘i sense plate is given by

.,\)/(i) = Rb(‘j}) - Ra(i) Oooa--oN-oo.;a...(ﬁ9)
Ro(iy * PRa(i) \.

As the weighting coeff:.c:Lents are detei'mined by the dn.fference

of two resistors, a large dynamlc range is possxble. wlthout

. increasing the values of Ry and Rp. !
,; ‘
2.5 7 Erequency

- At present "mge coupled devices can be operated upto
10 MHZ without any difficulty. Above .10 MHZ, it is’preferable
to &se surface acoustlc wave devices. However Buoied é\l’fannel'
CCD' can be operated at a much higher frequency than surface

channel GCDa. This is shown in Fié. 2.20.
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CHAPTER III

FILTER IMPLEMENTATION

\ -
There are %wo methods\ of implementing CCD transversal

filters namely,
1. Split-electrode technique;
2, Biased-gateé.tapping technique.

-

3 -1 [ SPLIT-ELECTRODE TECHNIQUE.

Ix\this technique, it is assumed that the capacitance

-

formed by the depetion layer namely, Cd, is lower than the

capacitance of the oxide layer, C and C4 is constant. | C4,

ox
depends on the width of the layer and the width depends-upon

the gate voltaget1o

The depletion layer is devoid of electric?l
charges and as such it has high resistivity. The depletion
layer C;pacitance, Cd'is in versely proportional to the width
of the layer. If the silico#-di—oxide layer formed by

exppsing silicon to oxygen at‘very high temperature, is thinner
than the width of the depletion layer, than the oxide layer

i

capacitance C,y, is greater than depletion layer capacitance

c

C4q. This improves the linearity of the transversal filter.

In split-electrode‘techniquetl the electrode is split

either in the middle or at the tbp or at the bottom. The charge

\ * ““on each sgide is measured, and given to a difference amplifier.

‘The"difference in the charge on the two sides of the electrode

gives the weighted sample.’ Hence in order to jmplement a CCD

Y
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tra?kﬁersal filter, it is required to sample the delay line
'and perform a weightea\ﬁemmation. The éasic principle used
is to measure, the charge under the CCD electrode and to
integrate the current that flows in the clock-line during

the charge transfer. Figure 3.1 shows the schematic diagram

of a split electrode weighting and summing.

~” 7
.
~ -

Assuming the substrate has high resistivity, the

. h g an e wr P i SEROUPESTIRUT Geay k w et s

integral of the clock line current can be written as follows:-
c _ t
QK = Vc Cd +.Qk !.ll".i..l..'llll(B-lt)

In order to weigh each sampled charge, the electrode

Q3 is split into two parts namely Q§+)JQ§—). Identical inputs are
given! to both Q§+) and Qg') and the difference between the
charges in the two electrodes are measured by a difference 4

amplifier. | -

Let the two inputs applied to Q(+)’and Qg—) be¢ as

b

3 t
follows:- ‘
Q§+) =/‘ % (1+hk)— ".Qnoc.nnunnnnolj':;?-)\“\ A
. Qg—) - —é— (1-hk) ‘ ....an¢|-JO|‘ol(3‘l-3)

The outpﬁt of the difference amplifier is given by

. M c
M - ¢ - —1- (1=hk) QK se 0 3"'1"'.
%-1 % (1+hk) Qy. . K=1C :

m.
-.V QUT )

n-"\\ t
T3 o T
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Figure 3-1 Split electrode weighing and suming technicue.
(Courtesys Referencett)
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As already stated, the electrode can be split either
in the centre or at the top or at the bottom. If the device o 1
1s operated, splitting the electrode at the center, then the
device is subject constant background charge or fat zer06 A

- and maximum charge. The split at the top corresponds to ' y

positive signal charge and the split at the bottom corresponds

to negative signal charge. The signal charge in this case can

P

be written as follows:-

1 , .

. s _ t 1 ’ -
. QK - QK -2 (Qma‘x-sz) l‘.OO.llOO(B 6) g

‘ Q;z or the fat zero charge ensures that the interface

remains permanently filled and 8o minimum distrubancerwith the
t{xe desired signal. The disadvantage of the ,f.q.f zero is that, j
it brings down the dynamic range o’f the device. ﬁon‘siderablyx i

,';"a"t: zero charge are in practicel0-25% of the full well capacity.

The charge transferred under the kth ‘electrode can

be written as

q;’ = Q¢ +.-21- (Opax = Qgp) reerereenesesn(3-7)

Substituting equation (3-7) to equation (3-1), we

have that, c

; 'S 1 -
ak:: vccd+ﬂk ‘ 2 (ﬂmax-afz) 00-00.00'0(3 8)

o
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C

Substituting this value of e.k in equation (3-5),

we, have that ’ '
M S

e P ' M
!
o Vout | Ve Ca 7 Guax 00| = B = by &
K=1 =

.....‘-..-(‘3-9)

-

The first part of the equation (3-9) consists of a d.c.
\j:.z"

component which can be eliminated by.a capacitor. Hence "Vout
can be written as follows:- -
. ; .
M
Vout? £ M &
k=1

eossevensesensss(3-10)

P

Hence the output of the device is given by convolution of %he

impulse response bk by the input signal charge.

~

The floating gate sensing circuit is shown in Fig.3.2.

—

The sensing circuit transforms nondestructively, the Signal

charge to an output voltage at each tap position, along the CCD

delay line. The tapped voltage may be weighted by a conductance.,&

It is the basic property 6f a CCD, that the Signél charge can

~ be passed under a sensing electrode and this does not in any-

way result in any signal degradation. ‘12 On the other hand, by
repeafedly sensing the signal charge, improves the signal-to-

noise ratio of the signal.

T P ‘“al i i.‘m
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' Figure 3.2, shows a block diagram of a charge

sensing amplifier?3 The charge sensing amplifier nondestruc-

i i\’ tively detects or senses the presence or absence of a signal
charge at one end and transmits the signal charge to the other
end. The sensing amplifier is sensitive to signal charge

{ variations but insensitive to parasitic charges likely to be

; — " introduced during maﬁufacturing or atmospheric charges deposited

on the surface.

