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SECTION I
INTRODUCTION

The objective of the program executed under Contract No. NO0173-76-C-0237
is the design, fabrication, and testing of a silicon signal processor chip
that is intended for on-focal plane operation with an intrinsic InSb charge
injection device infrared detector array. The combined use of these technologies
results in a realization of the focal plane array concept developed by Milton
and Hess.' The silicon processor chip provides preamplification, correlated
double sampling, time delay and integration, dc restoration, and output multi-
plexing for 24 channels from a single 16 x 24 element InSb detector array. The
development of this integrated circuit represents an important step in the over-

all development of true second-generation tactical FLIR systems.

The initial stages of this program focussed on a detailed examination of
processor requirements based on projected detector array performance and assumed
prototype FLIR system specifications. The components of the processor circuit
were individually analyzed and designed. This ''building block'' approach allowed
optimization of each component, thereby lowering overall technical risk at the
expense of a moderate level of circuit redundancy. The processor chip was
fabricated using a double-level, self-aligned polysilicon gate CCD/NMOS process
that was developed at Texas Instruments and has been successfully employed in

a number of device analog signal processing applications.

Evaluation of the component test structures included with the processor
chip indicated a number of problem areas associated with low temperature operation
of the NMOS circuits and poor charge transfer efficiency in two of the charge
transfer structures. Based on these test results, the components were redesigned
and the test structures were modified to allow more detailed evaluation. Test
results from the redesigned chip have illuminated two key problem areas that
were not previously observed. Freeze-out effects in depletion load transistors
have been observed at 77 K and are responsible for severe degradation of pre-

amplifier performance. To our knowledge, this is the first time these effects




have been observed in MOS transistors, and they constitute a limitation to the

application of standard analog MOS techniques at cryogenic temperatures. The
second problem area involves an oversight in the analysis of noise sources in
the charge transfer structures. It is concluded, however, that low risk

alternatives exist for each of these problem areas.

Section II of this report describes the prototype system requirements and
the resulting processor architecture. Following sections include design and
test details for each of the processor chips, discussion of key problem areas,
and proposed solutions.

T
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SECTION 11
PROCESSOR REQUIREMENTS

: This section describes the derivation of the performance goals for the

i signal processor chip from the prototype FLIR system specifications and the

% electrical parameters of the InSb detector array. For the purpose of the signal
processor technoloay development, a prototype system was assumed to be a horizon-
tally scanned 525-1ine TV-compatible FLIR. A complete list of the prototype
system specifications appears in Table 1. This paper system includes time-
delay-and-integration (TDI) signal processing with 16 elements in the scan

direction to provide approximately 12 dB improvement in the signal-to-noise
ratio.

The prototype focal plane array (FPA) consists of ten 16 x 24 element InSb

F detector arrays with an associated signal processor chip for each array. To

preserve horizontal MTF, the detectors are sampled 2% times per dwell. Detector
spacing is adjusted to provide 3:1 interleave for TDI. The detector sampling
rate is obtained from

¥ - (number samples/dwell) (number horizontal resolution elements)
s (scan efficiency) (field time)

A
" (°f7 L,’?°o - 92.57 kHz .

The detector integration time is the reciprocal of the sampling rate,

% . . = 9 i .

v Tint 10.8 us, and the dwell time is Tdwell 23 T it 24,3 us. The maximum
signal frequency is fmax = 0'8/¢dwel| = 32.9 kHz. Detector operation requires
a focal plane temperature of 77 K, and use with standard cryogenic coolers

limits the total on-focal plane power dissipation to 1 W.

