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CHAPTER ONE

INTRODUCTION

The charge-coupled device (CCD) was conceived in late
1969 by Boyle and SmH:h]'2 of Bell Telephone Laboratories, during
an investigation to develop a semiconductor analogue of magnetic
bubble devices. The first device consisted of a row of closely
spaced MOS capacitors; each electrode was 100 x 100um and they
were separated with 3um gaps. Minority carriers stored at the
silicon/silicon dioxide could be manipulated along the row of
capacitors by applying a suitable sequence of voltage pulses to
the electrodes. After a series of transfers, the charge 'packet’
could be detected by sensing the current produced by injecting
the minority carriers into the substrate. Since the fabrication
of these devices relied upon well established MOS technology, the
simple idea was quickly developed in many laboratories; the size
and complexity of the devices grew rapidly until today CCD's
digital memories, for example, containing as many as 65K bits are
commercially available.

Since 1969, a considerable amount of work has been
published on many aspects of the fabrication, operation and
performance limitations of CCDs; it is only relatively recently,
however, that specific applications for these devices have been
discussed in detail. Nevertheless, the great potential for CCDs
in very many areas of electronics has been recognised and systems
engineers are already beginning to regard CCDs simply as a powerful
addition to the circuit functions which are already available.

Reference has already been made to the application of CCDs
in digital memories. The most powerful impact that CCDs are likely
to have, however, is in the field of analogue signal processing;
this is because of the ease with which variable sized charge packets
may be positioned, spatially manipulated and delayed in a CCD
structure. Hitherto the delay of analogue signals has usually been



a difficult and cumbersome task; mercury and quartz delay lines
have tended to be unwieldy and to lack sufficient control over

the delay duration, while digital storage techniques have involved
the need for bulky and costly A-D and D-A converters which often
have the additional disadvantage of high power consumption. By
comparison, CCDs provide a very straightforward approach: they

can handle analogue signals directly, and in addition, each analogue
sample is accurately positioned in time with respect to the other
samples and the delay duration can be accurately controlled since
it is dependent solely upon the frequency of the applied clock
waveform. Conceptually the device has many of the advantages of
information processing in the digital domain, i.e. stable, fixed
and accurately variable delays, whilst retaining the advantages

of conventional analogue signal processing, i.e. high bandwidth
and Targe dynamic range. This capability allows quite complex
mathematical operations such as convolution and correlation (which
depend upon accurate temporal positioning of each waveform) to be
performed with ease. Furthermore, these operations can be carried
out with substantially reduced circuitry compared with digital
techniques and so units of low cost, size and weight, consuming
comparatively 1ittle power can be designed. Moreover, the reduction
in component count and the integrity of the fabrication technology
allows high reliability to be achieved.

Although the CCD evolved directly from the concepts used
to develop magnetic bubble devices, several competitors such as
the Bucket Brigade Device3 (BBD) and the Serial Analogue Memory 4
(SAM) emerged at about the same time. Unlike the CCD, which has
no discrete circuit equivalent, these devices are based upon the
implementation of an analogue delay line with discrete components.
There are, however, several disadvantages associated with' these
alternative schemes such as higher transfer inefficiency, low
dynamic range, and increased circuit complexity which makes charge-
coupling a more favourable technique.



Another device which has become increasingly important in
recent years due to its analogue delay capability is the surface
acoustic wave (SAW) device. However, these devices operate at
relatively high frequencies (>10MHz) where CCDs generally cease
to become usable, and so rather than compete with CCDs they
complement them; in fact since there is a small overlap in operating
frequencies (at =10MHz), particularly if buried channel CCDs are
used, the two devices can be used together to advantage in some

systems.5

The first CCD was very simple and had a relatively poor
performance. However, as a result of intensive research and
development over the last few years their performance has improved
dramatically; in particular, transfer inefficiency has been
decreased by several orders of magnitude, and values of 45dB and
90dB for Tinearity and dynamic range respectively have been
obtained. Thus their future in many signal processing systems,
both digital and particularly analogue, seems increasingly assured.

In this thesis the application of CCDs to the specific
problem of radar clutter reduction by the use of signal integration
is discussed in detail. A novel CCD architecture is described
that substantially overcomes the problem of transfer inefficiency,
an effect that seriously Timits the performance of conventional
CCD integrators. Before discussing this system, however, CCD
techniques and their application to a number of analogue signal
processing schemes are briefly reviewed in Chapters 2 and 3, with
particular emphasis placed upon performance limitations. In the
fourth Chapter, the problem of detecting marine targets in sea
clutter is discussed and the signal integrator is identified as
a useful and versatile processor to improve target detection. Two
types of integrator, i.e. recursive and non-recursive, are described
and methods of implementing these systems with parallel transfer
CCD structures to reduce sensitivity to transfer inefficiency are
proposed. Since both these schemes employ floating-gate charge
sensing methods, a rigorous analysis of this technique is carried



out in Chapter 5. In Chapter 6 the design and fabrication of a
three-bit test recursive integrator is described and in the following
Chapter experimental results on the device are presented. The
successful operation of this test device led to the development of

a second test recursive integrator which included a number of
modifications to improve performance. The design procedure and
operation of this device is presented in Chapter 8.

Since the recursive design involves a Tess complex and
smaller chip layout than the non-recursive approach, more attention
was paid to the development of the recursive integrator. However,
some thought was gjven as to the most desirable approach to achieve
non-recursive integration using parallel transfer CCD structures.
This work is reported in Chapter 9, which also includes an
investigation of the distortion associated with the type of
multiple floating-gate structure to be used in the non-recursive
integrator. |



CHAPTER TWO

CCD TECHNIQUES AND LIMITATIONS

2.1 Introduction

In the Tast Chapter the enormous potential of CCDs in
many areas of electronics was briefly outlined. Although CCDs
exhibit a number of important features that give them a distinct
advantage over alternative analogue delay implementations, they
have certain inherent limitations; in practice these require
careful consideration in order that the CCDs' performance,
particularly in analogue signal processing applications, will not
degrade the overall system performance.

In this Chapter, therefore, several important aspects of
surface channel CCD (SCCD)* design and operation are considered,
with particular emphasis being placed upon the performance
Timitations. In view of the fact that a considerable amount of
Titerature on each of these topics has been published, the sections
that follow must be regarded only as a summary of the present
situation: this Chapter may be omitted, therefore, by the reader
already familiar with the problems associated with CCDs. Before
discussing these problems, however, the basic principles of CCD
operation are discussed very briefly.

2.2 Basic Principles of Operation

A CCD consists basically of a row of closely spaced MOS
capacitors, as illustrated in figure 2.1. If one of the electrodes
is pulsed to a sufficiently negative potential (see figure 2.1a),

a depletion region is formed in the underlying silicon and minority
carriers, which can be made to represent a signal sample, can be
stored in an inversion region at the silicon/silicon dioxide

* Since buried channel devices are not used in the radar application
to be described later, the following discussion will be concerned
exclusively with surface channel CCD operation.
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Fig 2.1 The principles of charge-coupled device operation.



interface. If one of the adjacent electrodes is then pulsed to
the same potential as the first, the 'signal' charge will
distribute itself beneath both electrodes (see figure 2.1b). By
reducing the potential on the first electrode, this redistribution
will continue until all of the original charge resides beneath

the second electrode. If this sequence of operations continues,
the charge packet can be manipulated from one end of the row of
capacitors to the other.

The equation relating the surface potential, ¢s, Of an
MOS capacitor to the stored charge per unit area, Qg, and the gate
voltage, Vg, can be derived from the one-dimensional form of
Poisson's equation; assuming the depletion approximation and a
uniformly doped substrate, the relationship is as follows:

bs = Vgm Vg - (Vg2 + 2v0vg')% 2.1

where Vg’ = Vg - VFB - Q/C

VFB is the flatband voltage of the MOS structure

0oX

Cox is the oxide capacitance per unit area

gNhe
and V. = Ds
0oX

where q is the electronic charge

ND is the substrate doping Tevel

and € is the dielectric constant of silicon.

The manner in which CCD operation is normally depicted
is shown in figure 2.1. Immediately underneath the physical
structure we depict (by the dotted Tine) the variation of surface
potential of the empty CCD structure. We see that beneath the
electrode biased to -10V a ‘potential well' is created. With
reference to equation 2.1, if VO is small (for a typical substrate
doping level of 1015cm™3 and a 0.1um thick oxide layer VO = 0.14V),



then the surface potential is approximately linearly related to
the stored charge. Thus the introduction of charge into the
potential wells and the consequent reduction in surface potential
is analogous to the filling of the wells with a fluid. When the
voltages on the gates change (as shown in figure 2.1 b and c) and
a new surface potential profile is defined, the 'fluid' charge
flows so that it always resides in the deepest adjacent potential

well.*

The manner in which charge may be injected into a CCD
and how it may be detected will be discussed in sections 2.4 and
2.5.

2.3 Transfer Electrode Structures and Driving Methods

In order that the number of connections to a CCD may be
small and that many charge packets can be transferred along the
device, the electrodes are connected together periodically and
each 'phase' driven from clock pulse generators synchronised with
each other. Many CCD electrode configurations have been proposed
which trade off the number of clock waveforms required for
satisfactory operation against some other parameter such as charge
handling capacity, cell size or circuit complexity. However, only
a few structures have emerged that have found wide acceptance and
some of these will be discussed below. It is convenient to
classify the various structures by referring to the number of
driving phases required by the device.

2.3.1  The Three-Phase Configuration

The simplest electrode arrangement is similar to that
shown in figure 2.1. This consists of a thin oxide layer,
approximately O.lum thick, with metal electrodes defined on the
surface of the oxide. The minimum number of driving phases to

* Although it is very useful to employ this analogy to describe the
operation of a CCD, it must be remembered of course, that the
charge is actually stored at the Si/Si02 interface in a partially
inverted region approximately 10nm wide.



ensure uni-directional charge transfer is realized by connecting
every third electrode together; thus each 'bit' of the CCD consists
of three electrodes. This configuration is illustrated in

figure 2.2. Unfortunately this simple implementation has
associated with it a number of fabrication difficulties. Firstly,
in order that efficient charge coupling is maintained between
adjacent potential wells, the gap between the electrodes must not
exceed two or three microns; this is very much smaller than normal
artwork geometries and so, if the electrodes are to be defined in
a single layer of metal, stringently controlled photolithographic
and etching techniques are necessary. Such narrow gaps inevitably
cause a serious reduction in yield since dust particles and mask
defects are often of the order of a gap width. SecondTy,\the
connection of the three phases presents a topological problem,
which can be overcome in the single level metallization process
only by using underpass diffusions; again, this contributes to a
reduction in yield.

To overcome these difficulties, several modifications to
the basic structure have been suggested and'implemented. One
solution is to use the structure shown in figure 2.3, fabricated
using a polysilicon gate process. Since each polysilicon gate
is insulated from its neighbour by a layer of thermally grown
8102, typically 0.1um thick, inter-electrode shorts are few and
the possibility of ionic contamination in the gap region is Tow.
Furthermore, phase connections are simplified since the cdnnecting
bus for each phase can be defined at each polysilicon stage.
However, a disadvantage of this structure is that more processing
steps are required, many of which are at elevated temperatures.

If the configuration has to be made with an aluminium gate
process (e.g. if a polysilicon process is not available), two
schemes have been demonstrated which rely upon a shadowing technique
to obtain submicron gaps. The first, invented at Southampton
University,7 employs a double metallization process. Half of each
electrode is defined in the first level of aluminium (see
figure 2.4a) and a second layer is then obliquely evaporated on
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Fig 2.2 The basic three-phase CCD configuration.
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Fig 2.3 The three-level polysilicon three-phase structure.
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1

to the surface (see figure 2.4b). In this way, a gap whose length
is dependent on the evaporation angle and the thickness of the
first aluminium Tayer is produced at the 'trailing edge' of each
half gate. The second technique also uses two metaﬂizations8
and is similar to the undercut isolation method described by
Berglund et a].g Although these techniques do not overcome the
problem of interconnecting the phases, they are (particularly at
first) very easy to implement, and do not require any increase in
high temperature processing time. Furthermore, since the electrodes
are non-overlapping, the inter-electrode capacitance is smaller
than that of the polysilicon structure; consequently clock feed-
through between phases and clock driver power dissipation are
reduced.

2.3.2 The Two-Phase Configuration

The number of driving phases required by a CCD may be
reduced to two if the charge transfer along the CCD channel is
aided by the physical structure of the device. In this case, each
'bit' consists of only two electrodes, thus simplifying the inter-
connection of each phase. Unfortunately, however, the charge
handling capacity of a two-phase device is less than a three-phase
device with the same operating parameters. This is because the
maximum charge is determined by the surface potential difference
(A¢s in figure 2.5) resulting from the asymmetry of the structure
rather than on the magnitude of the surface potential in the
storage region.

There are several ways of building directionality into the
CCD structure. The most obvious is perhaps to fabricate
asymmetrical electrodes using a double level oxide layer. Such
a structure is shown in figure 2.5, using polysilicon and
aluminium gates. However, a much simpler approach is to use a
sTight modification of the angled evaporation technique described
in the Tast subsection. Workers at Southampton University have
extended this technique to enable two-phase structures to be easily
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Fig 2.5 A two-phase configuration using an asymmetrical electrode
structure.

Fig 2.6 Asymmetrical electrodes for a two-phase structure

fabricated with an oblique evaporation.

Bye
¢2‘

£ 18 1d 1L 1L 11 il 1 7
A GTTTUEETI T T LTSS TGRS T LA G LSO LSRR A S N N A SRS SRS SERKAESSSMSN S N

IMPLANT

PR |

-
t
*
]

-

r.....J

beoeaq
i

-y
.
[
]
.

r--_--_J
-y

r
i}
]
L
[

4

lsonm o on

I
¥

TRAPPED CHARGE

Fig 2.7 An implanted barrier two-phase CCD.



13

fabricated.7 In this instance, the metal is evaporated obliquely

on to a castellated structure comprising the thick and thin oxide
gate regions; gaps in the aluminium film are thus formed in the
shadow of each oxide step (see figure 2.6). Another, slightly

more complex, fabrication procedure for two-phase CCDs using an
undercut isolation technique has been described by Berglund et al.g

The asymmetrical potential well produced by the two level
oxide structure can also be created if a barrier is implanted
beneath each electrode, as shown in figure 2.7.1} This arrange-
ment has the advantage that by adjusting the level of the implant,
it is relatively easy to create a large surface potential step,
Ads, than with a two level oxide structure, thus enabling larger
charge packets to be handled. However, the implant must be placed
at least a registration tolerance inside the 'leading edge' of
each electrode. This is necessary in order that mask misalignment
will not cause the barrier to appear under the inter-electrode
region and thus prevent charge transfer. Therefore, it is
unavoidable that charge will be trapped behind the barrier and
cause the device to operate in the incomplete transfer mode. This
is a disadvantage, since it leads to higher transfer inefficiency
and transfer noise.

The types of clock waveform required by the three-phase
and two-phase structures are shown in figure 2.8. It is desirable
that, in addition to the overlapping of three-phase pulses, the
falling edges slope or have an exponential decay. If this is not
the case, then the source well may collapse faster than the charge
can flow into the receiving well, thus part of the charge packet
may be lost due to recombination in the substrate as the source
well overflows. Indeed, it has been shown]2 that appropriately
shaped clocks enhance the critical final stages of charge transfer
and so allow the CCD to be driven at higher clocking rates (up to
10MHz). Unfortunately, sloping falling edges can be generated
only at the expense of relatively high clock driver power
dissipation. However, similar improvements in the charge transfer
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process may be realized if stepped clocks, as shown in figure 2.8b,
are employed. Since shaped falling edges of the waveform are not
required in this driving scheme, low power drivers may be designed.
A simple Tow power driving circuit that generates this type of
waveform, which could be integrated on to the CCD chip has recently

been descm’bed.]3

On the other hand, the asymmetrical potential well created
beneath each 'bit' of a three-phase CCD by the stepped clock
operation is simulated by the two-phase structure. Thus, higher
data rates can be used with these devices whilst retaining a simple
clocking scheme (e.g. figure 2.8d) which could more readily be
integrated on-chip.

Even further simplification of the clocking arrangement
can be realized if one phase of a CCD is biased to a DC level, and
the other phase or phases are allowed to swing above and below
this YeveT.14 The charge handling capacity of a CCD operated in
this mode is slightly smaller than with conventional clocking;
this shortcoming is, however, more than offset by the simple drive
requirements, particularly for two-phase devices, which now
require only one clock waveform. When a two-phase device is
operated in this 'l1i-phase' mode, there is a danger of incomplete
charge transferlo if the DC bias and the clock amplitude are
wrongly set. This mode of operation, termed the Bucket Brigade
mode, is undesirable since it leads to an increase in transfer
inefficiency and transfer noise. With care, however, this condition
will not occur and so its effects will not be discussed further at
this stage.

To summarize this section, it will be readily appreciated
that two-phase CCDs have a number of advantages over other
configurations. In particular, simple clock generation and driving
circuits can be used and, because of their in-built potential well
asymmetry, these devices can be easily driven at comparatively
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high speeds; furthermore, two-phase structures can be more
simply fabricated.

2.4 Charge Injection Techniques

The signal charge in a CCD can be generated either
optically or electrically; however, since this thesis is concerned
primarily with the signal processing applications of CCDs, only
the electrical inputting of charge will be discussed here.

Since the invention of CCDs, much work has been done to
develop techniques that inject an accurately controlled amount of
charge into the CCD channel; these schemes fall into two clearly
defined categories: those techniques that ideally launch a charge
packet whose magnitude is linearly dependent upon the input
voltage, and those techniques in which ideally the surface potential
of the first potential well (and under certain conditions, the
potential wells in the rest of the device) is Tinearly dependent
upon the input signal voltage. Some commonly used input schemes
for achieving one or the other of these conditions will now be
discussed, with particular reference to linearity and noise
performance.

2.4.1 Potential Equilibration Charge Injection Schemes

Several structures have been proposed that provide a linear
input voltage-to-charge transfer function in both two and three-
phase CCDs; these have variously been described as potential
equi]ibration,TS fill and spiﬂ,]6 charge preset]7 or supply charge
1501ation18 methods. They all require at least two separately
accessible electrodes before the first regular CCD electrode, and
a source of minority carriers in the form of a diode diffusion
fabricated adjacent to the first electrode of the structure.
Several implementations and their operation are shown in figure 2.9;
the transfer characteristics of these injection schemes may be
easily derived by first rearranging equation 2.1 to obtain an
expression for signal charge, Qs’ in terms of gate voltage and
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surface potential
Qs = Cox (vg - 9g - \/2v0¢s‘~ Veg ) 2.2

Considering first the structure in figure 2.9a, during the period
when ¢y is off, the input diode is pulsed to a low voltage and

the potential wells beneath G] and GZ are allowed to overfill.

When the diode potential is restored to a high level, excess

charge spills back into the diode leaving a charge QS trapped

beneath the G, electrode. Qg is given by equation 2.2 in which

Vg is the signal voltage, Vin’ applied to G, - The surface potential,
¢s> will be defined by the potential on G1; in fact

by further rearranging equation 2.2, and bearing in mind that no
charge is stored beneath Gl’ we have that

Vg, = b * V2V eg + Vg 2.3

if the MOS parameters for each gate are the same. By substituting
2.3 into 2.2, we obtain

0 = Cox (Vi = Vg,) 2.4

thus Qs is Tinearly dependent upon the differential voltage
between G] and GZ' Clearly, the roles of G1 and G2 may be reversed
(see figure 2.9b), giving a complementary charge injection scheme.

By connecting the input diode to 1> the 'phase referred’
input method is realized (figure 2.9c) which has several
advantages over the previous two schemes: in particular, the
need for a diode injection pulse is eliminated, and sampling
distortion at frequencies close to the Nyquist limit is reduced.
This distortion arises as a result of the finite time interval
during which the input signal is sampled. Sequin and Mohsen]9
have analysed this effect, but have shown experimentally that for
sampling intervals of less than =2ps, the distortion due to this
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effect is much Tess than is predicted. The reason for this is
that the finite time required for the charge packet to equ111brate
reduces the effective width of the sample interval and so an
actual 2us sample window is significantly reduced. Since the
sample interval of the phase referred method is approximately
equal to the turn-off time of the ¢7 clock waveform, this type of
distortion is not evident even at very low data rates.

Figure 2.9d shows a simple highly linear charge injection
scheme for two-phase CCDs, requiring only the ex1st1ng $1 clock
waveform. An analysis of this scheme (Appendix 1) 18 shows that
the signal charge, QS, is proportional to the potential difference
between the two input electrodes. Unfortunately this scheme
presents the worst case for sampling distortion at low clock
frequencies, since the sample interval is equal to the off period
of the 91 clock waveform. However, this could be reduced if thgo
pseudo-high frequency clocking scheme described by Haken et al.

were used.

Experimental measurements have confirmed that, if sampling
effects are negligible, the techniques just described do give a
highly Tinear input voltage-to-charge conversion. However,
observation has also shown that the Tinearity is reduced if the
second input electrode area is reduced. It has been suggested
that the causes of this non-linearity are the increasing influence
of fringing fields on the smaller charge packet. This would also
account for the slightly inferior performance observed for the
scheme of figure 2.9b; in this case, the application of the signal
to G] causes equilibration of the metered charge packet to occur
at different values of surface potential and consequently with
different fringing fields. Some published results on these schemes
are shown in figure 2.10. It can be seen that second harmonic
distortion levels of less than 0.5% (-46dB) can be obtained, and
it has been estimated that by careful electrode design, this
figure could be decreased to 0.1% (-60dB).
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The major noise source associated with the charge injection
techniques described in this section are fluctuations in the
emission of excess carriers over the metering barrier potential.
This noise is introduced at each charge equilibration and can be
characterised by the thermal noise associated with an MOSFET
draining (or charging) a capacitance, Cw, representing the metering
well capacitance. A rigorous derivation21 yields the following
expression for the mean square fluctuations in charge retained on

o

52 . 2
g2 = /3T C, 2.5

where k is Boltzmann's constant in J/K° and T is the absolute
temperature. If sufficient time is allowed for the equilibration,
then the process becomes emission limited and equation 2.5 is
modified to

AQ2 = 3T C 2.6

For typical well capacitances of 0.4pF, then r.m.s. noise
fluctuations would be approximately 200 electrons; the charge
storage capacity of such a well with a 10V surface potential
variation would be approximately 25 . 10® electrons, thus with
these schemes it is possible to introduce a charge packet with a
signal-to-noise ratio of =100dB. However Carne522 and Mohsen23
have reported noise fluctuations in excess of the figures predicted
by equation 2.5, and have suggested that the additional noise is
due to random variations in clock amplitude and pulse width coupled
to the input section through electrode overlap capacitances. This
suggestion was supported by measurements of the spectral density

of the noise which showed a Tinear increase with frequency, as
would be expected from capacitive coupling. Additionally,
Kandiah?4 using a different measurement technique, has obtained
good agreement between his results and the theoretical values
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predicted by equation 2.5. These results were obtained on devices
with non-overlapping electrodes separated by 4um gaps and clocked
from accurately controlled clock sources; in this system, therefore,
clock noise feedthrough was probably very small.

2.4.2 The Diode Cut-Off Charge Injection Scheme

The diode cut-off techm‘que25 for introducing charge into
a CCD is so far the only technique that attempts to provide a
linear transfer function between the input voltage and the surface
potential of the first potential well. The scheme is illustrated
in figure 2.11; the signal is continuously applied to the input
diode, whilst the input gate, G], is strobed during the 'on'
period of the 1 clock. When G] is switched on, minority carriers
from the diode flow into the potential wells under GT and GZ until
the surface potential beneath these electrodes is equal to the
reverse bias on the diode, i.e. the input voltage. G] is then
switched off. Although the charge retained beneath 61 is not a
Tinear function of the input voltage (from equation 2.2), the surface
potential beneath this, and any other subsequent transfer electrode
maintained at the same voltage will be. This scheme is not
suitable for use in a conventional CCD analogue delay application
since the charge-to-voltage conversion at the output of a CCD is
generally fairly linear. It can be used to advantage, however,
in tapped delay line applications; for example, in transversal
filters, where potentially, this scheme can yield a linear overall
transfer response (see Appendix 2). Unfortunately, however, there
is associated with this injection technique, a non-linearity due
to the partitioning of the charge beneath G1 between the diode and
the signal charge as G] switches off. The extent of the non-
linearity depends upon electrode geometries and clock waveform
shape. For example, it could be reduced by the use of a minimum-
geometry input gate in conjunction with long transfer gates, and
by slowing down the falling edge of the strobe pulse applied to
Gy to allow the signal charge to equilibrate with the diode up until
the moment of cut-off. Experimenta119 and ana1ytica126 results
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have shown that with 10um long electrodes, non-linearities as
high as 5% (-26dB) may be introduced, however, on carefully
designed structures, non-linearities of better than -45dB have
been observed (see Appendix 2).

If charge partitioning is ignored, the expected noise
fluctuations in the charge packet size can be derived in a
similar fashion to that of section 2.4.1, but in this case the
well capacitance, Cw’ is charged through the channel of a MOST
operating in the linear region. An analysis of this situation
yields a mean square fluctuation in signal charge, QS, of

A‘Q’SZ = KT C, 2.6

As discussed previously, clock coupling also introduces an
“additional source of noise. By far the largest noise fluctuations
associated with this technique arise, however, because of charge
partitioning; values many times the thermal noise associated with
the charge packet have been reported.23 Clearly, this is a highly
undesirable situation and so careful attention must be paid to

the design and operation of devices employing this technique.

2.5 Charge Sensing Schemes

In this section, several schemes for sensing the transferred
charge packet are described.

2.5.1 Diffusion Current Sensing

Although this scheme does not have extensive implementation
in CCDs at present, it enables a highly Tinear charge-to-voltage
conversion to be achieved and for this reason, is briefly described
here.

The scheme in its simplest form is shown in figure 2.12; a
diffusion is fabricated at the end of the CCD channel and reverse-
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biased through a large impedance. As charge is transferred on to
the diode, current will flow through the load, RL’ in order to
restore the original potential of the diode. The resulting
voltage spike across RL may then be detected with a high input
impedance amplifier. The drawback associated with this simple
technique is that subsequent signal processing of the series of
voltage spikes is difficult, and so designers have favoured the
sensing techniques to be described later.

The noise fluctuations introduced with this technique
are those associated with the capacitance of the reverse-biased
diffusion, and any clock noise coupled to the diode from adjacent

clocked electrodes. This latter source can be considerably
suppressed by interposing an electrode biased to a DC level between
the last phase gate and the diffusion.

2.5.2 Floating Diffusion Sensing

In this scheme, the charge packet is transferred to a
diffusion, at the end of the CCD channel, which has been preset
to a voltage VR, via an MOS switch (see figure 2.13a). The voltage
developed across the diffusion and load capacitances is then
sensed, usually by an on-chip, MOST amplifier. However, at the
sensing node, a trade-off between linearity and dynamic range
arises; increasing the (linear) loading capacitance at the input
of the sense amplifier reduces the effect of the non-linear
depletion capacitance of the diode, but unfortunately simultaneously
‘reduces the amplitude of the signal voltage.

Feedthrough of the clock waveform and the reset transistor
switching waveform, oR> with their associated noise fluctuations,
can be suppressed in a manner similar to that suggested for the
Tast scheme, i.e. by employing an appropriately positioned DC-
biased gate. Another method of reducing the reset pulse feedthrough
is to fabricate a dummy sense diode and MOST amplifier of identical
dimensions to the regular sensing array (see figure 2.13b). Reset
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feedthrough on to this diode can then be subtracted from the main
output. The dominant remaining noise associated with this
technique, is kTC noise arising from the charging of the sense
node capacitance through the reset MOST. However, this can
largely be eliminated if a technique known as correlated double
sampling (CDS)27 is employed.

2.5.3 Electrode Current Sensing

This scheme is similar in principle to the diode current
sensing method, except that the diode is replaced by an electrode
above the CCD channel (see figure 2.14). The capacitive coup]iﬁg
between the electrode and the channel will result in a detectable
current flow on to the electrode, when charge is transferred to
the underlying potential well. An important feature of this
method is that the transferred charge remains unaffected by the
sensing process and so may be transferred, unchanged, along the
channel to other sensing points; this forms the basis of a tapped
delay line which may be used to implement a transversal filter.

Although the depletion capacitance of the potential well
beneath the electrode introduces a non-linearity into the charge
sensing operation, it can be shown (Appendix 2) that, by using a
surface potential setting charge injection scheme, the overall
transfer function, from the input of the CCD to the output from
the charge amplifier, is linear provided that the sense electrode
is maintained at the same potential as the input gate.

The noise sources associated with this method are similar
to those of the diode current sensing scheme.

2.5.4 Floating-Gate Voltage Sensing

In its simplest form, this technique employs an electrode
structure similar to that described for electrode current sensing.
Having been set to a sufficiently large potential, the sensing
electrode (see figure 2.15a) is electrically isolated. As the
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potential well receives charge, the surface potential falls,

inducing a corresponding change in the 'floating' electrode

potential. 1In any practical system, the sensing amplifier capacitively
loads the electrode and it can be shown (Appendix 2) that the

resulting charge-to-voltage conversion is non-linear. As with
electrode current sensing, however, this scheme has the desirable
feature that the charge is sensed non-destructively.

It has already been indicated that if a capacitance is
charged through a conductance kTC noise arises; thus for this
simple floating-gate arrangement the noise performance will be
Timited by the thermal noise in the channel of the reset transistor.
However, by suitably modifying the structure the charging process
and hence the kXTC noise can be avoided. Such a modification is
shown in figure 2.15b. The floating-gate is sandwiched between
the channel and a DC biasing gate which sets the floating potential
by capacitive division. With this arrangement the dominant noise
source528 are the ]/f and thermal noise of the sensing MOST. This
improvement can be extended further by making use of the non-
destructive charge sensing facility to implement a distributed
floating-gate amplifier (DFGA)29 shown schematically in figure 2.16.
It has been estimated that this method can be used to detect
charge packets as small as only 10's of electrons.

Another floating-gate implementation which avoids
periodically resetting the electrodes and does not rely upon
complex two layer fabrication schemes necessary for the capacitive
biasing system may be realized by connecting the floating electrodes
to a large potential through a high impedance; this may either take
the form of a high value resist0r3o or, even more simply, the
electrodes can be allowed to float to the average potential of the
adjacent transfer electrodes; this Tatter scheme will be described
in greater detail Tater.
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2.6 Transfer Inefficiency

One of the most important parameters used to specify the
performance of a CCD is the inefficiency involved in transferring
charge from one potential well to another. This parameter,

usually designated by e, was defined by Berg]und31 as

AQ
aX 2.7
Qs

8 -
where AQ is the charge lost per transfer from the signal charge
QS. The considerable amount of work done on this effect can be
subdivided as follows:

(i) The modelling of the dispersion,31a32,33,34

(i1) Investigations into the quantitative effects of
35,36
e on CCD performance.

(i11) Development of methods to mitigate the effects

of 5.37

Clearly, in the space available here, the subject of transfer
inefficiency can be discussed only very briefly.

