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Noise Performance versus

MOS Transistor Dimensions

Peter Centen

Abstract—The effect of change in the channel width, the
channel length, and the bias current of detection-node MOS
transistors in CCD on-chip amplifiers is studied. A novel ap-
proach to noise optimization is shown, and criteria for choosing
the optimum gate dimensions are established both in theory and
practice. A new parameter, the noise electron density (in square
electrons per hertz), is found to be a more suitable parameter
for characterizing noise performance. It will be shown that, in
a well designed CCD on-chip amplifier, the noise electron den-
sity is solely the product of the equivalent gate noise of the de-
tection-node MOS transistor and the total capacitance C, of the
detection node. The noise performance is very insensitive to
change in the channel width of a factor of two of the optimum
value, but it is sensitive to a change in channel length and bias
current. The optimum is valid for every type of signal process-
ing. It is also shown that the bandwidth is smallest during the
time the reset FET is in the off-state and that noise increases in
this state. The fall time of the sensor signal, during charge sens-
ing, is therefore larger than the rise time during reset, when
the charge is drained off. The capacitive feedback, in the reset
FET off-state, between the gate and source of the detection-
node MOS transistor causes this effect.

I. INTRODUCTION

HIS paper’s objective is to establish both in theory

and practice the optimum and critical parameters of
the detection-node MOS transistor (e.g., the first source
follower), namely, the bandwidth, the channel width, the
channel length, the bias current, the total capacitance, and
the noise electron density.

The main purpose of the on-chip amplifier in a CCD
sensor is the conversion of a charge packet into voltage
or current. The reset drain naturally is a current output
but in general is not used as such. Besides the conversion
into a voltage signal or a current signal, the on-chip am-
plifier must exhibit good noise performance and be ca-
pable of driving a load fast enough. :

The most popular way of detecting the charge of the
CCD channel is to use a floating diffusion [1], [2], which
together with the input of the on-chip amplifier is the de-
tection node. The change in the detection-node voltage,
caused by the charge, is sensed by the on-chip amplifier.

In order to achieve a large bandwidth, one often en-
counters a two-stage source follower amplifier; a typical
structure is shown in Fig. 1. The first stage consists of a
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Fig. 1. A typical on-chip amplifier for CCD sensors, with a floating dif-
fusion detection node. From left to right: the reset FET (M, ) is connected
to the floating diffusion (FD) and the gate of the first source follower (M, ).
With the reset gate (RG) the reset FET can be switched in the on-state and
the off-state. In the on-state, FD is reset at the reset drain (RD) level. In
the off-state the floating diffusion is floating. In the source of follower M|,
a current sink (M,) is included. The bias current through M, and M, is
controlled with the gate-to-source voltage VG, . The second source follower
(M,) is driving the load consisting of R, and C,.

source follower (M, ) and a current sink (M) for biasing.
Both determine the noise performance. The second stage
(M,) drives the load..For HDTV sensors as many as four
stages could be needed.

The reset FET (M,) is connected to the detection node
and consists of the floating diffusion (FD) and the gate of
M,. In the on-state it resets the detection node to a refer-
ence voltage (RD), and in the off-state the floating diffu-
sion can receive the next charge packet. The voltage
source between the gate and source (VG,) of the current
sink determines the bias current of the first stage and can
be used as a signal injection point to measure the ratio
between the total capacitance and the effective sense ca-
pacitance (0,) and the bandwidth in the off-state.

In the design of a high-speed amplifier the first stage in
part determines the bandwidth, due to the fact that the
bandwidth decreases when the reset FET is switched off.
The decrease is controlled with the ratio between the total
capacitance of the detection-node C, and the actual sense
capacitance Cp. A small part of (Cy,) consists of the float-
ing diffusion capacitance. A major part is caused by stray
and wiring capacitance and the capacitance of the first
MOS transistor. Currently, much attention is devoted to
the design of low-capacitance detection nodes, and scal-
ing rules become important. Enlarging a structure on sil-
icon not only enlarges the active MOS transistor capaci-
tances but also the wiring and stray capacitance. It will
be shown that the noise performance is proportional to the
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total capacitance C, of the detection node and the equiv-
alent gate noise voltages of the first MOS transistor.

The designer of a signal processor generally uses the
spectral density to determine the optimum processing. In
the case of a CCD sensor where the electrons are the sig-
nal, it is most natural to use the noise electron density as
the equivalent of the spectral density. The noise electron
density (in square electrons per hertz) for that matter is
the quotient of a spectral density in square volts per hertz
divided by the sensitivity (in microvolts per electron)
squared.

