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ABSTRACT
The adoption of charge-coup 1ed devices in ana 1ogue signa 1 processing app 1i cations is
dependent on several performance parameters being achieved such as:
(a) Low charge transfer inefficiency,
(b) High sampling rate,
(c) High signal to noise ratio, and
(d) Low harmonic distortion.
The first three parameters have been studied in some detail and are at the stage where most
applications can be satisfied. Parameter (d) however, is not easily achieved, and currently
only one technique has been developed which yields overall ccd distortion lower than
40 dB without seriously degrading dynamic range. The limitations of this technique are
outlined and a potentially powerful technique for obtaining low harmonic distortion
coupled with optimum dynamic range is discussed in detail. The technique utilises a
sensing structure positioned adjacent to the ccd input gate in order to sense the
quantity of charge being injected into the ccd; the signal from this circuit being used
as feedback to control the quantity of charge entering the ccd. Assuming low loss
transfer, this technique may be utilised to obtain a highly linear transfer function from
many of the ccd devices likely to be used in signal processing applications.

INTRODUCTION
The operational parameters of chargecoupled devices in signal processing
applications can be clearly specified for
many applications. High transfer
efficiency, bandwidth and signal to noise
ratios can be achieved, and in some cases
these are obtainable with low harmonic
distortion.

In many situations however,

low distortion and high dynamic range are
difficult to achieve simultaneously unless
some method is used to linearise the
charge injection and detection. It is
thus extremely important to produce ccd's
for signal processing applications, which

Hany different schemes exist for injecting
charge into ccct•s. Their basis is to
inject a quantity of charge which is
proportional to the input signal voltage
level. The most commonly used
linearisation technique, potential
equilibrationl,2, involves injecting a
quantity of charge in such a manner as to
produce a linear relationship between the
surface potential under the collecting
well and the surface potential under an
input gate. The technique relies on the
assumptions that:

have a low harmonic distortion,

independent of dynamic range.
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(a)

No distortion is introduced during
transfer
(b) A detection circuit is available
which can transform surface
potential linearly to an output
signal.

The latter assumption proves to be an
important limitation in the fabrication of
delay lines and programmable matched
filters >~hen a floating-gate sensing
technique is utilised 0. This limitation
has led to the development of a technique
which overcomes the problems of sensing and
input circuit non-linearities and thus
provides a linear ccd transfer function.
FEEDBACK LINEARISATION
The principles of operation of the
linearisation technique are demonstrated in
Figure 1. The input signal is applied to a
differential amplifier, the output of which
is connected to a diode diffusion at the
ccd input. Adjacent to this diffusion is a
gate, the potential of which is pulsed high
after the commencement of the second-phase
pulse and is returned to a low potential
prior to the termination of the succeeding
third-phase pulse. During the period when
this gate potential is high, minority
carriers flow from the input diffusion to
the potential well below the first tap
top 1 output
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where A1 is the gain of the differential
amplifier stage and A2 is the variable loss
between the input diode and the sense
amplifier output. From this equation, when
A1 x A2 is much greater than unity, the
transfer function of the device is linear.
For reasonable amplifier gains, this
inequality is valid over virtually the
entire signal charge range; A2 only
tending to zero for zero charge and as
saturation of the tap potential well is
reached.
The technique was implemented using a
single-level metal ccd fabricated on
10 n em, <100> orientation n-type silicon.
The tap electrodes and the transfer
electrodes were 8 and 4 ~m long
respectively with 2 ~m gaps. The gain of
the differential amplifier was 100 giving
an overall open loop gain (Al x A2) of
approximately 25.

were obtained:
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Fig.l. Circuit and timing diagram for
feedback linearisation technique
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+ l/(Al x A2)),

A spectral analysis of the output of the
first tap sense amplifier was performed.
A low frequency sinusoidal signal was
applied to give a g5% of maximum output
voltage swing and the following results
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being reached as predicted above.
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floating-gate reset technique and the
output of the sense amplifier is used as
feedback to the differential amplifier.
As a result of the feedback, the charge
injected into the ccd is controlled in
such a manner as to give an output
voltage from the sense amplifier which
follows the input voltage according to the

\'Javeform occurs just prior to saturation
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residing in this well is sensed using a

Figure 2 demonstrates the open loop
response of the device to a triangular
waveform and Figure 3, the response with
feedback applied. The improvement in
linearity can clearly be seen, even for the
relatively low open loop gain used. The
only curvature visible on the corrected

VDD

'¢1

electrode.