It is useful when considering transfer inefficiency to
distinguish between three types of loss.

(1) Proportional loss: In this case the charge lost,
» 15 proportional to the size of the charge packet, and thus

Qoss
the transfer inefficiency parameter will be a constant, i.e.

Q]OSS £ QS 2.8

In general this loss is caused when insufficient time is allowed
for the transfer process, and by surface state trapping at the
edges of the storage well. Although it can usually be decreased
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slightly by increasing the level of background charge, it cannot
be eliminated.

(i1) FPized loss: In this case a fixed amount of charge is
Tost at each transfer, independent of signal amplitude. The major
causes of this effect are the Si/Si0, interface (surface) states
which will trap charge from a charge packet as it propagates along
a device. This effect is particularly marked if prior to the
introduction of a charge packet, the states have been completely
discharged by transferring a long series of completely empty wells
through the device. The introduction of a background charge or
fat-zero considerably reduces this loss by ensuring that the charge
trapped is replenished by the emission of a similar amount of
charge trapped during the previous transfer cycle.

(i11) Non—linear loss: In this case the charge lost is non-
linearly dependent on the signal charge packet, and so ¢ will be

a function of Qs’ i.e.
Qoss = ¢ (%) G 2.9

In general this type of loss is caused by potential barriers
occurring between electrodes that are too widely separated. Although
types (i) and (ii) are special cases of (iii), it is useful to

retain the distinction since it can simplify device characterization.

An analysis of the transfer process can be carried out
most usefully by employing the potential well model (in contrast
to the charge control model of Berglund and Thomber33)
earlier. However, the assumption of rectangular potential wells
of the idealized model tends to lead to pessimistic estimates of
transfer inefficiency; in practice, the wells merge (see figure 2.17)
giving rise to an electrostatic field in the direction of charge
transfer, generally termed a 'fringing field'. For CCDs fabricated
on Tightly doped substrates (<1015cm=3), after the initial transfer

described
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transient, the fringing field-induced drift dominates thermal
diffusion and self-induced drift and so considerably reduces the
decay time constant of the charge in the source well. By ignoring
other loss effects, Carnes et a1.38 have derived an approximate
expression for the minimum transfer time, tF, to achieve an e of
107% under fringing field-aided drift. The expression is

L3 SXd/L + 1
te = 0.62 ; 2.10

uXdV 5Xd/L

where L is the electrode length, p is the carrier mobility, Xq is
the depletion region width beneath the centre of the source
electrode, and V is the clock voltage amplitude. For a device
with typical parameters, i.e. L = 10um, Ny = 1015¢m™3, V = 10V,
and an oxide thickness of 0.1um, tp = 8ns which is an order of
magnitude less than if fringing fields were absent. Since the
transfer process depends non-linearly upon the gate length, a
reduction of this geometry will result in a significant decrease
in transfer time, thus allowing higher clocking rates to be
satisfactorily employed.

The foregoing discussion was concerned mainly with the
transfer inefficiency in three-phase CCDs. Estimates of this
parameter in two-phase CCDs is complicated by the fact that the
initial stage of the transfer process is limited by the maximum
current that can flow through the 'channel' region beneath the
thick oxide portion of each phase electrode. This part acts as the
gate of an MOST operated at pinch-off with the storage wells
comprising the source and drain regions. During the last stages,
however, the rate of charge transfer becomes dependent upon how
fast the source well can be emptied. If the thick oxide gate
portion is much shorter than the thin oxide section, the fringing
fields in this area are large enough to immediately sweep any
charge leaving the source well into the receiving well; thus the
final stages can be characterised by a three-phase type transfer.39
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It was indicated earlier that surface state trapping is
a major cause of transfer inefficiency, but that it may be reduced
by injecting a fat-zero alongwith the signal charge. Although
the surface states beneath the centre of the electrode can be
‘neutralized' by this technique, the states beneath the edges of
the electrodes cannot since the signal packet occupies a larger
area of the 51/3102 interface than the bias charge, as illustrated
in figure 2.18. Clearly by keeping the area of the interface not
exposed to the fat-zero charge to a minimum, the loss caused by
this so-called 'edge effect' can be mitigated. This can be
accomplished by shortening the electrodes and increasing the sub-
strate doping level to 'sharpen' the potential well edges (this
Tatter solution will, however, conflict with the desire to have
large fringing fields). An analysis of this situation shows that
the best transfer inefficiency, ep, due to the edge effect

achievable in an SCCD is given by 40

3

e R - e
E ) Wlliomo | ] Ny

where W is the electrode width in microns and NSS is the surface
state density in cm™2evl.

The effect of inefficient charge transfer in a CCD is to
cause a frequency dependent phase shift and attenuation of the
signal. Characterization of this effect can most conveniently be

35,41

carried out by using the z-transform. An approximate

expression for the amplitude response of a CCD with a constant
transfer inefficiency is
A(f) = exp -Npe (1 - cos2n f/f_) 2.12a

and for the additional phase shift with respect to the ideal CCD

AP(f) = Npe sin(2r f/f_) rads v 2.12a
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where N is the number of bits, p is the number of phases and fc is
the clock frequency. The amplitude and phase response are plotted
in figure 2.19 for different values of Npe product; from this it
can be seen that provided Npe < 0.1, the analogue performance is
not unduly degraded.

In addition to causing an attenuation of high signal
frequencies, the charge left behind at each transfer also shows
a random fluctuation in size, and therefore adds noise to the
signal being processed. However, since a fluctuation causing an
excess of charge to be left behind results in a larger deficit in
the main charge packet, and vice versa, the variations in adjacent
charge packets will be correlated, and so the noise spectral
density will have a special characteristic; in fact it will be
suppressed at low frequencies and enhanced at high frequencies

and has the Form43

S(f) = i[—\fig ABZTR (] - cosZw f/fc) 2.13

q

where AQZTR is the mean square fluctuations introduced by each

transfer process.

The dominant noise source in devices operated in the
complete transfer mode is due to the fluctuations in the magnitude
of charge released from the surface states, in particular those
having re-emission time constants of the order of the available
transfer time. These fluctuations have been shown to be*%

802z = q KT A, Nog n2 2.14

where A, is the area over which the surface states are filled
(approximately the electrode area). There will be two fluctuations
associated with each transfer, i.e. a fluctuation in charge trapped
beneath the receiving electrode and a fluctuation in the charge
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emitted from the states beneath the source electrode; these
processes will be independent and so the total mean square
fluctuations in a charge packet after Np transfers will be

8Q%s = 2Np AQ2% p 2.15

Whilst transfer inefficiency is an important parameter for
many signal procéssing applications, constraints on device design
to minimize this effect may be relaxed in certain cases. For
instance, relatively high values of ¢ can be tolerated in CCD
transversal filters, whereas CCD recursive filters and integrators
are highly sensitive to this parameter. This important topic will
be discussed in greater detail in the later Chapters of this
thesis.

2.7 Dark Current Generation

Charge is stored in a CCD under non-thermal equilibrium
conditions; consequently a maximum storage time exists before
significant degradation of the signal charge occurs due to the
accumulation of thermally generated carriers. The generation
process is not only random but spatially non-uniform, and so in
addition to the shot noise contributed to each charge packet, the
CCD output shows a fixed pattern noise. The dominant source of
this so-called 'dark current' is generation in the depleted region
of the substrate and via mid-band interface states.45 Both processes
are highly temperature dependent and significant increases in
storage times can be achieved by cooling the CCD. Different
processing conditions also introduce a wide variation in dark
current magnitude, and at present a considerable amount of work is
being done to optimise fabrication procedures to consistently
achieve low dark current densities. Indeed, close correlation of
large dark current spikes with stacking faults in the CCD channel
has already been observed46 and CCDs fabricated with the appropriate
processing sequence which includes carefully controlled annealing
treatments have exhibited storage times of several seconds at room

temperature.47
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2.8 Summary

In this Chapter, the implementation of various CCD input
and output configurations have been discussed. Emphasis has been
placed upon performance Timitations imposed by fabrication
constraints, linearity, noise generation and transfer inefficiency.
Although the CCD is conceptually a very simple structure, device
layout, geometry, substrate material and driving mode play an
important role in determining the signal processing performance.
However, if attention is paid to these areas, performance comparable
to that achieved with conventional digital techniques can be
easily realized. For example, Table 1 shows the noise sources of
a typical three-phase CCD structure containing 256 bits when
operated at TMHz. The table shows that the device has a potential
dynamic range of =90dB. Non-linearities of less than -45dB have
been obtained and the possibility exists of reducing this to -60dE.

Thus it can be seen that despite the inherent shortcomings
of CCDs, they are a very competitive alternative to traditional
signal processing techniques, particularly in view of their simple
analogue storage capability. Some of the many and varied ways in
which CCDs may be used for analogue signal processing will be
described in the next Chapter.

Noise Equivalent

Noise Source Signal in SCCD
Electrical Insertion 600-900(220%)
of Fat-zero

Electrical Insertion 600-900(220%)
of Signal

Trapping Neise 720
NSS=109cm2eV"

On-chip Amplifier 180
Noise

Dark Current Noise 60

for Ims Delay

Total Noise 960(770%)
Maximum Signal 40x108
Dynamic Range : 94dB*

Table 1. The RMS noise equivalent signal in electrons per
charge packet. The values denoted by (*) are the theoretical
figures given by J2/3kTC. The others are measured values.
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CHAPTER THREE

THE APPLICATION OF CCDs TO ANALOGUE SIGNAL PROCESSING

3.1 Introduction

The implementation of many analogue signal processing
techniques requires the realization of an accurate and sometimes
variable time delay. It has already been indicated that a CCD
fulfils to a large extent these requirements, since it provides
direct analogue signal storage in the form of variable sized
charge packets whose propagation from the input to the output can
be accurately controlled by an external clock. Moreover, the small
size of the devices allows a high storage density to be achieved
with low power consumption. Consequently many signal processing
functions have been identified for implementation with CCDs.*

Many types of CCD signal processor have been proposed and
jmplemented, however, in this Chapter only those systems that are
relevant to the work to be reported Tater will be discussed. First,
the use of tapped CCD delay lines will be discussed, and then the
use of the conventional serial in/serial out type of delay line will
be described. Following this, some work carried out by the author
to demonstrate the use of a serial CCD delay line in television
signal processing will be presented.

3.2 Transversal Filters

49 is a system in which the output is

A transversal filter
formed by summing weighted temporal samples of the input waveform;
such a system is illustrated in figure 3.la. By inspection of
this figure, it can be seen that the output voltage is given by

Voue (KTQ) = ) ho Vi (KT - nT) oA

N
n
n=1

* It should be pointed out, however, that in some applications the
efficacy of substituting CCDs for existing delay lines is
debatable. For instance, the replacement of traditional simple
glass delay lines in PAL colour television receivers with a CCD
would probably result in a considerable increase in cost and
circuit complexity.48 .
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Fig 3.1a The implementation of a transversal filter.
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Fig 3.1b The split gate tapping technique.
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where hn is the weighting attached to each sample, TC is the time
delay of each stage, and K is an integer. If the waveform V(KTC)

is clocked into a CCD at a rate f. (:T/TC) the samples V. (KTC - nT.)
will be stored in adjacent bits of the device. Thus if the

charge representing each sample is sensed non-destructively, a
transversal filter providing any desired finite impulse response
can, in principle, be realized to be appropriately weighting and
summing the outputs of the sensing points. The large number of
multiplications and subsequent summation may be carried out very
simply using a modified form of either of the charge sensing
techniques discussed in section 2.5.3 and 2.5.4 called split-gate
tapping.50 The technique involves splitting each sensing electrode
at a point determined by the required tap weight (see figure 3.1b)
so that the area of each section is in the ratio (1 + hn) : (1 - hn)'
Summation is carried out by connecting each section to two separate
bus bars which are common to the corresponding sections of the
other sensing electrodes. The signals generated on these two bus
bars are then differentially amplified to provide the filter output.
The calculation of the tap weights to produce the desired filter
response can be done easily using computer techniques, e.g. using
the Parks and McClellan aTgorithm.S]

The linearity of split-gate tapped transversal filters
depends upon the type of charge injection scheme used and whether
floating-gate voltage or current sensing is employed. A detailed
analysis of the various configurations have been carried out by
the authorS2 and is reproduced in Appendix 2; it is shown that if
a surface potential setting charge injection scheme (i.e. the diode
cut-off scheme described in section 2.4.2) 1is used in conjunction
with current sensing, a highly linear overall transfer response
can be achieved. Unfortunately the diode cut-off scheme introduces
a non-Tinearity due to charge partitioning. However, it may be
possible to minimize this by careful design of the input section.
Indeed, a transversal filter employing this configuration has

demonstrated non-linearities of less than —45dB.53
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The noise sources associated with CCD transversal filters
are similar to those discussed in Chapter 2. However, the band-
Timiting effect of the filter allows a potential increase in signal-
to-noise ratio at the output.

The disadvantages of split-gate tapping schemes are that
the filter response is fixed by the chip artwork, and any tap
weight inaccuracy caused by gquantization errors in positioning the
split along the electrode, mask misalignments, transfer inefficiency,
or charge-hogging beneath the sensing eTecteres52 are difficult
to rectify after fabrication. The effects of quantization errors
can be reduced by using wide electrodes and if the magnitude of
the transfer inefficiency is known, it is possible to pre-distort
the tap weights.so However, a more versatile solution which enables
adaptive filter systems to be designed is to use complete electrode
taps individually amplified before summation. This enables the
transfer function to be modified at will by appropriately
programming the amplifier gains; furthermore, any variation in tap
sensitivity, e.g. due to over-etching, can be compensated by trimming
individual amplifiers. Several systems employing this idea have
been described,54’55 however, despite their versatility and the
possibility of good linearity by employing feedback techniques the
considerable increase in circuit complexity has severely restricted
their development in favour of split-gate filter. Several authors
have amply demonstrated the simplicity of this latter approach,
including workers at Texas Instruments, who have fabricated a
complete 800 stage CCD transversal filter containing sensing and
clock-driving circuitry on a 5 x 3.5mm silicon chip.

As well as being able to realize a simple filtering function
with a CCD transversal filter, they may also be used in another
important area of analogue signal processing - spectral analysis.
Rather than use a bank of bandpass transversal filters for this
purpose, a more elegant approach is possible; before discussing
this, however, currently used spectral analysis techniques will be
briefly reviewed. The most common method at present is to employ a
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Tocal oscillator to sweep the frequency band of interest. This
method necessitates a continuously applied signal and the scanning
time for high resolution in the frequency domain can be considerable.
If the spectrum of a finite set of data samples is required, e.g. in
radar Doppler processing, alternative techniques must be employed,
and recently this has necessitated the use of digital processing
with the fast Fourier transform (FFT) algorithm. Unfortunately such
systems are inherently bulky, expensive, and may be too slow for

real time applications. However, by restructuring the discrete Four-
ier transform (DFT)57’58 the so-called chirp z-transform (CZT) can
be derived in which the bulk of the spectral computations are

carried out in the form of complex convolutions of the input signal
with a set of fixed weights.

Inspection of figure 3.1 reveals that the output from a CCD
transversal filter is the convolution of the input waveform with
the tap weights; therefore by employing CCD transversal filters
whose tap weights are defined according to the CZT implementation,
a real time spectrum analyser can be realized with the additional
attraction of Tow cost and size. Indeed, several CCD CZT spectral
analysers have been reported,53’59’6o demonstrating data rates as
high as 1MH26O and frequency resolution as low as 7Hz.53

3.3 Recursive Filters

The facility offered by CCDs of accurate delay duration
independent of signal frequency, ideally suit them to the
implementation of recursive filters. These filters employ feedback
and feedforward elements around delay stages to achieve an infinite
impulse response. The generalized form of a Kth order recursive
filter is shown in figure 3.2; and by adjusting the values of the
feedback and feedforward coefficients, the filter characteristic
can be altered with relative ease.

A three pole Chebychev filter designed by Bounden et al.é}
to investigate MTI filtering is shown in figure 3.3. Each delay
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Fig 3.3 A three-pole Chebychev filter implemented with CCDs.
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stage is an 8-bit three-phase CCD operated with an interrupted
330kHz clock to give a delay duration of 26us. Response minimas
occur at integral multiples of 38.4kHz with the first minima giving
32dB attenuation.

By setting all the feedforward and feedback coefficients,
except ag = 1 and by < 1, to zero, it is possible to realize a
special case of the recursive filter, the recursive signal integrator.
This has an important application in radar video processing where
signal-to-noise ratio improvements can be obtained by integrating
several successive returns as the antenna rotates, or when the noise
is clutter, by integrating several successive returns from a single
bearing. Since the CCD implementation of video integrators will
be a major topic of concern in this thesis, further discussion of
this application will be postponed until the Tater Chapters.

As mentioned in section 2.6, charge transfer inefficiency
causes a more noticeable departure from the designed response of
recursive filters than transversal filters. This is due to the
build-up of charge residuals as the signal recirculates through the
delay lines via the feedback elements. By utilizing the z-transform
analysis of a CCD delay line exhibiting charge transfer ineffic%@naygﬁg
it can be shown63 that transfer inefficiency increasingly modifies
the filter coefficients with increasing signal frequency. Two terms
are involved; the first introduces a frequency independent modifica-
tion which could be compensated for by simply introducing it into
coefficient. The second part is, however, frequency dependent and
causes a significant diéparity between the measured and predicted
performance as the ratio between the signal frequency and the clock
frequency increases.GS In particular, the maximas suffer an
increasing attenuation with increasing signal frequency, and the
nulls and peaks shift towards lower frequencies. This disparity

63,64 and relatively good agreement between the

has been observed
measured frequency response and that predicted using the z-transform

analysis has been obtained.
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Several methods have been suggested to reduce the sensitivity
of recursive filters to transfer inefficiency, but discussion of
these will be delayed until a later Chapter.

3.4 Time Axis Conversion

The temporal spacing of the samples of an analogue signal
stored in a CCD is dependent solely upon the frequency of the clock
waveform. Thus the bandwidth and duration of a signal can be altered
if it is clocked into a CCD at one frequency and the device is
emptied at a different frequency.

Several applications of this fairly novel facility of time
axis conversion have been identified and demonstrated. These
applications include the correction of speed errors in video-tape
recorders, correction of speeded up speech signals from tape
reeorders,Gs transient data recordingB? and signal mu}tip¥exingﬁ68°69
This technique has also recently been used to adjust the time
duration and bandwidth of a radar signal for subsequent processing
with surface acoustic wave (SAW) spectrum anaTysers,S and also in

. 10
sonar beamforming.

Although CCDs may be operated in this differential-clock
mode in a fairly straightforward manner, certain aspects merit some
attention. For instance, the presence of dark currents may produce
a significant fixed pattern noise in the output signal. Consider
first fixed clock CCD operation; the time allowed to accumulate charge
in each charge packet propagating along the device is constant,
thus the dark currents merely contribute a DC Tevel and shot noise
to the signal. If, however, the clock is suddenly increased and
is sufficiently high, the spatial distribution of the dark current
generation sites will tend to be 'frozen' into the output waveform
and thus will constitute a fixed pattern noise. This situation can
be improved by ensuring that the low clock frequency is such that
a relatively insignificant amount of charge accumulates in each
packet, thereby reducing the magnitude of the resulting fixed pattern

noise.
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Another consideration of this mode of operation is that if
there exists a fairly large interelectrode capacitance due to
overlapping electrodes, then the increase in clock frequency will
also result in an increase in clock noise feedthrough, as discussed
in section 2.4.

3.5 A Feasibility Study on the Application of CCDs to

TV Broadcasting

3.5.1 Introduction

To provide experience of using CCDs in analogue signal
processing, the feasibility of applying CCD time axis conversion
to a TV system was studied. The concept of the scheme, which was
proposed by the Independent Broadcasting Authority, is as follows.
During the transmission of TV programmes to relay stations, or
during communication between TV cameramen and the control room, the
audio and video information are sent on two completely separate
channels. However, approximately 17 redundant scan lines exist at
the beginning of every half-frame period, and so the possibility arises
of employing this unused time interval for transmitting the audio
signal, provided it can be suitably processed.

Consider a single TV Tine; approximately 50us are available
for data insertion. The half-frame period is 20ms, so if during
transmission the audio is sampled over this period and time compressed
by a factor of 400, provided the resulting bandwidth of the compressed
audio is not greater than the video bandwidth, it can be inserted
into one of the redundant Tines. By reversing this procedure at
the receiver, the audio signal can be restored. As discussed
already, the CCD is ideally suited to the implementation of a time

axis conversion facility.

3.5.2 The Specifications

The video bandwidth of present TV transmissions is 5.5MHz,
so the inserted information must not exceed this limit. Conseguently
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if a single scan line is used to carry the audio sampled during
the previous half-frame period, the maximum audio frequency is
13.75kHz (if two lines are employed, then the maximum frequency
would be 27.5kHz, well in excess of the present audio frequency
bandwidth of 15kHz). During the compression cycle 50us of audio
information is Tost, but this is a negligible fraction (1/400) of
the total sample period and so only one CCD would be required.

The storage capacity of the CCD canbbe determined from the product
of the clock frequency (governed by the Nyquist sampling criterion)
and the total sample period. Using the figures presented above,

a CCD with a minimum of 550 bits is required.

3.5.3 Specifications for the Feasibility Study

A 550 bit CCD is required in a system demonstrating full
broadcasting capability, in order that a full audio bandwidth
signal may be acquired during a half-frame period. However, a
CCD of such capacity is not required in order to demonstrate time
axis conversion. In fact the largest CCD available to the author
at the time of the study contained only 39 bits, thus imposing a
restriction on the audio bandwidth and read-in interval, nevertheless
the feasibility of using CCDs in such an application could still
be investigated. It was also decided to reduce the maximum clock
frequency to 1MHz since, although the device was capable of
operating at 11MHz, the Tower frequency would simplify the initial
evaluation of the prototype circuit. To partially offset the
resulting decrease in time compression factor, the minimum clock
frequency was reduced to 14kHz yielding a time compression factor
of =71. The read-in and read-out times during the compression
cycle are thus 2.8ms and 39us respectively.

3.5.4 The CCD Peripheral Circuitry

The 39 bit CCD used in this study (see figure 3.4) was a
two-phase stepped oxide device fabricated using the self-aligned
gap technique.7 It was operated in the 1i-phase mode with the
gate of the reset transistor connected externally to the ¢1
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electrodes. The clock pulse generator was required to generate

39 pulses alternately at 14kHz and 1MHz. The frequency generators
were designed using standard TTL NAND and NOR gates, as shown in
figure 3.5. This implementation enables the transition between
frequencies to be made very easily; the NAND gate circuit will

only oscillate if all unused inputs are at logic '1" and conversely
for the NOR circuit. Hence if the unused inputs of each generator
are appropriately connected, control over the output frequency can
be exercised simply with a binary input. The control bit is
provided by a counter whose output alternates between logic levels
every 39 input pulses. The discrete transistor circuit in

figure 3.5 amplifies the resultant pulses to the required magnitude
to drive the CCD.

Since the feasibility study was to include an investigation
of both the compression and subsequent expansion of the audio
signal, simulation of the transmission channel was also required.
This would cause bandlimiting of the output from the CCD; i.e. the
sampled data nature of the output waveform would be interpolated
to a 'smooth' signal. This was simulated in the investigation by
a simple low-pass active filter with a cut-off frequency at
approximately 500kHz.

In order that noise from the compression system, the
majority of which would be part of the audio signal stored in the
CCD during the application of the high clock frequency, is not
added to the video information, the compressed audio signal must
be applied to the video circuits via a gate properly synchronized
to the Tine frequency. The circuits required to achieve this were
not investigated at this stage, but instead the audio signal could
be set to zero prior to being applied to the CCD. This facility
was provided in the circuitry of the signal source used to generate
the audio waveform; this arrangement realized the additional
advantage of improving the trace synchronization on the monitoring
oscilloscope.
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Figure 3.6 shows the experimental arrangement for the
feasibility study. In order to simplify the synchronization of
the read-in and read-out cycles of the two CCDs, the same clock
generator was used to drive both devices.

3.5.4 Results

The performance of the circuit for compression and
subsequent expansion of an audio frequency sine wave is illustrated
in figure 3.7, which comprises a series of photographs of the
signal taken at various points in the circuit. The trace (a)
shows the gated input signal; trace (b) shows the unfiltered
output from the first CCD on an expanded time-base. The input
signal has undergone time compression by a factor of 71; trace (c)
shows the output of the second CCD where the input signal has been
restored to its original time duration. Although no quantitative
measurements of noise and linearity were made at this stage, the
analogue performance of the system seems highly acceptable. (Haken
subsequently reported measurements on the input technique used in
the CCDs showing it to be very 1inear.}8)

3.5.5 Conclusion and Further Work

The preliminary investigations on the experimental circuit
reported above establish the feasibility of using CCDs for time axis
conversion in a TV system. Furthermore, the ease with which a
two-phase CCD may be operated with just a single clock waveform is
demonstrated.

Unfortunatley due to lack of financial support, the project
had to be terminated at this stage, so no further experimental
work was undertaken which would have determined the noise perform-
ance and linearity of the CCDs when operated in the differential-
clock mode. Although the circuit was designed to a restricted
specification, larger CCDs are currently available, and the
implementation of a full broadcast-compatible system using a
22 x 25 bit serial-parallel-serial CCD array to reduce the effects
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of transfer inefficiency would be straightforward. It is proposed
that the circuit of figure 3.8 might be used for the insertion

of the compressed audio on to the correct line, with a similar
arrangement at the receiver. Several clock generation schemes for

a full broadcast system have also been considered. The first uses
existing high accuracy frequency sources within the TV system; the

- line scan frequency (15.625kHz) and the colour subcarrier (4.434MHz)
both suitably scaled could provide the low and high clock frequencies.
Alternatively, if the compressed audio is distributed over three
scan lines, then the high clock frequency falls within the video
bandwidth and could therefore be transmitted. Detection and
processing of this frequency would provide the read-in clock at the

receiver.

In conclusion, it is felt that such a CCD signal processing
scheme could readily be used in a TV system with significant
advantages over alternative, e.g. digital, implementation,

3.6 Summary

A small number of CCD implementations of the many possible
signal processing systemshave been discussed in this Chapter. The
simplification of system design and the reduction in component
count made possible by the analogue storage capability of the CCD
is perhaps most significant, but in addition the substantial
reduction in cost, bulk and power consumption of complete processors
over alternative implementations is also attractive.

In the remaining Chapters, the application of CCDs to one
specific radar signal processing task will be described in detail,
i.e. the signal integrator. Signal integration is first described
in detail and then the significant problem of transfer inefficiency
effects associated with existing CCD implementations is discussed.
Finally, a novel CCD architecture is described that substantially
‘ reduces this problem and some preliminary results are presented.
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CHAPTER FOUR

THE DETECTION OF TARGETS IN SEA CLUTTER

4.1 Introduction

A significant difficulty encountered in many radar
systems is the detection of a genuine target echo in the presence
of spurious echoes. These spurious echoes are termed 'clutter’
and may be caused by either single point scatterers (isolated
clutter targets), e.g. an electricity pylon or water tower, or a
cluster of many individual scatterers (composite clutter targets)
which is characteristic of most sea and ground clutter, chaff and
meteorological echoes. Composite clutter targets are most trouble-
some, however, since they more readily obscure the genuine target
echoes.

In marine applications, the detection of small targets at
or near sea-level is seriously limited by the presence of sea
clutter; thus a considerable amount of work has been done to
characterize sea echoes and so improve target detection. It has
been found that the strength of sea clutter returns depends upon
such factors as the depression angle, wavelength and polarisation
of the transmitted beam, the sea state and wind direction. Although
several mechanisms have been proposed to explain sea echoes7?372’73
none wholly explains the dependence on the above factors. However,
for the purposes of clutter reduction, it is sufficient to know
only its statistical nature. The model most commonly used for
theoretical analysis assumes a large number of independent

1 the variation of

scatterers within the radar resolution ce?];7
clutter amplitude can then be defined by the Rayleigh probability

distribution given by

P(x) dx = 2X exp <"53-) dx 4.1
02 Uz

where ¢ is the r.m.s. value of the clutter amplitude and the mean
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The decorrelation time of sea clutter has been established to

be approximately 100ms.?4

4.2 Clutter Reduction

There is a variety of ways of processing cIuttered‘radar
returns in order to improve target detection, and some of the more
important techniques will be considered below.

4.2.1 Moving Target Indication (MTI)

This method relies upon the Doppler shift of an echo
from a moving target. The return signal is mixed with the trans-
mitted frequency and the moving target shows as an amplitude
variation at the Doppler frequency; the Doppler component can then
be extracted by filtering. This can be carried out using either
a simple delay line canceller or a circuit such as shown in
figure 3.3 which gives a more uniform response in the passband,
thus yielding a more uniform detection probability. These
relatively simple cancellers unfortunately suffer from the fact
that certain target speeds (i.e. corresponding to the notches in
the filter characteristic) are undetectable, and so more complex
schemes are necessary to overcome this problem. Moreover, targets
stationary relative to the transmitter cannot be detected with

this system.

4.2.2 Matched Filtering

A matched filter is a network, the transfer response of
which maximizes the peak signal-to-mean-noise (power) at the output
for a given input waveform, and so provides optimum detection of
signals in noise. It is evident that the required transfer
response of a matched filter will depend upon the signal waveform
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and the power spectrum of the noise. Urkowitz
implementation of a matched filter for the detection of targets
buried in clutter which can be described by the Rayleigh model.
Under these conditions the power spectrum of the clutter will be

the same as that of the transmitted puTse,76 and he has shown that

a matched filter for clutter rejection should have a transfer
response proportional to the transmitted spectrum.* The realization
of matched filters is considerably eased by the use of CCDs, as
described in Chapter 3. However, if the signal or the clutter
spectrum change, e.g. due to motion relative to the radar set,

target detection ability will be impaired.

4.2.3 Signal Integration

The clutter associated with radar returns will vary in a
random manner from sweep to sweep. However, a genuine target will
produce a periodic signal, and so the summation of successive
returns from a single bearing will lead to an increase in signal-
to~clutter ratio. Probability theory states that the variance of
the sum of independent probability distributions is the sum of the
variances. The variance of sea clutter, o2, is simply the mean
square amplitude fluctuations; thus the r.m.s. clutter amplitude
of the sum of m returns will be m.o (assuming that the sweep
period is Tonger than the clutter decorrelation time). Since the
target amplitudes will add Tinearly, a~/m increase in signal-to-
‘clutter ratio can be realized by summing m returns.

* Whilst the derivation of Urkowitz's result seems reasonably clear,
the author does not understand the physical processes of clutter
rejection with a matched filter; having read the relevant
references and having had lengthy discussion with radar experts,
the following problem remains unresolved: Each radar return is
processed individually by the matched filter, i.e. previous returns
do not affect the output voltage unlike an MTI processor. Implicit
in Urkowitz's derivation is that the clutter and the target are
stationary; consequently there will be no Doppler shift or other
effect that will distinguish a reflection due to a clutter

scatterer from the reflection due to a target in the same resolution

cell. Hence the target could be considered as simply another
clutter scatterer thus, upon reception of the composite echo, upon
what criterion does the matched filter enhance only the target
reflection?
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A signal integration system is potentially the most useful
clutter reduction scheme since it is not sensitive to the received
target or clutter waveforms, i.e. both stationary and moving
targets can be detected without impairing target detection ability*
and any additional noise source, provided it is decorrelated (such
as receiver noise), can easily be accommodated.