In contrast to earlier reports about noise optimization
in the literature [3], [4] the subject in this paper is ap-
proached in quite a different way: the noise optimization
is not based on minimizing the noise electrons but on min-
imizing the noise electron density. It will be shown that
the optimum is valid for every type of signal processing
(after the CCD).

The reset noise is not taken into consideration because
signal processors that are currently available, such as cor-
related double sampling, suppress the reset noise suffi-
ciently [2], [4]-[8]. In a well designed on-chip amplifier
the noise contribution of the first stage exceeds that of the
. second stage; therefore, the main attention will be de-
voted to the first stage.

In Section II, the first stage will be analyzed. First, the
charge dumping on and the resetting of the floating dif-
fusion will be discussed and the time response calculated
just as the 3-dB bandwidth in the reset FET on-state. Fi-
nally, the noise is given in a static approach for the on-
and off-states. In Section III, the concept of noise electron
density is introduced together with a general expression
valid for every type of capacitive detection node, both
destructive and nondestructive [1], [2], [9]-[12] in which
the noise of the detection-node MOS transistor is domi-
nant. In Section IV, a model for noise optimization is pre-
sented based on the concept of noise electron density. The
optimum dimensions and bias current of the detection-
node MOS transistor and current sink are derived in the
case of thermal noise. In Section V, experimental verifi-
cation of the model is presented.

II. THE FIRST STAGE
A. A Source Follower with Current Sink

A small-signal equivalent diagram of the first stage
consisting of a source follower (M) and a current sink
(M,) is shown in Fig. 2. The capacitance between the gate
and ground (C,) is made up of the floating diffusion (FD),
the drain underdiffusion (C,, ,), and some stray and wir-
ing capacitance. The capacitance between the gate and the
source (C,) of M, consists of the source underdiffusion
(Cys, ), the active channel capacitance, and stray and wir-
ing capacitance. In the biasing point, the following small-
signal parameters are defined. The transconductance of
M, is g,, the output resistance R, (including the output,
resistance of M, and M), and the capacitive load C,
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Fig. 2. The small-signal equivalent diagram of the first stage of the on-chip
amplifier. C, consists of all the capacitances between the gate and ground
of M,, and C, consists of all the capacitances between the gate and source
of M,. The transconductance of the source follower M, is g,, the resistive
load of M, is R,, and the capacitive load, including the input capacitance
of the second MOS transistor, is C,. The current source i, represents the
noise of both follower M, and sink M.. U, is the output voltage at the
source of M|, and U, is the input voltage. The current i; is the detection-
node current.

(which also includes the input capacitance of the second
stage). The current noise source (i,) represents the noise
of both follower M, and sink M..

Finally, i; is the current flowing into the detection node.
In the reset FET off-state the current i; is the time deriv-
ative of the charge dumped onto the detection node. The
reset FET is omitted in the diagram.

When the reset FET is switched from the on- to the
off-state, reset noise [1], [2] is generated. Its spectrum
depends on the clock frequency and duty cycle of the
pulses applied to the reset FET gate (RG).

B. Analysis of the Reset FET On- and Off-State

There exists an asymmetry between the reset FET
on-state and off-state. In the on-state the detection node
is almost short circuited for ac. In the off-state the detec-
tion-node is floating and is rather high ohmic for ac; from
this moment on, an effective feedback exists from the
source to the gate of follower M;, due to C,, which forms
a capacitive divider with C;.

In the frequency domain the node equations written in
matrix form are

':ii(f)} Jo(C + G) —juC
WO | —(jeC + g) Rio + g1+ jw(Cy + C)
U,
: [ (f )} M
Us( )

For simplicity’s-sake, the capacitive load (Cy) is assumed
to be much larger than the gate-to-source capacitance of
M, (Cy >> C,). The 3-dB bandwidth (F3) caused by the
load capacitance is assumed to be well below the transit
frequency (Fr = g, /(2w C,)) of the detection-node MOS
transistor (typically 500 MHz-1 GHz).

1) Charge Packet Handling: The Rise Time and Fall
Time: In the off-state, charge is dumped onto the floating
diffusion. The frequency response of the first stage is cal-
culated by solving the matrix equation (1). By definition,
the input current is the time derivative of the charge. After
Fourier transformation the relation between input current
i; and the charge packet Q( f) is

i(f) = Jje@(f) @
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putting i,( f) = O, the response at the source (U,) be-
comes

Ao a(f)
U =—"
O(f) 1 +j0)70,, Cfd (3)
with the following definitions:
DC gain:
81Ry
Ag=—"—"-.
0= T R, 4
Time constant of the output:
G
T =— AIO' (5)
81
Effective sense capacitance:
Cu=C + (1 - Ay G. (6)

The sensitivity of the detection node is determined by the
capacitance between the gate and the source of the first
MOS transistor (C,), by the capacitance between the gate
and the remainder of the sensor (C;), and by the voltage
gain of the first MOS transistor (4,p). Due to the gain
(Ap) from the gate to the source of follower M, only part
of the capacitance between those terminals C, is ‘‘felt.”’

