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ABSTRACT. The €CD is fnherently a sampie-data device. It follows that preservation of
signal-to-noise ratio requires that the noise on the processed signal be bandlimited to
avoid aliasing. |In many applications, particularly those involving integration of pre-
CCD electronics onto the CCD monolith, it is desirable that thls low-pass filtering be

accomplished by the CCD input itself.

An analysis is ?resented of the small-signal frequency response of the floating
diffusion {FD) input 12 which predicts a band-limiting effect approaching the sin x/x
response of an ldeal integrator, The analysis agpligs with equal validity to all iInputs
using the potential equilibration technique."z’ 37

Frequency response data are presented together with noise measurements which agree
well with theory. These measurements made on the FD input indicate excellent noise
anti-aliasing under practical conditions of operation which maintain the insensitivity

to threshold voltage inherent In this input,

1. [INTRODUCTION

In most signal processing applications
using CCDs, noise and dynamic range are
Important conslderations., Because the CCD
is inherently a sample-data device, the
band-1imiting of high freguency nolse and
signals (those above the Nyquist frequency)
is essential to prevent aliasing. This is
often accomplished using RC filters in the
interface electronics preceding the CCD
input.

This paper deals with the small-signal
frequency regponse of the floating-diffu-
ston Input" , a common input technique for
injecting charge into CCDs. An analysis is
presented which predicts that, properly
operated, this input exhibits a frequency
response approaching the sin x/x response
of an ideal integrator and may be used to
effectively prevent noise aliasing. Data
are presented verifying this performance.
The analysis is equally valid for the "fill-
and sgifl“ or "potential equilibration”
Input 253,45,

»

The inherent anti-allasing character-
Istics of the floating-diffusion Input are
particularly beneficial in applications
where 1t is desired to integrate all of
the pre-CCD interface electronics onto
the CCD monotith itself in a high density
format. Nolse band-limiting is achleved
without the undesirable threshold voltage
sensitivity characteristic of the true
integrator or “digect injection' mode of
charge Injection.

{1, REVIEW OF THE FLOATING DIFFUSION
INPUT

The structure of the floating dif-
fusion input is shown in Figure 1, In
simple terms, the technique involves flrst
setting the intermediate node to a voltage
dependent on the signal voltage applied to
the first transfer electrode Vg, and then
resetting the node to a reference voltage
applied to the transfer electrode Vg?. The
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second process is accomplished through trans-
fer of charge into the receiving CCD well; as
such, the charge Introduced is derived from
the difference in the two preset levels mul-
tiptied by the capacitance of the floating
node and is insensitive to threshold voltage
{V¢) to the extent that Vi Ts the same under
closely spaced electrodes.® The noise char-
acteristics of this input are known to be
approximately described by kTC, 1,2

The first process in the two step
sampling operation of the floating diffusion
input is essentially the ”fill-ﬁnd spill" or
“potential equilibration!:2:3:%,5 procedure
appltied to a diffusion Instead of a CCD or
MIS node. This process is initiated by puls-
ing the input diode (V;y) negatively (for an
N channel CCD) to introduce excess charge
onto the diffused node and then returning it
to a high positive value to extract charge
from the node while the channel current is
controlied by the signal voltage applied to
the input gate (Vgl). The first process is
terminated by the pulsing of the second gate,
{Vg2) which, for a multiplexer, is the serial-
parallel transfer electrode. An analysis
wiltl next be presented which predicts that
for noise, the time interval associated with
the first process constitutes an effective
integration time, T, and the input acts to
band=limit the noise./»