Various integration schemes have been tried using long
persistence CRTs and photographic integration. Unfortunately, both
these methods are somewhat cumbersome and a more versatile system
would be one that employed delay line storage techniques. However,
until recently the implementation of a delay line of duration
greater than 100ms has been difficult. For example, analogue
magnetic tape storage and digital systems tend to be bulky and
expensive - undesirable attributes for small marine radar sets.
Furthermore, the delay duration of the comparatively simpler tape
storage system is unstable and difficult to synchronize with the
radar sweep period. On the other hand the CCD, as indicated before,
has many features that make its use in a signal integrator highly
attractive; i.e. apart from its simple ana1ogue storage capability,
storage times in excess of several seconds are potentially realizable,
and accurate synchronization of the delay duration with the sweep
period of the antenna is possible.

In view of this, it was decided to investigate the
application of CCDs to signal integration in greater detail; however,
before discussing this approach the basic methods of integrating
signals with delay lines will be considered.

* This is true provided the target does not move completely out of a
range bin during the period required to integrate 'm' returns,
e.g. for 15m range bins, m = 10 and a minimum decorrelation time
of 100ms, the maximum radial speed of the target relative to the
transmitter would be = 30mph. A system that enables maximum
integration improvements on targets that violate this condition
will be proposed in Chapter 10. .
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4.3 Methods of Implementing a Delay Line Signal Integrator

The simplest form of delay Tine signal integrator is the
non-recursive integrator shown in figure 4.1; (m - 1) delay lines
are connected in cascade, each with a delay equal to the sweep
period, T. Thus by summing the outputs of each delay line an
integration improvement, defined as the increase in signal-to-
clutter ratio, can be achieved; if p consecutive returns containing
the target signal are received, the integration improvement in
dBs, Iy, will be

Iy = 20 log -2 : 4.2
N g /T

However, since a maximum of only m returns can be integrated,

Iy s 20 log /M.

Whereas a non-recursive integrator forms a sum of equally
weighted returns, it requires (m - 1) delay lines; an integration
technique requiring only one delay line is the recursive integrator
which forms the exponentially weighted sum of all the past returns
(see figure 4.2). In this system a fraction of the output from a
delay line of duration T is fed back to be summed with the next
radar return. The integration improvement obtained with this
system can be derived as follows. If the gain of the feedback
amplifier is k, then for p returns containing a unity.target signal,
the output signal, SR, will be given by

' P
R R SUDL I kW o= 1K 4.3

T -k

SR

If it is assumed that an infinite number of cluttered waveforms
has been applied to the system, as will usually be the case, the
r.m.s. clutter amplitude, Np» at the output will be given by the
infinite series
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1
NR = g [1 + k2 + k¥ + kB o+ ..., ] : = g < b 4.4
1 - k2

Thus the integration improvement, found by combining equations 4.3
and 4.4 is

3
I, = 20 log (1 - k%) LEK 4.5
R 1 -k

It is useful when considering recursive integration, to determine
the effective number of input signal waveforms forming the
integrated output signal. This can easily be derived by allowing
o - » in equation 4.3. The output signal amplitude thus becomes

S = ———— 4.6

By comparing this with the signal output from a non-recursive
integrator, the effective number of integrated waveforms is seen
to be ]«1 -k In the following discussions this quantity will
also be designated by the letter m.

Equations 4.2 and 4.5 are plotted in figure 4.3 for
m = 10, in order to compare the clutter reduction performance of
the two schemes. It can be seen that if p is either small or
Jarge compared with m, the recursive integrator gives greatest
improvement, but if p = m then the non-recursive system is better.
This is because the latter system sums equally weighted returns to
a maximum of only m, whereas the output from the recursive
integrator is formed from the weighted sum of all the past returns.

The recursive integrator appears to be the best implementa-
tion since in general, a slightly larger integration improvement
may be achieved; furthermore, this parameter may be easily varied
by adjusting k. However, if m is required to be large, i.e. k = 1,
restrictions will be imposed upon the input dynamic range, and
problems of instability may arise. Thus if large integration
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improvements are required, the use of a non-recursive system would
be more appropriate.

In the next section the implementation of a signal
integrator with CCDs will be described; in particular, the
performance Timitations imposed by transfer inefficiency and
methods of mitigating its effects will be described.

4.4 CCD Implementation of Radar Video Integrators

The implementation of the delay lines in the signal
integrators described in the last section with conventional
(i.e. serial) CCDs is conceptually straightforward and has much
to commend it. However, in a practical system, the Targe signal-
to-clutter ratio improvements predicted by the simple equations
4.2 and 4.5, by employing large integration sample sizes, cannot
be achieved. The reason for this is that spurious or residual
signals caused by transfer inefficiency build-up after relatively
few transfers to a level comparable with the clutter amplitude,
thus making any further attempts to improve target detection by
integration impossible.

In this section, the simple equations will be modified to
account for the effects of transfer inefficiency, thus enabling
realistic estimates of integration improvements to be made.

The non-recursive integrator is considered first of all.
If the transfer inefficiency of the CCD delay line is e, we can
define a parameter o (= 1 -~ ¢) as the charge transferred forward
per transfer (we assume that no charge is permanently lost due to
trapping or recombination). If the CCD is a p-phase device
containing N-bits, the signal level after Np transfers will be a
fraction o"P of the input amplitude. For practical values of
Npe(<0.1), only the first trailing charge is significant,* and will

* Chowaniec and Hobson77 have carried out a more rigorous analysis
of transfer inefficiency effects in recursive video integrators,
taking into account the second trailing charge packet. However,
for the argument presented here, consideration of only the first
trailing charge is sufficient.
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be a fraction approximation 1 - aNp = Npe of the input signal.
Thus, for m unity input signals, the output signal from a non-
recursive integrator containing (m - 1) CCD delay lines will be
given by

mNp

Np oy o2 UL Lo aN
p

1 -0

4.7

The residual signal, RN, due to the summation of the trailing
charges will be

Ry = MNpe + INpeaP + 3Npeal P & ..., (m - 1)Npeal™ = 2INP
B BT L)L R T UL
(1 - o'P)2 1 - oP
= (m - 1)2Npe 4.8
The dynamic range at the output, Dy, is therefore
N
_ NP
Dy = 20%og 1o ™ - 1 4.9
1 -G (m - 1)2Npe
= 20log [ ™
| (m - T)2Npe 4.10

If a range resolution of 15m is required, and N = 100, the overall
range will be 1.5km. Choosing m = 10, p = 2 and ¢ = 107* (a state-
of-the-art figure for SCCDs), the dynamic range will be only
15.8dB.

A similar analysis for the recursive integrator may be
carried out, as follows. For an infinite number of unity input
signals the output signal, SR, is given by
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The residual RR will be

Rg = khNpe [1 v 2kaP 4 3(kalP)2 & L ]
= KNpe | 1 4.12
(1 - koch)2
Thus the dynamic range at the output of the recursive integrator,
DR’ will be
1 - ka'P
DR = 20log | ——— 4.13a
kNpe

From equation 4.11 it can be seen that the occurrence of incomplete
transfer causes a modification of the effective number of wave~
forms integrated. However, by adjusting k, we can arrange that

1701 - kaP) = m.
Thus we can write

= 20109 4.,13b

R mkNpe

By substituting the previously used parametersinto equation 4.13b,
j.e. N =100, p=2, m=10and ¢ = 107%, the dynamic range can be
calculated to be 14.7dB, which is slightly less than can be
achieved with the non-recursive system. Clearly a dynamic range
of this order is much too small.
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Thus it can be seen that the performance of an integrator
employing a simple serial CCD delay Tine is severely restricted
by the effects of transfer inefficiency. The Timitation clearly
becomes more serious for larger values of m, N and e.

Several methods have been suggested for reducing the
sensitivity of CCD integrators to transfer inefficiency:

(i) The input signal could be sampled once every two
clock cycles, in order to separate the data in the CCD by initially
empty bits. As the integration proceeds, a spurious signal will
build up but will reside predominantly in the 'empty' bits. Thus
at the output, the signal could be partially restored by summing
the genuine charge packet with its residual. Alternatively, the
nominally empty elements could be set to zero periodically to
prevent the build-up of a third trailing charge.77 However, both
these schemes have the disadvantage that storage area is wasted,
and the CCD must be clocked at twice the desired data rate.

(ii) Another approach could be to delay a fraction of the
output signal for a clock period and subtract it from the next
output. If the fraction is chosen correctly, then the residuals

. 77
will tend to cancel.

(iii) A variation of the approach in (ii) has been
described by Cooper et a1.78 for a recursive integrator. In this
scheme the input to an N-bit CCD is multiplied by a code cycling
through three values every (N + 1) clock period. By correctly
decoding the output, it is possible to cancel the residuals.
Although this works reasonably well, it has some disadvantages.
The radar video signal normally applied to an integrator is uni-
polar. However, the code generates a bipolar signal which
consequently must be handled by the CCD, thus necessitating a
reduction in the dynamic range of the input signal. Furthermore,
the coding and decoding circuitry must be stable and all units
must be DC coupled.
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A1l the techniques just described attempt to suppress
the residual signal once it has been generated. Obviously a more
satisfactory approach would be to prevent or minimize the
formation of residuals. Consider a serial CCD delay Tine; most
of the transfersthe signal undergoes do not contribute directly
to the processing function as such, but are merely input and
output operations. It is these redundant transfers that contribute
most to the residual build-up, therefore if these could be
eliminated, a considerable increase in performance could be
achieved. It is proposed in this thesis that this increased
performance may be realized by employing a parallel transfer CcCD
architecture in which all redundant transfers are eliminated.
Implementation of the non-recursive and recursive integrators
based on this concept will now be described.

4.5 Integrators Implemented with Parallel-Transfer CCD

Architecture

The proposed implementation of a non-recursive integrator
is shown in figure 4.4. Each radar range bin is implemented in
the form of an 'm' bit two-phase CCD which is tapped at every bit.
Successive returns are loaded into the CCDs by sequentially
operating the analogue gates G], 62 ..... GN. Thus at any instant
each CCD contains the Tast m echoes from one particular range bin.
Since each CCD has all its taps connected together, integration
over the m samples is achieved; the integrated signal is then gated
to the output through gates GY” Gz' ..... GN’. Although the
number of returns summed in this scheme is essentially fixed by
the chip artwork, a limited degree of flexibility could be provided
by segmenting the summing bus bars with MOST couplings.

In the recursive system, illustrated in figure 4.5, the
returns are similarly loaded sequentially into each range bin
storage site which comprises a single bit CCD. The stored signal
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is then gated out through 61’ GZ' ..... GN” to be scaled and added
to the appropriate range bin information of the next radar return.

Although the analogue gates shown in figure 4.4 and 4.5
are shown as components separate from the range bin storage areas,
they can in fact be implemented as part of the CCD structures
forming the storage areas. In both integrators each radar return
undergoes a minimal number of CCD transfers (i.e. two per process-
ing step), and so residuals are maintained at a very low level.
For instance, for m = 10 and ¢ = 107%, the maximum dynamic range
imposed by transfer inefficiency now becomes approximately 54.8dB.
Furthermore, since each range bin is processed individually,
residuals are confined to their respective range bins rather than
smearing into adjacent range bins. Thus target range ambiguity
is considerably reduced.

It will be appreciated that in order to implement the
parallel processing integrators illustrated in figures4.4 and 4.5,
an on-chip addressing technique is essential to minimize the
number of external connections. Such a scheme has been implemented
by means of a 'range gate register’ (RGR). This consists of a
floating-gate tapped, two-phase CCD operated in the 13i-phase mode
as a digital shift register and propagating a single charge packet.
As the charge packet passes beneath each tapping point, an address
pulse is generated that operates its corresponding analogue gate.
In order that chip complexity is not increased by the inclusion of
MOST or resistive biasing of each floating electrode,79 a novel
scheme is employed in which each gate is allowed to 'float’
complietely, any loading being purely capacitive. As a result, the
floating-gates acquire their bias voltage by virtue of the Tateral
leakage of charge from the adjacent switched electrodes. Apart
from the simplicity of this approach, it has the advantage that
capacitive loading on each tap can be minimized; as will be seen
later, this allows a large address pulse to be generated with each
floating-gate, allowing each analogue gate to be driven directly
without intermediate amplification.
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Although parallel signal processing architectures have
been described before, they use either surface charge transistorsgo
or MOST accessed capacitors4 as storage elements in conjunction
with an on-chip MOST shift register addressing technique. The use
of exclusively CCD structures, however, has the advantages of
higher operating speeds and less chip complexity, with potentially
higher device yields and lower operating failure rates due to the
Tow number of diffusions.

4;6 Summary

In this Chapter the nature of sea-cluttered radar returns
has been briefly introduced and several methods of improving
target detection have been discussed; of those, the signal
integrator provides the simplest and most versatile solution since
the detection procedure is not based upon the target waveform
but simply upon its regular occurrence during each sweep of the
antenna. Two types of signal integrator were then described; the
first technique formed the sum of the last m equally weighted
returns, whilst the second formed an exponential sum of all the
past returns. The implementation of these schemes with CCD delay
Tines has many advantages, but in simple serial processing systems
a serjous limitation on performance is imposed by transfer
inefficiency. This limitation may be considerably eased by
employing a parallel transfer CCD architecture in which all
redundant transfers can be eliminated; the implementation of the
recursive and non-recursive integration schemes based upon this
approach was described.

The features of the two parallel processing integrators
may be summarized as follow.

(i) In both schemes, the radar signal undergoes a
minimum number of transfers and so residual signals are kept at a
Tow Tevel.
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(ii) The number of range bins may be increased as desired
without degrading the performance, simply by cascading the required
number of devices together.

(iii) Although the effective number of returns summed using
the recursive scheme can be easily varied, it is prone to
instability if large integration improvements are required. On
the other hand, this problem does not arise in the non-recursive
scheme where it may also be possible to vary the integration
improvement by segmenting the summing bus bars.

(iv) Although the non-recursive scheme is conceptually
simpler, the recursive integrator would be easier to realize as
an integrated circuit, i.e. interconnections and the need for
orthogonal CCDs would pose fabrication problems.

(v) The parallel architecture of both integrators could
be used to implement other signal processing systems. For instance,
a recursive Fourier transformerS1 or a simple delay Tine with low
sensitivity to transfer inefficiency.

If the impulse response of the range bin CCDs in the non-
recursive approach were varied by employing CCD transversal filter
techniques, more complex filtering of each range bin information
could be performed.

Thus since each scheme possesses advantages that tend to
complement the other, both have been investigated to some extent
and the results are described in the remaining chapters of this
thesis.

It has been indicated already that the operation of the
RGR is crucial to the implementation of both integration systems.
This scheme relies upon the floating-gate tapping scheme being
able to provide sufficiently large address pulses to drive the
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analogue gates. Moreover, whilst the RGR employs isolated floating-
gate taps, it is proposed that the non-recursive integration method
will employ either multiple floating-gate taps or the multiple
electrode current sensing scheme. Therefore in the next Chapter
these types of charge sensing techniques will be investigated in
greater detail.

The parallel processing structures proposed in this chapter

have been the subject of two papers recently published by the
author; these are reproduced at the back. These structures are
also the subject of UK Patent Application 47349/75 and US Patent

Application 742182.
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CHAPTER FIVE

NON-DESTRUCTIVE CHARGE SENSING

5.1 Introduction

The function of the RGR CCD in the parallel processing
integrators described in the last Chapter is to operate sequentially
the analogue gates. Each address pulse is generated by employing
floating-gates above the CCD channel to sense non-destructively
a single charge packet propagating along the device. One of the
advantages of using a CCD for this operation, rather than an MOST
shift register, is its higher operating speed; for this reason,
any intermediate amplification between the taps and their corres-
ponding analogue gates in the form of say MOST inverters is
undesirable. Consequently, the voltage pulse generated by each
floating-gate must be large enough to operate the analogue gates
directly, i.e. =10V,

It was also jndicated in the last Chapter that integration
in the non-recursive integrator could be performed using multiple
floating gate sensing. However, this technique introduces distortion
due to the non-linear dependence of the depletion capacitance
beneath the sensing electrode upon the surface potential.

Since very little theoretical work has been carried out
on both these type of floating-gate sensing scheme, a rigorous
analysis of these techniques has been undertaken in order to deter-
mine the parameters which influence floating-gate performance. In
particular, whether large voltage swings are possible from single
floating-gates, and whether acceptable non-linearities can be
obtained from a multiple floating-gate arrav.

The analysis for the more general case of a multiple
floating-gate system is presented first, and then this will be used
to obtain an expression for the specific case of a single floating-

gate.
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An alternative integration technique for the non-recursive
integrator is electrode-current sensing. Depletion capacitance
also introduces a non-linearity into this method and so an analysis
of this technique will also be presented.

First, however, we will consider floating-gate voltage
sensing.

5.2 Floating-Gate Voltage Serfsing

Although the use of a floating-gate is a widely accepted
charge sensing technique, particularly in CCD transversal filters,
comparatively little theoretical analysis of the technique has
been published. In particular, any analysis has generally either
neglected the effects of depletion capacitance82 or included it
1ncorrect¥y.79 In this section, therefore, a method is described
which may be used to analyse rigorously any type of floating-
gate structure simply.

First, however, let us consider a simple MOS structure
in which the gate has been pre-charged to a potential V_ and is
then isolated. The equation relating V_ and the surface potential,
I is simply

9

V. o= 9 + e 5.1
g COX

where the gate charge, Qg, is the sum of the depletion charge Qdep
and the inversion or signal charge Q.. Since the gate is 'floating’
Qg is constant, and so AVg
5 = -AQdep and so, because Qdep is dependent upon /3;, the
and Qdep will be non-linear.

= Do Furthermore, since Qg is fixed,

relationship between Vg

This MOS system forms the basis of the floating-gate sensing
technique. In practice, however, the above relationship must be
modified since there will exist a finite stray capacitance which
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loads the gate. In the simplest practical system where the gate

is loaded by a Tinear capacitance, Qg will no longer be constant
and so the change in gate voltage AVg will be reduced by capacitive
division. Clearly, if the loading capacitance is non-linear, the
relationship between the gate voltage and the surface potential

as well as the signal charge will be non-linear. But this is just
the case one has when several floating electrodes are connected
together, i.e. each electrode is Toaded by the remaining electrodes
in a non-linear fashion that depends upon the common gate voltage
and stored charge.

In the past, capacitive models have been used for analysing
floating-gate structures.79’82 However, such an approach leads
to confusion in modelling the depletion capacitance and difficulties
in the subsequent analysis. These problems will not be discussed
further here, but are illustrated in Appendix 2. Instead, rather
than use the concept of 'capacitance' which is a derived quantity,
the analysis will be carried out using the fundamental concept of
‘charge'; as will be seen, this approach is considerably more
straightforward.

The 'charge-balance' method is based on the fact that
charge neutrality must be maintained in an MOS structure; in
particular

g Qdep * Qs 5.2
Consider several floating-gates connected together and loaded by
a stray capacitance, CS (see figure 5.1). The total charge QT on

the gate assembly is constant, thus we can write

N
Qr = 2{: Ay Qg * G5 Vg = constant 5.3
n=1
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where An is the area of the nth electrode.*

If charges QS . QS . QS ..... QS are injected beneath
the gates 1, 2, 3 ..... N “(previously assumed to have empty
potential wells), the gate voltage will change by AVg from V_(0)
to V_(Q) and the surface potentials will fall from 951 {O,Vg O)} .
by o,vg(O)} e £0 bs {Q51,Vg(0)}, ¢52{Q52, vg(Q)} .....
Denoting the change in the depletion charge beneath the nth
electrode by AQdepn’ we may from equations 5.2 and 5.3 deduce that

g
(

0y = DA <an . AQdepn) PoAVC, = 0. 5.4
n=1
Since Qdepn = \/2q€sN¢sn , this equation can be rewritten as
follows
N N
ZAann ) Z AnVZqESN<¢bsn {O’Vg(o)} 'J sn {an’vg(Q)} )
n=1 n=1
- AVgCS 5.5

Finally, substituting for J$;

\ N
3
2;\“@5” - E AC,, [vcz ‘v <vg(0) - VFB)}
n= =iy
- Ac lvesoav(y dsn :
| ntox | Yoo * o< g<Q) - E;; - FB)

n=1

using equations 2.1 and 2.2 yields

- AV CS 5.6

where Avg =V (Q) - Vg(O).

* For the non-recursive integration technique, all the electrodes
will of course be of the same area; however, the analysis is
kept as general as possible in order that the results can be
easily applied to split-gate transversal filters. In this case,
each sensing electrode is split into two sections of area A + and

An-, where A% = A(1+hp)/2 and hy is the tap weighting coefficient.
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This equation . ,may be solved iteratively to evaluate Avg, if N> 1.
For N = 1, e.g. an RGR tap, AVg can be obtained in closed form

and is
Mg = |P - Mg/Coy ~[P2 - 2V0QSM(1+M)/COX] Mo s
3
where P = V_+ M;VOZ + 2, [Vg(0) - vFB]f }
and M = C/Co A # 0.

Equation 5.6 was derived for a floating-gate structure consisting
of single Tevel electrodes, (e.g. as in a three-phase CCD), but

the extension of the analysis to a stepped oxide floating-gate
structure (e.g. a two-phase device), is a simple matter. The thick
oxide portion of each gate will constitute a non-linear loading
capacitance on each thin oxide portion. This loading effect can

be included by simply adding more 'gates' to the three-phase model
which do not, of course, store charge.* Thus equation 5.6 can be

rewritten
N N )
_ 2 -
Z; Asn - Z AnCoxry (VOTN * 2logy [Vg(o) VFBTN] )
n=1 n=1

- 3
2 -
BncoxTK <VOTK + 2vOTK ’Vg(O) VFBTK:’)

.y

EN:

n=1

N 3
- A V2 4y V(Q)-?EL»V

£=s T OXTN | "OTN OTN] 'S Coxry ~ FBry

N

- 1
B C V. 2+ 2y V,(Q) -V .
n~0Xry ( 01k 0TK g( ) FBTK])

- AVgCS 5.8

* Clearly this analytical method may be used to include any non-
Tinear loading capacitance, e.g. the electrodes of the CCD
structures forming the analogue gates.
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where the suffixes TN and TK denote the thin and thick oxide
parameters respectively, and Bn is the thick oxide area of the
nth electrode.

5.3 Electrode Current Sensing

The concept of electrode current sensing was discussed
briefly in subsection 2.5.3. The analysis of a multiple-electrode
current sensing scheme is more straightforward than the previous
case because the gate voltage is maintained at a constant potential,
thus eliminating one variable from the equations. The incremental
charge, AQT, on the electrode assembly can be found simply by
rearranging equation 5.1 and substituting for ¢5 from equation 2.1;
thus

A —EN:A AC V2 oy v - sn oy :
Qr = nlsn * Anlox o T % | Y E;; " 'FB

n=1
V242 v ) : 5.9
= Alox| Yoo T 2 [ g FB] .

where Vg is the gate voltage.

5.4 Numerical Analysis

In this section two typical charge sensing structures are
analysed using the equations derived above: the first structure
is a single floating-gate tap, as would be used in the RGR, and
the second a 63-tap low-pass CCD transversal filter. The latter
case is analysed using both the voltage and the current sensing
equations.

5.4.17 The Single Floating-Gate Tap

The single RGR floating-gate tap had the following para-

meters:
Electrode area = 8800um?
Oxide thickness = 0.72um
Substrate doping density = 1015cm™3
Vg(O) = 15V
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Although the RGR is a two-phase device, the Toading effect of the
thick oxide portion was assumed to be Tinear in order that the
simple equation 5.7 could be used. This is a realistic assumption
because in practice, it would be desirable to make the thick oxide
length much shorter than the thin oxide section in order to optimise
the transfer process and to realize a large charge handling
capacity. Thus the loading effect will, in any case, be fairly
small.* Figure 5.2 shows plots of the floating-gate voltage swing
as a function of stored charge for various values of stray
capacitance. The non-linear response which is evident from these
plots, especially for small CS, js not too important in this
particular application; the most significant observation is that
whilst the voltage variation is strongly dependent upon CS, if the
value of this parameter is sufficiently small, large voltage
swings (i;e. =10V) are obtainable. Figure 5.3 shows the effects
of varying the substrate doping levels and oxide thickness
respectively, for a constant stray capacitance and percentage of
charge filling the storage well. The floating-gate voltage swing
is clearly not critically dependent upon these parameters in the
range likely to be encountered in practice.

'5.4.2 The lLow-Pass Filter

The analysis on the 63-tap Tow-pass CCD transversal filter
was performed to investigate the linearity of the charge sensing
schemes and also to determine the effects on the overall transfer
response of using either a potential equilibration type charge
injection scheme, or the surface potential setting (diode cut-off)
technique. A Tow-pass transversal filter was chosen for this
analysis instead of the simple case of identical electrodes 1in
order to illustrate the use of the equations. It also allowed a
rough comparison to be made between the analysis and the experi-

mental results obtained by other workers, e.g. Brodersen et a1.53

* The presence of the thick oxide section of the floating electrode
may also cause incomplete transfer of charge. This effect will
be discussed later, but at this stage is ignored.
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and Baertsch et al.,83 at a stage when charge sensing structures

of this nature were not available to the author for investigation.

The weighting coefficients of the filter were calculated
using a computer programS] to achieve optimum equi-ripple character-
jstics and had the following parameters: fp/fC = 0.1, fs/fC = 0.131,
81/82 = 1, where 81 and 82 are the passband and stopband ripples
and f_, fs and fc are the passband edge, stopband edge and clock

p
frequencies respectively. The parameters of the CCD were:

Electrode area = 1000um?
Oxide capacitance = 0.1um
Substrate doping density = 1015ecm™3
Vg (0) = 15V

Cq = 50pf

In order to calculate the overall response, the two injection
schemes were modelled as follows:

4

(1) Qs

(i1) Qg = cox{vg1 - viﬁ—,lzvovin} to simulate the ideal
diode cut-off technique. (This equation fis

KVin for the potential equilibration scheme;

simply derived from equation 2.2 where the
surface potential beneath the input electrode
is equal to the voltage on the diode, i.e. Vin')

Vg} is the (fixed) voltage on the input

electrode.

Ordinarily, these relationships must be substituted into
equations 5.6 and 5.9 to obtain the overall response. However,
a significant simplification can be identified for the special
case when current sensing is used in conjunction with the ideal
diode cut-off scheme, provided sensing electrodes are at the same
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potential as the input gate, i.e. consider the nth electrode of
a current sensing system. We may write from equation 5.1

Qg = Cox (Vg = ds;) 5.10

from which we see that the gate charge is proportional to the
surface potential. If V_=V__, then Sspy will simply be the input

g 91
voltage n clock waveforms previously, and so we may write
204 (KT,) Z A Co, Vi (KTC - nT¢) 5.11

From equatjon 5.11 we see that if this combination is used, a
Tinear overall response may be realized.

In drder to determine the overall response for the remaining
cases, a computer program was used. A subroutine was included to
simulate the propagation of charge along the CCD so that transfer
inefficiency effects could be investigated. Full details of the
program are given in Appendix 2. By considering sinusoidal 1inputs
of appropriate frequencies and evaluating the discrete Fourier
transform of the output, the frequency response and harmonic
distortion of the filter could be obtained. Full details of the
results obtained from the analysis of the 63-tap low-pass transversal
filter are given in Appendix 2; they may be summarized as follows:

(i) For the device parameters chosen, the current sensing
scheme gives least overall distortion; the best choice
of charge injection technique depends upon the level
of non-linearity introduced by charge partitioning in
the diode cut-off scheme; this effect was not included.

(ii) The distortion introduced by voltage sensing can be
decreased by increasing the stray capacitance and in
the Timit of Targe C approaches the distortion intro-
duced by the current sensing technique. However,
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increasing Cs also decreases the output voltage
amplitude and so would result in an inferior signal-
to-noise ratio during subsequent amplification.

(iii) The analysis shows that second harmonic distortion
of the order of -49dB can be obtained. Obviously
no direct comparison can be drawn, but this figure
is in reasonable agreement with results obtained
by Baertsch on a similar filter operated with
approximately the same parameters.83

Although these results indicate that the best performance
is obtained with a current sensing arrangement, the implementation
of this scheme requires more complex peripheral circuitry than
the voltage sensing scheme.83 In practice, the advantages of a
more straightforward implementation may outweigh its slightly
inferior performance; thus the choice of sensing technique for
the non-recursive integrator will require further careful
consideration.

In the analysis of the voltage sensing configurations,
two minor second-order effects were not considered. The first
effect arises if the floating-gate assembly is not reset to Vg(O)
at some point during every clock cycle. For instance, if resistive
biasing is employed, only the average value of the voltage wave-
form on the floating gate assembly is clamped to the bias voltage.
Thus Vg(O) will vary according to the mean amplitude of the
floating-gate voltage. This effect has not yet been modelled,
but it is felt that if the output voltage amplitude is kept
reasonably small (< 1V pk-pk say), it can be ignored. The second
effect only occurs in split-electrode voltage sensing schemes,
and is termed 'charge-hogging'. It is due to the voltage
differential on the two gate assemblies causing an unequal charge
distribution beneath each electrode section. Recent work84 has
shown that in general, this effect can also be neglected.
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5.5 Summary

In this Chapter, an analytical technique for investigating
both floating-gate voltage sensing and electrode current sensing
techniques has been described. An analysis of a single RGR-tap
has shown that provided stray capacitance is minimized,
sufficiently large voltage pulses can be generated to drive each
analogue gate directly.

Analysis of a 63-tap filter has shown that, despite the
non-linearities introduced by depletion capacitance effects in
both charge sensing schemes, acceptable overall distortion levels
(= ~-45dB) can be obtained provided the appropriate charge injection
scheme is employed; indeed, tentative agreement has been obtained
between these results and experimental results of other workers.
Thus it is reasonable to assume that a non-recursive integrator
could be designed in which distortion would not unduly degrade
performance.

It was pointed out at the end of Chapter 4 that the
recursive integrator required a less complex IC Tlayout than the
non-recursive. For this reason, it was decided to place more
emphasis on the development of a recursive system initially. In
the next Chapter, the implementation of the recursive scheme is
considered in detail.
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CHAPTER SIX

THE CCD IMPLEMENTATION OF THE RECURSIVE INTEGRATOR

6.1 Introduction

The basic concepts of the parallel transfer recursive
integrator have been discussed in Chapter 4. In this Chapter the
design of a test integrated circuit to evaluate this implementation
is presented.