The total physical capacitance connected to the gate of
M,

CG=C+G )]

and the ratio between the total capacitance C, and the ef-
fective sense capacitance Cy, called the sensitivity im-
provement factor (8,), which is always larger than one in
the case of a source follower

®

The charge packet in a CCD sensor consists of electrons.
Assume that one charge packet with a charge (—qg - N) is
dumped on the floating diffusion at + = 0. In the time
‘domain, this is written as

—gNé(r) 9
which Fourier transforms to
o(f) = —gN (10

in the frequency domain.
The time response is calculated with the inverse Fourier

transformation of (3) with substitution of (10). Introduc-

ing the sensitivity as

q

S = AIO Cfd

an

the time response is

uy(t) = Vo — SN[1 — e~ 7™}, r=0. (12)

At t = 0, the output voltage has the reference value V),
and the stationary value (t = ) is Uy = V, — S - N. The
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output swing due to a charge packet of N electrons is
S - N. The fall time (12) of the sensor output signal is
70,. :

Before commenting on the fall time, we first calculate
the time response for draining off the charge in the reset
FET on-state. In the on-state, the charge dumped in the
off-state at the floating diffusion is drained to the reset-
drain terminal (RD). The equation for the on-state, in the
frequency domain, is arrived at by solving (1) with

i(f)=0

Ao pp. (13)

1 + jwr

Us(f) =

Assume that at ¢+ = O the output voltage has reached its
stationary value V; and for ¢ > O the reset FET is switched
on, clamping the floating diffusion at RD potential. The
response in the time domain is

up(t) = Vo — SNe /", 1= 0. (14)

The fall time (12), 70,, is increased with a factor ©, =
C,/ Cyy as compared to the rise time (14), 7.

2) The Bandwidth in the On-State: The on-state is
often used to apply a signal at the reset drain in order to
measure the bandwidth and the dc gain of the on-chip am-
plifier. This state is also frequently used to measure the
noise performance of the on-chip amplifier. Unfortu-
nately, the results will be far too optimistic as compared
with the actual situation when charge is dumped on the
floating diffusion in the off-state, as will be shown.

The transfer function (Uy /U;) in the reset FET on-state
is given by the second row of the matrix equation, and
with Cy >> C, is the same as (13). The 3-dB bandwidth
in the on-state is

Fy(on) = L (15)
2nT

3) The Noise Voltage in the Reset FET On-State and in
the Off-State: Only the effect of a noise current i, at M,
is considered. The noise current i, develops a voltage
swing at the source of M,, with the substitution of an
equivalent noise voltage e, = i,/g,. Equation (1) must
now be solved with C; >> C, and due to the fact that the
reset FET in the on-state represents a short circuit
U; = 0. The solution can be written as

A
Up(f) = —2—

16
1 +jw_7'e" 16)

and in the reset FET off-state (i; = 0)

Ay

S 17
1+ jord, e a7

Up(f) =
Comparing (16) with (17), it is noted that the noise of the
first stage increases with the factor ©, and that at the same
time the bandwidth is decreased with that same factor.
The 3-dB bandwidth in the reset FET off-state

F;(off) =

18
2770, (18)
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is smaller than in the on-state (15). This asymmetry be-
tween the off-state (12) and the on-state (14) was already
noticed for the charge handling. This is a well-known re-
sult from feedback theory, which states that, for a given
system, the gain-bandwidth product is (almost) a con-
stant. These same conclusions apply for the situation in
which the gate of the current source VG, is used to inject
a signal. In this way one can accurately measure 9,.

C. The Noise of the Source Follower and the Current
Sink

The current sink M, contributes to the noise of the first
stage

,2 s
l, = 2

=i + 2. 19)

Using the definition of the equivalent noise voltage for M,

in A%
en = PRI - (20)
and M,
e Y "
. enr g(’, \/I-E (
one gets for the total equivalent noise voltage e,
2 _ 2 8c ’ 2 v?

e, = ey + LI] € . (22)

The ratio g./g, is the voltage gain of the cascode section
M, and M,. It is trivial but very important to note that this
gain must be small.