.o Charge sensing amplifier consists of two electrodes

connec%ed Ep the master and the slave ends. The two electrodes
are separated by a distance, on which is mounted an field-

effect transistor.

o

When a vo;z?%e is apﬁliqed to 'VG' in F%g. 3;2 ’

VG' turns on the FET;"allowing the signal charge ton% applied
to the charge sensing amplifier. After a shor?® time, the gate
’voltage is removed and this turns off the FET. Hence the signél

charge is fi&ating and the charge is distributed as supface
potentials under the master ;nd slave eleéctrodes. Therefore
as the signal is dumped under the master electrode, it detects

~

- the presence or absence of signal charge.

Fig. 3.3 s shows the hamonic distortion produced

by a CCD transversal filter sensing circuit. For an input signal

| of IKHZ, sampling frequency being 30 KHZ, the peak to peak

WO e 18, A S




/

£
LW

e

nevT | P

L
¥

. (Fas)

e ——— ———-d

Pigure 3-2 Block and circuit diagram of a charge sensing
amplifier with FST. (Courtesys:Reference 13)
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: , : ¢
voltage being 0.5 volts, the harmonic distortion was less

than 0.3%, which can be tolerated. ~

’

4

t N 1Y
3-2. ‘Biased-Gate Tapping Technique

In the split-electrode technique, the weighting

co-efficients of the transversal filter are fixed and as such |

N J

cannot be varied. In t?e biased-gate tapping technique, the

. \ ¢
weighting coefficients are viriable. Therefore, in biased-

' gate tapping techniquejfone set of clocking electrodes are

H charged to a d.c. potential. When a charge is clocked on the
' electrode, the dfectrode potential alters andpremains at a .

new value, until the charge is removed. The change in poten-

‘tial well on the electrodes are sensed by a M.0.S. transistor.15 '%
\ amplifier. Therefore, the biased-gate tapping technique is ‘
- also referred to variable coefficient filter.

Figure 3.4 shows a CCD shift register, with three

electrodes namely ﬁl ﬂz and ﬂa. The electrode ¢2 is charged
with an initial d.c. voltage. When a signal charge is intro-
, duced, the d.c. potential will vary in order to maintain

equilibrium. In the absence of the signal charge, the electrode

¢, will revert back to its original value. The potential
charges can be sensed by an amplifier. The electrode ¢2 is

referred to as the biased géﬁg. as §, is biased by a d.c. voltage.
: ~

As the output is also tapped from electrode ¢2, this technique

|
} .
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Figure 3.4 Electrical connections,
(CourtesysReference'9) j\

Figure 3.5 Clock waveforms,
(CourteaysReference 14)
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g is called "Biased-gate tapping technique."
! : ' ’ ™ 4 (

Figure ?.5 shows, the clock wave forms, of the three
eléctrodes. As the clock voltages are changing with respect
to the bias on the gate, %he effective voltage is the
difference between the peak clock volt;ge and the d.c. bias.
on\account of this, the effective peak sjignal voltage is f?

reduced, reducing the efficiency of the device. The meduced

efficiency can be overcome by increasing the clock voltage. \
The charge handling capaqity can be increased, by increasing

-

the area of the biased elgctrode.

The maximum charge that a gate can handle is giveﬂf

by
A A
b. C D--ollllauoloioau(a-ll)
, Qe x L T 4 ¢
. b c, :

\

where Ab' is the area of the biased-gate and

Ac’ is the area of the clocked-gate.

: - L
In order to compute, the response of the biased-gate
Y

-

to Signal charge, an equivalent circuit to _Fig- 3.4 can

4

be drawn. The equivalent circuit is shown in Fig. 3.6a

‘Assuming the erletion capacitance per unit area

' - . r
\1to be constant, Vs, the gate voltage change due to the

charge 8 is given by,

B L

S et i 4 ¢ e, s SLAAG 1P N \- -
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- v = Q_A ’ -o......r...;..r(3-12')
\ /S g b ‘

" where Cg is total capacitance externé to CCD
channel and Cg }‘ Cq Ay and Cy |

L ]

<N
\/-/\ :
c 4 é Cox'
~ The transfer characteristics namely the output
voltage against s;.gnal charge is shown in Fig; 3.6b , As

long as the signal excursions are kept and maintained in the

linear region of the curve, a linear output voltage can be

developed.

' 1

Flgure 3 T shows the circuit of ];ié. 3.4 with
sensing, external welghting and summing. Q is CCD storage
electrode, Ty is emitter follower and '1‘2.“ the M.0.S. transistor

gensing circui"'t. The signal is sensed during the time, the

charge is stored in storage electrode - In order to prevent

loading and charge losses, Co{cd‘\,’,’ 100. The 52 delay outputs
were externally weighted and summed ﬁp. The filter coefficients

can be easily varied, by changing the resistor values in the ,
éumming circuit.

a

The Kth'coefficient is given by, g

hE =-R—1L]:-_R-i;2. '.000;0000.000000(3-’13) -
R, Ry -

\ {

R S e
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Pigure 3-6b Signal voltage at the output vs signal charge.
(Courtesys Reference 44)

——: C‘XA -

— CdA

°

:Cs VS

Figure }-6 A
Equivalent -circuit for biased gate. (Courtesy:ReferenceM)




bl

-~

Where Rfl and Rf?_ are feedback resistances and ‘Rs‘

is coupling resistancg in the 6utput circuit.