As indicated already, the storage sites and associated
analogue gates are combined as a single-bit CCD, thus allowing
the higher operating speed capabilities of these structures to be
employed whilst reducing chip complexity. In the device described
in this Chapter, a further simplification is introduced by
eliminating the second RGR associated with the output gating shown
in figure 4.5. This is possible because the necessary addressing
pulses for both input and output analogue gates can, in fact, be
obtained from a single RGR. |

In this test device, MOST inverting buffers were inserted
between the RGR taps and the analogue gates so that the Tow
frequency performance of the RGR could be evaluated without
‘excessive loading effects. Clearly, removing the second RGR and
so halving the required number of buffers allows a substantial
reduction in chip complexity and size.

A schematic of the test device is shown in figure 6.7.
It consists of a 4-bit RGR, four buffers and three storage cells.
The sample/hold circuitry, scaling amplifier and summing network
shown in figure 6.1 were not included on the test chip. The
operation of the circuit is as follows: the output bus is set to
a reference level and a '1' is loaded into the first bit of the
RGR. The information stored in the first storage site is thus
gated to the output bus where it is sampled and held. This value
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is scaled and summed with the next input; in the meantime, the
output bus has been reset. The RGR is then clocked, transferring
the '1' to the next bit, thus generating an address pulse enabling
the first storage site to be Toaded with the new information;
simultaneously, the information in the second storage site is
gated to the output bus. The sequence continues until all the
storage sites have been updated.

6.2 The Operation of the Storage Site

A cross-section of a storage site is shown in figure 6.2.
This structure is operated in the 1i-phase mode by the ¢, clock
waveform which is also used to drive the RGR. The input analogue
gate is simply the input section of this two-phase CCD structure,
comprising electrodes 91> G1 and 62 and employs the charge injection
technique described in section 2.4.1. As indicated already,
charge injected by this method has demonstrated a high signal-
voltage to charge-packet-size 1inear1ty.18 Qutput gating is
accomplished by pulsing ¢2” and thus transferring the signal
charge stored beneath G, to the output diode.

The operation of the storage site is as follows: consider
an address pulse from the nth bit of the RGR arriving at the ¢2”
electrode. Signal charge previously stored beneath G2 will flow
onto the output diode (which is connected to the output bus) (see
figure 6.2a). Upon application of the next clock pulse to the
RGR, the charge representing the '1' will be transferred onwards
and so ¢2n will turn off. Simultaneously, the ¢ electrode is
pulsed so that its storage wells can accept charge from their
adjacent diode diffusions (figure 6.2b). During the ON period of
¢q the signal voltage on the output diode is sampled and the diode
immediately reset to a reference level. As ¢7 turns off, the
charge in the RGR is transferred to the (n+1)th tap causing ¢,
to pulse on. Since the 97 well is now in the 'supply' position,
the well formed beneath the gate G, will fill with charge

n+1
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proportional to the new signal voltage, Vin (figure 6.2c). During
the next clock cycle, this signal charge is isolated in the 62
well (figure 6.2d); thus within two clock periods, any storage
site can be accessed and updated.

In order that a signal integrator can be used to
effectively reduce clutter amplitude, the interval between
successive radar returns from a single bearing must be greater
than 100ms; consequently each return must be stored for an equi-
valent period multiplied by the integration sample size, m. The
storage times achievable with CCDs, as indicated in section 2.7,
are limited by dark current generation, but must clearly be longer
than m x 100ms if they are to be usable in this application.

Dark current generation rates are strongly dependent upon the
fabrication process used and the operating temperature of the
device, as discussed. CCDs fabricated in the microelectronics
laboratory here at Southampton University have exhibited storage
times of typically only 10ms, however, it is hoped that with the
appropriate processing procedures, this figure can be increased

to about 10 secs. The development of suitable procedures is

beyond the scope of this investigation and is in fact being studied
by other workers in the 1aboratory.85 Therefore, this vast topic
will not be discussed further here.

6.3 The Design of the Test Chip

The procedures used to design the test device and to

ensure that the three main components - the RGR, buffers, and
storage sites - interface correctly are described below.

6.3.1 The Storage Sites

The design of the test device is best approached by
first considering the storage sites, since the required driving
voltages of these components determine the parameters of the
buffers and RGR.
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The pitch of the storage sites determines the length of
each RGR bit,* which from transfer efficiency considerations should
be as small as possible. The storage sites were therefore designed
using minimum geometry design rules (the smallest feature
dimension is 4um) but allowing for a reasonable charge handling
capacity. Although this parameter is normally determined by the
electrode width also, this dimension had been constrained to 200um
to maintain a small overall chip size. Figure 6.3 is a dimension
photomicrograph of a storage site, and it can be seen that in
order to reduce the pitch to 100u the output diode has been placed
beneath G3.

In order to simplify process monitoring, the standard CCD
fabrication schedule was used; this yields thick and thin oxide
thickness of 0.5um and 0.712um respectively. The silicon used in
the process was 2-bacm <100> n-type (i.e. Ny = 18.105cm™3).

The remaining design considerations are best illustrated
by referring to figure 6.4. In this diagram the minimum and
maximum value of surface potential that must exist beneath the
storage site electrodes set to their maximum (broken 1ine) and
minimum potential (continuous 1ine) respectively, is shown. These
conditions ensure that complete charge transfer between potential
wells takes place and that a maximum sized charge packet can be
stored. From this diagram and figure 6.5, which shows the
variation of surface potential beneath the thin and thick oxides
as a function of gate voltage, the bias voltages can be calculated.
For instance, if the minimum potential of the 1 waveform, $10FF*
is 4V, the voltage on ¢," must swing from 4V to 17.6V so that a
full charge packet can be stored beneath G- and subsequently trans-
ferred to the output diode. Similarly, the voltage on G] must

* There is no possibility of making the RGR bit length half the
storage site pitch by placing the storage sites each side of the
RGR; the gates of adjacent storage sites must be connected
together and this approach would create an enormous interconnec-
tion problem.
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vary between 4V and 9.2V to ensure that charge in the 971 well is
jsolated from Gy, except during the appropriate clock cycle when

a full charge packet may be transferred. In fact, the voltage on
Gy will rise to more than 9.2V since it is connected to ¢2”+].

As a result a small amount of charge will be trapped beneath 61,
and so reduce the maximum charge that can be metered into GZ.

This is minimized by making G1 as short as possible, i.e. 4um;
furthermore, since 91 will switch on before G1 turns off, this
'residual'’ charge will transfer back to beneath the 91 electrode
and not forwards. The maximum charge handling capacity under
these conditions is =4pC. Since the capacitance of each output
diode when reverse-biased to =19V is less than 0.02pF, considerable
capacitive loading of the output bus is required to reduce the
signal voltage developed on it to a reasonable Tevel, say 2V pk-pk;
otherwise distortion due to the non-linear sense diode capacitance
would be unacceptable.

Having discussed the bias voltage requirements of the
storage site, we will now consider the buffers.

6.3.2 The Buffers

Each buffer is implemented as a standard MOST driver and
load configuration. To ease interfacing with the storage sites,
it would be desirable for the voltage gain of each buffer to be
as high as possible. However, in the Timited silicon area avail-
able, voltage gain can be increased only by sacrificing switching
speed. The switching speed was required to be Tus with each
buffer operating into a capacitance of =15pF (the capacitance of
the storage site gates, interconnecting tracks, bonding pad and
scope probe). Thus the gain of the lToad device was calculated
upon this criterion.86  The space available to fabricate each
buffer was determined by the storage site pitch and the distance
between the RGR and the storage sites. This later dimension was
set to 500um in order that the chip size did not exceed that which
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could be handled by the step-and-repeat camera, i.e. =1.5 x 1.5mm.
The buffer layout was then optimised using these criteria, to
maximize the voltage gain whilst maintaining the required switching
speed. As a result, the maximum voltage gain that could be realized
was only three. (However, provision was included in the artwork

for the gain to be easily increased - but at the expense of
switching speed.) A dimensioned photomicrograph of a buffer is
shown in figure 6.6.

So that a reasonable degree of control over the operating
characteristics of the buffers could be exercised, provision was
included on the test device to vary the source bias of the driver
transistors. The transfer characteristics may be easily derived,
bearing in mind that the substrates of both transistors are
connected to ground.87 Thus in the Tinear region the transfer
characteristic can be described by the equation

Vip = (VDD _ Vou: — VTL ] AVTL) + VTL + VS + AVrp
v 6.1
and in the non-linear region ,
i - (op = Vour = V1 = 81 Vour = Vs
2Ry Vot ~ Vs) 2
+ Vpp + Ve + AVqp 6.2

where AVTL = ‘/ZVO ;\J2¢fvout - ‘/2¢f s 6.3
szo 3{2¢4g —‘J2¢f€ 6.4

VDD is the supply voltage = 30V

i

Mrp

' is the buffer output voltage

out
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) is the load MOST threshold voltage = 2V

Vip is the driver MOST threshold voltage = 2V
Vo 1s the driver MOST source bias
AV is the buffer gain = 3
Vo = 0.35V
and ¢ is the Fermi potential = 0.6V.

The evaluation of these equations was aided by the use
of an HP-25 programmable calculator and the results are plotted
in figure 6.7 for several values of Vs‘ Using these curves, and
the conditions that ensure correct operation of the storage sites,
the required voltage deviation of each floating-gate tap in the
RGR can be obtained. Further details of this procedure will be
postponed until the design of the RGR has been described.

6.3.3 The RGR

As described in Chapter 4, the RGR is a floating-gate
tapped two-phase CCD. This device is operated in the 1i-phase
mode with alternate electrodes (the floating electrodes) biased
by the surface leakage of charge from the adjacent electrodes.
Figure 6.8 shows an equivalent circuit of the structure; Ce and
Re represent the inter-electrode capacitance and resistance, C
and Rg represent the gate-to-substrate capacitance and resistance
and C, the stray capacitance. Co (being effectively the parallel
plate capacitance between the edges of adjacent electrodes) is
negligible compared with Cg + CS and under normal circumstances
R. is much Targer than Re’ the Tatter being approximately 1012q
(the validity of these assumptions will be discussed in the next
Chapter). The time constant of (Cg + Cs) and Re is approximately
10 secs., considerably longer than the clock period, and so the
voltage at X will be simply the average value of the ¢ waveform.
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Fig 6.8 The equivalent circuit of the floating electrode
biasing arrangement.

Fig 6.9 Incomplete transfer caused by large charge packets.
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It was shown in the last Chapter, that if the floating-
gate is required to generate large voltage swings, the capacitive
Joading on the gate should be small. However, in a two-phase
device, where the floating-gate is simply a thick/thin oxide
structure, an additional limit is imposed upon the minimum potential
to which the gate can fall. Consider figure 6.9: these diagrams
“i1lustrate the surface potential profile when a small charge
packet (figure 6.9a) and a large charge packet (figure 6.9b) is
transferred along the RGR. The continuous line shows the condition
when 1 is off and the broken line when B is on. It can be seen
that whilst the smaller charge is transferred completely, the
falling potential of the floating-gate in response to the larger
charge packet prevents complete charge transfer. Consequently a
certain amount of charge will be trapped in the 91 well; more
importantly though, the floating-gate voltage will be clamped at
a value corresponding to the condition that its thick oxide
surface potential is approximately equal to the thin oxide surface
potential beneath the 97 electrodes. Thus if the minimum 91
potential is 4V, then from the graphs in figure 6.5, we see that
the minimum floating-gate potential will be =9.2V. This should
correspond to a voltage on G1 or Gy of 17.6V; by using the curves
drawn in figure 6.7, it can be seen that this condition can be
achieved by applying a source bias of approximately 3.5V to the
buffers. The 'off' potential on G] and G3 should be 4V which from
figure 6.6, and using the same value for VS, corresponds to a
floating-gate bias of 36V. For a 4V offset clock, this would
require a clock voltage amplitude of 64V. Apart from the
difficulties of generating a clock waveform of this magnitude, the
maximum voltage is approaching the breakdown voltage of the thin
oxide 1ayer.88 In any case, the clock generators available to
the author could generate a maximum amplitude of only 27V; thus
with a 4V offset, the floating electrodes would be biased to =17.5V.
This corresponds to an output voltage from the buffer of
approximately 6.5V, but this is not Tow enough to prevent charge
flowing from the ¢, well into the storage well under G, at every
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clock cycle. 1In fact, it is impossible to achieve satisfactory
interfacing of all the components on the test device due to the
low gain of the buffers. However, by modifying the waveform

applied to the input gate, GZ’ this situation may be retrieved.

It will be recalled from figure 6.2 that the input signal
is continually applied to GZ; however, if this waveform is strobed
so that when 91 is off the voltage on Gy falls to $10FF> correct
operation of the storage sites can be obtained, e.g. assume that
S10FF = 4v; if the above modification is implemented, then the
voltage on G3 need only swing between 4V and 9.2V. The floating-
gate will swing between 15.5V and 9.2V, thus the voltage swings
required for G] and 63 can be obtained by setting the buffer source
bias to =1.5V.

It has been assumed thus far that the capacitive loading
of the floating-gates does not limit the voltage swing. In fact,
the width of the RGR was chosen to be 200um and the length of
thin oxide portion of the gates to be 44um. The ratio of the
stray capacitance to the gate capacitance was then =0.25, thus
ensuring the above condition. Although an electrode length of
50um is rather long for Tow transfer inefficiency, it was
estimated,38 based upon self-induced drift calculations, that at
f. = 700kHz, € = 1073, Since the RGR is only 4-bits long, this
level of ¢ is unlikely to cause trailing charges large enough to
cause spurious switching of the analogue gates.

6.4 Device Fabrication

Fabrication of the test device required six masks; these
were  1aid out in Rubylith, 250 times the final size. The fabric-
ation of the inter-electrode gaps was carried out using the
obTique evaporation shadowing technique described in Chapter 2.
An added advantage of using this technique is that small features
can be fabricated without the need to allow for the possibility
of mask misalignments. For instance, the input gate G], which is
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only 4um Tong, and its interconnection track is defined campletely
with the shadow technique (see figure 6.10), i.e. the 'leading
edge' is defined by the oxide step, and the trailing edge by the
edge of GZ' Full details of the processing schedule can be found
in Appendix 4. A photomicrograph of the complete device is shown
in figure 6.11.

During the fabrication of these devices, several problems
were encountered which seriously impeded the production of
potentially working integrators. A considerable amount of effort
was required to overcome these difficulties which are discussed
briefly below:

(i) Mask Resolution: As already indicated, in order to
minimize the gate lengths of the RGR, the storage areas had to be
designed with geometries as small as 4um. Since mask production

involved at Teast one cpntacting stage before step-and-repeating
and three afterwards, considerable care had to be exercised at
each stage, in order that the small features were accurately
defined and that defects due to dust or emulsion blemishes, etc,
were suppressed.

(ii) High Threshold Voltages: At the time that these
devices were being processed, it became impossible to fabricate

aluminium gate MOS devices with threshold voltages on the thin
and thick oxides of less than =12V and =25V respectively. Attempts
to isolate the cause of this problem by running process check
slices containing MOS capacitors proved futile, since these could
be fabricated with the expected threshold voltages (=2V and =6V)
consistently. Extensive efforts were made to improve processing
cleanliness, particularly during the photomechanical and etching
stages, e.g. the etching of phosphorous doped oxide and ordinary
oxide was carried out in separate beakers. Experiments on the
faulty devices established that phosphorous auto-doping during
fabrication steps subsequent to the n+ diffusion step were not






102

taking place. The cause was finally attributed to sodium
contamination of the oxide at the aluminium evaporation stage,
when it was learned that the tungsten heating spirals in the
evaporator were saturated with sodium as a necessary part of their
production. Indeed, the acquisition of an E-gun evaporator in
which the aluminium was evaporated from a carbon crucible enabled
Tow threshold devices to be fabricated consistently. Furthermore,
the threshold variations over a 2" wafer could be kept relatively
Tow with this system, e.g. 2V £ 0.2V and 6V + 0.5V for the thin
and thick oxides respectively. Unfortunately the apparent cause
of the problem (i.e. sodium contamination) is not entirely consis-
tent with the fact that capacitors could be successfully fabricated
using tungsten evaporated aluminium. The reason for this has not
yet been established.

(iii) Aluminium Spikes: As was mentioned above, the

aluminium source in the E-gun was contained in a carbon crucible.
However, each carbon crucible lasts only several evaporations since
the molten aluminium tends to 'soak' into the carbon and pulverise
it. Also, during the life of a carbon crucible, the evaporated
film thickness varies considerably and is particularly 'grainy'.
These features are undesirable, especially for the three-phase
shadow technique used to fabricate the input gate G1, since the
gap is dependent upon the height and shape of the aluminium step.
The use of cermet crucibles enabled more reproducible and uniform
aluminium films to be evaporated, but during subsequent Tow
temperature alloying and annealing treatments,* a considerable
number of aluminium 'spikes' grew out of the aluminium layer (see
figure 6.10), and produced visible shorts between the electrodes
of the CCD structures. The size and number of spikes increases
with temperature and time of the heat treatment. The cause of

* The annealing treatment after evaporation was necessary to remove
X-ray damage produced in the E-gun.
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this phenomena is contamination of the aluminium from interaction
with the crucible, and possibly also due to the evaporation of the
cermet since it has been observed that the 1ip of the crucible
becomes eroded after prolonged use. Careful observation has in
fact shown that most crucibles (e.g. carbon, boron nitride)
produce this effect to some extent and the most promising solution
appears to be the use of aluminium oxide crucibles, or preferably
a water-cooled 'hearth' type E-gun.

(iv) Scribing and Mounting: Testing procedures subsequent
to bonding revealed that many devices had failed due to inter-
electrode shorts caused by conductive dust particles (e.g. silicon)
wedged in the sub-micron inter-electrode gap region. Thus a
special procedure was developed to prevent damage to the gaps
during scribing and mounting. It entailed covering the active
area of the wafer with a positive photoresist pattern (using the
final aluminium mask) before scribing. After scribing, the wafers
were first cleaned upside-down in an ultrasonic water bath and
then the defective devices were ink-spotted. The wafer was then
broken up and the individual chips mounted onto headers with silver
Toaded Araldite and baked for 30' at 150°C. Then just prior to
bonding, the devices were ultrasonically cleaned upside-down in
acetone. A modification of this technique in which the active

area is permanently enclosed in aluminium oxide is under
consideration.

6.5 Summary

In this Chapter, the operation of a recursive integrator
to test the performance of the RGR and the storage sites has been
described in detail, together with the design procedure of the
test device.

In the next Chapter, the results obtained from experiments
on this device are presented.
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CHAPTER SEVEN

TEST INTEGRATOR RESULTS

7.1 Introduction

In this Chapter the results of experiments performed on
the test integrator will be presented. They are divided into
three sections: in the first and second sections the floating-
gate tap transfer response (quasi-static operation of the RGR),
and the dynamic operation of the RGR will be described. Details
of the storage sites will be discussed in the third section.

7.2 The Quasi-Static Operation of the RGR

Before detailed measurements of the operation of the test
devices were undertaken, the device parameters were first
established. These are Tisted below:

Specification | Measured | Units
Suggtrate doping Tevel, 1.8x]0L5 . cm™3
Thin oxide depth, toxTN 0.12 0.11 um
Thick oxide depth, toxTk 0.5 0.51 um
VOTN 0.35 0.29 y
VOTK 6.08 6.32 v
Thin oxide flatband 1 1 v
voltage, VFBTN
Thick oxide flatband
voltage, VFBTK 4.5 4.5 v
RGR gate capacitance, 2 53 3.04 oF
OX
Floating-gate stray
capacitance, Cg 0.63 133 PF
M 0.25 0.44 -




105

The oxide thicknesses were determined during processing by
observing the colour of the oxide, and the flatband voltages were
calculated from measurements of the threshold voltages of MOSTs
fabricated on the thin and thick oxides. It can be seen that the
floating-gate loading factor, M, is larger than expected. This
was due to an increase in area of the gate of the buffer driver-
MOST which occurred during mask production. The capacitances Céx
and CS were calculated from the dimensions of the RGR and buffers
measured on Targe photomicrographs of these features.

The object of the experiments presented in this section
was to investigate the transfer response of the RGR floating-gate
taps. The experimental approach was to transfer a series of vari-
able sized charge packets along the RGR, then by characterizing
the inverters, the floating-gate transfer response could be deter-
mined. Since the buffers are employed primarily to reduce
capacitive Toading on the RGR taps, there are no external connec-
tions to the buffer input; thus the transfer response of the
buffers could not be readily determined. In fact, the only way
to gain access to the buffer inputs was to short the floating taps
to the 97 electrodes (figure 6.11), consequently destroying the
RGR. Thus an experiment on a device could only be carried out once.
In spite of this difficulty, experiments were performed on several
devices and consistent results were obtained. The experimental
set-up is shown in figure 7.1. To evaluate the quasi-static
performance of the RGR, the input diode was connected to a variable
voltage source in series with an RC network. The charge being
injected and transferred in the RGR could be calculated by measuring
the voltage dkop across the resistor with a DVM. The relationship
between the charge, QM’ and the voltage drop, V, can be derived
as follows. The charge being injected into the device gives rise
to a current, i, flowing through the RC network. This current is
given by |

Vv Cdv
+ :
R dt 7.1
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Fig 7.1 The experimental set-up to measure the transfer
response of the RGR floating gate taps.
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If the RC time constant is sufficiently Tong compared with the

clock period, then dv = 0. Thus
dt

v
Q.in - E C 7.2

where TC is the clock period.

The ahsolute voltage Tlevels at the buffer outputs were
measured on a Tektronix 7704A oscilloscope with a 7A18 plug-in.
A source bias was applied to the buffer drivers and adjusted to
ensure that the MOSTs were always operating in saturation over the
complete range of floating-gate potential variation, thus providing
maximum sensitivity. In figure 7.1, the buffers are designated
‘A" to 'D', '"A' being nearest the input of the RGR.

In order to characterize the buffers, the floating elect-
rodes were shorted to the 1 electrodes with silver-loaded Araldite;
a variable voltage source was then connected to 91 whilst the
buffer outputs were monitored on the oscilloscope. In the
discussion on the RGR design in section 6.3.3, it was indicated
that an incomplete transfer mode of operation could occur in the
RGR which would Timit the maximum transferable charge. In order
that the floating-gate response could be investigated over a
relatively large range of charge packet sizes, incomplete transfer
was suppressed by operating the device with a zero offset clock.
Consequently when 91 switched off, the stored charge was forced
to transfer to beneath the floating electrodes, any excess
recombining in the substrate. The clock amplitude was 27.5V;
details of the clock generation circuitry are given in Appendix 5.

Care had to be taken when analysing the results of
experiments on the RGR, since two effects were observed that could
cause errors. The first was due to clock feedthrough via inter-
electrode capacitance, and the second arose because of accumulation
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Fig 7.3 A comparison of the measured and theoretical response
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Fig 7.4 The equivalent circuit of the buffer array on the test
device including the VDD and source bias bus diffusion
resistance.
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of charge beneath the floating electrodes due to dark current
generation. Both these effects caused a small output to appear
when the RGR input was biased off. Although the output due to
dark current generation could be identified and suppressed by
increasing the clock frequency, both effects could be compensated
by simply subtracting the output produced with no charge injected
into the RGR from the regular output.

Measurements were undertaken on several devices, and
typical results are presented in figure 7.2 and fiqure 7.3. The
transfer responses of the buffers of one device are plotted in
figure 7.2, together with the overall transfer response of the RGR
and the buffers. The measured transfer response of some floating-
gate taps are shown in figure 7.3, the theoretical response is
also plotted (continuous curves). It can be seen that the model
gives a very close fit to the measured response, and this led the
author to feel confident that the model could be used to design
subsequent devices.

Two anomalous effects were observed during the experiments
and these can be seen in figure 7.2. It is evident that the gains
of the inverters differ from each other in spite of the fact that
they all have the same geometries. Furthermore, on all the
devices tested, the gains consistently decreased from buffer A to
buffer D. The dominant cause of this was thought to be the
resistance of the underpass diffusions providing the source bias
to each driver, and the supply voltage VDD' This hypothesis was
investigated using the equivalent circuit shown in figure 7.4 of
the buffer array; the resistances R1, R2, ..... R8 represent the
appropriate diffusion resistances. In order to simplify the
analysis, however, only a single buffer was considered using the
circuit shown in figure 7.5. If the MOSTs are assumed to operate
in saturation, then the equations describing this circuit are as
follows



GAIN

out

SOURCE BIAS

I

Fig 7.5 The equivalent circuit of the single buffer used in
the analysis.
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Fig 7.6 The theoretical variation of buffer gain as a function
of series resistance.
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p = L (Vi = Ipfy = Vg = Vp - a¥p ) 7.3
o= 22y 1R -y Vo - av )2 7.4
0 = 7 Uon ™ IR~ Voutr = V7 - AV,

where oV = szo <‘/IDRa + Vg * 29 - 2¢f> 7.5

H

and AVT2 ‘/2\/0 <‘{Vout+2¢f - ‘/Zcpf) 7.6

where ID is the drain current of each transistor,

B and B, are the gains of the driver and lToad MOSTS
respectively,

Vin is the buffer input voltage,

R Rb are the underpass diffusion resistances associated

a!
with driver and load respectively,

VS is the driver source bias,

VT is the threshold voltage of each transistor,
and AVT and AVT are the threshold increases due to back-gate
1 2
bias.

The parameters By and B, Were calculated using geometries measured
from large photographs of the buffers; the mobility was 206cm2/V-s
which was calculated from the Vg versus 4/Ip characteristic of
another more easily accessible MOST on the device. The equations
7.4 to 7.6 are more easily evaluated, for various values of Ra and
Rb by solving for Vin; this was considerably further simplified

by employing the computer program detailed in Appendix 3.

Figure 7.6 shows a plot of the theoretical voltage gain
variation as a function of series resistance, when Ra = Rb. Direct
measurement of the series resistance associated with each buffer
shows that in figure 7.4
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Ry = RZ = 2.1kQ

R3 = R4 = 1.6k
R5 = R6 = 1.6k
R7 = R8 = 1.7kQ

To predict the gain of each buffer, these values must be modified

to take into account the interaction of the buffers via the series
resistances. To a first approximation, if the currents drawn by
each buffer are approximately equal, then R1 and R2 must be
increased by a factor of four, R3 and R4 by a factor of three and

R and R5 by a factor of two; i.e. since R1 and R2 supply current

to four buffers, the voltage drop across them will be four times the
magnitude caused by a single buffer, etc. Thus the effective

series resistances for each buffer are

‘ Buffer A , Buffer B | Buffer C l Buffer D

Ry = Ry I 8.4ko I 13.2k l 16.4ke l 18.1kQ I
However, if these values are inserted into equations 7.3 to 7.6,
the calculated gain is considerably smaller than the measured
values, as seen from figure 7.6. The reason for this has yet to
be established, but the indication of the analysis is that the
progressive reduction in gain of buffer A to buffer D is caused by
series resistance.

The second effect is associated with the resting potential
of the floating electrodes. The mark space ratio of the 27.5V
amplitude clock was 1.3 : 1; thus the resting potential of the
floating electrodes should be 15.6V according to the simple theory.
However, it can be seen from figure 7.3 that the measured values
differ significantly from the theoretical value. In deriving the
simple model of the floating-gate structure in section 6.3.3, the
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gate leakage was assumed to be considerably smaller than the inter-
electrode leakage; this assumption may in fact be invalid for very
low humidity ambients. To investigate this possibility, further
consideration was given to the floating-gate structure.

The gate to substrate leakage resistance of a floating-
gate tap can be calculated using the bulk resistivity of 8102,
typically »> 1016Qcm,88 to be > 1.2 . 1013q. However, the sheet
resistivity of the oxide may vary from 8 x 10}8q/c0 at 40% humidity
to 1015q/c at 100% humidity,89 thus a simple calculation using
the dimensions shown in figure 7.7 for a typical oxide step, shows
“that the inter-electrode resistance can vary between = 5.5 x 10'3q
and 5.5 x 10120 for 40% and 100% humidity respectively.

O-4pum

T |

o— O-5UmM -

Fig 7.7 A simple model of the oxide step and the
shadowed inter-electrode gap

For a typical humidity of 70%, the inter-electrode resistance
will be = 5 x 101%q. So for the clock amplitude specified above,
the resting potential of the floating electrodes will be =14V,
Clearly then, the value of resting potential will depend upon
humidity, and for individual electrodes upon the shape of the
inter-electrode gap; it was found that in general the resting
potentials of the floating electrodes of an RGR differed by
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approximately 0.8V. Although tap-to-tap voltage variations are
likely to cause fixed pattern noise in the stored signal, it was
decided to postpone the treatment of this topic to a later stage,
when the feasibility of CCD parallel processing architectures had
been well established. However, some thought was given to how
the floating-potential could be more reliably defined. For
instance, the effects of gate to substrate leakage could be
considerably reduced if the DC coupling between electrodes was
increased. This could be done for example, by depositing a thin
layer (=0.7um) of silicon onto the oxide surface before the first
aluminium evaporation. Such a modification would also reduce
short-term variation in floating potential due to Tocal humidity
fluctuations (although there was no evidence that this occurred).

7.3 The Dynamic Operation of the RGR

Figure 7.8 shows the dynamic operation of the RGR when
propagating a single charge packet; the waveform at the top is the
input pulse applied to the RGR and the inverter outputs are shown
below. The small trailing pulse is caused by incomplete transfer,
as discussed previously. The clock waveform has been offset by
4V to demonstrate this effect which becomes more pronounced as the
charge packet size is increased (figure 7.9). As was discussed
in the last section, incomplete transfer can be suppressed by
operating the device with a below-threshold offset clock. A second
method, involving separating the thick and thin oxide regions of
the floating electrodes, will be discussed in the next Chapter.

The transfer inefficiency of the RGR was determined by
monitoring the output from the first floating-gate buffer, i.e.
buffer A. Accurate measurements of this parameter were difficult

since the charge packet size had to be kept small to minimize
incomplete transfer effects.* Thus the magnitude of the main pulse

* If charge is trapped in the source well, the last stages of 'free'
charge transfer are slowed down, thus causing an increase in the
intrinsic transfer inefficiency.
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at the buffer output was of the order of 1V. Since the charge
packet had only undergone a single transfer at this stage, if a
transfer inefficiency of 1073 was to be measured, a trailing pulse
amplitude of the order of ImV had to be accurately measured. Although
measurements at these levels could be made, the accuracy of the
results was questionable; this was because feedthrough of the main
pulse from adjacent buffers partially cancelled the required wave-
form and so made the establishment of a reference level difficult.
This cancellation effect can be seen, considerably exaggerated in
the device under test, on the pulses preceding the main pulse in
figure 7.10.

In spite of these difficulties, however, the transfer
inefficiency at 700kHz was estimated to be less than 2 x 1072. As
the charge packet size was increased to a level corresponding to
the onset of incomplete transfer, the trans fer inefficiency
increased by a factor of about five. This was attributed to the
fact that as the floating electrode potential swings more positive
with larger charge packets, the underlying potential well 'looks'
Tess 1like an infinite sink to the transferring charge.

The rise time of the buffers was measured to be =700ns
which is in reasonable agreement with the designed value.