III. THE Noise ELECTRON DENSITY
A. Noise Electrons versus NED

In CCD'’s, it is a common practice to express the noise
performance as the number of equivalent noise electrons.
This figure of merit is determined by the square root of
the product of a noise level (spectral density) and an
equivalent noise bandwidth. A low figure can be obtained
in two ways: a low-noise level and a small equivalent
noise bandwidth. In optimizing for noise performance, it
is better to separate the two effects and use as a figure of
merit the noise electron density. The equivalent noise
bandwidth is determined by signal processing, and the
noise electron density is determined by the sensor. To-
gether with the cross-over frequency between the 1/f
noise and the thermal noise (f,) of the on-chip amplifier,
the noise performance is fully and unequivocally deter-
mined. In the case of the equivalent number of noise elec-
trons, one always has the problem of how to incorporate
the contribution of the 1 /f noise.

One usually expresses the noise level as an equivalent
noise voltage in volts per the square root of hertz or noise
current in amperes per square root of hertz. These units
squared are called the voltage spectral density (given as
square volts per hertz) and the current spectral density
(given as square amperes per hertz). In the case of the
sensor with its electrons (charge) as the signal, it is more
appropriate to express the noise in square electrons per
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hertz for which we propose the name noise electron den-
sity (NED). This value can be given in two states: the
reset FET on-state and the off-state. Of course the value
in the off-state must be given because this is the state in
which charge is dumped on the detection node. This is
also the state in which the signal processor suppresses re-
set noise and 1/f noise [2], [4]-[8] and amplifies the
charge signal. ,

Using (3) for the sensitivity with the charge (Q) equal
to the unit charge @ = ¢ and using (8) and (17), the
expression for the NED becomes

ACT [
i <[40 (),

(23)

This equation also includes 1 /f noise since it is valid for
every frequency.

Already, one can state that it is a necessity for a noise
optimum that the MOS transistor channel-independent ca-
pacitances contained in C, are as small as possible. Fur-
thermore, the gain Ao of the first stage does not appear
in the formula. Neither does the sense capacitance Cy,.

Expression (23) can be generalized to be true for every
capacitive detection node (Fig. 3(a)) when the following
conditions are fulfilled:

® the noise of the detection-node MOS-transistor is
dominant, and

¢ the only high ohmic node in the charge-detection
system during charge sensing is the gate of the de-
tection-node MOS transistor.

Now one can show that the NED is proportional to the
sum of all the capacitances connected to this gate multi-
plied by the intrinsic noise properties of the detection-
node MOS transistor (e,).

Proof: The current noise source (i,) across the MOS
transistor source and drain can be shifted towards the gate
by the use of ¢, = i, /g, (Fig. 3(b)). After application of
the Blakesly transformation:

‘‘a single voltage source in one branch may be shifted
through a node by removing the voltage source from
that branch and adding it to every other branch con-
nected to that node’’ (Fig. 4(a)) ‘‘a single current source
between two nodes can be split up into two current
sources in series and the middle point can be connected
to an arbitrary third node’’ (Fig. 4(b))

and the Norton-Thevenin transformation to change a volt-
age source into an equivalent current source or visa versa
(Fig. 4(c)) the detection-node is represented Fig. 3(c) with
its capacitances (C;) and two injecting current sources,
one of which is the charge (jwQ) and the other the noise
current (jwC, e,). With the total capacitance as

N
q=§q (24)

No attention has been paid to the effect of the noise cur-
rents at the other points of the respective capacitors C;
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Fig. 3. (a) A general scheme of a capacitive detection-node with an MOS
transistor as the first stage in the charge convertor (M, ). The charge dumped
on the detection node is represented by a current source Jw@. (b) As in (a),
but now the small-signal equivalent diagram is drawn with the noise current
i, of the detection-node MOS transistor transformed into an equivalent noise
voltage e,. The capacitances C,, C, up to Cy are the capacitances that are
physically connected to the detection node. The transconductance of the
MOS transistor M, is g,. (c) As in (b) with the equivalent noise voltage
(e,) of the detection-node MOS transistor transformed using the rules for
shifting a voltage source through a node, a transformation of a voltage
source into a current source, and splitting a current source into two equal
ones. After neglecting the contribution of the current sources at the low
ohmic part of the system, the result is a current noise source at the detection
node itself.

because of the realistic condition that the detection node
was the only high ohmic node in the system in the reset
FET off-state.