*/

A 3J2-stage band pass filter was implemented

\ —
using this technique. The filter was designed to give 55 dB

attenuation in the stop band.
- L

Figure 3.8 shows, the frequency characterfstics of

s 15 e 05N TN AN WG 288 v St € % < h e p w

¢

the filter. Each curve in the figure was plotted algain and

again, after adjuéting the resistors in order to get an

- l

accurate agreement with the calculated response. The measured

curves show’éﬁ\good agreement in the passband but had deviations

in the stop band. These deviations are due to mainly inaccu-
racies in the setting of filter coefficients. A tap error of
1%. will raise the stop band magnitude by about 6dB. But if
random error is present in all of the taps, the response will
vary in unpredictable manner. "”l‘his is seen in Fig. 3.8 .

" Hence thereis a practical 1imi1; to output attenuation,.when a’

single transversal’ filter is used.

In order to make full utilizatign of CCD bandwidth,

’

the CCD shift registers of Fig. 3.4 , can be operated in

parallel as shown in ®ig. 3.9 .

A sample from each of the clock phases are passed down
separate shift registers. After an equal number of transfers,

the gignal is detected. 'This increases the bandwidth of the
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data by three for a three phase device shown in Fig. 3.9 .

Table 3~1 gives comparison between normal design and parallei
operation. The table speaks for itself of tii/advantages of

parallel operation.

PARAMETER NORMAL PARALLEL © UNIT
DESIGN DESIGN

. o, . )

ACTIVE LENGTH 2,286 - 0.762 mm

ACTIVE WIDTH 0.1 0.3 mm

RESIDUAL LEVEL —28.4 -37.9 dB

CLOCK FREQ 1 0.333 | MHZ

-

Tabie 3-1;ccmparison is for 127 Bif, 1 MHZ data

rate, linear CCD array.

Transfer ineffici?ncy puts é limit on fhe maximum/
number of elements that can be used.8 This transfer ineffi-
ciency in certain applications gives rise to dispersion,
which at@enuate high frequencies compared to low frequencies.
This dispersion can be minimized by operating the device in
parallel. -But the parallel operation reduces transfer rate
and also the total number of transfers made by the signal.
Observation proug parallel operation improves high frequency
response considerably at the cost of noise. More research

éppears to be carried out in this direction, in order to make

“
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7 Citouit ghowing voltage sensing diffusion technique.

(Courtesys ReferenceiS)
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¢ ‘ ) Biased-gate tapping technique as popular as split-electrode

technique. . |

1

Figures 3.10 and 3.11 show frequency resi)onse of a

24 tap low-pass filter implemehted using split-electrode and

\

'voltage sensing diffusion. ©

- . It will not be out of the place to mention that the

transversal filters implemented using |biased-gate tapping-

'
i technique have a rnumber of uses in communication englneermg.,) /
P
1 Transversal filters with varlable weighting coefficients are
used in matched filtering on a wave form which changes
n

intemittently.16 Secondly it can also be'used in adoptive

equalization. However, it is not cleér whether the variable

weighting coefficients filter has any definite advantage at '

all over the conventional digital filters. i

3.3. Minimum - Phase CCD Transversal Filters. 17

o
4

In all of the discussions carried out, the transversal
) 4
filters were implemented using linear ﬁ‘ﬁase design only. Linear
phase filters have constant fime delay over the entire filter

frequency band. This is extremely useful in data communication.

The long timé delays are undesirable in speech communication,
as the time delays are going to introduce echo and singing on

voice channels.
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technique. (CourtesysReference 15 )

§

$

&

FREQU Swcy

MEASURED RESPonsE
——ciam CALCULATED RES PONSE

tap lowpass filter using voltage
senging diffusion technigue.
(CourtesysReference 15
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Forsan N-5tage transversal filter. 't_he group delay
Gv

is given by _° A
TG = N"1 T oo‘uopoccon-’. (3‘1“’) '
A 2 C

where’ T tixrre delay per stage;

=
it

Number of stages.

Hence the group delay increases as the number of stages

increase. In order to decrease .the time delay, for voice.

communication, the transversal filters may be designed with

minimum phase instead of linear phase. The basis for minimum
’ \

, . _ \
phase design of transversal filters is based on the article

written by McClellan et al. 18

-

.

In the cameof linear-phase design, the zeros of the
- : \
polynominal occur on the unit circle, 121 = 1 or as conjugate
reciprocal pairs namely r, & and 1/r, © respectively. The

Ig'\ole—zero plot-for a 32-tap linear—phése transversal filter is

shown in ) Fig. 3.12,

A «minimum-p-hase transfer function on the otherhand

" has all zeros located on or inside the unit circle in t(pe Z-plane.
This suggest that if all the zeros of Fig. 3.12 cpuld be
moved inside the unit circle by éqnie means without effecting .

the magnitudLé response, the filter will have minimum-phase.

The pole-zero plot for a filter having minimum-phase is shown

in  Fig. 3.13. t :

ik 2

i
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Figure 3.12 Polo-zoro;confiéuration for a linear-phase .32 tap
cod low-pass filter. (CourtesysReference17 )
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Figure 3.13 Pole-zero configuration for s minimum-phase
32 tap low-pess filter,(CourtesysReference 17 )
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In moving the complex conjugates to conjugate

\ reciprocal locations in the\z-plane has the effect of adding

or removing all-pass sections from the filter. 15 This is
nothing other than changing the phase of the filter without
affecting the magnitude.

