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i, THTRODUCTION

CCD Ffiltere are of increasing practical interest for
signal processing. In particular variable or adaptive filter
ctructures that are required for many signal processing
applications, such as equalization, adaptive receivers, and
tracking, are feasible. A problem that arices in using CCID
structures for these applications is that of "charge transfer
loss", which degrades performance.

In this paper some structures of variable CGD Ffilters
are first considered and then a technique is described for
compensation of the charge lransfer loss bhenomenon.,

2o TACHNIZULS FOR VARYING COBFFICIWHT JBIGHTS T A CCGL

averal
obtain avtomna
filter.

Tne First consists of amploying variable transconductan-—
ce aevices in the weighting networks at the CCD's taps. In
suach a way coefficient weicht values can be controlled by
suitable current or voltage signale [1].

A second method is to use coefficient weights implement-
ed by multiplying digital-to-analog converters (DACs). Laci
DaC output is proportional to the product of the value of a
binary word at the digital input and a reference voltace,
Coefficient weights can be represented digitally and the
aenalog voltage samples at the CCD's taps drive the reference
inputs of the DACs [2] . This method can be modified by re-
circulation so that a single DAC can Serve to implement
milti-coeflfficient filters.

ultiplying DAC-based methods are obviously eninently
cultable for the interfacing of the filter to a digital
controller whose job is to compute or at least to gener-te
the fFilter coefficient weights. 4 block diagram of the
structure described is shown in Ficure 1,

Obviously, the flexibility of the filter with digitally
implemented coefficients can be enormously enhanced by
employin¢ a microprocessor #s a controlling unit.

i microprocessor—-controlled Filter architecture is
$wn 1n Figure 2. he variable filter of Figure 1 is inter—

ifferent technigues can be applied in order to

a
tically varying coefficient welchts in a Qs
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faced by multiplexers and latches with a microprocessor
which has the task of controlling the filter transfer
Function. Suitable timing signals from the filter clock are
employed in order to synchronize the transfer of the coeffi-
cient values From the multiplexer to the filter via the
latches.

such a system can be of great interest in experimental
applications where a number of different transversal filters
with different transfer functions are to be implemented;
cach filter characteristic can of course be wholly software
controlled.

Utilization of an "intelligent" control unit permits
the filter structure to be used in a role more demanding
than simple variability, i.e. for adaptive Filtering. The
microprocessor can, in fact, be programmed so that the coef-
ficient computing strategy is determined on the basis of
information from the filter operating environment. In the
simplest case the microprocessor can be equipped with an
input analog-to-digital converter by means of which it can
receive the filter output samples from some external adapta-
tion reference source (see Fig. 3). A suitable adaptive
algorithm can then compute (in real time for many applica-
tions) the coefficient weights depending upon the reference
gignal and/or thie filter output signal 3] .

3., THCHNIOU: TO COMPLNS AT CHARGE TRANSFEE LOSS

je are involved in implementation of an interactive
microprocessor progra mable system which allows an oberator
to define a filter with desired characteristics by specify-
ing only a few parameters, computes the filter coefficient
veighte and transmits them to the filter. The operator has
only to select a filter structure from a given set (e.g.
low-pass filter, band-pass filter, lilbert transformer,
differentiator and so on) and then supply the appropriate
parameters needed for the coefficient computing algorithn.
An early version of this variable Filter system has been
presented in [2] ; more recently greater flexibility was
affordec by using a minicompulzzr programmed in FORTLAN to
control @ 3.-tap device, Efficient operator command dialog,
coupled with interactive features like joystick control of
such filter parameters as filter passhand widths and centre
frequencies, have demonstrated the desirability of rapid
and convenient means of communication with the filter system
vhen in a variable, but non-adaptive, mode of operation.
The eventual system is to be totally microprocessor based.
periments vith adaptive filtering, using in particular

L

the window algorithm [11], are underway.
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The coefficient computation can be performed by anyone

of the techniques well-known in digital filtering literature.

The most suitable technicue seems to be the use of the
method of windows Eﬂ (5] , due to its simple algorithmic
implementation, As further degree of freedom the operator
is able to select, in a predefined set, the desired window,
The degree to which window--designed filters fall below
the performance of those produced by various optimal design
strategies is often negligible (and caen, in any event, be
predicted (4] ) and is frequently offset by the operational
ease, algorithm simplicity, and calculation speed characte-
ristic of windowing approaches. Unfortunately the design
problem does not solely centre upon the best design of
perfect filters; recognition of the practical limitations
of the final filter muct colour our design approach.
As is well-known in the literature (J],(7],(8),(9)
ceh transvercel filtor performancé can be degraded cdue to
the loss in charge packet transfers betveen contiguous cells

(Charﬁe Transler Tnef£1c1oncy). Such affects, under recasona--

ble simplifyinyg assumdtions, can be cormpensated by suitable
steps at filter design time [o], [8],[20].

£t has been proven that compencation of CTI effects on
filter transfer functions nay be obtained by modifying the
nowminal coefficient weights. The neyw value 4! of a generic

coefficient for the compenseted filter can, fx Fact, be
iteratively derived as a function of the coefficients h!
(with j = 1, esee; < — 1) and of the nominal value UL J
(1, (10]. '

4 simpler cxpression has been derived in (] uncer the
asswaption thet the relation h%<< 1, vhere N ig the number
of CCD cells anéd & is the ¢TI value, holds. Inm such & case
the comﬁels ted value h! can be obtained 2z afunction of the
sreceding cocfficient hY : and of the neminal value h. :

2. R i€
B e h, - &(% - 1) n (1)
N I = L& % EL I |

The effects of compensation on amplitude transfer
function errors of typical low-pass filters are shown in
“icure 4., The results shown have been obtained by digital
computer simulation.

In order to perform the described CTI compensation in
actual filtering applications the coefficient computation
alcorithm implemented on the microprocessor 1is designed in
order to apply the coafficient compensation formula (1) as

a follow—on to window design of the initial coefficient set.
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n the coeign of the microprocessor controlled filter
the need lhas been recognizeé for a contrel unit with float-
ing-point arithmetic facilities and a computing speed which
vould be comwatible vith real time operation in adapt
sopligatigns.

The inplementation of a transportable software (or
fipivrere) Floating-point library would have entailed a
coneiderable programming effort, since subprogram libraries
meeting our specific recuirements are not readily availlable
and, on the other side, the system necded to employ a fast
and precise CPU, e.g. a sixteen bit unit. Because of these
andg other considerations it has been decided to use a
nornal eight bit microprocessor equipped with a fast exrter-
nal arithmetic unit for extended precision and floating-
point operation. Iun such a way both software inplementation
and computine speed problems have been cost-effectively
solved.

In Figure 5 the global filter control unit block
diagram is shovn., The cystem includes a lfockwell L5022 CTU
vith 4 Kbytes of R4, a ROM resident monitor, a keyboard,
alphanumeric display and a snmall thermal printer for inter-
active 1/0., Une of the CPU 1/0 ports is employed for the
.dvanced Micro Devices Al{ 9511 arithmetic unit and a
second peort controls the CCD filter interface.

A Further 1/0 port is provided as data input channel
for adaptive structure implementation., :

Tt is believed that the initial hardvare configuration
w11l provide sufficient operationel capabilities and flexi-
pility Ffor ¢eneral purposeuse and will serve as & basis
for performance evaluation of a variety of adaptive filter-
ing approaches aimed at selected signal processing applica-
tions.,
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