B. After Signal Processing

Depending on the camera system one wants to mini-
mize the noise in a bandwidth (B) of S MHz (PAL), 4.2
MHz (NTSC), or 30 MHz (HDTV). In general, the
on-chip amplifier noise spectrum contains a 1 /f portion.
Many CCD signal processors suppress the 1 /f noise and
the reset noise [2], [4]-[8]. One can show [7] that the
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Fig. 4. (a) Represents the Blakesly transformation of a single voltage
source (¢) in one branch through a node into the remaining branches. (b)
Is the transformation of a current source (i) between two nodés into two
curreni sources between those two nodes and a third one. (c) Is the Norton-
Thevenin transformation of a voltage source into an equivalent current
source.

number of noise electrons squared due to thermal noise
after signal processing in a bandwidth (B) can be written
as the product of bandwidth B, the NED before signal
processing, and a noise increasing factor (M ) due to sig-
nal processing

NZ%,, = (M) B NED ¢ (25)

where B is the bandwidth in which one measures the noise.
(M) is a multiplication factor' that gives the average in-
crease of noise due to processing when a white noise
source is used as input to the signal processing; it is a
figure of merit for the ideal signal processor.

(M) and B are signal processing dependent and the
NED depends on the CCD-sensor only. Therefore, in the

'With a rather straightforward calculation one can show that, for the
correlated double sampler and the correlated clamp sample, the factor (M )
equals

2
5| sin <7r I)
(M)_4B,,S s Ly
AR /| B
A
A
with B, the noise bandwidth at the sampler and/or clamp, f; the clock,

frequency at the output of the signal processing, and B the bandwidth in
which one measures the noise after signal processing.
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case of thermal noise only, any noise minimum stays a
minimum no matter what signal processor one uses.

In the case where 1/f noise is also present, one can
show [7] that (25) is still valid except that the NED must
now be given at a frequency near the clock frequency with
which the reset FET is switched. The reason for this is
rather simple: A minimum condition for suppressing 1 /f
noise and reset noise is that the signal processing has a
gain equal to zero for f = 0 Hz. The first gain peak of the
processing must be near the reset FET clock frequency
and there the noise will also peak.

IV. MoDEL FOR NOISE OPTIMIZATION
A. The Noise Electron Density for Thermal Noise

The model outlined in this paper is also valid for float-
ing-gate detection nodes, and even for every type of ca-
pacitive detection node. The number of noise electrons
after signal processing is only determined by the thermal
noise when the turnover frequency between the 1/f noise
and the thermal noise of the on-chip amplifier is far below
the reset FET clock frequency [4], [7]. This is the case
with the measurements outlined in Section V.

In Section III, a general expression for the NED was
derived in (23). In the case of thermal noise only, one
arrives at a simple expression. Using the simple saturated
MOS transistor model for the equivalent noise voltage [13]
of the detection-node MOS transistor M, and the current
sink MOS transistor M,

\,2
,,] = 4kTg— HZ (26)
1
and
V2
el = 4kTg3 o 1)

The constant « is 2 /3 for the ideal MOS transistor with-
out back-bias effect. With back-bias effect [13]-[15], it
becomes 2/3 - (1 + g,/g) with g the transconductance
from the gate to the source and g, the back-bias transcon-
ductance from the back bias to the source. At short chan-
nel lengths the electron temperature [16] increases and

2 1+ 8\ T,

o=z — )=

3 g) T

with T, the electron temperature and T the lattice temper-
ature.

Substituting the equivalent noise voltage of follower

M, (26) and sink M.(27) into (22) and equating (23), one
arrives at the expression for the NED as

4kT & 2
-1 Ejaraf
81 & q
The two terms between brackets represent the relative
contribution to the thermal noise by the current sink (M,):

1:gc/gl-

(28)

NED 9)
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B. The Total Capacitance C,

Changing the dimensions of a detection-node MOS
transistor at the silicon level changes the total capacitance
C,. The components of C, are proportional to:

® the area (W, - L,) such as the MOS transistor chan-
nel capacitance (C,;),

¢ the length L, in the overlap of the gate on the inactive
area (Cy 0),

* the width W, in the underdiffusion of the drain and
source regions (C,, , + Cpy ), and

* a fixed part such as wiring, stray capacitances, and
floating diffusion (Cyeq)-

C’ = CES + Cgvo + Cgs.u + Cdu + Cﬁxed

= AW,L, + BL, + CW, + D. (30)

A, B, C, and D are proportional constants that are deter-
mined by layout. With measurements on actual structures,
one can fit these parameters. Based on this formula, one
can define a typical channel width W; to be used in nor-
malizing the channel width W, for optimization.

BL, + D
AL, + C’

The capacitances C; and C, can be determined from direct
measurements of ©, and 4,, and Cy,

Wr = G

Cu
C2=_(‘9 -1

(32)
Ao

and

Cu
G =——[04 - D + 1] (33)
Ao
After calculation of these values, it is possible to locate
and reduce parasitic capacitances; how this was done in
our sensors to improve the noise performance is beyond

the scope of this paper.