A éomparison of the group delay between the linear-

phase and minimum-~phase design is shown in PFig. 3.14. It

'can"be seen from the curve, that in the case of minimum-phase

low-frequencies suffer 90% less delay than the corresponding

linear-phase design.

o
“w

Fig. 3.15 shows a comparison between the linear
.and minimum-phase in as far as the magnitude error is, concerned.
The peak error is about 35% less for mfj.nimum—phase design. !
Hence the minimum-phase transversal filter is less sensitive
to transfer inefficiency than a linear phase transversal filter.
Y -

The phase error due to transfer inefficiency is also reduced

for a miniglum-phase filter. This sho@m in ’Fig. 3.16.
’ wt

In figures 3.17 and 3.18, the co;affi(;ier;t values for
the 32-tap low-pass filter for linear and minimum-phase are
compared. The absolute maximum tap value, maximum/hi/is about
7% less for minimum-phase. The means that a minimum-phase

trahsifersal filter has 7% more,c;oefficient tolerance than

linear-phase filter. This result was verified by Monte carlo
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‘ ’ si(:li:.ltion. This is shown in  Fig. 3.19,

3.4, v Prefilter requirements in CCD transversal filters. .

o 1}
Any input frequency fi close to the clock frequency — —
£ 'will give rise to (fo-fi) and (Io+f1) by aliasing.zo
o
Suppose the CCD transversal filter designed is a low-pass

filter, then the spurious component (Fc-Fi) may fall inside

the passband of the filter. In this case, the spurious comp-

onent will appear'in the output. In order {to cancel these
spurious frequencies from the output, the bandwidth of the
input signal is limited by a prefilter, which rejects all
freq\\{encie§ above (fo'fi)‘ This prefilter must ‘have a large

N/fo ratio, where N is the number of taps and £ is the clock

frequency. It i\s already mentioned that large value of N is
undesirable, instead lowest clock frequency is used, in order
: to make the ratio N/ foas large as possible. This gives a o

fairly low value for fo/Fb where Ib is the passband frequency.

Hence the prefilter has a sharp cutoff. ~

The prefilter can be implemented either by a passive

Le filter or by an active Re -network.zo Implementing the pre-~

-
v

filter in this case may‘ exceed the cost of the main CCD filter

and the attenuation obtained by a simple Rc filter would not
be sufficient ‘in many applications. Hence it is preferable

to implement the prefilter ‘coxﬁpatible with CCD technology.
x . . -

b i

¥
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Therefore, the prefilter is included on _the same'chip aﬁd it
is alsooa transversal filter of a relatively low order. For
example, a prefilter required to roll-off between L and 28KHZ,
for the main filter operating)at 32KHZ , can be implemented

by a transversal filter of oniy 6 taps, operating at 64 KHZ.
This is shown in /Fig- 3.20. |

The basic prefilter is & Cosine filter, realized by

delaying the input signal and then adding it, to a nondelayed
20

input. The delay used is Tc/2, where Tc = 1/To. clock per;od.
In practice, the signai input is sampled twice with a difference
of Tijhase betweenm§23¢§amyling signals, one sampled signal

is delayed by half‘éampling period and then it is added in

phase to other signals.z1

Let Vin(t) be the input signal.

(414
vi(e) = v 8 X § (t-kTe) cuveininn..(3.15)
in k =-00
' -
v21 (1) = v, (t) = S(t—ch-%‘_g) ceevenes(3-16)
< n k= -0
The output signal is given by

Vout = V1, (tIc) +V

(t) no--cn:----.-u,t(}‘l?)
in 2 ,

2in

The spectrum of the output signal is given by,

o .
/S(f)/= 2‘%_ E(f—k FC) Cos (‘E.‘-I‘z—g_g -k gﬂ "\"’(3"18)

k=‘h~60
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. where ‘E(f) is the spectrum of the input signal.

* From the equ%:.ion (3~18), it is clear that the input

.Q~

'spectrum ‘1s rendered ‘periodic by the sampling and the different

parts\of the spectrum can overlap, which is referred to as
allas:mg. 'But ea;c'lnm alias spectrums for each value of k 1s
multiplied by either a sine or a Cosine function centered at
the clock gfrequency]. This' being the effect of filtering.
This ’is shown in Pig. 3.21. |

\
Figurye,3.22. shows the atdenuation obtained with one,

two and three stages of prefilt ering.’ For a two stage prefi-‘
lter using passband frequency Fb and the clock frequency equil
to 8F the attenuation for the spurious frequen01es is more
than 28 db and the attenuation for the passband is arround 0.3db,
wh:.ch can be tolerated. Increasing the clock frequency to

%

16 F b’ the attenuation is more than 4o db for tne alias compo-

nents, and the passband attenuation decreasedtd 0.08 db.2° But

‘as alread? stated earlier, ,the clock frequency. cannot be

increased but must be as low as poss:Lble. In this case, the ,
passband attenuation is comp@n/ated for in the design of main

low-pass fll@er.

L v
o .

The frequency respon

pass filter taue,en is shown 1n F:lg. 3.23, .3.24 and 3.25.

-

M&!ufxed view -of . frequency response of low-pass filter

of  the prefllter and the low-

with antia11a51ng Anput on these different scales are shown in

pj_g, 3,2&&1). (b) and’ (c) x
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% - CHAPTER IV

TYPES OF ERRORS AND CURES

i R T

b1, Clock Frequency,
I . o

Figure {4.1) shows the frequency response of two low-
pass transversal filters. The passbaﬁd and fhe transition band
, ~ characteristics are the same, but the stop-band attenuation
differs by about 17 dBs. .ﬁoth the filters have the same number
of taps but the clock frequencies are in the ratio of 5:l4,
% Figure f4.2) shows, the calculated impulse response of the ;wo

\

filters. It is-evident that the filter having lower clock

: frequency, has better response. Therefore for good response

i ‘ consideration, a lower clock. frequency is preferred.

But the choice of the clock frequency is determined
by the analog filter, wﬁich,preceeds the transversal filter.
_#The analog filfer is neceséary to prevent assumed signals near
the clock frequency into the passband of the*%ranéversal filter.

Hence if a sharp out~off is used in analog filter,a.dower clock

frequency for the transversal filter can be used. This implies

3 »

greater number of components' or tolerance for the analog filter

-~

and so ends- up }n higher cost. For example, if a 3-Pole analog

*filter is used, using one operational amplifier, the usable

frequency region extends up to about 1/6th of the clock frequency

of‘ghe transversal filter. On the other héﬁd, if 3 5-Pole
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- frequency can be extended up to 1/3 rd the clock frequency.

‘ 4-2  Number of Tap's.