The use of CCD/NMOS technology for the silicon signal processor chip

appears optimal for the following reasons: (1) the operation of NMOS circuitry




Table |

Prototype FLIR System Specifications

Scan:

Display Compatibility:

Dwell Time:

Samples/Dwell:

Background Flux:

Focal Plane Temperature:

Power Dissipation on Focal Plane:

Detectors:

Horizontal Unidirectional
70% Scan Efficiency

525-Line TV, 2:1 Interlace, 4/3
Aspect Ratio (480 res. elements
in scan, 360 res. elements in
cross-scan)

24.3 pus

2%

5 x lo‘“ Photons/s - cm2

77 K

1 W (max)

10 - 16 x 24 InSb CID Arrays

Active Area: & mils> (2.58 x 107° cmz)
Quantum Efficiency: 50%

8 F/cmZ

Read Line Voltage: -6 to -8 V, nom

Insulator Capacitance: 3 x 10

Injection Pulse: +3 V, 85 ns duration
Reset Pulse Duration: 50 ns

R e T e 2 g, 2




is enhanced at low temperatures,2 whereas that of bipolar circuitry is typically
degraded3; (2) the TDI and multiplexer functions are conveniently implemented
with CCDs; (3) CID control and signal sensing are facilitated using NMOS

amplifier circuits that exhibit extremely high input impedances.

The CID array is a self-multiplexed structure, thus all 16 detectors in the

TDI column must be read out in Tin This results in a sampling rate of 1.48 MHz

at each signal processor input ter;inal. Background-1imited detector performance
(BLIP) requires that fluctuations of the output signal be limited to the shot
noise on the number of carriers in the detector charge packet generated by the
background radiation. To achieve BLIP, all other noise sources in the processor
circuit, when added in quadrature, must result in a noise component that is
smaller than the shot noise component determined from the variance on the charge
packet, {02) = TbB Tint Ad where T is the quantum efficiency of the detector,

dg is the background photon flux in photons/s - cm2 and Aq is the active (i.e.,
imaging) area of each detector cell.

Based on the data of Table 1, the shot noise component in rms carriers is
N, = (o2Y% = 264 carriers. Note that N is based only on system requirements and
detector specifications and will be used to evaluate processor performance re-

quirements in a later section.

Based on the prototype system specifications, the signal processor chip is
configured to provide the necessary preamplification, TDI processing and mul-
tiplexing for 24 detector channels from each CID array. The block diagram in
Figure 1 illustrates the components included in each processor channel. This
is a fully parallel implementation of the series-parallel scan FPA concept
developed by Milton and Hess,‘ which results in a 24X decrease in preamplifier
bandwidth and CDS clock rates. The RESET switch and INJECTION PULSE coupling
capacitor are required for operation of the CID detector sense line. The low

noise preamplifier is an NMOS design with negative feedback employed for small

ST R e oo™




|suuey) 10ssd204d a|buts e jo weaberqg 3do|9 | 24nb14

diy)

diyy
40122130 Q19

g |

anding .
405532044 40SS3204d 1S <G — —
- as|nd
J493)31ng 2
andng “H“ uor3oafug
A3aM0| | 04 dweaud
-y RS 324n0g |_l
5 435169y 34 LuS
- $9309 439jsued]
3 F-- ‘4's [ieysibay 3| dues
= e 101 dure |9 H pmmmmH
= ,TnnxA“T||+H
< \ NG \
x e e e
A H ¥aa 3LNd4L) S@

i

3Ln241)
SS3aUApPY
aid

il i i e e A s e

e 0 e S 3221 TUE Jy o

i
1.




signal gain and dc operating point stabilization. Significant aspects of the
preamplifier design include: (1) low noise operation with the limited power
budget required for on-focal-plane applications, (2) sufficient bandwidth

and slew rate to allow settling of transients due to detector control pulses,
(3) sufficient linear range to accommodate typical NMOS threshold voltage varia-

tions.

The preamp is followed by a correlated double sampling (CDS) circuit2 that
suppresses kTC noise on the detector sense line and 1/f noise in the preamp.
The signal from the CDS circuit is applied to the input of a CCD TDI consisting
of a 16-stage charge transfer shift register that is connected to a L8-stage
CCD TDI register through parallel transfer gates. Charge in the TDI register
is advanced one stage each time the shift register is filled, thereby matching
the 3:1 interleave in the detectors. The ac couple/dc restore operation is
accomplished at the TDI output and the 24 channels are recombined in a charge

transfer output multiplexer.

Details of the design of each of the processor components are presented in
the following section.