C. Minimum NED

Due to the fact that a current sink is used to bias the
source follower M,, the optimization must be carried out
with respect to the bias current / (not the gate-to-source
voltage) and two parameters that determine the dimen-
sions of the follower such as the channel width W, and
the channel length L,. The transconductance in the simple
saturated MOS transistor model [17] is written as

ZKKI

gl_,v Ll

W,
g = [2K—1

L (34)

Substituting C, (30) and 4] (34) in (29), the expression for
the NED becomes
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akT ’Wc L, L,
NED = o 14+ |——1" |—
\/2KI{ L WJ W)

) [AW,L1 + BL, + CW, + D
q

The trivial part of the optimum is given by the smallest
channel length L, (process determined) and highest bias
current /. The optimum value of the channel width W, is
determined by the value of W, for which the first deriva-
tive of NED with respect to W, is zero.

After using Wy as a normalizing width (w .= W, /W7y),
the optimum width is the solution of

0= Vw@w — 1) + 28w — 1). (36)

The parameter 3 accounts for the influence of the current

sink MOS transistor
o WL
Lr WT

with W, and L., the channel width and length of M, re-

2
] . (35

(37

spectively.
Two special cases can be considered: 8 = 0 and
B = oo. The first case has as optimum channel width

W, = Wr/3 and the second W, = Wy. One can show by
inspection of (36) that the optimum channel width will
always be between W;/3 and W;. The solution for the
optimal channel width as a function of 8 (36) is given in
Fig. 5 (W/Wy branch). The optimum width is always be-
tween W, = W;/3 (noise of follower M; >> noise of
sink M_.) and W, W, (noise of M, << noise of M,)
depending on the contribution of M, to the noise. Fig. 5
also shows the relative contribution (29) of M_.’s noise
(g./ & branch) with respect to the noise of the source fol-
lower M,. At a value of 3 = 1, the current sink M. con-
tributes even more than the source follower M, itself. Of
course, one should try to keep 3 as small as possible.

Optimum Signal-to-Noise Ratio: For a good signal-to-
noise ratio, the NED must be as small as possible:

1) Make all the detection-node MOS-transistor (M,)
independent capacitances as small as possible.
Make the length (L, ) of the MOS transistor channel
as small as is practically possible.

Determine the constants in the scaling rules for C,,
such as 4, B, C, D.

Give the channel width (W) of the MOS transistor
its optimum value (Fig. 5). The W, /L, of the first
MOS transistor is now determined.

Make the bias current (/) as large as is practically
possible and g./g, as small as possible by choosing
the gate-to-source bias voltage of the current sink as
high as possible.

2)
3)

4)

5)

The practical length is determined by hot-electron effects
and channel shortening. At short channel lengths, the gain
(Ay9) decreases and the contribution of other stages to the
noise may not be neglected ahy more.
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Fig. 5. The optimum channel width W of the detection-node MOS transis-
tor as a fu\r}g_tﬁ)_q_(m_garameter that describes the effect of the current
sink 8 = VW_.L,/(L.W;). The optimum width W is normalized with the
typical width w = W/W;. Also shown is the relative noise contribution of
the currént sink (g./g, ) as a function of (8) when the detection-node MOS
transistor has its optimum channel width.

In the case where the parasitics such as under-diffusion
capacitance and overlap capacitance are negligible a sim-
ple interpretation of the optimum is possible. The opti-
mum value of the gate-to-source capacitance of the detec-
tion-node MOS transistor will always be between

= C,

gs = Cﬁxed'

3 Cirea (38)
The left-hand side is an equality value when the noise
contribution of the current source is negligible and the
right-hand side when the noise of the current source dom-
inates. Recalling that for a saturated MOS transistor the
gate to source capacitance equals

_ 2
Cgs_icg

the inequality can be written as

<

%Cﬁxed = Cg = %Cﬁxed'

In a well designed on-chip amplifier, the noise contribu-
tion of the current source will be small, and the optimal
gate capacitance is therefore about half the value of all

the fixed capacitance.

D. Sensitivity of the Optimum with Respect to the
Parameters W, L, and 1

Evaluating (35) as a function of W, / Wp» One can show
that by choosing the actual width W, between W, /2 and
2 - W, the noise performance only deteriorates by 0.5 dB,
see Fig. 6. The thermal noise decreases with increasing
current /. The largest gain can be made by externally in-
creasing the gate-to-source voltage of the current MOS
transistor M.. The other possibility is to increase the
W./L, of the current MOS transistor and to connect the
gate to the source (bulk MOS transistor). Now an increase
of bias current I results in a decrease of noise, but this
effect is counteracted due to the increased thermal noise
contribution of the current sink. Finally, the thermal noise
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NED(W)
NED(Wopr)

Wopt

Fig. 6. The predicted relative change in noise electron density as a func-
tion of deviations from the optimum value of the channel width W, of the

detection-node MOS transistor. The horizontal axis is W,/ Wp. In both

cases the relative change in the noise electron density is very small even
when the change in channel width is large.

decreases with decreasing channel length L, for as long
as the hot-electron region is not reached and the channel
length shortening is not too large.