69

L
\ . )

L

filter is used with an operational amplifier, the usable

22 o
! The duration of the impulse response can be increased
and hence the performance of the filter by increasing the

number of taps of the transversal filter. The tap-weights

of anf;@gg}hg.ow-pass transversal filter is given by

[ wn = . _S_:in 277-“. FD/FC ‘ ouoo.ncot-(l"'l)
/ . ' 2 n Fp/Fc \ '
/ R - w ( n '< w - [y
;/hen n = number of taps; ' ’
’ Fp= Passband frequency; %

Fc= Cut-off frequencys
Wn= Tap weights. 1

| )

In practice, two aspects of the ch‘ device limit, the .

smallest tap weight that can be realized.and hence the length
of the transversal filter. First of all, tap weigh¥s less than
one half has to be rounded off to zero. This means that if the
tap welight calculéted by usiné equation (4-1) is 4%, the tap‘
weight in practice has to be rounded off to 4. Secondly, the
device fabrication .pro;:ess variations, result in random tap

. s on , )
.we)ight errors and this puts a 1imiticn,L‘cap size. For example,

R
3 v
5 e AT by ¢
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" the process variation can be nonuniform etching.

. b3, CHIP AREA

»

The tap errors can also be reduced, by suitably
increasing the chip area of a single CCD element. By increa-
sing the chipﬂ area, increases the cost of the device, decreases
the yield and increases the capacitancs: of the electrode. o
The capac.it\anc,e of the elec,t\:rode increases, as the area is

directly proportlonal to the area of the chlp. 23

Ilncreasing the chip size, produces nonuniformity in
the‘ charge density. As a result, the charge will not be split
into correct proportions, when it is transferred to the next
stagé. Transversal filters”using thick oxide at the electrode
split will be limited by this error. The error is also severe, -

when the impulse response changes from one stage to :the next

h

stage or in high frequenc,y operatlon. The " error is shown in

Fig. 4.3 . .

-3

The time constant for lateral equilibrium is given

by~ .
2 .
= -V P80 s 0cene e L""Z
T= W/ ) (W = V) | e (B-2)
where F is the mobility factor; )
‘vapp is the elgctrode voltage; .
V, is the threshold voltagey

W is the longest distance over which lateral’
Sy 5 P
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equilibrium occurs.

For example, if W= 10 MILS;

T=3x 1077 seconds for P-type and o
T =1x 107 seconds for N-type Semi Condjé\Qi.

<

4-l.  TAP WEIGHT TOLERANCE.Z?

The tap weight precision is limited by the tap weight
quantization and-device process parameters. Generglly. one
designs a transversal filter with a giveﬂ set of parameters
and scales the maximum value of taﬁ weight by the mask-cons-
truction andltruncation. When this is coﬁpleted, the impulse
response obtained may not meet the stop band specification;

even though it is an ideal design.

The fap“weight accuracy éan be improved by using the
dynamic range»of tap weights. For exaﬁplé1 a high pass filter
_can be realized as a low-pass filter in parallel with a unity
gain paths. The two outputs are subtracted to yield the high
pass filter output. The advantage of this scheme is that a
low-pass filter with a corréct tap weight is used as a high )
‘pass filter, when(the clock %requency is short. As large fap
weights are used for a given filter, fewer levels of‘quantiza-i
tion are available for tap weights. Figure (4.4), shows the

effect of quantization to 1 part in 600 of two optimum low-

‘ pass filters. Figure (4.5) shows theieffect of quantization

/
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k analyzed Using Monfe Carlo technique.m This technique
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on the high pass analog to the low-pass filter with Fes 8Fp.

The stopband attenuation of low-pass filt%r degrades from 56
to 47 dB. The quantization reduces the \stopband rejection of - v

O
the high pass filter to 36 dBs. ~

The effect of random tap weight errors have been

was used on a low-pass transversal filter 'designed as per the

optimi?ation procedure described by Parks and McClellan. 22

Monte Carlo technique gave the equation for the

~

random error as follows:- , :

An = 0 'W"‘w". # RN (iiavinnes  (4-3)

oL i
where .
Max Wn = maximum Tap weight; |
) T0L= Tolerance;

RN = Random number uniformly distributed

from +1 to -1.

This error was added to each tap weight: The curve
in Fig. 4.6 , gives the stop band attenuation against Tap
weight tolerance. The transversal fé.lters with more—than 31

taps fail to improve, the out-of-band rejecti.o;'x, if their

tolerance is more than 1%.
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Increasing the number of taps to about 63, improves the-

performance, and a tap tolerance-of about 0.1% can'bé tolerated.

N

Transversal filters with taps 31, 47 ﬁhd 63 were
selected with normalized passband cutoff equal to 0.125. The'!
sEop band cut-off was set at 0.175 and the ratio of passband
to stopband ripple was set at 5. By adding random errors to
each of the filters, responses were calculated. This gave that
increased tap weight accuracy was required in the case of

longer filters, which meant ‘smaller random errors. g

The combined effects of quantization and random errors

-

are shown in figures (4.7) and (4.8) respecfively.

Figure (4.7) shows the expected'vaiues of peak pass
band ripples against random tap weight error tolerance, with
and without tap weight qﬁantization. Figure (4.8) shows
minimum s%opband attenuation together with its variance against
tap weight tolerance. Results show that for a transversal
filter designed for 63 tap, a fandom tap weight error of 0.1 to

0.3% can be tolerated.

4

4

'In addition to random tap weight errors, correlated
__errors may also appear.26 For example, a mask misalignment /

can reproduce constant errors biing added to all the taps.