/

/ / 5th ha

~

~~'

~<Y~"

nic

0 dB
< -40
~ -50
-50
~ -50

dB
dB
dB
dB

used. This resulted in the output sensing
circuitry being operated in a different
part of its non-linear transfer curve from
the input. Using the measurement
technique outlined by Sequin and Mohsen 2,
the 2nd and 3rd harmonics at the ccd
output tap were less than -35 and -45 dB
respectively, even for the highly
unacceptable loss of signal experienced.
Af.IPLIFIER CONSIDERATIONS

Fig.2.

Input and output waveforms without

linearisation

Input:
10 mY/division
Output: approximately 200 mV/division
Horizontal: 5 ms/division

The design of the differential amplifier
used in the feedback loop is of fundamental
importance to the stability and frequency
performance of the technique. A wideband
bipolar operational amplifier was used in
the prototype system described above, but
for frequencies up to several MHz there
appears to be no fundamental reason why a
MOS amplifier could not be used. In many
of the signal processing applications
utilising this type of linearisation, an
operational amplifier could prove to be a
useful device to have integrated with the
ccd and for this reason a MOS operational
amplifier is considered to be particularly
desirable.
The open loop response of the circuit with
the input gate in the on condition should,
for stability, contain a dominant pole at
frequency we producing a 20 dB/decade
roll-off until below unity gain, Figure 3.
As the input gate is switched off, hm;ever,
the series resistance associated with the
channel directly belmoJ it increases in

Fig.3.

Input and output waveforms with

linearisation

Input:
200 mV/division
Output: approximately 200 mV/division
Horizontal: 5 ms/division
A measurement of charge residual after 127
transfers gave a 4esidual inefficiency of
less than 3 x 10- per transfer and the
signal to noise ratio at both input and
output taps was much greater than 50 dB.
The signal was, however, subjected to a
20% of maximum reduction in charge
magnitude at the ccd output tap due to
recombination at the low resting potential

value, introducing a constantly reducing
pole in the loop response, Hence, from
the time that this pole reaches unity gain
frequency wu until it is lower than
wc2fw , the closed loop is potentially
unstagle. However, since the time taken
for this to occur is much less than the
loop delay, there appears to be no
de 1eteri ous effect on the c1osed 1oop
stability.

The equivalent input drift of a MOS
operational amplifier could also prove to
be a problem. However, since the amplifier
is active for someVIhat less than 50% of
the time, it should be possible to
incorporate a stabilisation circuit similar
to that discussed by Fry4 and substantially
reduce this effect.
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with ccd's allows other signal processing
functions such as multiplication to be
performed. Hence, the amplifier should
ideally be produced in a technology
compatible with the ccd in order that a
high level of integration, and thus low
unit cost, may be achieved in signal
processing devices.

Gain, dB
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Fig.4. Change in open loop response during
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CONCLUSIONS
In conclusion, a technique has been
developed for electronically controlling
the quantity of charge introduced into a
ccd in such a manner as to produce an
output signal from a non-linear sensing
circuit, which is a near replica of the
input signal. The advantages of the
technique may be summarised as follows:

(a)

The authors 11ish to thank the U.K. Science
Research Council, the U.K. Ministry of
Defence (DCVD) and Microwave and Electronic
Systems Ltd,, for sponsoring these studies.
Thanks are also due to Dr. Y.T. Yeow and
Mr. B. Neilson for device fabrication,
Mr. N. Weste for operational amplifier
design and to members of the Electronics
Group, R.R.E. for supplying masks.
REFERENCES
1.

TOI·IPSETT, ~I.F.: "Using chargecoup 1ed devices for ana 1og de 1ay" •
Proceedings of c.c.d. applications
conference, San Diego, 1973,
pp.l47 - 150.

2.

SEQUIN, C.H., MOHSEN, A.F.: "Linearity
of electrical charge injection into
charge-coupled devices". Proc. of
IEEE international electron devices
meeting, 1974, pp.229 - 232.

3.

MACLENNAN, D.J., MAVOR, J.,
VANSTONE, G.F.: "Technique for
realising transversal filters using
charge-coupled devices", Proc. lEE,
~. No.6, June 1975, pp.615 - 619.

4.

FRY, P.W.: "A NOST integrated
differential amplifier". IEEE J.
Solid-State Circuits, 1969,
pp. 166 - 168.

It produces a linear, ccd transfer

function,

(b) May be used with any non-linear,
non-destructive sensing technique,
(c) May be applied to buried channel
and peristaltic ccd's,
(d)

Provides a designable, fixed gain
transfer function,

(e) Allows the designer to choose the
degree of linearity desired by
varying the open loop gain, and
(f) May be used with multiplexed ccd's
to overcome Input threshold
voltage variations.
The requirement for an operational
amplifier at the ccd input may initially
appear to be a major disadvantage.
Hmvever, some form of buffer amplifier is
likely to be necessary in virtually all
applications. In recursive filters for
example, such an amplifier is essential
for the summation process, and if combined
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