V. EXPERIMENTAL VERIFICATION OF THE MODEL

In a test chip a number of two-stage on-chip amplifiers
(Fig. 1) with a CCD delay line were designed with dif-
ferent W/L for the detection-node MOS transistor M,. The
gate of the current sink was separately connected to a
bonding pad to control the bias current (/) of the current
MOS transistor M. and source follower M,. It also serves
as a signal injection point to measure the bandwidth in the
reset FET on- and off-states and the sensitivity improve-
ment factor O,,.

A. The Total Capacitance of the Detection-Node

The total capacitance is given by rearranging (8) C, =
0, Cy. To obtain the total capacitance C, the following
measurements had to be performed:

1) The sensitivity (in microvolts per electron) and the
gain from floating diffusion to the output was mea-
sured, and from this the effective sense capacitance
Cy; was calculated.

2) The sensitivity improvement factor ©, was mea-
sured in two steps using the gate of the current
sink M, as an injection point and measuring the gain
from the gate to the output in the reset FET off-state
and in the on-state and dividing them:
0, = Gain(off) /Gain(on) (see (16) and (17)).

Fig. 7 shows the effective sense capacitance Cy, as a
function of the effective channel width W, and the channel
length L; as a parameter. The total capacitance C, as a
function of these same parameters is shown in Fig. 8. Re-
calling (30) and attributing the different coefficients to the
layout, one gets

C,:A'Wl'L1+B'L|+C‘W]+D
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Fig. 7. The effective sensing capacitance Cy, at the input of the detection
node as a function of channel width W, and with the channel length L, as
a parameter. The solid lines are fits, and the dots are measurements.
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Fig. 8. The total capacitance of the detection node C, as a function of
channel width W, and with the channel length L, as a parameter. The solid
lines are fits, and the dots are measurements.

where A is mainly determined by the MOS-transistor
channel capacitance, B is the overlap with the inactive
area, C is the underdiffusion of both the drain and source
regions, and D is the wiring, stray, and floating diffusion.
The straight lines fit into the measurements in Fig. 8:

C,=0.12 W, L +058 L, +027 - W, + 29 [{F]

with L, and W, in micrometers. The scaling rules for the
capacitance can be measured quite well with this proce-
dure, by calculating C, and C, separately with (32) and
(33). It was possible to establish parasitic capacitances
that could be reduced considerably, giving improved noise
performance. ’

B. The 3-dB Bandwidth

Measurement on an older type of on-chip amplifier is
shown in Fig. 9. It reveals the decreased bandwidth and
the increased voltage gain between the gate of the current
sink (M,) and the output in the off-state. In a sensor, the
bandwidth in the reset FET on-state can easily be mea-
sured by injecting a small signal at the reset drain. In the
off-state one could use the output gate (the blocking bar-
rier gate between the horizontal CCD channel and the de-
tection node) to capacitively inject a signal at the input of
the on-chip amplifier.

The decrease of bandwidth as predicted in (15) and (18)
will in practice be smaller than 6, due to the fact that the
second stage also limits the bandwidth. The sensitivity
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Fig. 9. Measurement of the gain from the gate of the current sink MOS
transistor to the output of the on-chip amplifier as a function of frequency.
The top curve is measured in the reset FET off-state and the bottom in the
reset FET on-state. The markers show the 3-dB cutoff frequencies.
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Fig. 10. The ratio between the 3-dB frequencies in the on-state and the
off-state F;(on) /F3 (off ) as a function of 8,,. The solid lines show the upper
bound (©,) and the lower bound (1) as a function of ©,. The dots represent
the measurements.

improvement factor ©,, is therefore an upper bound for the
decrease in bandwidth. A lower bound for the ratio
F;(on) /F5(off) is one.

In Fig. 10 the ratio F;(on)/F;(off) is plotted against
©,. As is clear, the ratio stays within the upper bound
given by ©, and the lower bound of one.

C. The Optimum Value of the Channel Width

In Fig. 11 a typical static noise measurement is shown
of the 1 /fand thermal noise in the reset FET on-state and
in the reset FET off-state. Notice the increase of the noise
in the reset FET off-state. The increase is less than O, due
to the fact that the thermal noise of the reset FET channel
increases the thermal noise in the reset FET on-state.