7.4 The Storage Sites

Unfortunately, due to a mask error, it was not possible
tb operate the storage sites. The error, two missing channel
stop diffusions, caused parasitic MOST action between the storage
site input diodes and the supply voltage distribution bus diffusion,
and between the output bus diffusion and the signal input bus
diffusion. Since the mask artwork was hand cut in Rubylith, it
was not possible to correct the fault easily. However, since the
storage sites are simply standard CCD structures, they should work
satisfactorily. Furthermore, a pre-scribing wafer test procedure
to establish defective devices included a test to operate the RGR
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and storage sites CCDs as MOSTs. This test could be carried out
satisfactorily on the storage sites since all unused pads were
connected to ground; the test confirmed that each electrode of
the structure could act independently as a control gate.

7.5 Conclusions

The experiments performed on the test integrator device
and presented in this Chapter have established the feasibility of
using a floating-gate tapped CCD as an on-chip address register.
In particular, measurements on the transfer response of the
floating-gate taps have demonstrated a close correlation with
theory and so confirms the earlier floating-gate analysis which
showed that large amplitude pulses can be generated at each tap;
thus it is possible to connect the tap outputs directly to the
analogue gates without intermediate amplification, and so enable
the high speed capability of CCD structures to be utilized.

Although a mask fault prevented the storage sites from
working, these untested functions employ conventional CCD technigues.
Thus, rather than correct the fault on the existing design, it was
decided to proceed with the design of a second recursive test
device, incorporating several modifications arising from the
experience gained from operating the first test integrator. In
the next Chapter the modifications and the device design are
discussed in detail, and some preliminary experimental results
presented.
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CHAPTER EIGHT

DESIGN AND OPERATION OF THE MODIFIED INTEGRATOR

8.1 Introduction

At the outset of the development of the parallel processing
signal integrator, it was intended that CCD structures should be
used exclusively to enable high speed operation to be realized.

The results of experiments performed on the test integrator chip
and presented in the last Chapter, demonstrated that this is
possible.

This Chapter describes the design and operation of a
second test recursive integrator which employs direct addressing
from the RGR. Several other design modifications are also included
which improve the propagation and detection of the charge in the
RGR, and which could enable an increase in storage site packing
density to be achieved.

8.2 The Design Modifications

The structure of the recursive integrator was modified in
the following ways. .

(a) Since the analogue gates are included in the structure
of the storage sites, the direct addressing scheme requires a
radical modification of the storage site operation, as negative
logic must now be used for the addressing. A cross-section of a
single storage site and its timing sequence s shown in figure 8.1,
the feedback circuit is also shown in this diagram. Gates G, and
Gy form the input and output analogue gates respectively, and are
both connected directly to the nth tap of the RGR. 63 also serves
as the storage gate for the charge metered by the input electrode
62; the gate G4 enables G3 to be used for this purpose. The
sequence of operation is as follows. Normally GT and G3 are at a
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high potential equal to the resting potential of the RGR floating
electrodes (time slot 1); thus the potential well beneath G1 is
continually 'primed' with charge, and the signal charge is stored
beneath G3, When the charge packet in the RGR is transferred
beneath the nth tap, the potentials on G.I and G3 fall and so the
signal charge transfers onto the output diode (time slot 2). The
output voltage is immediately summed with the corresponding range
bin sample of the next radar return and the resulting signal is
applied to the input gate GZ‘ Since the potential well beneath

G] has collapsed to the 'supply' position, charge corresponding

to the input signal is metered into the potential well beneath G2'
As the address charge is transferred along the RGR, the potentials
on G] and G3 rise to their original values and the updated signal
charge transfers to beneath G3, where it is again stored (time
sTot 3). It can be seen that storage site updating is carried out
during only one clock cycle, and so a sample/hold function in the
feedback circuitry is unnecessary.

(b) Two modifications to the basic storage site configur-
ation discussed in (a) were implemented. The first modification
was to fabricate the output diode of one storage site and the input
diode of the next storage site as a single diffusion (see figure
8.2). This may be done since the input diode merely primes the
potential well beneath G] and any variation of its potential,
provided it is relatively small, is not critical. As a result,
the storage site pitch may be reduced since a channel stop diffusion
need not be fabricated between the storage sites.

The second modification was simply to bias the gate G by
connecting it directly to the output diode (figure 8.3) Again,
this enables an increase in packing density to be achieved since
an additional biasing interconnection is not required.

These modifications were implemented separately on the
test device in the form of two sets of storage areas driven from
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a common RGR. In this way, the operating ranges of the two types
of storage site could be established and the possibility of
combining the modifications investigated.

(c) Another advantage of the modified operation of the
storage site is that adjacent sites do not need to be interconnected
as in the previous design. Thus it is possible to position
storage sites on each side of the RGR, one set of which operate
from even taps and the other from odd taps. This enables the
bit length of the RGR to be reduced to 50um; the width was increased
to 400um, to ensure that the stray capacitance loading factor, M,
would be small. The storage site electrodes are 100um wide and
T4um long, 4um of which is over thick oxide, thus M < 0.27;* the
output gate, 64, is 4um long.

(d) So that more precise control could be exercised over
the transfer of charge in the RGR, and to aid the suppression of
incomplete transfer, the thick and thin oxide sections of the
floating-gate were separated; the thick oxide section, referred to
as the transfer gate, is externally biased to a DC level.

(e) By employing the two-phase charge injection scheme
described in section 2.4.1, the charge packet size in the RGR can
be more precisely controlled.

(f) The charge propagating to the end of the RGR is
detected using the novel sample/hold circuit shown in figure 8.4.
It consists of a floating-gate which is sensed with an MOST buffer
via a triple-gate sampling MOST switch. The two outer electrodes
of the MOST switch are set to a DC bias in order that sample pulse
feedthrough may be reduced. The floating-gate is biased through
a very low gain (6 x 1078S/v) MOS diode. CF and CB represent the

* The stray capacitance of the floating-gate is composed pre-
dominantly of the gate capacitance of G, and G3 which will vary
according to the charge stored beneath %hem.
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capacitance associated with the floating-gate and the input of the
MOST buffer respectively. During operation, the total charge on
CF and CB remains constant and simply partitions between the
capacitors, depending upon the magnitude of the charge beneath the
floating-gate. Redistribution of charge occurs every time the

sample switch is closed.

This circuit will permit easier coupling of the address
bit between chips if several devices are cascaded together. Its
use as a charge detector in the non-recursive parallel processing
integrators which were described in Chapter 4, is also being
considered.

8.3 The Design Procedure

The design procedure for the modified integrator is made
slightly easier than for the first test device since only two CCD
structures need to be interfaced. Although many modes of operation
are possible, by studying the operation of both the RGR and storage
sites, the most satisfactory conditions can be relatively easily
deduced. For example, the conditions for complete transfer in the
storage sites is illustrated in figure 8.5. Again, the minimum
value of surface potential that must exist beneath the storage
site when 61 and G3 are at their maximum potential is shown as the
dotted line. The maximum value of surface potential when G1 and

Gy are at their minimum potential is shown by the continuous line.

The operation of the RGR is slightly more complex. The
typical surface potential profile of the empty device is shown in
figure 8.6a. It can be seen that the DC bias on the transfer gate
should be high enough to ensure complete transfer from the ¢, well,
and that the floating-gate resting potential, or clock amplitude,
should be appropriate to allow complete transfer into the 91 well.
Another criterion governing the value of the DC bias on the transfer
gate is the maximum size of charge packet that is required to
propagate along the RGR; furthermore, the DC bias will also affect
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the resting potential of the floating electrode and thus the
maximum amplitude of the address pulse. Clearly there are many
interrelated factors which will influence the performance of the
device. For the initial design steps therefore, the biasing
conditions were chosen to give the most satisfactory operation

based upon an intuitive assessment.

It was assumed that a maximum sized charge packet could
be transferred along the RGR, if the surface potential beneath the
transfer gate was equal to the thin oxide surface potential of
the 1 electrodes when ¢q was OFF (see figure 8.6b). Thus for a
given clock amplitude, the floating-gate resting potential can
be determined (gate to substrate leakage is ignored at this stage).
It is also apparent that the magnitude of the floating-gate voltage
variation will be limited by the maximum charge packet that can
be stored beneath the floating-gate rather than the Toading
capacitance (assuming the Tatter is small). Thus in order to
calculate the amplitude of the address pulse, the maximum charge
packet that could be stored beneath the floating electrode must
be first determined. This can be done by rearranging equation 5.5,
which, for a single gate, is

I Sl PN CYACI AOWAD)

- [yg(a) - Vg(O)} c, 8.1

where Qin is the signal charge in Coulombs and A is the electrode
area. By substituting for V_(Q) and Vg(O) in terms of ¢ and

g
recalling that\/ansN = COX\[ZVO , we can write:

0y = A cox‘[zvo{}/$s(0,vg(0) - ¢s(anVg(Q)}

A -CoyCs
e ¢S(0,Vg(0) - ¢s(Q1an(Q) 8.2
A.Cox t Cs
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Thus by inserting the initial (¢ {O,Vg(O)}) and final
(¢S {Qinvg(Q)}) values of the surface potential beneath the
floating electrode into equation 8.2, the maximum charge packet can

be calculated.

As discovered when designing the first test integrator,
the most expedient way of determining the biasing conditions for
a given set of device parameters is to use a set of design curves.
These consist of plots of the surface potential beneath the thick
and thin oxides as a function of gate voltage; the floating-gate
potential variation as a function of signal charge,(equation 5.7},
and the maximum stored charge beneath the floating electrode as
a function of empty well surface potential (equation 8.2). The
compatibility of the storage sites and RGR when fabricated with
the standard processing schedule was investigated initially, i.e.
the substrate resistivity was assumed to be 2-bg.cm with thin
and thick oxide depths of 0.12um and 0.5um respectively. HWith a
clock amplitude of 27.5V, no satisfactory biasing condition can
be achieved that would ensure complete transfer in the storage
sites. The obstacle to achieving this is that the surface
potential differential beneath the thin and thick oxides is too
large. Thus the effects of reducing this by:

(i) increasing the thin oxide depth to 0.2um;

or by (ii) decreasing the thick oxide depth to 0.4um

were investigated.

The design curves for case (i) are shown in figures 8.7
to 8.9, and for case (ii) in figures 8.10 to 8.12. Consider
case (i) first: the design proceeds by first establishing the
bias level for the transfer gate, i.e. if 1 is offset by 10V,
then from figure 8.7 the DC bias should be 18.4V. If the clock
amplitude is 27.5V, then the resting potential of the floating
electrodes is 21.1V. Thus using figure 8.7 again, the initial and
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final values of the surface potential beneath the floating
electrode can be determined. The maximum transferable charge
packet can be found from figure 8.8, and thus the magnitude of
the address pulse can be established from figure 8.9. Since the
storage site has the same MOS parameters, figure 8.7 can be used
to determine whether the address pulse amplitude is sufficient to
ensure complete transfer. It can be shown that for the above
example complete transfer does not occur; in fact approximately
19% of a full charge packet will be trapped. If the design
procedure is repeated for a clock offset of 8V, complete transfer
is still unobtainable, but only =9% of the full charge packet is
retained.

A similar analysis for case (ii) indicates that for 10V
and 8V offset clocks, =19% and =11% respectively of a full charge
packet is retained.

A second method of reducing the surface potential
differential, is to reduce the substrate doping level. The design
curves shown in figures 8.13 to 8.15 are for a device fabricated
on 8-16Q.cm material with O.lum and 0.5um oxide thicknesses. If
the design procedure is undertaken for thése conditions, it is
found that complete transfer in the storage sites is possible,
even with a 10V offset clock. Therefore it would be desirable
to fabricate the devices on the lower doped substrate. However,
at the time, 8-160.cm material was not available to the author and
so it was decided to use a 2-5Q.cm substrate, and increase the
thin oxide depth to 0.2um. The analysis indicated that the charge
trapping in this case would be less serious than for case (ii).

The modified test device consists of a 9-bit RGR and eight
storage sites. Four sites with common input and output diffusions
were positioned below the RGR and four storage sites in which 64
is connected to the output diodes were positioned above the RGR.
Both sets have their own floating diffusion charge detection
circuitry which contains an MOST buffer with approximately unity
gain.
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Fach mask was laid out using a rudimentary computer-aided
design system developed by the CAD group in the Electronics
Department.90 It consists basically of a vector-coded rectangular
pattern generator which is used to construct the artwork of each
mask in software. When each mask has been coded, a paper tape is
generated that is used to drive a photo-composing reticle camera,
also developed by the CAD group. The reticle is then used to
produce the final mask using standard processing techniques.
Clearly, the advantage of generating artwork with a CAD system 1is
that complex patterns can be generated more accurately, and that
error correction is considerably simplified since it can be
performed in software.

A photomicrograph of the complete device measuring
1.25 x 1.25mm, including contact pads, can be seen in figure 8.16.

8.4 Operation of the Modified Integrator

In accordance with the design procedure presented in the
last section, the standard processing schedule was modified to
increase the thin oxide depth to 0.2um. Unfortunately during the
fabrication of the first batch of wafers, a processing fault
caused the thick oxide to be increased to 0.6um from 0.5um. Since
subsequent developments in the processing Taboratory indicated
that the fabrication of more wafers would be delayed considerably,
it was decided to carry out some exploratory tests on the devices
in hand first. The wafers were diced, as explained in Chapter 6,
and mounted on 40-pin DIL plastic headers.

The relevant parameters of the devices tested were:
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Specification | Measured | Units
Substrate doping level, 1.8 x 1015 _ ™3
N .
D
Thin oxide depth, tOXTN 0.2 0.2 um
Thick oxide depth, tDXTK 0.5 0.6 um
VoTN 0.97 0.97 )
VOTK 6.32 8.63 )
Thin oxide flatband 1 1 v
voltage, VFBTN
Thick oxide flatband
voltage, VFBTK 4.5 3 v
RGR gate capacitance, 1.45 1.5% pF
Cox
Floating-gate stray
capacitance, CS 0.39 0.48* pF
M 0.27 0.32 -

* These values were calculated from the geometries of the
finished devices.

It was expected that, due to the increase in thin oxide
depth, incomplete transfer in the storage sites would be a
significant problem, and furthermore, operation of the lower set
of storage sites would be prevented., The reason for this is that
these storage sites have common input and output diodes, and in
order to correctly bias the diffusion so that it both receives
the signal charge and primes the well beneath G], complete charge
transfer between wells is a prerequisite. Therefore, a device
was set up simply to store a rectangular waveform in the upper
set of storage sites. This was done by first setting the bias
voltages so that a suitable address pulse was propagating along
the RGR. This could be monitored by observing the output from
the sample/hold circuit. A photograph of the device operating in
this storage mode is shown in figure 8.17; the top trace is the
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RGR input waveform; the middle trace is the signal waveform, and
the Tower trace is the output from the storage sites which occurs
during alternate clock cycles due to the positioning of the sites.
The largest output voltage obtainable was only =30mV. Since the
total loading capacitance on the output diodes is =1.5pF, and the
output buffer gain is =1, this indicates that a charge of only
0.045pC could be completely transferred through the storage sites.
In fact with the biasing conditions used, the maximum charge that
could be stored was =0.7pC, thus =93% of the charge was being
incompletely transferred.

The delay duration of the signal is equal to.the period
between the data pulses applied to the input of the RGR; in this
case it is 700us. In figure 8.18 the effect of introducing
additional pulses into the RGR can be seen; again, the waveform
at the top shows the input to the RGR. The left-hand pulse can
be considered as a 'storage' pulse. The second pulse is used to
ouput the stored information, thus the time delay is simply the
duration between the two pulses, in this case 80us.

By reducing the amplitude of the stored signal, it was
possible to observe a variation in the amplitude of the output
pulses. However, a large amount of fixed pattern noise was also
observed which prevented any useful information being gathered
on the analogue performance of the devices. The fixed pattern
noise was assumed to be predominantly due to the variation of
the floating-gate resting potential from tap to tap. However,
as explained in the last Chapter, it was decided not to
investigate this effect further at this stage. Since analogue
operation was difficult, it was not possible to perform analogue
recursive integration; however, an attempt was made to operate
the device as a recirculating digital shift register. The output
was connected to the input via an amplifier; a digital word,
consisting of four '1's was then inserted into the feedback path
and stored in the device. Figure 8.19 illustrates this capability;
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the trace at the top is the RGR input, the middle trace is the
input to the storage sites, and the lower trace is the output.
Only three pulses are observed since the fourth storage site has
failed. The information could be erased from the device by
momentarily breaking the feedback loop.

The operation of the sample/holding charge detection
circuit on the RGR is shown in figure 8.20. The upper trace is
the input to the RGR; the Tower trace is the conventional output
waveform from the floating gate, and the middle trace is the sample
and held form. A rather Targe amount of sample pulse breakthrough
can be observed on the middle trace; the reason for this has yet
to be established.

8.5 Conclusions

In this Chapter the design and performance of a parallel
transfer signal processor employing exclusively CCD structures has
been presented. The design procedure showed that the use of a
Tow doped substrate (8-16Q.cm) should permit satisfactory inter-
facing of the RGR and storage sites. However, since a suitable
substrate material was not available at the time, the devices
were fabricated on 2-5Q.cm material (but with a thin oxide depth
of 0.2um to reduce incomplete transfer). During the fabrication
of the first batch of devices, the thick oxide was inadvertently
grown to a depth of 0.6um instead of 0.5um. In spite of this, it
was decided to mount and test these devices. Although, as expected,
significant incomplete transfer and fixed pattern noise prevented
the evaluation of the analogue performance of the devices, it was
possible to store a rectangular waveform and operate the device
as a recirculating digital shift register.

The success of these preliminary investigations on the
digital storage capability of these devices indicates that if the
correct substrate material were used, an analogue storage
capability would be realized and thus permit the construction of
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a prototype radar recursive signal integrator. Silicon wafers of
8-160.cm resistivity have recently been acquired and the
fabrication of devices on this material is currently in progress.

This Chapter concludes the work done to date on the
implementation of a CCD parallel processing recursive integrator.
In the next Chapter, the implementation of the non-recursive
system will be discussed.
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CHAPTER NINE

THE CCD IMPLEMENTATION OF THE NON-RECURSIVE INTEGRATOR

9.1 Introduction

In Chapter 4, the concept of parallel processing CCD
structures for signal integration was proposed. Two techniques
were described, one performing non-recursive integration and the
other recursive integration. It was also indicated that, although
the features of both techniques were complementary, the recursive
approach would be investigated first since this implementation
required a less complex chip layout.

Whilst the fabrication of a non-recursive device would
not be possible at Southampton University because the size of
such a device would exceed the University's present mask production
capability, some thought has been given to the implementation of
this approach; in addition, some investigations of the linearity
of the integration method have also been performed.

9.2 CCD Implementation of the Non-Recursive Integrator

It will be recalled that in the non-recursive integrator,
each radar return is sequentially gated into a series of tapped
m-bit CCDs which comprise the range bin storage areas. Information
reaching the end of each CCD is transferred onto a drain diffusion
and destroyed, thus at any instant each CCD contains the Tast
m-returns from one particular range bin. The integration of the
m samples is achieved using conventional transversal filter
techniques and the resulting signal is gated to the output.

The signal charge in the range bin CCDs may be sensed
using either floating-gate voltage sensing or electrode current
sensing. In addition, there are also two methods of transferring
the charge along the range bin CCDs, i.e. by clocking each CCD
individually from an on-chip source such as the RGR, or by clocking
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all the driving electrodes together with an external source.
Thus there are basically four implementations of the non-recursive
integrator; proposals for realizing these are considered below.

9.2.1 Current Sensing with On-Chip Clocking

This scheme is illustrated in figure 9.1. Each range bin
CCD is a two-phase device with its sense electrodes connected
together and also to the sensing electrodes of the other range
bin CCDs. The charge injection scheme used is the two-phase
input technique described in Chapter 2; the first electrode of
this structure, and the clocked electrodes of each CCD is driven
from its corresponding RGR tap. However, because of the large
capacitance associated with the driven electrodes, it would be
necessary to buffer the RGR taps with an MOST amplifier. The mode
of operation is as follows: As the address bit propagates along
the RGR, the potential well beneath the first electrode of each
range bin CCD is primed with charge and subsequently metered
according to the signal applied to the input electrode;
simultaneously, the stored signal samples associated with each
range bin are shifted to the next bit. Since current sensing is
employed, the charge samples may be detected during the transfer
operation, thus by employing the proposed sensing electrode
configuration, the stored data is automatically multiplexed onto
the serial output bus.

The disadvantage of this implementation is that MOST
buffers are required for each RGR tap output, thus preventing
high speed operation.

9.2.2 Floating-Gate Voltage Sensing with On-Chip Clocking

This scheme, illustrated in figure 9.2, is architecturally
similar to the last scheme except that multiplexing of the output
has to be done in conjunction with floating-gate voltage sensing.
The integrated signal from the nth range bin is multiplexed onto
the output bus via a buffer which is switched on by the (n+1)th
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address pulse.

Again, the necessary use of MOS buffers precludes high
speed operation.

9.2.3  Current Sensing with Off-Chip Clocking

As in the previous implementations, this scheme (see
figure 9.3) employs two-phase CCDs for each range bin, but the
driven electrodes of all the devices are connected together and
clocked from an off-chip clock driver which amplifies the address
pulse arriving at the end of the RGR. The standard two-phase
charge injection scheme is employed, but the first electrode of
the structure is driven directly from the appropriate RGR tap.
Thus the potential well adjacent to the input diffusion is primed
continually, except when the overlying electrode is addressed
from the RGR. When this happens, a charge proportional to the
input signal is metered into the adjacent potential well. The
charge samples in all the CCDs are transferred simultaneously,
when the address pulse has traversed the RGR. The integrated
signal from each range bin is detected as a charging current that
restores the corresponding floating electrodes to a reference
potential as the appropriate output MOST switch is operated. It
will be noted that it is necessary to invert the RGR tap waveform
to operate these switches. Whilst this would prevent the
operational speed of a totally CCD system being realized, the
data rate of this scheme could be higher than that achievable with
the implementations described before, since the loading capacitance
on the buffers would be considerably Tess.

9.2.4 Floating-Gate Voltage Sensing with Off-Chip Clocking

This system, illustrated in figure 9.4, uses a similar
architecture to the last system, but voltage sensing is employed
and the integrated signal is multiplexed onto the output bus using
a charge transfer technique. A cross-section of a range bin CCD
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and its output gating structure is shown in figure 9.4b. The out-
put scheme comprises the input electrodes of a 'zero-bit' CCD.

The first electrode of this structure is driven by the RGR tap
output, and the integrated signal voltage from the range bin CCDs
is applied to the second electrode. Thus upon application of the
address pulse, charge proportional to the integrated signal is
metered onto the output diode, which is common to all other range
bins; the signal charge can then be sensed with a conventional
floating diffusion detector.

Clearly the most desirable system would be one that
minimized distortion, noise, chip complexity and should preferably
be capable of high speed operation. The analysis of the charge
sensing schemes which was presented in Chapter 5, indicated that
high Tinearity can be achieved by using a current sensing scheme
in conjunction with the diode cut-off charge injection method.
However, since the charge injected with this technique can exhibit
high noise and non-linearity due to partitioning effects, it was
decided to avoid this scheme. Although a voltage sensing scheme
is inherently less linear than a current sensing method, the
implementaions described above, using the latter sensing technique,
employ on-chip MOST buffers and so would not be capable of high
speed operation. Furthermore, the sensing node capacitance could
be quite high and therefore Timit the signal-to-system noise ratio.

On the other hand, the implementation described in section
9.2.4 employs exclusively CCD structures, has a relatively Tow
chip complexity, and by using double correlated sampling at the
output, detection noise could be kept reasonably Tow. Thus it is
proposed that this implementation should be investigated in greater
detail when a facility for producing larger masks becomes
available.



146

9.3 Voltage Sensing Linearity

As mentioned already, the fabrication of a complete test
non-recursive integrator would be difficult. However, it was
decided to investigate the linearity of the floating-gate voltage
sensing scheme which it is recommended would be used in the proto-
type system.

These investigations were carried out on a 50-bit two-
phase CCD; on this device the second phase electrodes are connected
to an on-chip MOST, thus forming the basis of a floating-gate
voltage sensing scheme. This arrangement not only minimizes the
stray capacitance associated with the sensing electrodes, but
also ensures that its value (which is fairly critical) does not
alter unpredictably during the experiments. Consequently, an
accurate experimental determination of this parameter could be
made for subsequent computer analysis of the structure. The
device has a 400um wide channel and each electrode is 14um long,
4um of which are on thick oxide. Charge reaching the end of the
device is detected with a floating diffusion charge detector which
contains a nominally unity gain buffer; the diffusion is loaded
with the capacitance of a 100um x 100um contact pad to increase
detection linearity. A dummy sense circuit is also included, so
that reset pulse feedthrough can be reduced. Figure 9.5 shows a
photomicrograph of the device.

Whilst the experiments were in progress, great care was
taken to ensure that spurious responses were being suppressed.
For instance, in the first experimental set-up, a plug-in amplifier
type 7A18 on a Tektronix 7704A monitoring oscilloscope was used
to match the signal under scrutiny to a Marconi Instruments
TF2370 spectrum analyser. During measurements on the Tinearity
of the floating-gate sense amplifier, anomalous results were
observed. These were traced to the 7A18 plug-in; although the
distortion of this unit was relatively low, it was found to vary
with beam position. A similar effect was also noticed when using
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the differential amplifier plug~in type 7A13. It was finally
decided to use a Brookdeal Precision AC Amplifier type 425 for
impedance matching purposes; this amplifier has an input impedance
of 10MQ and a specified linearity of 0.001%; with the input short-
circuited, the 3kHz bandwidth noise Tevel was more than 70dB

below the fundamental signal component at all frequencies of
interest. Although care was taken to prevent intermodulation
distortion caused by overloading the spectrum analyser input,
detection of this condition was sometimes difficult. Therefore

it was decided to use an HP310A wave analyser since, although
measurements were more tedious, an overload condition was more

. easily detected. The input impedance of this unit is between

10ke and 100ke. Figure 9.6 shows a schematic of the final
experimental set-up.

The input signal, from a Lyons Instruments SQ10 sine
wave generator, was connected to the CCD input gate via a simple
RC Tevel shifting network; the DC bias level of the signal was
measured with a Solartron 7040 DVM. An ML101B MOST was connected
as a load for the on-chip floating-gate sensing MOST; following
this arrangement was an attenuator to prevent overloading of the
425 amplifier.

The experimental procedure adopted was first to determine
the distortion associated with charge packet being injected into
the CCD. This was done by measuring the Tinearity of the CCD when
used as a conventional delay line, and then subtracting the
distortion due to the floating diffusion charge detector. This
result, and measurements of the non-linearity of the floating-gate
amplifier, could then be used to determine the floating-gate
lTinearity.

A clock waveform of 200kHz and amplitude 27.5V offset by
5V was connected to the device, and the various bias voltages set
to achieve lowest transfer inefficiency; this parameter was found
to be 2.1073. A 1V pk-pk sine wave at 1kHz with less than -60dB



149

.m:cwcsump,mcwmcmm abej|on a83eb burjeoiy syy Jo
A3LJesul|-uou ayj sunseaw o3 pasn dn-338s [ejuswidadxs ayl 9°'f Hi4

Y ISATYNY
ANy JAVM
POy VA% VOLEdH ==
VIl z
1Nd1N0 T zzo
HY1N93y 1
— asd = 1]
I.../"
1NdLNO 31V9 ONILVOS czé
g0l

AQE-




150

harmonic distortion was then connected to the input gate and the
harmonic components at the output of the floating diffusion
detector were measured as a function of input DC bias; the DC bias,
VDCmin’ which gave lowest distortion was noted. A sine wave was
then applied to the drain of the reset MOST, and its gate was
biased on. The DC level and amplitude of the signal was then
adjusted to simulate charge packets representing a 1V pk-pk sine
wave with a DC bias of VDCmin arriving at the sense diode. Thus
the distortion of the detector under the previous operating
conditions was determined. In fact, the magnitude of the second
harmonic component generated by the detector was indistinguishable
from that of the signal source, whilst the third harmonic was more
than 75dB below the fundamental. The harmonic components generated

at the CCD input as a function of DC bias, are shown in figure 9.7.

The 1V pk-pk signal biased at VDCmin was reconnected to
the CCD input and the harmonic components at the output of the
floating-gate sense amplifier were measured as a function of
frequency up to 10kHz (measurements of harmonics less than -55dB
was Timited by the noise generated in the CCD). The signal source
was then connected to the input of the sense amplifier to
simulate the floating-gate signal. The harmonic distortion of
this amplifier was measured and found to be more than 50dB below
the fundamental. In view of the fact that the second and third
harmonics generated by the charge injection technique and the
sense amplifier were more than 20dB below the harmonics generated
by the overall floating-gate system, it seems reasonable to deduce
that these latter results are a direct measurement of the floating-
gate non-linearity.

An analysis of the floating-gate structure was also
carried out using the charge balance model presented in Chapter 5
and the computer program described in Appendix 2. The parameters
used in the calculations were measured on the device under test
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and were

Thin oxide flatband voltage, VFBTN = 0.8V

Thick oxide flatband voltage, VFBTK = 2.5V
VOTN = 0.4V
Vork = 6.95V

Floating-gate oxide capacitance, Cox = 0,96pF

Floating-gate stray capacitance, CS = 10.9pF

Fat-zero charge level, QDC = 1.19C

Pk-pk signal charge Tlevel, QPK = 0.94pC

The oxide capacitance, Cox’ was calculated form the CCD input
transfer response, and the stray capacitance was measured with

a capacitance bridge. Great care was exercised in the latter
measurement to ensure that all stray capacitances were included,
i.e. pin-to-pin capacitance of the package, bonding wire
capacitance, input capacitance of the sense MOST, capacitance

of the interconnection tracks, capacitance of the thick oxide
portion of the floating-gates and the inter-electrode capacitance.

The theoretical and measured response are plotted together
in figure 9.8; 0dB on the vertical scale represents a signal of
0.54V pk-pk measured on the floating-gate. It can be seen that
the model gives a very close fit to the measured response, and
thus gives further confidence in the use of the charge balance
model for analysing floating-gate structures.

9.4 Conclusions

In this Chapter, several implementations of the parallel
processing non-recursive integrator have been described. It is
proposed that a system employing voltage sensing of the range bin
CCDs with simultaneous clocking of these structures from an off-
chip source should be investigated in greater detail, since this
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scheme can be designed using CCDs exclusively. Construction of
a prototype chip could be done, if facilities for making Targer
masks were made available.

An investigation of the non-linearity of the voltage
sensing technique has also been presented. The measured transfer
response and harmonic component levels agreed very well with
calculations based upon the charge balance model. Thus it is
felt that the linearity of floating-gate voltage sensing schemes
can be predicted fairly accurately, and that suitable structures
could be designed in which the stray capacitance is chosen to
optimise linearity and noise performance.
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CHAPTER TEN

CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

This thesis has been concerned with the application of
charge-coupled devices to analogue signal processing. In the
earlier Chapters, basic CCD techniques were described together
with a feasibility study to investigate the use of a CCD time-
compressor to insert the audio information of a TV transmission
onto redundant video Tines. Although a full broadcast compatible
system could not be investigated, the system that was constructed
successfully demonstrated the feasibility of this application.