4
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Cons:.der the frequency response of an N-tap trans-

# ‘o

versal filter. which is- given by,

L

: 2
Wy(f) = . W, exp (-21?3::11’ T) veeeeans(l=B)

%

s 1
. -
g
H

o T
:

. T n=pe « o 2
P 2 : " !\s@ {
’; (A . : s

* When T is the delay between taps. d

’

Addmg a constant error say "6" to all of .the taps, -

the frequency responswof the equation (Ll-l&) can be written

14
i h !

as follows:- \ ( .
3 ' . ‘ .. N-1 ! s .
{ _ ‘ . R . ) -
: Y ! - ! \ " ¢ -
;0 Hy(f) = Wy(f) + & S~ exp (-2 njfT) .........n‘.(a-s)
;n - N‘l 'b' L S

2 N
E N -
s In ord r to evaluate the d.c.’ error. put f 0 in

Lo, equati.on (14»—5)

= N(O) = »N_»‘&.‘ - 6.\..".'6’.. sa s (‘4—6) 3 'L
' Yy . -~ L,

‘ R
r—" ) A ' ”"w‘,r‘ (0?

A -

of taps are inc ed, the size of thé éi'rsz‘ cémponent.." a]Is,o =

‘ ’ . - u -
‘increases'in proportibn. Slow changés in. tap wejght affect /
.low frequenty response and i:apid changes in tap :weight affect

high frequency response. Al : N T
* ! ' - ] w o b . e! ~ :"ll-g,."
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Tap weight errors can effect phase characteristics °

@

as well as amplitude characteristics. €onsider an ideal
transversal filter, whereln tap weight are symmetrlc Wlth

respect to center tap. This means that W = W- N The tap

N~
7ight errors added a.re d:wn.ded into two sets nam,ely symmetric

set ?n, andlSymme‘crlc set 5n' whereln 5!51 = Qi‘n .

N\

The equation (4-4), the frequency response of the .
L o

transversal fllter can be- written as *follows:~ «

v .

1 L 2 & bos 2T |
l'fn(f) ot g W, Cos 217'1}1‘{202 iy Cos 27 nfT
I . i
nz_y_-.l.f 3 ‘:m.r!i.;
I = S o
- J 2° § Sin 2¥nfT cooeea(l-9)
Z v, - H ' .

=

= -N -1/2
/2,

zl\vo 1ow-pass filters were fdbricated. ‘In'both of the

3

fil.ters, 63 taps were used.




, and passband attenuationq

., R
. A -
B N - ' -
©
4 . - L ﬂ .
- i LS . ’ N
. Cs &0 ¥ [ '
> . / , . I "

.Filter A:~

Filter Bi~ Fp/Fc = 0.1238;
Fs{Fc = Q.165;
’ {/j’ 2 = 51,
where Fp =  Passband frequenéy; .
Fg= Stopbd firequency;
Fc = Cut off frequency; , ‘
Si =  amplitude of passband rs.pplé;
:2 = . amplitude of stopband ripple; ‘ )
)
The filters were designed to meet the followmg
spgcifications:- . |
Passband rippl}e fx:om 0 to 3KHZ +to be less”than + 0.14B.
. Attenuation' beyond 4.6 KHZ 32 dB, - ,
. : n ‘ N P
N A photomicrogra?,ph of,f'ilter A is shown in Fig.
(4-9). ‘ ' : ) ' o -

T ) ‘ . "

Making us‘e.c;it 'equati'on (4-4), the frequency response
of the filter was. evaluated. Figures (4.10) and '(4 11) show
the calculated and observed filt:mPonsa. Figures (4.12)
and (4 13) show the calculated and observed fresponse of stopband -

“
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In Fig. 4.12 when thesresponses are close
between the calculated and observed values, the tap weight

error can be 1 par(in 1000, In - "Fig. (4.13), the close ,

proximity between the calculated and observed vallies of pass-

band attenuation show a tap weight accuracy of 0.1%.

%

Figure (4.14) shows calculated and observed pasgband

frequency response due to mask misalignment. The close proxi~ .

mity indicates, a 0.3% matk misalignmént.

R
)

Figure 4,15 shows the low frequency filter response
for filter B. The stopband attenuation is in the range - 42
; to - 45 dB: 'I.‘he tap weight tolerance was in the range of 0.1

L to 0.3%, which was the same for the filter A. \
f :

i

4-6 Clock frequency and Signal recovery.22

The primary/considerations in signal recovery are

llnearity and signal to noise ratio. The output signal of a

transversal filter is small. The output signdl is fhe differ-
. w.ence between the two split electﬁ:des. As the defpletion

1 » capacitance depends on the output voltage, an error occurs.

This error is known as 4"Cro'ss—‘ta.lk error”. The error can be

offset by clamping  the electro‘de pqten’cials ta operational - -
- [N { -
{- amplifier as shown \in ' l'j,g. 4,16 . Thls eliminates croé”g-

- r : .
talk errors but imposes sevexe nestrictibns on operational Ce
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amplifier. The operational amplifier must be a low noise
amplifie;' and must be able to handle dynamic range of full .

electrode” voltage and not difference voltage.

It is 'preferable to permit a change in electrode

s WA AR Bkt e e ae m

potential. In this case a difference operational amplifier
7 " is used. The common-mode signal is eliminated and the

difference signal.is selec ted.

»

: . Figure (4.17) shows an output circuitry that can be
used in split-eleotrode technique. In operation, tﬁge reset
is closed, discharging the capacitor CFB‘ After the reset,
the transistor opens, thereby the split-electrodes arefloating.

P Hence when signal charge moves under them, their potentials-«

i change. As the circuit is symmetrical, two output is equal
! to the difference between the charges on the split-elez‘trodes.

§ The resistor R is selected so that RCp = 1/10 of the clock

“ frequency, when Cp, is total capacity to ground at the input
terminéls. As the split-elgctrodes returni to the same voltage

ﬁ y . after each clock éycle.(@e circuit is free from cross~talk error.

An alternative circiait to Pigs I4.17? is shown in
Fig. 4.,18. In this cagse, the spiit electrodes are reset by - ’
two FET'é. An essential feature of both the circuits is that

the feedback around the operational amplifier xﬁaintaqu the

el%ctrodé voltages at the same potential.
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Figure 4-16 Split-elaectrodes clamped at fixed voltages
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equation. -

s, + B ‘ . ,
} 0= 1™ N N a5t
P N ¢ .. .
K \ : ® : N=1 ’ ‘ ,
i 0 - when 'QN = Size of the Nth charge packed at the input by

N clock cycles; . .

n

P o«

Total number of transfers;

¢

Coefficient of incomplete charge transfer.