From the measured scaling rules for the total capaci-
tance C,, the typical width Wy given in (31) and the nor-
malized parameter § for the current sink M. in (37) are
calculated.

AtL, =32 pum, Wy =47 ym, 8 = 0.17, and w = 0.43.
AtL, = 8.7 ym, Wy = 26 um, 8 = 0.38, and w = 0.51.
The solution of (36) for the optimum width w is also

given in the last column. The corresponding respective
optimum channel widths are W, = 20 and 13 um.
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Fig. 11. A noise measurement on a test module. The upper trace is the
noise in the reset FET off-state, and the lower trace in the on-state.
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Fig. 12. The noise electron density of the thermal noise as a function of
the channel width W, and with the channel length L, as a parameter. The
bias current is 100 pA. The dots are measurements, and the dotted lines
are predictions.

A smaller optimum when the channel length is larger
seems odd. But in fact, the optimum states that the gate
capacitance of the detection-node MOS transistor should
equal a given value (see (38)). Therefore, an increasing
channel length results in a smaller optimum channel
width. )

In Fig. 12 the NED is shown as a function of the chan-
nel width W, and with the length L, as a parameter. The
weak dependence on the width, as predicted, is clearly
seen. This is similar to the smaller optimum width at a
longer channel length.

In Fig. 13 the NED as a function of bias current 7 for
one of the samples is given and the 1/ Vi dependence is
obvious, as predicted.

After a correlated clamp sample, the noise electrons
were measured in a bandwidth of 5 — 0.2 = 4.8 MHz.
The on-chip amplifiers are used at a clock frequency of
5 MHz. The 1/f comer frequency is well below this fre-
quency (F, < 0.5 MHz) and the thermal noise approach
is valid. The noise electrons as a function of channel width
W, with the gate-to-source bias voltage of the current sink
(VG,) as a parameter are shown in Fig. 14. (Changing the
gate-to-source voltage VG, changes the bias current I.)
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Fig. 13. The noise electron density of the thermal noise as a function of
the bias current / of one of the test modules. The dots represent measure-
ments, and the solid line is the predicted bias current dependence (1/ VD).
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Fig. 14. The noise electrons after correlated clamp sample as a function
of source follower channel width W, and with the gate-to-source voltage
of the current sink as parameter. The channel length is L, = 3.2 um. The
dots are measurements, and the solid lines are predictions.

After signal processing, the same soft minimum behavior
is seen as in the NED (see Fig. 12).

VI. CONCLUSION

With the aid of specially designed test modules it is
possible to measure the scaling rules for the total capaci-
tance C, and, together with Cy; and 4,4, determine the ca-
pacitance between the gate and ground C, and the capac-
itance between the gate and the source of the detection-
node MOS transistor C,. These are used to logate possible
parts in the design that could be improved. The underdif-
fusion can be determined just as the MOS transistor chan-
nel capacitance and overlap capacitance.

It is proven that the thermal noise optimum has a weak
dependence on the channel width of the source follower
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MOS transistor near its optimum value. It depends more
strongly on bias current and channel length. With the sim-
ple MOS transistor model, it was possible to calculate the
optimum value of the channel width, which is in good
agreement with measurements.

It was shown that the bandwidth in reset FET off-state
is smaller than in the on-state. The fall time of the sensor
output signal is shown to be larger than the rise time. Fur-
thermore, the value for the sensor bandwidth has been
shown to be too optimistic when measured by injection at
the reset drain. The same applies to the noise in this state.
The sensitivity improvement factor ©, = C,/Cy, is of ex-
treme importance.

It is also proven that the NED (in square electrons per
hertz) is a natural noise quantity for charge detection
nodes, as in CCD sensors. The NED depends on the prod-
uct of the equivalent gate noise voltage of the first stage
and the total capacitance connected to the floating diffu-
sion, and this is valid for every type of capacitive charge
detection node. The NED and therefore the noise elec-
trons do not depend on the gain of the on-chip amplifier
and are not directly related to the sensitivity. Therefore,
the design strategy should be to minimize the total capac-
itance even when the improvement in sensitivity is low.
Attention must be focused on the total capacitance. The
noise optimum for the on-chip amplifier does not depend
on the signal processor that is used. The sensor deter-
mines the NED, and the signal processor determines the
equivalent noise bandwidth, which determines processing
performance.

With respect to the noise optimum, the channel length
of the detection-node MOS transistor should be as small
and the bias current should be as large as is practically
possible. The channel width should be given its optimal
value as established by the scaling rules. The current sink
should have a small W/L, and its gate-to-source bias volt-
age must be as large as possible.
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