The bulk of the thesis, however, describes the application
of CCDs to the development of a CCD signal integrator to obtain
signal-to-clutter improvements in marine radar signals. Although
CCDs had previously been used to implement the delay line of such
systems, the signal-to-clutter improvement that could be obtained
with an integrator employing a conventional (i.e. serial) CCD was
Timited by the build-up of signal residuals caused by transfer
inefficiency. Methods of cancelling the residuals had been
suggested by various authors, but it was clear that a more
satisfactory technique was required. The system adopted was one
in which all redundant CCD transfers were eliminated by the use
of a parallel transfer structure. In this approach, the signal
undergoes a minimal number of transfers and so residuals are main-
tained at a very low level.

Two basic integration techniques were investigated; one
uses non-recursive integration in which the last 'm' returns are
summed with equal weighting, and the other uses recursive
integration in which the returns are summed with exponential
weighting. In both systems, each radar return is sequentially
gated into storage areas using an on-chip addressing scheme called
a range gate register (RGR). The RGR consists of a floating-gate
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tapped two-phase CCD operated as a digital shift register. It

was proposed that each tap should drive the corresponding analogue
gates directly without intermediate amplification, thus enabling
the high speed capability of an exclusively CCD system to be
realized.

In order that the feasibility of this proposal could be
investigated, and also since the integration scheme in the non-
recursive integrator was likely to use floating-gate voltage
sensing, a detailed analysis of floating-gate structures was
carried out. However, rather than use a capacitive model which has
given rise to difficulties in the past, a charge balance model was
used; this led to the derivation of a general expression for the
potential variation on a multiple floating-gate assembly, loaded
by a non-linear stray capacitance (such as the thick oxide section
of a two-phase electrode), as a function of stored charge. A
numerical analysis for two special cases was then carried out; these
were a 63-tap Tow-pass transversal filter, and a single RGR tap.

It was shown that, although the potential variation is highly
dependent upon the magnitude of the stray capacitance, if this
parameter is sufficiently small, address pulses large enough to
operate an analogue gate directly from an RGR tap could be
generated. In addition to the voltage sensing configuration, a
Tow-pass CCD filter was also analysed, assuming an electrode
current sensing scheme. The effects of using two types of charage
injection scheme, i.e. potential equilibration and diode cut-off,
were also investigated. The results indicated that in general

the current sensing scheme exhibited the least non-linearity, and
if charge partitioning was ignored, the diode cut-off injection
scheme would yield a Tinear overall response. However, because the
peripheral circuitry for the voltage sensing technique is simpler
than for the current sensing method, the choice of charge sensing
technique for the non-recursive integrator is not straightforward.
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Since the recursive integrator could be implemented with
a fairly simple chip layout, a test chip was designed and fabricated
to investigate the performance of the RGR and storage areas. MOST
buffers were included on this design, so that a rigorous evaluation
of the floating~gate tap response could be made. Experimental
measurements of the transfer response of the RGR taps agreed very
well with the theoretical predictions, and established the feasi-
bility of using a CCD for on-chip addressing. An anomalous
variation of the buffer gains was observed which was attributed to
the series resistance of the power and source-bias distribution
diffusions. Also a discrepancy between the measured floating-
gate resting potentials and the predicted values was noted. This
appeared to be due to gate-to-substrate leakage effects. Since
this also caused a variation in resting potential from tap-to-tap
which could give rise to a large amount of fixed pattern noise,
further work to suppress these variations, with say a process
modification, will be necessary. Another possible way of reducing
fixed pattern noise would be to employ an identical set of storage
sites driven from the same RGR taps. By storing a DC level in
these sites and subtracting their outputs from the regular sites,
tap resting potential and threshold variations could be cancelled.

Unfortunately, a mask error prevented the operation of the
storage sites. Rather than correct this, however, it was decided
to proceed with the design of another layout which incorporated
several improvements. The major modifications were to employ
direct driving of the analogue gates, and to separate the thin and
thick oxide portions of the RGR taps. A set of design curves were
used to ensure that storage sites and RGR taps would interface
properly. Even so, the design procedure was rather tedious, and
could usefully be transferred to a computer for future designs.
~ If this were done, the effects of parameter changes and tolerance

to bias voltage variation could easily be evaluated.
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The design procedure indicated that satisfactory operation
should be achieved if devices were fabricated on 8-16qcm substrates
with the standard two-phase CCD process schedule. However, since
this material was not available, 2-50cm substrates were used and
the thin oxide depth increased to 0.2um from 0.lum. In spite of
the fact that a process error caused an increase in thick oxide
depth, working chips were bonded and tested. As expected, a large
amount of incomplete transfer prevented the evaluation of the
analogue performance of the device, but a rectangular waveform
was successfully stored and the device could be operated as a
recirculating digital shift register. Again, however, a large
amount of fixed pattern noise was observed.

Devices are currently being fabricated on 8-16%cm material
and future work will involve characterizing these devices for
Tinearity and noise performance. It is expected that a complete
non-recursive integrator could also be constructed with these
devices.

Although the fabrication of a CCD parallel transfer non-
recursive test chip would be difficult at present, some thought
was given as to how such a system could be implemented. A scheme
employing voltage sensing of the stored charge and off-chip clocking
of the range bin CCDs appears to be the best choice since the
chip complexity of this implementation is relatively low, and CCD
structures could be used exclusively. The measured non-linearity
of the voltage sensing scheme was compared with that predicted by
the floating-gate analysis and close agreement was observed. Thus
it s felt that the performance of a complete non-recursive
integrator could be predicted fairly accurately.

Two fairly major topics concerning the integrators were
purposely omitted from the discussions in this thesis. The first
is the storage time capability of the devices. It was mentioned
in Chapter 4 that storage times in excess of at least m x 100ms
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are necessary for efficient clutter reduction. Future work would
necessarily involve the inclusion of suitable fabrication
procedures to consistently yield storage times of this order. The
enormity of this subject, however, precluded further discussion
here.

The second topic concerns the capability of the integration
system to operate with moving platform radars. No problem arises
as long as the target does not move out of its range resolution
cell during the acquisition of at least m radar returns. However,
if this condition is violated, then a provision for electronically
adjusting the range gating operation must be made so that 'm'
consecutive target echoes can be properly integrated. This could
be accomplished for instance, by providing a number of parallel
input sections along the RGR so that the sequential gating operation
could be incremented or decremented by a resolution cell, as
appropriate. Clearly, however, this subject warrants investigation
in much greater detail.

As mentioned in Chapter 4, the para11e1 processing
structures described in this thesis could be applied to many other
areas of signal processing. This leaves a wide scope for further
investigations.



APPENDIX 1: Analysis of the Two-Phase Charge Injection Scheme

The input structure of the two-phase charge injection
scheme is shown in figure Al.7. Consider the situation when 91
is switching off. As the potential on the 97 electrode collapses,
the surface potential differential beneath the thick and thin
oxides decreases and excess charge will flow back onto the diode.
There will come a point when the potential on 91 is equal to Vin
(figure Al.la); subsequent to this occurring, charge will begin
to transfer forward into the metering wéll created by vin. The
charge, Q1, at this instant is given by equation 2.2, and is

4 = Cox < %o = VepTN = 957K = §f o ¢STK) AL

where ¢o Will be equal to Vin’ dsTK is the surface potential beneath
the thick oxide of G1 held at a potential Vin’ and the subscript
TN denotes a thin oxide parameter.

As 91 continues to fall, more charge will be metered into

the well below Gl; when ¢, is OFF (figure A1.1b), the charge
remaining, Q,, can again be found from equation 2.2, and is

Q = Coy (%FF " Ykt T ¢st Ty Vo %TK) Al.2

The signal charge, Qs’ metered by Vin is given by the difference
between equation AT.T1 and equation A.1.2, 1.e.

QS = Ql - QZ = C()x (¢O " ¢1OFF) Al.3

Al.4
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It can be seen that the signal charge is linearly related to the

input voltage.

Equation Al.4 was derived for the case when the input
signal is continuously applied to G]. If the input signal is
strobed so that it is applied to G1 only when 91 is off, the
expression for QS can be derived as follows. The charge stored
beneath ¢, when both ¢, and Vi, are off (see figure Al.2a) is

O = Cox (‘NOF,: " Veptn T #sy T ot U5, ) Al.5

When Vin is strobed on (see figure A1.2b), charge will flow beneath
61 Teaving a charge, Qz,,behind given by

G2 = Cox <¢1opp " VrBTN T s 7 4 Vo "’51) A6

The signal charge, Qg , 1s thus given by

QS = Q] - Q2 = COX [¢32 - d)s.] + "ZVOTN{@*@}] AY.7

Substituting of b and rearranging equation 2.2 to obtain
expressions for +/¢s 1in terms of the gate voltage, equation Al.7
becomes

5
VoTN

- - - 2 -
Qs = Cox {Vin ¢10FF} ] VoK (VOTK * 2V0TK{¢10FF VFBTK%

- 3
- (VOTK2 # 2gre {Vsn VFBTK})
A1.8

Clearly now, the signal charge is non-linearly related to the
signal voltage.
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APPENDIX 2: Analysis of Floating-Gate Voltage and Electrode

Current Sensing Structures

In this Appendix, a paper recently published by the author
in the IEE Journal of Solid-State and Electron Devices presenting
an analysis of depletion capacitance-induced distortion in trans-
versal filters, is reproduced. Both voltage and current sensing
are discussed and the effects of using either a potential equi-
Tibration or the diode cut-off charge injection scheme are investi-
gated.

Two computer programs used to evaluate the equations are
also included. Program 1 enables the response of a three-phase
split gate transversal filter to be analysed using any combination
of charge injection and sensing scheme. The subroutines prefixed
SN determine the harmonic components at a frequency foNNF/NNN.
The Tast two Tetters of the subroutine name indicate the type of
charge input and sensing scheme used, i.e. V in the third position
indicates voltage sensing, whilst Q indicates charge sensing. S in
the Tast position indicates the diode cut-off input scheme, and Q
represents the potential equilibration scheme, e.g. calling sub-
routine SNVQ (NNF, NNN, QPK, QDC) would evaluate the harmonic
components at foNNF/NNN for a signal charge of QPK and a fat-zero
level of QDC.

Subroutines prefixed LF evaluate the Tow frequency harmonic
components. Again, the last two Tletters specify the type of charge
sensing and charge injection scheme used.

Subroutines prefixed DC can be used to determine the DC
characteristics of the structure, similarly the last two letters
are used to specify the charge sensing and injection techniques.
The term VGG is a dummy parameter, and NFLG is generally set to O.
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The charge transfer inefficiency can be specified in the
subroutine EPSILON(Q), and the tap weightings are simply included
as data at the end of the program.

Program 2 was used to evaluate the non-Tinearity of the
device described in Chapter 9. The computations include the loading
effect of the thick oxide section of each gate. The subroutine
CLOCKIT (W, 0.938, 1.119) evaluates the harmonic components at
frequency W, with a peak-to-peak signal charge of 0.938pC and a
fat-zero of 1.119pC.

Following this is a simple HP-25 programmable calculator
routine for determining the potential variation of a single floating-
gate as a function of charge.
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PROGRAM 1

TEL1010.PAUL CCMPILED LY FORTRAN LARGE BATCH COMPILER MARK 25A1 AT 12:29:15

C(OMPILER CFTIONS

FULL LIST )
NC PAGE SKIPS

NG ATTRIBUTES LIST
NG CROSS REFERENCE LIST

NO FXTERKNAL KEFERENCE LIST
nG OBJECT CODE LIST

FEDIUM MESSAGES
ALL FESSAGES LISTED

¥FSSAGES INTERSPERSED
COMMENTS LISTED

CIRECTIVES LISTED
NO SKIFPED LINES LISTED

NOT SHAREAELE
NOT LIERARY PROCEDURE

CCDE PKOLUCED UNLESS ERRORS
FOSTFORTEP LEVEL=Z

FAPPINC UPTIONS := E=g D=f Q=16 k=4 I=z& J=8 K=4 L=4 M=8 N=1}
FAXIMUYN TRACE OPTIONS ALLOWED ARE :- ALL

CEFAULT TRACE OPT1ONS ARE :~ NONE

TTREFERENCE CTAGNOSTIC SOURCE LISTING

1 PROGRAM PAULS LIST
4 ¢ FLOATING CATE CCD ANALYSIS
3 C FLOATGATE ANALYSIS AS IN CCD 76
- & COMPON/TLOCK /M, @ CITOY, CCX V6L, VB, (S, VO, DELVEG,
5 * CRAP(94) , VB, CRIF(5),CCS
b [ INITIAL DATA
7 € CHARGES IN PC, CAPACITANCES IN PF
- g [ MENUMEER OF GATES
9 ¥=63
- 0 [ VFB=FLATBAND VOLTAGE
11 Vvie=0.0"
14 C COX=0XT0E CAPACITANCE PER GATE
13 cox=0.3
e T4 C CCS=5TRAV CAPACITANCE
5 €Cs=50.
- 16 ¢ VOEKST*G*N*TOT* TOX/KOX*KOX*EPSTLON(?)
17 ¥0=0,173
T8 ¢ VGU=GATt VOLTS WITH NO STGNAL CHARGE
19 V=15,
20 [4 VbE DIODE BRIAS AT TERO CHARGE INPUT
27 vbB=12 .888
Zd CALL WEIGH
23 ¢ . '
A [ ITRSERT HREGUIRED SUEROUTINES HERE EERBERERRAAARKAKAANREARBTAAGRAS R A%
25 [ £.G.:
- [4.) CALL SWS{T00,. 20,3, 1,0.537
27 CALL LFVA(1.0,0.0)
28 CALL TCOQ{T.5, DUMNMY U3
29 C KA REA AR KA AR AR A A AR AR AR A SRR A RARRARAA A KA RAR R A AAA AN A AR ARARRAAR ARG R
AU C
33 STOP

34 ERD
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MO DIAGNOSTIC MESSAGLS IN MODULE PAULSLIST

TTREFERENCE LIAGNOSTIC SOUKCE LISTING
53 SUPROUTINE LFGQ (GPK,QODC)

T4 ¢ GIVES LOW-FREQUENCY DISTORTION CHARACTERISTICS
35 ¢ FOR LINEAR CHARGE IN
- 3% ¢ FOR CHARGE SENSE 0UT
37 C DFT COMPONFNTS EVALUATED EXPLICITLY
38 CCMMON/ELUCK /K, GC100) ,CCX,VFE,CS VO, VGO, DELVG,COPPT (53,
39 * CRAP(OZ) ,NPRINT,OMAX ,CCS , PHI
B A [
41 . WRITE(?2,270) M,V0,VFB,COX,VG0
- L7 270 FCRMAT(THU,
43 114,° GATES vO =°,F7.3,° VEB ='_§6.2,
Ly T OXIVE CAP =',.F6.3,
45 L INITIAL GATE VOLTS =9,F6.3,
- L6 ST LOW FREGUENCY ")
o 47 WRITE(2,271) GPK,GDC
08 277 FORMATC(® GPK =° ,F7.b," GDC =9 ,F7.4)
UL ¢
Y GIN=QDC+0PK42.0
51 CALL DCUG(GIN,¥61,1)
TR 1F(VGI.LE.C.Y RETURN
. 53 ¢
£4 QIN=QGDCH+QPK2T,5
56 CALL DCGQ(QIN,VG2,2)
TSRS QIN=GDC+OPK
57 CALL DCLA(QIN,VG3,2)
”””” S8 GIN=QDC+APK*0.5
59 CALL DCOG(RIN,VG4L,2)
TR CAULTDCRa(GoC,VE5,72Y
61 ¢
TR C EVARLUATIONV OF COMPONENTS
63 COMPT(1)=(VGI-VGS)HL2.
Y COMPT () =(VG1-2 . AVG3+VGSY /4.
_ 65 COMPI(R) =(VG5-2,2VG442 . 2VGE2-VG1) /6,
ob C
67 PO 76 NH=1,3
T 68 COMPT (NHI=ABS (COMPT (NTD
69 IFCCOMPT(NHY LT .1, E~20) COMPT(NH)=1.E-20
T DF=¢C*ALCGTUCCOVPT(NHY)
71 WRhITE(Z,272) NH,COMPT (NK) ,DB
7 76 CONTINUE
73 272 FORMAT(® AMPLITUDE OF °,I12,°TH COMPONENT =*,1PE10.3,
TR T8 =7, ULPF6.1,° DE')
75 ¢
o s RETURN
77 END

NG DIAGNOSTIC MESSAGES IN MODULE LFQQ

AR&FEFfNCE CIAGNOSTIC SOURCE LISTING
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- /8 SUBROUTINE DCUG(QADC,00UT, NFLG)
79 COMMON/GLOCK /M, (1CC) ,CCX,VFB,CS5,V0, VG0 ,PELVG,CRAP(98) ,NPRINT,
80 I D.C. CHARACTERISTIC
81 C FOR LINEAR CHARGE IN
TR [3 FUR CHARGE SENSE CUT
83 [ MFLG=(C UNLESS CALLDE BY LFOO
TR * GQMAX,CCS,PHI
WARNINE{1C4) COMMENTS SHOULD NOT INTERSPERSE CONTINUATION LINES
TS CUMMON/WAIT/W(1CT) , WBARCICO) ,HCT1CO) , W2 (100) , 42 (1000 ,wwB (100,
86 * SUNMW, SUMKBA, SUMWWB -
TTTTTTTRY IF(NFLG.ER.2) GOUTO 12
58 IF(NFLGL.EG.YY GOTO 11
- 59 WkITE(2,21C0) W, Vv(,VFB,CO0X,¥60
7] 2100 FURMATC(IHG,
- 93 114,° GATES vh =% F7.3,° VFB =°,F6.2,
92 3 OXIDE CAP =*_F6,3,
T 9% 4° INITIAL GATE VOLTS =°,F6.3,
94 5f CHAKGE SENSE®)
TR 11 CONTINUE
96 ¢ (HECK FOR CHAKGE OVERFLGW
T7 GFAX=COXR{VGO-VFR)
98 1F(aDC.6T.OMAX) GOTO 95C
N ¢ 72 CONTINUC
100 S=SGRT(VC*(VO+2 .4 (VGC-VFR)))
o 119 QLUR=(ODC/COXY~S+SART(VED-VFE~-QDC/COX)
102 GPLUS=SUMW*QDUM
- 103 GMIN=SUMNWGAXGDUM
104 QUUT=QPLUS~-UMIN
195 IF(NFLG.NL.OY RETURN
106 GAIN=QOUT/GDC
) To? WRITE(Z, 2TOTY Q0C, Q0UT,GAIN
108 21C1 FORMAT(® GDC =°_F6.3,° FC*®,
109 1 QOUT =°,F8.4,° PCY,
110 2° GALN =°,F7.3)
- (xA! RECTURN
112 G50 WRITE(2,295) GDC,QMAX
o (R 295 FURMAT(Y CHARGE CAPACITY LXCEEDED QIN =",F8.4,°' QHMAX =T FB.4)
114 QoUT==1.
TS RETURN
118 END
MO ERRCRS , 1 WARNING AND NO COMMENTS IN MODULE DCGQQ

REFLRENCE CIAGNOSTIC

SQURCE LISTMNG

TT7 SUBROUTINE SNCETRNN, NNF ,OPK,GDT)
118 ¢ FUNDAMENTAL AND HARMOBICS AT FREQUENCY FCHNNF/NNN
o % o FOR CINTAR CHERGE TN
120 ¢ FUR CHARGE SENSE OUT
T [ DET COMPONENTS GF OJF WAVEFORN GIVEN &Y S/R FOURIER
122 ¢ ALLOWS FOR FINITE EPSILCN USING FUNCTION EPSILON
123 COMROWIELOCK/F, QUTO0Y , CCX,VFE,CS , VU, VGO, DELVG,, CRAP(YET ,NPRINT ,
124 *  GMAX,CCS,PHI
TTTYES TIFERTSICN GG TISTUD
126 CALL REDUCE(NNN,NNF, NN, KNF)
Te7 FETLOATCHFY7FUORATINNY
128 WEYFC=6,25218530718%F
TTTYRY T T T WKITE(Z, 220y ¥, VG, VFB , TOX,VGU ,KF, KN, F
130 220 FORMAT(IHG,
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1453 114," GATES VO =°,F7.3,"° VFB =°,fF6.2,
132 T X' OXIDE CAP =',F6.3,
) 133 L% INITIAL GATE VOLTS =°,F6.3,
134 St F/FC =°,13,%/°%,14,°% = *,F5.4
T35 7 61
136 ¢
Y C INITIALISATION
128 CMAX=VGO~VFB
I T GMAX=ZGMAXZCOX
140 1F(CaPX+Q0C) .GE GMAX) GCTO 950
T 143 PO 50 I=1,#
142 50 6(1)=0.0
R ¢
144 NMAX=M4+NN
- 1457 C
146 C CLOCKING
I P DU 52 N=1,NMAX
148 M2=M+2
TS DO 51 1=2,M
150 J1=p2~1
B Y - 51 G(II)Y=EPSILONCQCIIII*G(II)
152 1 +(1.~EPSILON(G(I]I~1)3)2Q( ] ~1)
e+ -
154 ¢ INPUT
TTTOTTTHSR GUIY=GDC+GPK* (T, +COSCWBYFCaN))
15% ¢
L A ¢ 0UTPUT
158 IF(N.GE.MY CALL SOLVA(UGIN))
TR 8
160 52 CUNTINUE
R V% ’ €
162 CALL FOURIER(NMAX, NN,NF,QG,1,COKPNTT)
I V% CAUL FOURIER(NMAX, NN, NF,0G,2,COFPNTE}
164 CALL FOURIERCHMAX,NN,NF,QG,3,COFPNT3)
TUTTTTHES RETURN
166 G650 WRITE(2,295) Q{1),QMAX
g T T T T T OGS T FORMA T (Y (HARGE CAPACITY EXCEEDED GIN =Y, FB.b,° GMAX =°',F8,4)
168 RETURN
R YA END

WO DIAGNGSTIC MESSAGES IN MODULE .SNGG

TUREFERENTE CTAGNGSTIXC SOURCE LTSTING

170 SUBROUTINE SNGSCNN,NF, VFK,VDC)
o 77T T FURTAVENTAL AND HARVORTCS AT FREGUENCY FCANNF/NNN
172 C FOR SURFACE POTENTIAL SETTING INPUT
- 373 T FOR TWERGE SERSECUT
174 COMMON/ELUCK /M, GC100) ,COX, VG0, VFB,CS, VO, DELVG,
T 7S & CHRPUGLY VE,CRTP{RY,CCS
176 DIMENSION QG(15C0)
. PTEERSTON WUG (T5S0TY
178 C CLOCKS A SIGNAL CHARGE °®QIN® ALONG CCD
79 ¢ OUTPUT TROM FLOATING CATE AWP GIVEN HY S/R SOLVIT
180 ¢ DFT CONMPORENTS OF O/P WAVEFORF GIVEN BY S/R FOURIER
B X | € ALLOWS FOK FINTTE EPSTLCN USING FUNCTION EPSILON
182 W={6.c5216530718*NFI/NN
TR wRITE(Z,2¢C) 1V, V2, ViB,C0X,VGC NF, NN, VE,VPK,VDC

184 220 FORMAT(1HO,
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I 185 114,°% GATES VO =',F7.3,° VFB =" ,Fb6.2,
186 2 OXIDE CAP =',F6.3,
187 L' INITIAL GATE VOLIS =°,F6.5%,
198 5¢ F/FC =°,13,9/°,13
189 6/% DIODE RIAS =°_,F8.4,
190 7 VPK =% F8.4,° VDC =* ,F8.4,
191 c¥SVas /3
192 C .
163 [ INITIALISATION
194 DO 50 1=1,M
- 19% 52 @(I13=C0.C
196 C
197 NFAX=R+NN
198 DO S2 N=1,NMAX
- 199 C
200 c CLOCKING
- 207 Me=Mee
202 BO 51 I=2,M
0 Ti=M2~1
204 51 GCIIY=FPSILON(G(IIII*QCIL)
; VL) T +(1.~EPSILON(G(II~-12)*aCii~1)
206 C
207 [ INFUT
208 VD=VIN(W ,N,VPK,VYDC,VB)
209 GLG(NI=C0X*(VGO~VD~SART(2.2V(*V D))
210 Q€1)=060 (N)
Ak C
212 ¢ oUTPUT
TTTTTTEAS CALL SOLVQCaG(NY)
clé ¢
215 57 CONTINUE
216 [«
27 WRITE(Z,259)
218 259 FCRMATC(® INPUT CHARGE®)
PAL) CATU FOURTER(NEAY NN, WF, 004G, 1,C)
220 CALL FOURIER(NMAX,NN,NF,00G,2,C)
b | CRLU FOURTER (NMAY NN, RF G303, 0H
222 WRITE(2,25%)
273 2SR TEURMET (T OUTPUT CHARGE™Y
Z2h CALL FOULRIFR(NMAX, NN,NF,0G,1,COMPNT1)
o 275 CALU FOURTERINMAY NN, NF GG, 2, COFPRTZ)
226 CALL FOURIER(NMAX NN,NF,06G,3,CO0NPNT3)
T RETURWN
228 END
NO DIAGNOSTIC MESSAGES IN MODULE SNGS
KEFERENCE PIAGNOSTIC SOURCE LISTING
- ZEY SUBRGUTINE SUCVE TGN IFFY
230 o FLOATING GATE CCD ANALYSIS
<37 (W CETRIRS OUTPUT GDIFF FOR CHARKGE SENSE OUTPUY
232 ¢ FOR AKRITPARY CHARGE PACKETS G(1),...,a(M)
TTTTTYES COPFON /W AT T W UT OO T WB AR CTCOY W CT 0Oy, W UTOUY ,We 2 CTO0Y L, WW B Touy,
284 * SUNW,SUMWBA,SUMWWD
. .1 CORFON T LOTK 7, GO0y, COX , VFB, TS, VU, VeU , DELVE , CRAPTOR T NPRINT .~
236 * QMAX ,CCS,PHI
737 o T

¢38

S=SQRTSVO*(V0*2.*(VGO*VFB)))
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239 APLUS=0.0
o 2h0 ‘“ GMIN=C.

2419 po 20 1=1,M

42 QP=Q(1)/CuX~S+

263 1 SARTAVIA(VI+2, 2 (VGL~VFR~Q(I)/COX))}

244 C KNICKERS
- %5 GPLUS=GPLUS+W(TI*QP

246 QMINZGYINAWEARCI) 2GP
- "247 20 CONTINVE

248 QPLUS=0PLUS*COX

X} GMIN=UNMINZCOX

250 QDIFF=GPLUS~QMIN

%) RETURN

252 END

MO DIAGNOSTIC MESSAGES IN MODULE SOLVG

HEFERKENCE CYAGNOSTIC SOURCE LISTING

2573 SUBROUTINE DCVA(ADC,VG6,NFLG)

254 C D.C. CHARACTERISTIC
TS C FCR LINEAK CHARGE IN
256 c VOLTAGE SENSING OUTPUT
257 c NFLG=C UNLESS CALLDE BY LFVG
258 CUMMON/ELOCK /M, 6¢(100) ,COX, VFR,CS,v0, VGG, DELVG,CRAP(98) ,NPRINT,
o 259 *  GQMAX,CC5,PHI
<60 CORMON/WALT/CRIPCE00) ,SUMK, SUMWBA, SUMWWE
- 6% CS=CCS/7C0X
262 Phi=1.0+(V60-VFBY#2,./Vv0
2673 1IF(NFUGLEQG.2Y GGTO 12
264 IF(NFLG.EG.T) GOTO 11
TLes WRITEC2, 2100y ¥, VT, Vi, CCS,C0x%, VGO
£66 2100 FURMAT(1HU,
I T14, " GATES Vi =V, F7.%,° VFB =7,76.2,
268 ze STRAY CAP =°*,F6.3,
T 289 L OXTLE CAP =" _,F6.3,
270 4° INITIAL GATE VOLTS =% ,F6.3,
- 7 EYECVEYTY
272 11 CONTINUE
ers ¢ CHECK FOR CHARGE OVERFLCH
274 QRAXZ(SGRTIPHIIAPHIACS/ (SUMWR2,3) /(1. 4CS/SUNW)
Y 4. Cre= (SURT(PHIVYPRI®CS/(SUNWEBARZ N 7Y ¥CSTSURRBATY
278 TFC(UMB.LT.OMAX) QMAX=QME
ci7 CRAXEVI* COXRAMAX
278 1IF(GDC.GT.QMAX) GOTO 95C
T TCE T2 CONTINUE
2R0 PSI=VC/CS + VI*SQRT(PHI)
8T GSIG=ant
eu2 ARG=PST*PSI=~2,.,2Q3S16*VCx (T +(1./CS))Y/COX
T CRE VGEGE=TTASTC/COX ) -PST+SURT{ARG Y7 €S
284 TFANFLG.NE.O) RETURMN
145 SEXEVEE7/0TC
€86 WRITE(2,2101) QDC,VG6,SEX
- TZEY CITT FURNAT GOC = ,F&6. 3,7 FT™,
228 1 VOUT =°,F7.3,° V°,
{EG ra VOUT/QIN =", F8. 8,V 7P F°
290 3)
797 FETURR

92 950 MRITE(2,295) GDC,UMAX
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i 293 295 FORMAT(® CHARGE CAPACITY EXCEEDED QIN =°,F8.4,° QMAX =°,F8.4)
294 VEG=~1,
. ¢95 RETURN
296 END
MO DIAGNOSTIC MESSAGES IN MOLULE DCVAQ
KEFERENCE DIAGHOSTIC SOUKCE LISTING
T : SUBROUTINE LFVG(GPK,QDC)
298 C CIVES LOW-FRFGUENCY DISTORTION CHARACTERISTICS
- 793 [ FGR LINCAR CHARGE 1IN
300 o VOLTAGE SENSING OUTPUT
KYo)! [ DFT COMPONENTS EVALUATED EXPLICITLY
302 COMMON/BLOCK/M,0(100) ,CCX,VFE,CS5,V0,VG0,DELVG,CORPT(S),
TR *  (KAP(SZY, NPRINT,QMAX,CCS,PHI
Z04 ¢
0% WKITEC(Z,C70Y ®,v0,VFB,CCS,€0X VGO
306 27C FCRMAT(IHO,
o 07 Ti4," GATES VO =% ,F7.3,° VFB =", F6.2,
308 2% STRAY CAP =% ,F6.3,
169 ZE OXI0E CAP =% _F§.3,
310 4° INITIAL GATE VOLTS =°,F6.3,
17 5% LOW FREQUENCY",
312 6PLFVQ' /)
373 WRITE(Z,27¢1) GPK,QDC
314 271 FORMATC(' GPK =* ,F7.4,% QDC ="', F7.4)
37s NPRINT=0
316 QIN=GDC+QPK*2.0
k3 4 Call SV (BIN,VGT, 1Y
318 TH(VET.LE.D,) RETURN
EE] GIN=UGDCFOPKFT.S
220 CALL DCVO(RIN,VG2,2)
TTTTTTEER QIN=0PCHAFK
322 CALL DCVG(GIN,VG3,2)
373 QINEGECFAPKETS
524 CALL DCVQ(GIN,VG4,2)
TTTTTRTR CRLT DTVATaoE, V65,27
326 ¢
277 ¢
323 ¢ EVALUATION OF COMPONENTS
- 7y COFPTTTY = (UG T=VES Y/ 22
330 COFPT(Z)=(VGT1-2 . AVG3+VG5) /4.
TTTTTTEE CUMPY O3V E(VGS= 2. 3V6 4+ AVGZ-VETY 76
532 ¢
353 D0 76 NAET.3
324 COMPTUNH)I=ABS (COMPT (NH))
- 335 IV TCORPTUNRY JUY T E=20) TOMPTINHYETE-20
336 DF=20,%ALOGTID(COMPT(NH))
T3T7 WRITETZ, 272y WU, CCMPTINRY 08
338 76 CONTINUE
339 7 FORFETUY EFPLITUDE OF ", T2, "TH CORPONENT =7, 7PETU.S;
340 1 =% (PF6.1,° DB®)
IR RETURT
X142 END
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MO DIAGKOSTIC FESSAGES IN WODULE LFVQ