I11. FREQUENCY RESPONSE ANALYSIS OF THE
"FILL-AND-SPILL" OR "POTENTIAL EQUI-
LIBRATION'' TECHNIQUE

As pointed out in the preceding sec~
tion, the first step in the two-step sampl-
Ing process of the floating diffusion fnput
is identical to the "fill-and spill™ or
"potential equilibration” technique. The
only difference is that for the floating
diffusion case, as charge is being extracted
the gate Vgl acts as the gate of the MOSFET
whose draln is the input diode and whose
source s the diffused node; for the fill-
and-spitl input, the CCD potential well (or
intermediate M5 node} acts as a virtual
source, The equations describing the channel
current are essentially Identical. The
input voltage is applied to the gate (Vgl)
of the input transistor, and when the input
diode V;, is pulsed positive, current flows
Into the capacitor {electrons Hspill'* out)
until the channel current decreases to a
small value, i.e., until Vgq = Vip - Vio
When V;, is a constant value, the problem
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is well defined and the voltage transient
can be calculated.2 {n reference 2, Vi is
assumed to be constant, and the effect of
channel noise is calculated. |[n thls sec-
tion an analysis is given of the case where
the input voltage varies with time during
the "spill'" transient. The analysis applies
to nolse on the input or to small input
signals.

The circuit diagram for the floating
diffusion input during the spill cycle is
shown in Fig. 2b. The capacitor voltage
v(t) increases after the input diode Viq is
pulsed positive at t = 0, In the case
where the input voltage Is constant (vp{t)=
0}, the spill transient follows the curve
vo{t) shown in Fig. 2a. For the above
threshold case, vg(t) asymptotically approaches
Vin~Vt where V¢ is the MOS threshold voltage.
The spill transient is terminated after time
T when the charge on the capacitor is clocked
further into the CCB,

Assume that a small ac signal v{t) is
applied to the input gate along with the
time invariant VYig. The asymptotic value
which the spill transient approaches changes
with time, and the analysis which follows
is based upon the fact that the form of the
spill transient v(t)} depends only upon the
asymptotic final value it would be approaching
if the gate voltage remained at its instan=
taneous value Vip + vp(t), This follows
from the fact that the channel current fis
controlled by the voltage between the gate
and the floating diffusion node {i.e.,, the
transistor gate-to-source voltage).

Suppose, as shown in Fig. 2a, an incre-
mental change in gate veltage dv| occurs at
some time t]. The result is to cause the
transient to be further away from its new
asymptotic final value Vin -V¢ + dvp]. By our
assumption the waveform should have the same
shape that vo(t) had at an earlier time
t) - dtnt, where

dt = dvo " dv
n] Tt‘ti ni (l)

Analytically, we have defined a new
function vi(t} for the transient, which
would be valid for all t 2 t] If no further
incremental changes occurred at the gate.
This function vi{t) is given by

vl(t) = vo(t - dtn]) + dvnl {2)



where the dvpl reflects the increase in
asymptotic final value. MNow, suppose a
second Incremental change occurs at time tp.
in an identical manner a new delay time
dtp2 1s defined by

dv -1
I
dt o = (dt Jt, Va2 (3)

and a new functional form for the transient
becomes

vz(t) = v‘(t - dtnz) + dvn2

(&)

= vo(t - dt g - dtnz) +dv 2

+ dv
i n

Which, as before, would be valid for all
t 2 tp if no further changes in gate voltage
were to occur,

As a result of numerous incrementatl
changes In Input voltage, the node vol-
tage at the end of the splll transient
becomes

T T
Vi) = vlr-fode)+ [a ()
o o
with dtn given by
-1
- (Y
0@ a o

In calculating I dtp, it is assumed that the
time varying input voltage vy(t) is suffi-
clently small that dvy/dt can be used to
approximate dv/dt in Eq. (6)., This small
signal restriction effectively linearizes

a highly non-linear input and permits the
definition of a linear transfer function.
The physical significance of this lineari-
zation in terms of its restrictions on the
amplitude of vp(t) remains the primary area
for future analysis and experimental work.
The simplifying effect of this assumption
is that Eq. {5) can be integrated to give

r Wy
vit) = VO(T - tn) + f T dt (7)
o

where
T dvn/dt
n"J  dvja 9t @)
¢) o
At this point a further linearization
is made. [t Is assumed that t, is suffi-

ciently small that v (v - tp) can be approxi-
mated by

o - 1) = v - (§2) «

whereby Eq. (7} can be written

dv T dv_/dt
_ o) —_n__

v(t) = v (1) - (dt )t { dv_7dt dt

(10)