SECTION III
PROCESSOR DESIGN

The processor circuit is composed of six individual circuits, as illustrated
in the block diagram in Figure 1: (1) detector sense line control, (2) pre-
amplifier, (3) CDS, (4) TDI, (5) ac couple/dc restore, and (6) output multiplexer.
The operation and design requirements of (1) through (3) are highly interrelated
and will be considered as a single functional unit to facilitate a discussion
of the design detadils. Similarly, discussion of the ac couple/dc restore and

multiplexer circuits will be combined.
In this section the operational details of each circuit are described, and
the resulting design parameters and circuit configurations are presented. Unless

otherwise specified, all calculations assume a 77 K ambient temperature.

A. Signal Conditioning Circuit

Operation of the CID detector is depicted in Figure 2. During the integra-

tion time, , IR-generated carriers are stored in potential wells that are

T,
created in t;:tInSb substrate by means of external voltages applied to the address
line and sense line gates. The address line voltage is controlled by an external
read-out scan shift register (see Figure 1). The sense line, on the other hand,
is connected to the high impedance input of the preamplifier. To maintain control
of the sense line voltage (which would otherwise depend, among other things,

on the previous read operation and the amount of charge stored in all the cells
connected to it), the reset switch is closed briefly prior to each charge sensing
operation and reestablishes a reference level. Although the reset operation is
required for proper detector operation, it results in an additional noise source
at the preamplifier which is characterized by an uncertainty in the reference
level given by (kT/CT)é where, as before, Cr is the total sense line capacitance.
This voltage uncertainty can be expressed as a noise equivalent charge given by
neq = (kTCT)é/q. Assuming an approximate value for CT (10 pF), this results in

an neq of 650 carriers, Zﬁ times larger than the shot noise component, Nn’ calcu-

lated in the previous section. Thus, in order to achieve BLIP, the reset noise
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component must be eliminated. This is accomplished using the CDS technique,
in which a double sampling circuit is operated synchronously with the detector

control circuit.

The detector operating sequence depicted in Figure 2 represents the most
straightforward of a number of possible sequences. Prior to the line select
operation, the reset switch, T, is closed briefly, thereby resetting the sense

line voltage to the reference level V When a particular address line, An’

reset’
is selected by the read-out scan register (see Figure 1), the signal charge, Q,
integrated under the address line gate is transferred into the potential well

beneath the sense line gate. This causes a change in the signal line voltage,

which is given by (assuming hole transfer):

et S Sisk :
SLT ™ Cpgp Crse * & (Cpgp * Cpst)
where CISL = sense line gate insulator capacitance,
CDSL = sense line gate depletion capacitance,
CT' = effective sense line capacitance

=C.-C

T = CrsL Cpsy/ (€

st * Cosi)-

Shortly thereafter, an injection pulse is ac-coupled through cinj’ which
collapses the potential well and causes Qs = QI + Q2 to be injected into the
substrate. Assuming complete charge injection, the sense line voltage changes by

- Q, G

7
+ CT (c

BVg12 = T

psL C1sL st ¥ Cosu)

Note that the total excursion of the sense line voltage between select and inject

operations is

Q. C
si ISL
AVe, = AV - AV =____._S_,7_—5.
st st SLZ -~ Cpgp Cysp * Op (Cpgp *+ Cpgy

10
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thus, sensing the entire detector signal requires forming the difference between
two samples, one acquired following the select operation and one following the

injection operation.

Correlated double sampling is used to remove the noise component associated
with the reset operation on the CID sense line and, in addition, performs the
sample-differencing operation discussed above. Figure 2 shows the timing of

the clamp and sample pulses relative to the select and inject pulses.

is opened the input mode is characterized by a time constant given

When TI
10

] 12 1) : . .
by Roff CT’ where Roff is the '"'off' resistance of Tl and is typically > 10 = ohms.

The reset noise will, therefore, be correlated between any samples taken between

reset operations.