_REFERENCE CIAGNOSTIC SOURCE LISTING

343 SUBROUTINE SNVG (NNN, NNF,QPK,.QDC)

346h ¢ FUNDAMENTAL AND HARMONICS AT FREQUENCY FCANNF/NNN
345 C FOR LINCAR CHARGE IN
346 c VOLTAGE SENSING CQUTPUT
TELT C DFT COMPONENTS OF O/P WAVEFORM GIVEN BY S/R FOURIER
348 ¢ ALLOWS FOR FINITE EPSILCGN USING FUNCTION EPSILON
349 CUMMON/BLCCK/M,QC100) ,COX,VFB,CS,V0, VGO, DELVG,CRAP(98B) ,NPRINT,
350 * OMAX,CCS,PHI
351 COMMON/WwAIT/W(T0O) , WwBARCIOO) ,H(100),W2C100),wB2 (100) ,WwWE(100Y,
352 * SU¥W,SUMKBA, SURWWB
353 DIMENSION VG(150C)
354 CALL REDUCE(NNN,NNF , NN, .NF)
3558 FEFLOAT(NF)/FLOAT (NN}
356 WEYFC=6,20218530718#*F
357 WhITE(2,20) &, VO, VFB,CCS,COX, VGO, NF, NN,F
158 2¢7 FGRMATCTHC,
B 359 1T4,% GATES v =7, F7.%,° VFB =% _F6.2,
2690 CPSTRAY CAP=®,F6.3,
261 IV OXIUE CAP =',F6.%5,
362 4" INITIAL GATE VOLTS =',f6.3,
303 5 FIFC =Y, 13,%/%, 14, =%,§6.%,
564 6 SNVQ /)
365 C
366 C INITIALISATION
TTTTTTREY PHI=T.C+(VGU-VFB)Y#2.7V0
368 CS=CCS/COX
I¢9 QMAX=(SORT(PHIY+PHI#CS/Z (SUMW# 2. )7 (1. +CS/SUNWY
370 AME= (SCRT(PHI)+PHI*CS/ (SURWBA#2 )Y/ (F.+CS/SUMRBA)
7% TFGFRL.GT.aQRAX) GMAX=UMB
372 AN AX=VSCOX*GMAX
37z AN=EDC+2 *GPK
274 IF(QM . GE .GMAX) GOTO0 950
375 : 00 SO 1=1,M
%76 50 Q(13=(.0
B NFAX=F+NN
z78 [
379 s CLOCKING
IR0 DO 52 N=19,NMAX
LA MZ=ME e
382 DO 51 I=2,M
383 TI=M2Z-1
384 51 GCILY=EPSILONCQCIII)I*QCI)
TTTTTTTTERES T+ (T =EPSTLONCACIT=TI IV %G(TIT=1)
388 4
kY:¥4 [ INFUTY
388 REI)=GDL+APK* (1 . +COSCUBYFC*N))
38y T
390 ¢ OUTPUT
397 TFNGECHI CALL SCLVVIVE TN )
392 [
- 393 [
394 52 CUNTINUE
39% CAULFOURTERTNIAX NN, NF, VG, T, CORPNTS
396 CALL FOURIER(NMAX NN,NF,VG,2,COMPNT)
797 CALL FOURIER(NMAX NN, NF_ VG, X, COMPNTY
398 RETURN
399 95T WwRITE(Z,295) G4 ,QMAX

499 295 FORMAT(® CHARGE CAPACITY EXCEEDED QIN =",F8.4,°% QMAX =',F8.4)
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" 401 RETURN
402 END

MO DIACNOSTIC MESSAGES IN MODULE SNVGQ

__REFERENCE CIAGNOSTIC SOURCE LISTING

40% SUEROUTINE DCVS(VV)
404 ¢ D.C. CHARACTERISTIC
FAGL : [ VCLTAGE SENSING OUTPUT
406 C FOR SUKFACF POTENTIAL SETTING INPUT
LNy COMMON/ELOCK/ M, a(T00Y, CCX, V60 ,vFB,CS, VO, DELVG,
408 *  CRAP(94),VB,CRIP(S5),CCS
409 WRITE(2,e1CuY W, V(,VFB,CO0X,VG60,VB
410 21CC FORMAT(1HG,
417 1314,° GATES vl =%, F7.%2,° VFB =°,Fb.2,
412 3 OXIDE CAP =*,f6.3,
- (A 4% INITIAL GATE VOLTS =°,F6.3,
414 ®#1¥%
415 YA DI0DE BIAS =7 ,F8.4%,
416 5%DCVS /)
B17 Vi=VB-VV
418 QLC=COX*(VGG~VD~SART(2.2v0*VvD))
1Y 60 {01 1=1,H
420 1C1 GC1)=abC
AR CELL SOLVITW(GOUT)
422 SEX=QOUT/VV »
- %73 WRITE(Z, 2101y VvV, Vb, a0¢, 8007, SEX
424 2101 FORMAT(
L7y Y VIN =7,F8.%,
426 »? DIODE VOLTS =°,F8.4,
27 L TTP CHARGE PACKETY =¥, F8.%,
428 a® 0/P CHARGE =',F8.4,
TRy * 7 GOUTTVIN =7, F8.%,
430 x1%)
i3y REYURN
432 END

NC DIAGNOSTIC MESSAGES IN MODULE DCVS

REFERENCE DIAGNOSTIC SOURCE LISTING

%33 SUEROUTINE LFVSIVFK,VDU])

4354 ¢ GIVES LOW-FREGUENCY DISTORTION CHARACTERISTICS
535 T FUR SURFACE POTENTTAC SETTING INPUT

436 ¢ VOLTAGE SENSING OUTPUT

Lx7 T DF T CORPORNENTS EVALURTED EXPUICTTLY

438 COMMON/GLOCK /M, 0(100) ,CCX,VGO,VFB,CS,V0,DELVG,
439 FTONP TS, Gau Sy, CRAF (R LYV, CRIB(SY, TS

460 c

557 WRITE 270y W VO, VFE, COX,VEU,VE,VPK, Vb (

hbe 273 FORMAT(INO,
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bh3 114,° GATES VO =%, F7.3,° vFg =°,F6.2,
Lb b T3¢ OxIDpE CAP =' 6,3,
T 445 T 4° INITIAL GATE VYCLTS =',F6.3,
446 5e LOW FREQUENCY®,
647 11X
448 &/° DIODE PIAS =° _F8.4,
445 7° VPK =°,FB.4,° VDL =°,F8.4,
450 STLFVS®/)
651
452 VP==2 CaVPK=VDC+VE
A S QGI=COX* (VGO-VD~SART(2.2VCxVD))
454 DO 71 I=1,M
455 71 0C(1y=6Q1
456 CALL SOLYVIVGT)
Y
458 vD==1,S5xVYPK~VDC VA
TUTTTTESY Que=COX* (VGC~VD=SGRT(2. 2V *VL))
450 00 72 I=1,M
- A% 72 a(I)=aG?
462 CALL SOLVVVG2)
463
464 Vh==1 ,0*YPK-VYDC VB i
- L&S QG 3=COX*(VGO-VD-SART(2.*V(sVD})
466 DO 73 I=1,.M
- iE7 73 n{1)=062%
468 CALL SOLVVIVG3)
w69
470 Yh=~(,5+VPK~YDC+VE
4713 QQ&=COX* (VGO~VD~-SART(2.2VCxVD)}
472 DO 74 I=1,M
473 74 GC1I=G04
474 CALL SOLVVIVGA)
475
476 VD==YDC+VE
g GG5=CO0X* (VGU~VD~SART(2.AVEAVD Y)Y
478 DO 75 1=1,M
- 479 75 Q(I1¥=G6S
480 CALL SOLVVVGS)
DY
482 EVALUATIOM UF COMPONENTS
T 4E% WRITE c,279)
484 279 FURMAT(® INFUT CHARGE®)
TR COvPT IV =(duT~gasy72.
486 COFPT(Z) =((01=2.%0G3+GA5) /4.,
BT COMP T (3 268 =2 %004+ 2. %qd2-Ga1Y76.
428 DO 77 NH=1,3
459 CLMPTINR Y =ABSCCOFPT (NHY)
4940 IF(COMPT(NH) LT . 1.E-20) COMPT(NH)I=1,E-20
4697% DL=¢C . AALCGTICTCOMPY (HHY Y
4972 WRITE(2,272) NH,COMPT(NH) DB
TTTTTTRYY 77 CONTINGE
694 WRITE(2,278)
w95 CTE FCRRAT(® OUTPUT CHARGET')Y
49% COMPT (1) =(V61-VGS)/2.
- 497 COVPT (2 = (Ve T-2 . #VG 3+VG 5 74,
498 COMPT (1) =(VGE5-2.%V6442.2VG2~YG1)/6.
PR b0 76 N=1,3
500 COMPT(NHI=ARBSC(COMPT (NH))
o 501 TFICOvPT AT LT T E-2 0 COMPTINAYETE=ZG
502 DP=20.»ALUGTIC(COFPT (NH))
5U3 WRITETZ, 2727 K ,COFPTINAY, 08
504 76 CONTINUE
- 56 ¢72 FORMAT(" RWPLITUDE OF ¥,1Z2,"TH COMPONENT =", TPETC.3,
5.6 1° =*,iPF6.1,* DEB®)
507
508 RETURN
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— 509 END
nC DIAGNOSTIC MESSAGES IN MODULE LFVS
REFEREWCE CIAGNOSTIC SOURCE LISTING
510 SUBROUTINE SNVS (NN,NF, VFK, VDC)
3R] C FUNDAFENTAL AND HARFONTCS AT FREQUENCY FCaMNNF/NNN
512 o FOR SURFACE POTENTIAL SETTING INPUT
513 c VOGLTAGE SENSING OUTPUT
514 ¢ DFT COMPONENTS OF O/P WAVEFORFM GIVEN BY S/R. FOURIER
5% 4 ALUCWS FOR FINITE EFSILCN USING FUNCTION EPSILON
516 COMMON/RLOCK /4, QC100) ,CCX, VGO0, ,VFB,CS,V0,DELVG,
517 * (RAP(5&),VB,CRIP(B),CCS
18 DIMENSION GG(1500)
579 DIMENSION GuG (15007
520 W2(6.28315530718&NF)/NN
5273 WRITE(Z,20) M, VO, VFB,COX ,VOU ,NF NN, VB, VPK,VDC
522 220 FORMATEING,
523 T14,7 GATES vd sV, F7.3,° VB =27 ,Fb.¢,
5264 I° OXIDE CAP =',F6.3,
5¢% 4% INITIAL GATE VOLTS =',Fé.3,
526 5% F/FC =°*,13,°/°,13
527 677 BIOCE BIAS =°,F8.4,
5¢8 7° VPK =° FB.4," VDE =° F8.4,
Y4 EFSKNVSE /)
530 ¢
L35 € TNITTALTISATION
532 DO SO0 I1=1,M
533 5 =0.0
534 ¢
TR RFEAX=M¥NN
536 DO 852 N=1_.NMAX
537 T
538 ¢ CLOCKING
553G WEER+Y
540 b0 ST I=2,M
54T TIERZ=T
542 §1 OCII)=EPSILONCQCIT}I®Q(IT)
545 T U =E RS TOONTETIT=1 73w a(IT=T}
S44 ¢
555 T TRPUT N
546 VDO=VIN(W,N,VPK,VDC,VE)
14 GEUETRIEFCORF(VEU=VO=SOR TV *VUSVEIJ
548 R{1)=0da (N)
Tt TSRy [
550 ¢ OUTPUT
5573 CATLSOLVVTGEIN TS
552 ¢
553 52 TUNTINUE
554 ¢
555 WRITETZ, 259
556 259 FURMAT(® INPUT CHMARGE®)
557 CECC FOURTERTRANAY NN, NT, 060,77, T
558 CALL FOURIER(CHNMAX, NN,NF,QuE,2,€)
55y CALTTFOURT YW (NTAY NN NE 0G0, 5,100
460 WRITE(Z,258)
561 CSFTFURRERYT " 0UTPUY VOLTS ™S
562 CALL FOURIER(NMAX,NN,NF,06,1,COMPNT1)
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565 ‘ CALL FOURTER(NMAX,NN,NF,G6,2,COMPNT2)
56k T CALL FOURIER(NMAX,NN,NF,0G,3,CONMPNT3)

565 RETURN

56% ‘ END

NU BIAGNOSTIC MESSAGES IN MODULE SNVS

_HEFERENCE  LIAGNOSTIC  SOURCE LISTING

567 SUBROUTINE SOLVV(VDIFF)
SER c GETS "VDIFF® -~ QUTPUT FROM VOLTSENSE OUTPUT
568 € FGR ARBITRARY CHARCE PACKETS G(1),.00.,0(M)
570 CCMMON/ELOCK/M,0¢108) ,CCX,VFB,CS5,V0, VGO, DELVG,CRAP(9B) , NPRINT,
574 * QMAX , CCS,PHI
572 COMMON/WAIT/W(TC00), WBAR(ICO) ,H100),W2(100) ,WB2(100) ,WwwB (100},
5§73 * SUMW, SUNMWBA, SUMWWE
574 CIMENSION Qu{iC0)
575 ¢ LFLOATING GATE CCD ANALYSIS
576 ¢ SOLVES EQN F(PSI1,40,...)=0
o 577 SUMG=(.0
578 SuMewW=0.0
579 SUNGWE=0.0
580 QMOsST=0,0
57 e 29 1=1,M
582 QGCIY=QCI)/(VOxCOXD
T SUMG=STIFQ+aa €1y
584 SLMOW=SUMGW+QG C 1) *W (1)
585 SUMAWR=SUMGWwB+QQCII *WBARCI}
586 IF(GQCTY .GT.OMOST)Y GMOST=GQ (1)
TSR 29 CUNTINUE
548 € .
SRS PHI=T.C+(VGoU~VFB)Y*2 .07VC
590 PSIMIN=OMGST~PHE/ 2.
567 C5=CCS/7Cox
592 [
""""" 7593 C CHECK FOR NON~ZERG CHARGE PACKET
h04 IFCQROST .6T.1.E~8) G0TO 23
TR Psi=0.0
596 PSIBA=0,(
567 GOTO €6
598 2% CONTINUE
TRy [ CRECK FOR NONZERO TAP WEIGHTYNG
6040 IF(SUMW.GT.1.E~6) 60TO 28
- Gt PST=0.0
602 GOYOo 22
503 ZETTCNTIRUE
604 ¢ CHECK FOR CHARGE OVERFLCW
605 GV A E SO RT PR DY PRI A CS 7 (SUMWH 2. 3 3 7 T ¥ CSTSURYY
606 JFCAGMUST LLELGMAX) GOTO 202
60T R AX=uMAXFVO#*COYX
608 ' WKITE(Z,298) QMAX
) 6y CORTFORVAT(THY,
610 1 25X%,°CCD HAS OVERFLOWED (PERHAPS) QMAX =°*,
T ST 4 FE8.2
612 VDIFF=v6(
613 RETURWN
614 302 CONTINUE
518 C NTWTON-KAFHSON METHOD

616 PSTI=~SUrQW/ (CS+SUNMK)
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- 617 NIT=0
618 P510LD=0.0
619 27 CONTINUE
620 NIT=NIT+1
623 TF(PST.LE.PSIMIN)Y PSI=(FSIOLD+PSIMINY/2.
622 PSI0LD=PSI
623 Y= FW(PSI,0G,CS, PHI M, W, SUMW)
62h R=DFW(PSI,QQ,CS ,PHI M, W,SUMW)
628 PSI=PSI-T/B
626 1F(PS1.2Q0.0.0) GOTO 22
TR TTTERR=1.-PSIOLD/PSI
628 ERR=ABS(ERR)
o 629 IFINIT.LT.30.AND.ERR.GT w1.E~6) GOTO 21
630 IF(NIT.EG,3C) WRITE(2,299)ERR,PSI
637 297 FURFAT(® NO CONVERGENCEY,TPETC.3,E10.%3
632 22 CONTINUE
637%
6354 FOR OTHER TAPS
63% CHECK FOR NONZERO TAP WEIGHTING
636 IFCSUMWEA L GT . 1.E=6) GOTC 288
6%7 PSIBA=0.0
638 GUTo 26
R %1 258 CONTINUE
640 CHECK FOR CHARGE OVERFLCW
- 641 s ONAXR=(5QRT(PHIY+PHI*CS/(SUMWEA*2.))/(1.+CS/SUMWBA)
642 IF{QGMOST .LE.GMAXB) GOTO 303
6473 VDIFF=~VGO
bbb QMAXB=GMAXB*COX2Y(
045 WRITE(Z,298) GMAXE
&% RETURN
- 647 IUT CONTINDE
6LE PSIBA=~SUMQWRB/(CS+SUMWLBA)
N A NIT=0
650 PSIOLD=0.0
&5 75 CONTINUE
652 NIT=NIT+1
553 TFUPSTER CUE  PSTHAINY PSTERE(PSIOLDIPSIRING/Z,
654 PSIOLD=PSIBA
€55 Y= FW(FSIGCA,0G, TS, PHI W WEAR,SUMWBA)
656 B=DFW(PSIEA,QQ, CS,PHI, M, WBAR, SUMWBA)
- 857 PSTBAEPSIGA-T/8
658 IF(PSIBALEQ.0.0) GOTO 264
559 ERRET-FSTOLD/PSIBA
660 ERR=AGS(ERR)
- 66% TFONTIT.EQLITY WKRITE(Z,299) ERR,FSI
6672 IFCERR.LGTLTLE~6L.AND NIT.LT.30) GOTO 25
563 7% TUNTINUE
664
TS DENORFALCTSATION AND PRIKT OUT
66% DELVG=~PSL4V(Q
86T KNTTRERS
6638 DELVGB=~PSIBA%V(
869 VETEF=CELVE-DELVGE
670 RETURN
677 ERD

NO DYAGRUSTIC MESSAGES IN FODULE SOLVVY
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REFERENCE CIAGNOSTIC SOURCE LISTING

612 FUNCTION  FW(PSI,0Q,CS FHI, M, W,SUMW)
T 673 DIMENSION Ga(100)

ofh DIMENSION W(1C0)

675 suMe=0,

676 SUMSQT=0,

677 PHZ2SI=PHI+2.0*PS1

678 PO 30 I=1,M

679 SUMGESUMG4RQA (I #W (1)

680 SUMSQT=SUMSQT+SART(PHZ2SI~2.0#%QG (1)) *W (1)
TTTTTTeEA T CUNTINUE

682 FW=SUMG+SUMSQAT~SUMWASGRT(PHII+CS*PS]

68X RETURN

6R4 END

KO DIAGMOSTIC MESSAGES IN MODULE FW

_ REFERENCE  GIAGNOSTIC  SOURCE LISTING

6X%E FUNCTION DFW(PSI, QQ,CS,FHI, M, W,SUNW)
686 DIMENSION GG (100}
) 687 DIFENSION W(1CO?
6088 DFw=(S
TTTTTTTERS PHZST=PHI+2.0#PS1I
690 G 40 I=1,.M
. 691 DFW=DFW+W(I)/SGRT(PHZSI~2.0*QG (1))
692 4G CONTINUE
9% RETURN
694 END

NGO DIAGNOSTIC MESSAGES IN MODULE DFW

__ REFERENCE DIAGNOSTIC SOURCE LISTING

H9ETTTT SUBROUTINE WEIGH(NFLAGT)
636 COMMON/WAIT/W(TICD), WBAR(ILO) , H{1CO)Y , W2C¢100) ,wB2¢100) ., wwB(100}Y ,
697 % SUFW, SUMWRA, SUNWWE
698 CUMMON/BLOCK /N, CRAP(2(8)
599 WRITE(Z, 72805
700 2RO FORMATL(® TAP WEIGHTS®/5X,°I HOL) Wl) 1=W(1)®)
704 SUFW=1.
702 SUMWBA=(,
70% SUNWWE=0
70Uk HMAX=0.0

= 705 REIN=TT
706 PO BC 1=1,M
707 REEDUT, Y HTTY
708 TECHOI) LGT L HMAX ) HMAX=H (Y1)

- 709 FFRTEY LT LANING RN INER(DY
710 8C CONTINUE

} R S & T AU S GHNTRY LCT ANMA XY HIFARXZARSCHRIND

712 PO 81 I=1,M
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e 713 HOR=H(I) F{HMAX®2,)
714 TF(NFLAGT.NE.1) HOR=H(I)
715 W(I)=(.5 +HOR
716 WBAR(I)=0.5~HOR
717 WD) =W (D) =W (1)
718 WEZ(I)TWBARCID*WBARCI)
719 WWEL(T =k (1) *WEAR(T)
720 SUMWESUMNWHW (T
724 SUMARA=SUMWBA+WBARCI)
722 SUMKNL=SUP WWB+WWE (1)
TR WhITE(Z,281) 1,HC(1) W(I),WwBARC(I)
724 &1 CORTINUE
7e8 281 FURMAT(I6,2%FB.4J
726 IF(SUMW. LT 1.L~6.0R.SUFWRALT.1.E~6) STOP
727 RETURN
728 END
NO DIACNOSTIC MESSAGES IN MODULE WEIGH
KEFERENCE CIAGNOSTIC SOURCE LISTING
T 729 SUPROUTINE REDUCE (NNN_NNF NN, NF)
730 ¢ REDUCTION OF NNF/NNN TO LOWEST NUMBERS
) 777 NFAC=T
7%2 NE=NNF
A NN=NNT
. 734 IF(FODINN,NF) NE.C) GOTC 54
g 73% NN=NN/NF
g 736 NE=1
737 RETURW
738 54 NFMAX=INT(SQRT(FLOATI(NF)))
YIS Sy NFECENFACHT
740 56 CONTINUE
L3 TFINFACTGT . RENAX Y RETURN v
742 IF(MODCNF ,NFAC) .NE.C.OR.MODINN,NFACY.NE.O) GOTO 55
7573 NF=NF7NFAC
74% Ni=NN/NFAC
‘“ LS GOTO 58
765 END
NG DIAGNOSTIC MESSAGES IN MODULF REDUCE
REFERENCE LIAGNOSTIC SOURCE LISTING
o 75T FUNCTTON VINIWEYFU, N, VPK, VG, VE)
748 VV=1.+CCSC(WBYFCRN)
749 VVEVDTHVVAUFPK
750 VIN=VR~VY
TS RETURN -
752 END
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hNO DIAGNOSTIC MESSAGES IN FMODULE VIN

REFERCNCE  DTAGNOSTIC  SOURCE LISTING

753 FUNCTION EPSILON(G)
754 EPSILONTT1E~2

A3 RETURN

756 END

NO DIAGNOSTIC MESSAGES IN MODULE EPSILON

»

REFERFNCE  DIAGNOSTIC  SOURCE LISTING

I 4% / SUGROLTINE FOURIER(NMAX,NN,NF,SIGNAL,NH, COMPNT)
758 DIMENSION SIGNAL(15(0)
- 759 ¢ YCOMPRNTY 1S °NH®TH COMPONENT OF DISCRETE FOURIER TRANSFORK OF
760 [ LAST °ANM' POINTS OF ARRAY *SIGNAL® ENDING WITH °*SIGNAL(NMAXD®
R F12=6.2031353C71%
762 TIT=2.2COSCC(PIZANHI®XNF)I/NN)
76% A=0,
764 g=0,
g - 765 TI=NMAX
2 766 PO 60 I=1,NM
v T€ET AR=R
768 A=TITAA~B+SIGNALCLID
769 E=AA
770 60 11=11-1
& COMPNT=A*A-A*EATIT+B*B
F72 COMPNT=COMPNT 24,/ (NN#NN)
Y IF T ORPRT LT T =26 COFPNT=T.E~-24
774 COMPNTI=SORT(COMPNT
o 775 DE=20.2ALOGTOCCONPNTY
776 WRITE(2,260) NH,COMPNT,DB
777 260 FORMAT(® ANMPLITUDE OF *,12,7TH HARMONIC =°_1PET0.3,
778 1* =°,CPF6.1,° DB')
7Y RETURN
780 END

NO DIAGNOSTIC MESSAGES IN MODULE FOURIER

REFERENCE DIAGNOSTIC SOUKCE LISTIMNG

} DIAGNOSTIC MESSAGES OGCOCUR IN THE FOLLOWING SOURCE MODULES:
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PROGRAM 2

14710776 UNIVERSITY OF MINNESOTA 76A¢ FORTRAN COMPILER SCOPE 2,1,3 VERA,S  07/07/77

MNF (E=8)
renaps {1 PROGRAN FOAN(INPUT,OUTPUT, TAPEI=INPUT, TAPE2=0UTPUT)
4ranazs 2y COMMON/BLCCK/M,B(100),C0X, VEB,CS, VA, VGA,DELVG,Q0LD¢10A8),CC8
2Pap478 3, COMMAON/THOPH/ VK , ALPHA , VFBK
¢ FLOATING GATE CCD ANALYSIS T T S e e s e
C GIVEN CHARCES, TO FIND NFW GATE POETENTIAL
¢ FOR THCeLEVEL, OXIDE DEVICE ~ 7~ : -
¢
¢ INTTIAL DATA - - SR
C CHAKGES [N PC, CAPACITANCES IN PF
o C M NUMBER OF GATES e
A0G0478 4 =50
¢ VfR=FLATBAHD VOLTAGE & 777 7 T I s e i
dnggdze G, VEB=A,8
VERrKkz1HICK VFB e
4RCe508 b, VEERZ? 5
¢ CLS®STRAY CAPACITANCE o T T
YrBP528 7. CCSEgn, 5
¢ COX=OXTDF CAPACITANCE PER GATE - e
ARZe035E 8 COX=1, 05588
¢ VZzE ST+ GaNATOT&TOX/KOX#KOXAEPSTLON (@)~~~ e
dAaasse N vaze, 4
’ c VR Ti'FK AXIDE vo T i
C Yer /v THXMTDYKHOXN*TOXN
JeAr568 18, VBK=6 946 T T -
¢ ALPhAZPATIC OF AREAS OF THICKTHIN GATﬁs
20380608 $io ALDM #.375 -
€ COsGATE YCLTS WITH NO SIGNAL CHARGE
I3 §2: vc¢ 11.6 T i
C BCTI=5T6HAL CHAKGES UNDER FACH GATE (PC)
APRPF63H §3:- PI=3,141592654 T
4rze64B §4: CALL LOFREG(2,938,1,119)
arap678 15 1=2pp T s o e e
Jge67B 16 W22 4P1/T
20ap748 17, CALL CLOCHIT(W,®,938,1,112)y s e
BegR7 48 18 PO 1 1=6,25
dP3g758 19, Wz ?,*PI/I ) - T T e e e e e
dbher7an 24 CALL CLOCKTT(H, U, 938,! 1193
4r3ie28 21 1 CONTINUE e e
dR31P4aB 22, no 2 1= 26,1080,2
AOC 1068 23 We2 2PI/T e e e o s
dABIC7B 4. CALL CLOCKIT(HW,u, 938,1 119)
9re1138 25, 2 CONTIRYE T e e
dre 1158 o6, STOP
0?‘@1168 27“, END - - e e s e i i J— t e
dr3Goas 1 SURKOUTIHE SOLVIY
oreeoah 2 LOMMON/BLOCK/ M, 0 (L08) ,COX YFB,C8, VA, Y6A, DELYG, QOLD(106),CCe—
APRROR8 3 COMMON/ THOFH VK, ALPHA,VFBK
Yrggnnh 4i- DIMENSTON Queipw) - R - R
c FLOATING GATF CLD ANALYSIS
C SOLYES ranN F(PSI,00,,,,)88 ~ = S i e
peeapal by SUMR=0 .0
A0a1448 6. DO 2 T ™ T T e
GrgL47B 7 QUMﬁzstcfu(I)
JPp14749 6. 29 CONTINUL S S— U
¢
c MO R MA L T S AT LN T = T o e e
drgy548 g, AMAX=G, 0 ‘
urgis4s 18 Lo L o o o 1 S
drg 1568 $1 DO 22 I=q,M4
drBL61n § 2 RRCIIBALI) 2 (VARCOXY e e
YRrB1638 13, IFERACTI) 6T, OMAX) GMAX= GQCIJ
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Q061758
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#G2938

A0R2058
JnPeazs
AER210R
arg2i 3B
QpE214B
dAY2 158
4rE2L68
BR32208
4002228
4nge24n
BER231E
40g230B
dag2338
Jrg23ig

GrB2348
JR024308
wOB2438
40024748
S0P2478
BAE2478
dre247g

Brg2h38

BrE2b48
APE2E6H
dPE257B
HERZA4T
42648
SPE2648
dPL2668

4reeaen
¥Agnons

4ABeBAB
4ngetia
4Aga0LB
QrEapE4B
BARY AR
weeei1e
ArAPGLPn
ARLEAZAR
080238

QrBE4ze
gogn4ss

4Pgeonid

gagpene
4a90ean
$Aeeu3n

4%

34, 223

3é - 299
37. na9

482

41

A3

43

a4, 224
455 9999
46,.