T dv
n dt
o
()

The quantity of interest is Av = v(1) - vo(r)

which represents the difference in final
voltage which results from v,(t). From
Eqg. {10}

Av = fT[I

Equation (11) can be used to determine
the frequency response of the floating
diffusion input. Let us assume that vp{t)
is of the form

@Vo/dt)Tj dvn
TR T ()

v (0 =v e Tty (o) (12)

where V. is the complex amplitude of the
input nolse or signal voltage at frequency
f and u_j(t) is the unlt step at t = 0.
Inserting Eq. (12) into (11) and assuming
that (dvg/dt)s << (dve/dt) t=0 gives

avev {1 oI -

vihere the shorthand s = i2nf has been used,

(dvoldt)T

Fozae st 4 03)
-

In order to proceed further with the
evaluation of Eq. {13}, equations for v_(t)
must be used, Two cases will be considered.
1} The case where T is so short that the
above-threshold transistor equation? des-
cribes the spill transient.

) =B v, - - wwn? am
In this expression
Bzgcoxu (]5)

characterizes the transistor channel width
W, channel length L, oxide capacitance per
unlt area Cgx and majority carrier mobility
u.
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2} The case where T s so long that the
transistor operates in the subthreshold
regime during most of its spill transient.
In this case the subthreshold transistor
equation applies.

1
e = 8 of
wvhere m and n are capacltance ratfos on the
order of unity which are defined in Ref, 10.

Case | applies when

T<ZB£ -'—1%_]: (17)

and case 2 applles when

T > %f L (18)

(See Ref. {(11))
Case |
Assuming Eq. (I4) for the transistor

drain current, the spi]l transient vg(t) can
be calculated to be®s

Y (t) = Vin -y -

Vi = VY, (0 (19)

in 3] )

1 d'E“[Vm Vet Y% (0)}

which, apart from an initial transient, is
approximately

V - -?—Sl:-
VO (t) = Viﬂ - t ﬁt 4 (20)
from which
dt Bt
inserting £q. (21) into Eq. (13) gives
t st
V {l f [I - HE se dt} (22)

—

which can be integrated to give the transfer
function H = Av/Vq

H(s) = =

=57

e sy

+
(s7)
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P2 exp [ (U, -~ = V(D] (16)

The magnitude of this function is shown in
Figure 3 as a solid line.

Case 2
When the transistor is characterized

by €g. (16}, the spill transient vo(t) is
given byl

oy oy . KT Fﬁ.nkT ]
v (B)=v, -V, ot q Mo g (tmt )+ |(2k)
where t, is the time at which the transistor

enters the subthreshold regime, i.e., the

time at which v = ¥jp=V¢ ~ nkT/q. In this
analysis it Is assumed that v > t,, and since
the form of dv,/dt Is important only at large
t, it is approximated by

Frail ol (25)
Inserting Eq. (25) into Eq. {13) gives

[V -3 ) se*Cac} (26

from which H(s) is determined to be

Av = Vn {I + f
o

H{s) = ;%—(l -e N, (27)

The magnitude of this is identical to the
ideal integrator and s given by the dotted
line in Figure 3.

Work is continuing to determine the
range of signal amplitudes over which the
above linearizations are valid., However,
data in the following section support these
results.

IV, EXPERIMENTAL RESULTS

A.) Experimental Setup. A schematic
is shown In Figure & of the experimental
setup used for measuring the small-signal
frequency response and noise aliasing
characteristics of the floating diffusion
input.

The output of the CCD is a conventional
preset or floating diffusion amplifier,
buffered by a bipolar emitter follower. The
output waveform .is -sampled-and-held by an
Analog Devices SHA-2, The amplified output
of the $HA-2 sample-and~hold circult is fed:
inte a Hewlett-Packard HP 302A wave analyzer
for determination of the RMS level of slignal
and spectral Intensity of noise. At the



input the option exists to apply either a
smati-signal sinusoid excitation (from the
wave-analyzer oscillator} or a white noise
voltage from a GR 1390B noise generator.