The transfer inefficiency ‘6; can also be compensated?1

. Let hk Be’the impulse response of-an ideal filter with desired

§

:

H

g weighting coefficients. Thus the impulse response hé required
\ v ' : -

i .

|

{

£

2 ' %o invert charge transfer loss is given by A
k-1
y 8 K—l) Jl K'J
, h'=h-Z—h{( (%7 & (1-§)
. ( % k 3! -J "‘\\
v )
i ’ (1-$)k ’ 0000100001(5-9)
| | 1
\ . If ‘5', transfer inefficiency of the CCD is known,
_the weighting coefficients ''. hy can be selected to invert the
( 'dispg;sion?z This technique for compensating charge transfer
- * ;{\ ay

‘loss has been éhownﬁ1 However, this technidue cénnot always

be implemented as the value of '5' cannot be predicted accura-
é(ﬂ? N teiy. But as CCD processing is standarized\cﬁ tan be predic- °

l ted and compensation is possible in practice

During 'the charge‘transfer as already stated, some

charge is dnvariably left over. This charge left behind joins

S L

o

SR s

Fa————

A
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the charge in the subsequent packet leading to a delay in
' 33

- charge transfer, For a sfhgle stage CCD delay is given by

i

»

Xipr (021) = W g () + BXipy (1) lennn(5-10)

1 when Xi(tl)fis the chargé sample in the 1th delay.stage at

time t =-t,T, when T is the clock period. 77 = 1-§. The

values of 15' lie in the rangeilo"3 to 10"”.

<wﬂ-,um.,—-,,-_«4«<-vA—A<>—.

Taking the Z - transform of equation (5-10) gives

e

i"'l 2"_2 ooo&uonli(S"ll) .
1

. . ,
, which is CCD transfer function per stage. AN LI .

/ The charge transfer ineeficiency in certain applications
; ' ' gives rise to dispersion, which attenuates high frequencies

compared to %ow frequencies. This dispersion can be minimized.
' «
\ ' Dby operating the device in parallel. JThis reduces . the transfgr

rate and also the total number of transfers made by any signal
A .

.

charge. A ~

« v

The Z<transform of a sihgle element delay is given
£ , 34 d
; I oW -y
H 1 \
. ) ' ML—Z— R RS (5"12)
, H(z) = 12’?71 | e , .

when Z = exp (-2 '

t £/fs) when fs is sampling frequency.

- a ety e e tEAe t e ST T
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Figure 5.3 Equivalent model for tfié unit transfer ololnent. ”

(CourtesysReference 37)
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o . . ) EN
i i o <
. If 'M*' elements are used in parallel and ‘'q' is . the

clock phase, the transfer function H(Z) in equation (5-12)

.
R R ROTRY

. can be written as follows:-

e nw?‘w"'!t“i-vw« -
<

S M/q -
}{M(Z) = il“ﬂ Z-M 0"l.l.lol.nao!!ttloo(s-lj)
P 1-§ 274 : n 7 |

- o \

; - . ; ' ' Substituting for 2 = exp (27 i f/fs) ani taking the

% \ magnitude gives . .,'

?E — l HM(f)l = exp [-—Mg' (;-Cos 2T q f/fs?] veeea (5-14)

. . . : . . roow ]
£ Observations prove, that parallel operation yields {#
g_ much less dispersion and hence the high‘ frequen;.;y response "is T
! improved. But this givgé;) rise to fixed pattern noise, which i

-

can be elimi}af‘ted by filtering.

In, split-electrode technique,24 . the weighfing coeffi~

e ’
1, cients hi{ are coded into the mask as gaps in electrode '
structure. For higher accuracy, the d}’annel dlffusmn carm be

-'s
placed under the gaps making the coefficients insensitive to

hia

small photo mask mlsallgnments. The desired }éf.trode length T

4

is rounged off to the nearest value. On acco/unt of this the

actual weight implemented differs from desired weighti 'hk' by
a random error component 'd, ' which is uniformly distridbuted

\ over interval (- ; 8 ). The valde of &' is in the range of
14

"0 o0o2 to 0.01.
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. E
loses the capacity to hold charge. The potential wells are J

" current does not stop instantaneously, but £ontinues for some

A

-~ 52 GLOGK RATE S , o

-

. Although CCD transversal filters are operated at .

clock freduencies in excess of 100 MHZ, practically CCD !
transveral filters can be op&gted up to 10 MHZ only. Thi_g
limitation comes from lack of clock drivers and analog.circuits

’

associated with filter output. ~ -

\ LY

. . The lowest clock frequenéxe,depends on the thermal

t. , '
leakagey For an N-Stage CCD operating at a clock frequency -

1 should hold. charge for a period Td='N/fo, when T;.is ' 3
total time delay. Due to thermal leakage, thé CCD gradually

filled in a storage time 'ts' = 50-seconds at room temperature.
) B
The minimum clock rate therefore depends on~Td<4< ts' Delay {

times Td!ﬂ 1 second is possible at roomJtemperature. The leakage 1

current however increases by a factor of two for each 8%
ha Y " l‘ (/

~, - e :
increase in temperature. Typical value obtained for a 500- . . 1

stage CCD filter is 25HZ. . ‘ Ly

Storage time ts:~ A heavily conducting transistopr has many {

excess charge carriers mo;)ing in the collect%r egion. - When

the transistor istufnedoff by the base signal, the collector !

time, until all of the excess carriers hag been removed by the

collector region. The time taken by the, transistor in order
- .

to remove the excess of carriers at room temperature is called
the storage time '\;S' the semi comductor. .
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! 3 ' .
o 5-13. LINEARITY o \
The major source of nonlinearity arises at the input,

' 6
¢ when)the charge is initially injected? The linearity of

T - charge injection has been studied and the harmonic contents

higiont Stk i

of the input signal measured.era;ious,injection methods have

Reen described in literature elsewhere.using potential
equilibrium method with surfate chaﬁnqi devices, the signal
ffé applied at the second input gate, whereas the first inpup
‘ gatg is held at a constant d.c. ﬁias, all the hafﬁgﬁic compo~

7

s were 40dB below fundamental.