47,

N3

e T

3¢

BB BN O UL

e

.ﬁéﬂ
w v
- ‘\‘
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CONTINUE

PHIN=L B (YEP=VFBI%2,/V0
PRIF=VER/VE 4+ 2,%x(VGE=VFRKY/VE ™
PHIXKz2ALPHAXALPHAXPHIK
ABYCOX=5UNQ/ (COXaM)

HERTONRAPHSON METHOD
PST==0RY.COX/VE

MIT=Y

PSTHIN=GHMAX » PHIN/2 @
CONTINUE

NITENIT4q

PSI0LD=PST

T= FOPHIPST,QQ,C8, PHIN,PHIK, M, ALPHA)
BzDF2PH(PSI, 0, C8, PHINPHIK He ALPHAY — ™
P31spP5{=T/0

IF(PST LE,PSIMINY PSI=(PSININAPSIOLD)Y &G,y ——
TI(PSI a0, F) 6070 22
ERPz 1°-P IOLD/ZPSE 7 T T T T e e e e
FERPSERPXERR

GOT0 999 LT
PRINTOUT OF ITERATION
WRITE(2,223) NIT,PSI,T 7
FORDAT(! AFTER!, T4, VITERATIONS, PSI=’,IPEI@,3,' F(PSI) teELE,
WRYTE(2,299) B T o - oo

FORMAT({H, {PE6R,3)

CONTINUE o T e e
TF(NTT LT,30,AND, ERR GY 1e F 6) GDTO 21

€CNTINUE T s e
DLNORMALTSATION AND PRINT OUT - T s

PLLVG==-PSIaVEA

PRINTOUT OF VG V§ TIME ~ 7 oo e e o
VEOEYGe=DELYG

6OT0 9099 e e
WRITE(2,224) VGG

FOPMAT(2E8X, 1VG=t ,FB 3,1 Vi)~ - o i
CONTINIE

PETURN U S
END

FUMCTION  FopRIPSI, G, 516, PHIN,PHIK, M, ALPHAY — — m oo oo e
NIMENRSION QR(LIABY

EVALUAYES CHARGE=BALANCE EGN FOR A (GUESSED) PSI—~

FOP THOeLEVEL OXTDE DtVICE

SUVL ﬂ ﬂ vttt 4+ et £ % v i on it e o vt s 58 i b+ e b it 4 2 rekia e A
%uubn1~d ?

T TR BT o N —
PH2STK=PHIKD, ﬁPoI*ALPHA*ALPHA

PO 30 [=g,M
SUMA=SIIMAINGCTY

33

SUMSAT=8UNSAT+SART(PH2SINM2, aGO(T) ) T e

COMTINUE

FRPHzSUMG SUMSOT+ST6G1PST -

*”*CSORT(P“?SIK3 QQRT(PHINJ—S“RT(PHlK))
RELTUR e
END

FUNCTION DF2PH(PSI, 00,816, PHIN,PHIK, My ALPHA Y- o = o
EVALUATLS DIFFTL OF CHARGE- BALANCE EGN W R T PSI

FOR TWO=LEVEL OXIDE DEVICL =~ R e

DIMEHSTON I(108)Y

PH? 5 H N:PHI P R *PSI o e e M imis a e s e i e s s S s b+ b < e 08 St i e

ALFmALPHAXALPHA
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$PBrB08B
gn27358
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ai27368

GO27568
gA27o6R
d027618
OR27H386

BR27678

Ar27718
227728
2027758
JR27768
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dr3rz2on
gr3p23n
Fr30278
Br3e278
4p3g27s
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B Lt pg e
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B
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19t
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21
2e
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24,

Y
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4P

A2.29

DF2ZPRZSIC + MAALP/SORT(2,%PSI®ALP ¢+ rhoLn 3
NC 42 T={,M

DFAPHEDFOPH 4 {,/SART(PH2SIN = 2,4QG(13)
CONTINUL

RETURN o T —

END

FUNCTION GIN(WRYFC,N,QPK,QDCY ~ o e o e

QIN YIFLDS A SINE MAVE, EQIOD = 2P1/NBYFC CLOCK PERIODS
AMPLITUDE = QPK/2° - - AL U b ERAWYY

SuPtRIrPnsro ON D,C, LEVEL OF QDC

OINZGPKACOS (HBYFCAN) T e e e

QIN=QIN/D,

QiNs GIW}FDC

DIN=0IN4GPK/2,

FETURN e

END

SURROUTINE CLOCKIT(W,APK,ADCY ~~ —— =~
COXMON/3LOCK /M, nfl@b)rCUXrVFBrCSrVG VGw,OELVG,GOLDcxae),ccs
COMMON/TUDPH/VZK, AL PHA, VFBK

RIMENSION VG(1500)

CLOCKS & STGHNAL CHARGE fQIN' ALONG CRpD —— - o=
NUTFUT FROM FLOATING GATF AMP GIVEN BY S/R SDLVIT

BET COMPNNENTS OF 0/P WAVEFORM GIVEN BY S/R FOURIER -
ALLUWS FOR FINITE EPSILON USING FUNCTION EPSILON

FOR TWO=[ EVEL OXIDE DEVICE

FRe6 ,283165308/W

“RITEC2:?cﬁ) M, VO, VFB,CCS,COX,VGR,FR

220 FORMATCLHY,

1
2

3 OXIDE CAP =21,F6,3,

4

GV F/FLOCK = {/1,F5,1)

T4, "GATES VA=T,F6,2,1 VFB=I,F6,2, -
ESTRAY CAP=I,F6,3,

POJHITIAL GATE VOLTS =t ,F6,3,

WRITE(2,751) VAK,VFBK,ALPHA

253 FORMAT(SX, 1THICK VA=t ,F6,2,1 VFB=V,F5,2,t AREA THIN/ZAREA',

v
(o]

5¢

!

UTHICK=!,F5,2)

INTTIAL ISATION

P123,141590654 -« oo mmee e e
DO S Isq,R

G(11=0,0 e e - e e e o
NMAR=z H+NINT(1@ E/N)

NG H2 Nzmg, NMAX

CLOCKING
Maw iEY T T T e S e e e e

DO 5y I=2,HM

Ti=MRe] - e — R e

51 (1= EP%I!O”(Q(II))*Q(II)

L2 ¥

i

$ULL=EPSTLNN(RCIT=1))) %0 (1 Im1) -

TNPUT o e s
AL1I=QTN(N, N, OPK, ro)
T (Q¢ly,00,8,) 6GOTO 53
WRITE(2,253)

FOREAT(1114,58X, INPUT CLIPPEQ Y = mr o s oo

A1) =¢,0
N T T e e e e e e e i

AUTPYT e e e e e e e e
CALL SOLVIT



AZ.30

CEAT AP 201 VO (M) 2VLR=DELYG
¢
eP3p33B 27 GOTO 969 T - o - T
€ FRINTOUT OF INPUY
dP393SB P8 WRITE(2,250) N,B(1y — e e+
dr3r4ze P9 257 FO?“AT(1H+,IGIY GIN=Y,FB8,3,% PCH)
¥niedes 30, 999 CONTINUL T e e -
C .
ar3pd28 33 B2 COMTINUE ™ 77 - I
¢ HAFhONTC ABALYSIS
4Pr3nddan 2 NNENINT (2, PaP /WYy~ T T e e e -
Yr3pd7B 33, WRITE(2,256) o L R B
¢a3p538 34, 286 FORMAT(IODUTPUT VOLTAGET)
2032538 35 CALL FOURITRENMAX, NN, VG,1,COMPNT)
¥PIeS58 36, CALL FOURTER(NMAX NN VG, 2, COMPNT) 7 s o e e
ér3ps7B8 37, CALL FOURIFR(NMAX,NN,VG,3,CO0MPNT) R
AR30618 33, WRITE(2,257)
grIR648 39, 287 FOPUATCA//)
ar3p648 49 RL TURN - - T T T )
8r3g668 41 END ) e
dPB20P8 1 SUBROUTINE FOURIFRCNMAX, NN, SIGNAL ,NH,COMPNTY o =
dPO00es 2. DIMELSTON SIGNALIBDR)
¢ ‘LOMPNT' I8 INHYTH COMPONENT OF DISCRETE FOURIER TRANSFORM OF
¢ LAST tnNt FOINTS OF ARRAY TSIGNAL' ENDING WITH fSIGNAL{N“AX)!
arerens 3. PIo=6, 283185308 S e e
Ll 4r NSYART NHA X NN
Erena2e & NSTART=NSTARTHE T s e s s
YPECO3B 6 S2f,¢
dPZRV4B 71, Czp, 7 T S T e -
JRAAB4B & ne 6o Iz NSTART,NHAX
Braeern 9. Ti=] o N S s e
$rgeazs LR S= %+§IGNALCIY)f“!N(CPX?&ItNH)/NN)
4PaR22R § 1 CaC+OIGNALCITI#COSCIPI2ATANHY/NNY — o e e
OPBR3I4B 12. 6F CONTINUE
dEBr37H 13, BaG/NN T e e e s = e e e
4Pea49B g4y CxC/ANN .
Qrapdin § 5. COMPANT=85254C%C ’ B o
YREF45SE {6, TFLOOMENT 1T, 1. 0=24) COMPNT=1 EH24
¢rgebab 17, COMPHTZSQRT (COMPNT ) - e s
$rCEs38 18 DE=20 ,AALDGLIP(COMPNT)
dFPr568 - WRITE(2,26F) NHpCOMPNT DR -~ 70m o wm i s s s s 2
JRer66t 20 P60 FORMAT(Y AMPLITUDE OF !,IZ,'TH HARMUNIC "',IPElﬁ 3,
it z‘fﬂpFéqi"' DBty ’ T
dane66s 21, RETURN
deee?pB 22, ENp 70 e - — ¢ e e
BeBARaAR 1 FUNCTION EFSILON(Q)
BRBR0NR 2. EPSILUNSR, @ s e o
PAgpaLs 3. RETURN
dPEr048 4 END e e 8 i e
dooannn i SUBLOUTIHE LOFRCQ(GPK,QDC)
$PBR30B 2 COMMONZRLOCK /M, Grimg),COX, VFR,C8,Y0,V60,DELYG,00LD(108),CC8
drBeens 3 CO”MUN/}HUPH/VOK,ALPHA;VFBK
C GIVES LOUSFRFOULKNCY DISTORTION CHARACTERISTICS s o —
C NUTFUT Frnn FLOATING GATE AMP GIVEN BY S/R sovar
o NET COMPORENTS LVALUATED EXPLICITLY ™ S e e i
¢ FOR TrO~LEVEL DLVICE
s e e B,
B
4reroaB 4 HRTITE(2,270) M, VR VFn cc;,cox VG
argel B 5:, 277 FORMAT(IHP, e e

174, GATES VO =v,ro,z, VFB =1,F6,2,



4rEnl e
BrogLze

4rgaL7e
SRPA21H
$Ngp248
arag27s

PO2A3nE
Yrge33n
2020378
20AE418

PerE428
S0gP458
degeSiH
AEBaE3B

AFGA548
ARGEA578
dP3p638
SAERB5H

arBO5868
ARGAT L8
40ee738
dree758

dFeazen
6721008
JRR1E848
NI S Y
dre1i3n
4021150
deGLI7B
arE1248
YRE1Z38

4721248
¥re1258
drag1iap
¢rg 408
¥rgL4aB
drg1438
drgLh36
Aeg1938
2r21568
dP91668

drB1660
wergLZin
arey718
SOQL738

yagaeai
ErEcaes
vroguen

28
29

30
31
32
33,

35,
36:

37

39,

4@

4%

43n
44.-
45z
651

Yy

21 STRAY CAP =1,F6,3,
31 OXIDE CAP =',F6,3,

AZ. 31

4% INITTAL GATE VOLTS =1,F6,3;
5% [ Dk FREQUENCY?)

WRITE(2,271) VAK,VFBK,ALPHA™
FORMAT(6X, ' THICK VP ~',F5 2,

i1 VFB=1,F5,3, ‘ -
21 AREA THIN/ARCA THICK =',F5,2)

art

BO 71 T=q,H
71 0(11=0pCsQPK - T T
CALL SOLVIT

VGIsVGP=DELYG

e 772 Isq,M
DCTI=0DC+GPKAD, 75
Cal.ll, SNLVIT T
VE2=YGHA=-DELYE

72

00 73 Tzy,H

Q{11=0DC+QPK2B S~
Cat.l SOLvVIT

73

VE3I=VeA-DELYG T T

N0 74 I={,M
QCII=GPC+GPKxD, 25
CALL SOLVIT
YGA=YGr«DLLYG

74

no 75 [my,H
S(1)=0nC

CALL SOLVIT
VG5RVGE=DEL VG

75

EVALUATION DF COMPONENTS —
CP“PYR”(Vanvgs)/Q
COMPT22(VG1=P, xVG3+VG5) /4,

COMPFTIR(VOE ? *VGA42 , xYG2= vci)/s

COMPTL2ARS (COMPTY)
COMPT22ARS(COMPTR)
COMPTIAPS(COMPTZY  — ~ =~
COMPTI=COMPTL/2,
COMFT22CONPTR/D, ~ - - = =
COMPT3=COMPTI/2,

NH= i

Nedn CSALOGIPCCOMPTYY e e e

‘“”I’!E(?p???) NH)CUHPTI'DB

Mim2 o
D220, xALOGLIA(CUNPT2Y
WRITE(2,272) HH,COMPTE,D8  —
NH=3

DB=20 %Al OCLA(COMPTI)
WRITE(2,279) NH;COHPTJ,QB

272 FORPATCY AMPLITUDE OF 1,12,tTH COMPONENT B, {PELR, I -
1) =',08°F6,1,' DB
c R & U S
WRITE(2,273)
B3 F ORI AT (/) o o e i e
RLTURN
END i e e
FINISH
REND e I I
CND



HP-25 Program Form

Titte__10 calculate V of a single floating gate with a finite ( C

Switch to PRGM mode, press [F] (PR&M] |, then key in the program,

— Page

A2.32

ﬁLofih

DISPLAY

KEY

LINE

CODE

ENTRY

X

Y

Z

T

COMMENTS

REGISTERS

00

R _.\:\\\_1\ B ROCRN

04

3]

?

02

a3

1.24 02

L RCL_ 2.

04

a5

JRCLT

%

_RCL 1.




Programmer

HP-25 Program Form

Titie._To calculate Vg of a single floating gate with a finite C,

A2.33

Page 2 ___of. 2

INSTRUCTIONS DA'T'f\FZSL,TS KEYS oﬁ%ﬁ%s
1 |Key in_programme . | _ H I
_IStore Vory volts | |
Store VFBTN volts I |
Store Coy pF w..H |
Store M [stos LI |
(Input resting potential I 1
Vg(0)] volts I 3 ,
Input charge packet size  pC | I }__Vg volts
Repeat step 7 for ﬂ ]
| _different charge size I J
Repeat step 6 - 7 for | L_ ,,,,,,,,,, N
| ___new value of V (0) l [
_10 | IF ERROR OCCURS ég E
i |
Il ]
I W
Il |
I |
I i
I |
I |
Il |
I %
I |
] |
1l |
I |
Il | |
i |
IL |
] 1l |
I |




A3.1

APPENDIX 3: Program to Analyse the Effects of Series Resistance

in a Simple MOST Inverter

The following program was used to investigate the effects
of series resistance in the load-drain and driver-source on the
gain of a simple MOST inverter. The routine evaluates the equations
7.3 to 7.6 in Chapter 7, and calculates the input voltage for a
specified output voltage. The gain can then be determined
graphically.
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APPENDIX 4: The Standard Two-Phase CCD Processing Schedule

Starting material - Wacker <100», 2.5-5Q.cm, N-type.

1

RCA clean:

Boil wafers in a solution of Electronic Grade double
distilled water, ammonia solution and hydrogen peroxide in
volume ratio 5:1:1, for 10 minutes.

Quench in double distilled water and rinse once.

Place wafers in recirculating water system and Teave until
effluent resistivity is >10MQ.cm.

Then boil wafers in a solution of double distilled water,
hydrochloric acid and hydrogen in volume ratio 6:1:1, for
10 minutes.

Quench in double distilled water and rinse once.

Place wafers in recirculating water system and leave until
effluent resistivity approaches 18Mq.cm.

Spin dry and continue immediately with next step.

Initial oxidation:

Insert wafers into initial oxide furnace set to 1100°C
with a gas flow of 1 Titre/min of wet oxygen (bubbler at 850C).
Leave for 90 minutes and change gas flow to 1 Titre/min of
dry oxygen for 5 minutes.

Oxide thickness should be 0.5um.

Proceed with photomechanical stage.

Standard negative photomechanical process:

If not proceeding directly from a high temperature process,
bake slice at 80°C for 10 minutes.

Spin 'Isopoly' MR40 negative resist at 5000 r.p.m. for
30 seconds.



4)

A4.2

Pre-bake resist at 80°C for 10 minutes.

Expose resist for 4-6 seconds.

Spray develop in 'Isopoly' developer for 1 minute.
Rinse in 'Isopoly' rinse for 20 seconds and spin dry.
Inspect beneath microscope and reject if defective.

Post-bake resist at 120°C for 15 minutes.

Standard silicon dioxide etch procedure:

Etch in buffered HF (7:1) at room temperature until wafer
is hydrophobic on the back. Etch rate is approximately
0.lum/min.

Inspect to ensure that windows are clear.

Remove resist in Microimage 'Resist-stripper' or use
concentrated fuming nitric acid.

Channel stop diffusion:
RCA clean.

Insert wafers into phosphorous deposition furnace set at
1050°C and previously flushed for 30 minutes with N,. Gas flow
is 1 Titre/min N,, 10cc/min 0, and 20cc/min of N, doped at 0°c
with POCT3u

Withdraw wafers and dip etch in buffered HF for =5 seconds.
Rinse in double distilled water, and spin dry.

Measure sheet resistivity (should be 5-100/0 ).

Wash in recirculating water system until effluent =18Mqa.cm.
Spin dry.

Insert into phosphorous drive-in furnace set to 1050°C for
10 minutes with a gas flow of 1 Titre/min of wet oxygen. Then
change gas flow to 1 litre/min of N, for 5 minutes.

Proceed with next photomechanical stage.
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Standard negative photomechanical stage to define source and
drain diffusions.

Etch and strip resist.

Source and drain diffusions:
RCA clean.

Insert into mouth of boron deposition furnace set to 900°¢C
with gas flow of 1 Titre/min of N2.

Flush tube for 20 minutes.
Push sTices to centre zone and leave for 30 minutes.

Remove slices and measure sheet resistivity (should be
~1000/0 ).

Wash in recirculating water system until effluent =18MQ.cm.
Spin dry,

Insert wafers into boron drive-in furnace set to 1100°C,
with gas flow of 1 Titre/min Ny for 10 minutes. Then change
gas flow to 1 Titre/min of wet 02 for 80 minutes, followed by
5 minutes of N, at 1 Titre/min.

Remove slices and measure resistivity (should be
=100-2000/0 ).

Remove oxide in buffered HF.

Thick gate oxide growth:
RCA clean.
Proceed with standard initial oxide.
Oxide thickness should be 0.5um.

Proceed with next photomechanical stage.
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11) Standard negative photomechanical process to define thin
oxide window.

12) Etch and strip resist.

13) Thin gate oxide growth:
RCA clean.

Insert into gate oxide furnace set to 1150%C for 30 minutes
with gas flow of 2 Titre/min O2 and 30cc/min HC1. Change gas
to N2 at Tlitre/min and immediately withdraw wafers to mouth
of furnace and replace end cap.

Reduce furnace temperature to 1050°C and after 5 minutes
reduce N2 gas flow to 1 Titre/min.

When furnace has reached 105000, insert wafers and leave
for 30 minutes.

Then quickly withdraw wafers to the mouth of the furnace
and replace end cap.

Leave to cool for 10 minutes.

Oxide thickness should be 0.12um.

14) Phosphorous glass stabilization:

After step 13, immediately insert wafers into phosphorous
furnace set to 900°C with a gas flow of 500cc/min N, and
20cc/min of N2 doped at 0°C with POC13.

Leave for 10 minutes, then turn off doped N, and withdraw
wafers to mouth and replace end cap.

Leave to cool for 10 minutes.

Proceed with the next photomechanical stage.

15) Standard negative photomechanical process to define the
contact windows.
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Contact window etching:

Etch in buffered HF for =10 seconds to remove phosphorous
glass from windows.

Bake at 12000 for 10 minutes.

Continue etching, inspecting frequently to ensure that
undercutting does not occur.

Strip resist.

Pre-metallization bake in annealing furnace at 450°C with gas
flow of 60:40 H2/N2 at 1T litre/min for 10 minutes.

Metallization:

Mount wafers in metallization jig to enable an oblique
evaporation to be carried out (20O to the plane of the wafer).

Carry out evaporation of 99.999% aluminium from carbon
crucible in E-gun for 3 minutes 15 seconds; evaporation pressure
<2.1075 torr, beam current is 60mA at 2kV.

Unload jig.
Evaporated film should be 0.5um thick.

Positive photomechanical stage:
Bake wafers at 80°C for 10 minutes.
Spin Shipley AZ350 positive resist at 3000°C for 30 seconds.
Pre-bake resist at 80°C for 5 minutes.
Expose resist for 12-16 seconds.

Immersion-develop resist in Superfine Non-Ionic developer
for =5 seconds diluted with double distilled water in volume
ratio 100:11.

Rinse in double distilled water and spin dry.
Inspect.

Post-bake resist at 120°C for 5 minutes.
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Aluminium etch:

Immerse in Isoform Aluminium Etchant at 50°C until pattern

has been defined.
Inspect at frequent intervals towards end of etching.
Rinse in double distilled water five times.
Strip resist in acetone or Isoclean 'Resist-stripper'.
Rinse in double distilled water once.

Wash in recirculating water system until effluent
=18Ma.cm.

Spin dry.

Alloying and annealing:

Insert wafers into alloy furnace at 500°C for 10 minutes
with gas flow of 1 litre/min of 60:40 H2/N2.

Then withdraw wafers and insert into annealing furnace at
420°C with gas flow of 1 Titre/min 60:40 Hy/N,.

After 30 minutes, withdraw wafers and store in luoroware
tray in laminar flow cabinet to await testing.

For the test integrators, the two-phase process is combined

with the three-phase shadow gap process. Insert the following

processing before step 18:

(i) Flat metallization:

Insert in metallization jig to enable a normal
evaporation to be carried out.

Proceed with evaporation as in step 17.

(i1) Standard negative photomechanical stage to define first

metallization pattern.
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Etch aluminium as in step 20. Caution should be exercised
here to ensure that the etched edge is as straight as
possible. Agitation of wafers in etch is heTpful in
obtaining this.

Rinse in double distilled water five times.
Strip resist.
Rinse in double distilled water once.

Wash in recirculating water system until effluent is
=18Mq. cm,

Spin dry.

Pre-metallization bake as step 17.

Proceed with step 18, etc.
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APPENDIX 5: Test Apparatus

In this Appendix, the design and performance of apparatus
built to drive the CCD structures discussed in this thesis and to
evaluate the performance of the integrators are described.

A5.1 Clock Generation

The clock generator used to drive the test integrators,
had in fact been constructed in order to drive a variety of CCD
structures. The design of the clock amplifiers is however, some-
what novel and although simple, allows high speed operation (up
to 10MHz) to be achieved whilst power dissipation is kept reason-
ably low. Thus it is described briefly here.

The clock generator provides a ¢1 clock waveform, data
input waveform and reset pulse train, all synchronized to a master
clock. The DC offset and amplitude of the ¢7 and reset waveforms
are independently adjustable internally. The DC Tevel of the data
input waveform may also be adjusted internally, but the data
amplitude can be adjusted with a front panel control. A fat-zero
may also be introduced, the magnitude of which may be adjusted
independently of the data amplitude, also with a front panel
control. The data is in the form of a binary word which repeats
every 35 clock cycles, and which can be set with front panel
thumbwheel switches. It is also possible to switch the generator
into an "integrate' mode in which a pre-set number of clock cycles
is followed by an integrate period when all waveforms are stopped,
with 9 either on or off.

Clock timing and generation was performed using standard
Schottky clamped TTL circuits, however, rather than use traditional
amplification techniques such as class A or complementary pair
driver circuits, a novel zener diode clamping circuit was employed.
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The circuit for the ¢ and reset pulse drivers is shown in

figure A5.1a: figure A5.1b is a simplified circuit diagram. Upon
the application of a pulse to the input, T2 switches off and a
current impulse (T3) is driven through the zener diode. The voltage
across the diode rises rapidly until the zener breakdown voltage
is reached. When the input pulse switches off, T2 switches on,
thus shorting the output node to ground. A simple modification

to the circuit to exercise control over the charging and
discharging currents at the output node would allow the rise and
fall times of the output waveform to be adjusted, however, this
facility was not included in the final design. The diode and
capacitor at the output form a simple level shifting circuit. The
data driver is slightly more complicated, in order that the data
and fat-zero level can be continuously adjusted; the circuit is
shown in figure A5.2. Amplitude control is exercised through the
emitter followers T4, T6.

With this type of zener clamped circuit, rise and fall
times of approximately 30ns are possible for 20V amplitude output
pulses, when Toaded with 100pF.

A5.2 Scaling and Summing Amplifiers

In order for the recursive test devices to integrate
signals, the device output has to be sample and held, then scaled
and summed with the next signal sample.

It was decided not to construct a sample/hold unit since
one was already available in the form of a Brookdeal 9415 Linear
Gate.* This unit has a frequency response from DC to in excess
of 50MHz, and was ideally suited to the purpose 1in hand. The rest
of the feedback circuitry was constructed with CA3140 MOS
operational amplifiers.

* This unit was designed to operate with the Brookdeal Scan Delay
Generator as a boxcar detector for making accurate measurements
of small signals. However, its sample/hold facility may be
employed by accessing the terminals on the rear panel of the unit.
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The specification for this circuit was that it should
accurately scale the delayed signal before summing it with the
unprocessed input waveform. This signal formed the input of the
test device. The integrated output was also required to be
divided by the effective integration sample size, m; this would
enable more rapid visual assessment of the integrated waveforms
when compared with the unprocessed signal. The circuit of this
system is shown in figure A5.3. It can be seen that a facility
is also included that enables noise to be mixed with a signal for
test purposes. The gain of the scaling amplifier can be accurately
set with a switched attenuator which is calibrated in effective
integration sample size; this control is also ganged with the out-
put attenuator which appropriately scales the integrated waveforms.
The frequency response of the unit extended from DC to approximately
2.5MHz. For preliminary testing of the recursive test devices,
this bandwidth would allow the resolution of a single range bin
for data rates up to approximately TMHz. After an initial warm
up period of 30 minutes, the gain drifted by less than 0.4%/hr.
Since the output signal is AC coupled to the test device through
a Tevel shifting network, the DC drift is unimportant, however,
this was less than 0.5mV/hr.

A5.3 Rayleigh Noise Generator

The integration improvement of Jm obtainable with a
signal integration system depends only on the condition that the
noise in successive signal samples is uncorrelated, i.e. it is
independent of the amplitude probability distribution of the noise.
In a radar system, the presence of a target is usually indicated
by the occurrence of a signal above a pre-set threshold level;
this is usually set to maximize the probability of detecting
genuine targets, whilst minimizing the probability of false alarms
caused by large clutter spikes. Clearly, it would be desirable
for a signal processor which is used to improve target detection
to process the signal in such a way so as to ensure that the thresh-
old level which is subsequently set according to the criterion
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above, will be the best that is possible. The design of such an
"optimum' processor and the determination of an optimum threshold
level can be performed only with prior knowledge of the noise
statistics.

It can be showng] that for signals of constant amplitude
(such as might be obtained from a target during several antenna
sweeps) buried in Gaussian noise, the optimum processor is indeed
a signal integrator.* However, for signals in Rayleigh noise, the
integrator is slightly less than optimum.

Thus in order to experimentally determine the performance
of the integrator to Rayleigh distributed noise, a generator was
constructed providing noise with a Rayleigh amplitude probability
distribution. Several generation techniques were investigated
before a suitable method was found.

(a) Demodulation of Gaussian Noise: It can be shown92 that

the envelope of narrowband Gaussian noise has a Rayleigh distribu-
tion. Thus envelope detecting an appropriately filtered Gaussian
process would yield the required noise density. However, this
method was rejected for several reasons; e.g. it would be necessary
to generate a Gaussian waveform at relatively high frequency
(=100MHz), in order that the resulting Rayleigh noise bandwidth

was sufficiently Targe. However, the main reason was because the
system finally chosen was the most flexible of those considered.

(b) The Use of a Pseudo-Random Binary Sequence (PRBS): By
applying module 2 feedback around an N-bit digital shift register,
it is possible to generate a pseudo-random binary sequence with a
repeat period of 2N-1 clock cyc1e593 and which has a uniform
probability distribution. Other probability distribution may be

* This is in fact a special case of the matched filter. If the
signal varies, then the optimum processor would be one that
weights each signal sample according to its magnitude, i.e. a
matched filter.
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generated from this sequence by employing either digital filtering
or applying a density shaping function. As an example, if the
circuit of figure A5.4 is used, the output has a Gaussian distribu-
tion if all the tap weights, h1 ..... hN’ are equal. This follows
from the Central Limit theorem which states that the sum of many
independent random variables (i.e. the 'bit' outputs) has a

Gaussian distribution. Unfortunately the techniques for determining
the appropriate filter weights to generate a desired probability
distribution are not well advanced, and the author did not succeed
in realizing a Rayleigh noise filter.

A more attractive approach is to apply a density shaping
function. If a probability distribution p(x) is operated on by
a monotonic function y = f(x), it can be shown9 that the resulting
probability distribution is ’

ply) = p{f“l(y)}.,dx/dy] A5.1

Thus since the PRBS has a uniform distribution, the density shaping
function required to yield a Rayleigh probability density is of
the form

y = =J-Inx A5.2

Two methods of implementing this were considered.

The first was a digital differential analyser (DDA). The
DDA can be used to implement fairly complex mathematical functions
relatively simp]yg5 by forming the product of two numbers incre-
mentally in an accumulator. Although this technique works well
for simple density shaping functions,g6 it becomes rather costly,
slow and inaccurate when several DDAs are required to implement
a more complex function such as equation A5.2. ' '
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The second method, which was finally chosen, employs a
‘Took-up table' technique and has several advantages over the
techniques discussed so far. With reference to equation A5.2, if
the number y is stored in a read only memory (ROM) location which
corresponds to the address x, a Rayleigh distributed binary number
sequence can be generated by simply interrogating the ROM with the
PRBS. The number can then be converted into an analogue sample
with a D/A converter.

This system has the significant advantage that noise with
any probability density can be generated simply by reprogramming
the ROM.  For example, if narrow beams (10) are used in marine
radars, the clutter becomes non—Rayleigh.97 Thus by characterizing
the clutter statistics for a given set of radar parameters and
appropriately programming the ROM, the performance of a signal
processing system, e.g. an integrator, could be easily evaluated
in the laboratory.

The circuit of the noise generator is shown in figure A5.5.
The PRBS 1is generated with a 36-bit shift register clocked at
200kHz and has a repeat period of the order of 95 hours; the ROM
is a 256 x 8-bit Intel 1702-A UV erasable PROM. In addition to
generating Rayleigh distributed noise, Gaussian and uniformly
distributed noise is also available. The Gaussian noise is
generated by summing the outputs from a single bit of the PRBS
register in an up-counter over a period of 50 clock cycles: the
output from the counter is then gated in parallel to the D/A
converter at the end of the summing period. The uniform noise is
generated by gating the last 8-bits of the PRBS register to the
D/A converter.

Photographs of the noise waveforms can be seen in figure
A5.6. The characteristic asymmetric distribution of the Rayleigh
noise waveform can be clearly seen in figure A5.6a. The spectral
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response of the three noise sources are shown in figure A5.7,
which also shows the spectral response of the unprocessed PRBS
(figure A5.7d). The departure of the processed waveforms from the
PRBS response is thought to be due to bandlimiting in the D/A

converter,
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