The bandwidth of the apptied nolse s
controllable using a KH 3550 tunable filter.
Provisions are also made in the CCD clogk-
-ing electronics to vary the effective inte-
gration, T.

B.} Small-Signal Frequency Response.
The data plotted in Figure 5 were obtained
by biasing the input to approximately 50%
full well and then modulating this charge
level with peak-to-peak charge excursions
of the erder of 1% (or less) of a full well
while varying the normalized integration
time, T/T¢. The clock frequency was 18 kHz.
The data in its raw form does not readily
indicate the frequency response of the input
because of the sin x / x frequency response
of the output due to the SHA-2 sample-and-
hold circuit, The data was massaged by
dividing through, point by point, by the
measured frequency response of the SHA-2,
The massaged data 1s shown plotted in Fig~
ure 6. For an effective integration time
T of 0.1 T, the Input response was quite
flat well beyond the clock frequency, f,
in good agreement with the predictions of
Figure 3.

For the case of T = 0.9 T, on the
other hand, the small-signal response of
the input was very nearly that of an ideal
sin x / x integrator. This response is
in good agreement with the subthreshold

"model depicted in Figure 3. From an alias~
ing standpoint, substantial alfasing would
be anticipated for the case of T = 0.1 T,
where T = 0,9 Tg mode. of operation should
yield little or no aljasing.

C.) MNoise Aliasing., To corroborate
the aliasing conclusions based on the
massaged small-signal data, the GR 13908
noise generator was copnected to the input
{See Flgure 4). The raw data is shown in
Figure 7. Although again the spectral
intensity is effected by the output sin x / x
at high frequencies, the aliasing properties
can easily be inferred by the low frequency
noise intensity. The lowest curve represents
the Inherent noise obtained with the GR 1390
cut off. The second lowest curve denoted
by the solid dots was obtained with the KH
3550 upper cut off frequency set to the
Nyquist frequency. The elevated noise
indicated input-noise dominated performance.

Because of the bandlimiting of the 3550,
hovever, no alfasing was present.

Colncident with the second lowest
curve is shown a set of data points denoted
by X's. These data were obtained with the
KH 3550 bandwidth set at 20 times the
Nyquist frequency {or 10 f¢) and with the
integration time T approximately 0.9 Tg¢.
No increase in low~frequency noise was
observed; i.e., no aliasing occurred, The
two higher nolse curves were obtained for
smaller values of normalizeéd integration
time T/Tg.

Figure 8 shows a normalized plot of
noise data obtained at f = 0,1 f; for
different values of normalized irtegration
time ©/T.. The dashed line is the theoreti-
cal aliasing factor, defined as the fractional
increase in low frequency noise due to alias=-
ing, as predicted by the above-threshold
model of Figure 3. The data actually
tndicates better agreement with the sub-
threshold model, consistent with the smali-
signal response data of Figure 6.

V. Conclusions

In summary, the small-signal freguency
response analysis of section II[ predicted
that substantial anti-aliasing performance
may be realized using the floating-diffusion
input. The data presented verified this
prediction for practical conditions of opera-
tion. From an application standpoint, these
anti-aliasing characteristics can be a
valuable benefit, especially for high den-
sity applications where additional filter
clircuitry is undesirable., The results
obtained are equally valid for all inputs
incorporating the ''fill-and-splill! or
"potentlal equilibration” technique and are
achlevable while maintaining the high level
of threshold voltage insensitlvity character~
istic of the input technique.

Some important work remains in exploring
analytically and experimentally the range
of signal amplitudes over which this band-
timiting effect remains operative, OFf
equal Importance is the determination of the
effect on the anti-aliasing characteristic
resulting from spurious voltage transients
in a system, both coherent and random.
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