» ) \'z - -~
, Figure (5.4) and‘(5.5) show the harmonic components
_\ ' of the pofential'equilibrium injection method and dynaﬁic
oy ’

» : injection method..

- - K

r

A}

The linearity can be impnayed. if the electrode§
are allowed to return to the same voltage ever; clock perida
. : after the charge transfer. Thiikcﬁn be achieved by turning

6ff one of the electrodes. /In this caée, the dha€ge'below
- v the electrodé is independent of the signal charge.9

g

5\4‘. NOISE

v © It is difficult tolgive a detailed account and cures

" for all types of noises appearing in charge transfeindevices.

Noise in CCD transversal filters.can be divided into two pérts
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namely, noise inherently g}esent with the CCD and noise

present in the differential amﬁlifier. Strictly -speaking

°

CCD's are low noise devices and as such noise introduced by
-,

a CCD is low”compared to noise introduced by the differential
Aﬁu

amplifier. The dhiferentlal amplifier nolise 1nvar1ably domlna-,
‘tes the noise of the CCDj because the dlfferential amplifier
n01se is introduced after the weighted summatlon. The split-

,_d. a

electrode transversal filter has an’ 1nsertion loss of 204Bs. .

°

/
‘Henc'e the dlfferentlal amplifier works at a low-input. . At

A‘Q )
low-inputs, the noise itself appears as distortion in the outxx

‘ _ A o
put. This brings down the performance of the transversal giltery

unless&good design of the differential amplifier: is used.

A charge transfer device stores and transfers elect-

\\

rical charges. Noise will b\slntroduced on both of the

’occasiogg. Thermal noise will be added during charge transfer

and leakage°current noise during the storage proeeés. Combined

with charge transfer is Xi(ti). a zero-mean Gaussian‘rmiseglh

independent of the process X (tl), when J5£ i. ~As the 'noise
PO ]
is white, having uniform spectral density, X (t ) is 1ndependent

3
from Xi(ﬁz), for any time periods, t; and tz, when tlf T,

w ~ & .
(White noise is & term applied to a random process, fér which

the 'spectral density is uniform for al} W38). . The tpansfer

noise has a spectral density of shape (1-Cos7T'f/fo), when/ *fo' -

-
is the clock frequency.
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Figure (5.6) shows, the noise spectral densities ( B
of. transfer and storage processes indicated by *Sqp’ and B

'SSP'.39 For a single transfefi for all frequenéieé, less
than the clock frequency:ﬁthe transfer noise can be neglected. |
Thereforg. in signal protessing, the signal to noise ratio of | s
signals can greatly be improved by increasing the clock

' frequency. However, at low frequencies, noise due to charge

transfer can be negfécted, whereas noise due to storage

©

procesées predominates. This proves that for good reproduction

of low frequencies, storage précess noise has to be kept to

a minimum. The lowest frequency that a CCD can fai%hfully
reproduce depends on the delay time being.smaller than the ol
storagé tame. Delay time at present at room temperature is :

of the order of a second. This’puts a 1limit on the lowest "
Ifrequency of operation of a CCD and the noise that can be
accepted, It can also be noted that tbenoise due 5 charge
transfer is twice as much as the noise made by charge stérége
\in‘a:dCD. This is'because. charge transfer is contributed

by two charge packets as opposed to one charge packet in charge

storage process. -
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The basic concept of a transversal filter and a charge

coupled device are explained. Two teéhniques in impflfémentir‘ig
CCD transversal filter are covered in detail, kMinimum-phase
tCch tra.nsversal filters used in .voice comnunication as opposed
{%o linear phase design is ex&laine‘d with the help of a low-pass
filter. -In order to offset the ali(asing heffect due to clock ’
frequency on the signal frequency, prefiltering requirements
r\\gi‘ a ©€B. transversal filter are explained., The errors in
"implementing CcD transversal Iu'ilters are jjovered and cures are -

suggested whenever possible. Finatfiy. the limitations of the

CCD trangversal filters are given in detail. v
k] ?\m > :

e

«

.In conclusion, a charge coupled device offers cost
advantage compared to any of the existing analogue or digital

éignal Processing due to the following reasons.

s . L4

>

(a) No necessity for conversion either from A to D o
- from D to A, as the signalé can, be processed in .o
- an analogue form. yw
(v) A single CCD chip performs the fungtion of’ any -
digital filters. u
(e) Manufactur process is-simple.

{

Q
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CCD's offer temperature stability compared
to surface acoustic wave devices.
Can be used at low signal levels and the r%oise

level can be tolerated.

Lower in cost, smaller in size, lighter in weight,

lower power and improved .reliability over D.F.

e |

B R L Woets o2 220
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ABBREVIATIONS
Va8 . Input Slgxmal
v’ou‘t(t) Output Signal
T, Time delay between S.
. / .
W Tap weight ' >
. ‘ Q\. ) . 2
Xi(k) . Charge Sample in the i th delay stage.
A
xi(s) Charge sample in the ith delay stage.
‘ 7 ) \
tat, M™ne _instants.
. :
fg Sampling frequency ‘¢
A N
P . Clock phases -
M.N. Total delay elements
F : Frequency i
Cd "Depletion layer Capacitance i
‘Cox~ , Oxide layer Capacitance
QMAX Maximum chaz; e
Q Fat zero charge
£2 Sro phar
hK ) lepulse Yesponse
QL - - Charge under k™ electrode at instant 'C* -
K ]
S . Lo th
Qe Signal charge under K™ electrode
,Q; ' Chafge under kP electrode at instant "t"
FET Figld-Effect Transistor

. Vg - Gate Voltage ~ -