If the clamp operation is performed between select and inject operation,
it will result in a voltage stored on Cc, which is approximately

v = AI(VR + SVR + AV

-l vclamp SLI) ’

c

where SVR is the uncertainty due to the reset. If the output of buffer stage
A2 is sampled following the inject operation and prior to the next reset, the

resulting voltage stored on CSH will be proportional to

v

- : ’
c AI(VR + SvR + AVSLI) + AI(VR + SvR + AVSLZ)

=V
SH clamp
where

sv,’” = sv

A R exp[~ (e, = t3)/Roff cT]

Thus, the difference AVSLZ - AVSLI is obtained and the reset noise is
approximately cancelled. The observed noise level, referred to the preamplifier

input, is given by

r
i
i
b
§
|
i
i




il i

% (t5 - tg) 3
W (:—:) {2 (l i [- Roff Cr ])} !

which approaches zero for t5 - t3 << Roff CT. Note that if the time between
clamp and sample is too long compared to Roff CT, the correlation of the noise

decreases, and the input referred noise can actually increase.

The value of the injection capacitor Cinj must be sufficiently large to
allow modest requirements for the injection pulse amplitude, which is capacitively
divided between Cinj and the input node capacitance due to the detector signal
line and the preamplifier input capacitance. On the other hand, large values of
cinj
and a lower input referred noise requirement in the preamplifier to achieve

cause increased loading of the input node resulting is signal attenuation

BLIP. Projected detector parameters indicate the maximum capacitance (all wells
full) of the detector signal line will be Cs, = 6 pF, based on an insulator
capacitance of 3 x 10'8 F/cmzl The preamplifier input capacitance is predicted
to be in the 2 to 3 pF range, resulting in a worst-case input node capacitance
of 8 to 9 pF exclusive of the injection capacitor. Proper operation of the
detectors requires a 3 V injection pulse amplitude on the input node. Use of

a 3 pF injection capacitor results in an injection pulse amplitude requirement
of 12 V on the injection pulse bus line and a total input node capacitance (CT)

of 11 to 12 pF.

Selection of design parameters for the RESET switch transistor involves
similar considerations. The W/L ratio must be sufficiently large to allow
completion of the reset operation in the required interval (50 ns) and with
realistic control pulse amplitudes. However, the gate-source capacitance adds
directly to the total input node capacitance, CT’ and a minimum gate width
is desirable. If it is assumed that the reset operation occurs prior to line
select, and further that the injection process is complete (all integrated charge

recombines), then the reset operation is required to correct for changes in the

12




signal line potential due to injection of the charge integrated under the signal
line electrode. If the address line and signal line electrodes have the same
area, the signal line potential will change by half the signal voltage. The
maximum signal voltage corresponds to a ''full well' under the signal line
electrode, and the maximum signal charge is Qmax = Vinj CSL" where CSL is

the capacitance of one signal line electrode. The maximum drain-source vcltage
on the RESET transistor prior to the reset operation is approximately V

DS
'/2 Cr !’ or about 50 mV for the parameters assumed above.

1 nj SL
An incomplete reset operation results in crosstalk between adjacent samples.

Assuming that less than 1% crosstalk is desirable, the W/L ratio of the RESET
switch transistor can be determined. Since the drain-source voltage will be
much smaller than the applied gate-source voltage, the device is assumed to
operate in the triode region and is modelled as a resistor having a value
l/GDs, where Gp. = K (w/L)(VGS - VT), and K is a processing constant equal to
1.4 x 10-5 for short channel (W = 0.3 mil) devices fabricated at Texas Instruments.
A 1% accuracy requires a reset interval of 4.6 times the effective RC time
constant of the input node, which is simply CT/GDS' For CT = 12 pF and a 50 ns

is approximately 1.1 mmho. Assuming V.. - V

reset interval the required G GS T

DS
= 5 V, the resulting W/L ratio for the reset switch is about 16.

The gate-source capacitance of this device adds approximately 0.5 pF to CT.
Note that this capacitance also results in coupling of the reset control pulse
waveform to the sense line. The amplitude of this spurious signal is

/(C + CT), where V__ is the reset pulse amplitude.

RP GS RP

The low noise NMOS preamplifier is the most critical component on the
signal processor chip and presents the highest risk. The use of NMOS technology
in this application is deemed optimum for a number of reasons. Silicon NMOS
circuitry is a natural candidate for direct interface with the InSb MIS detectors.
Bipolar technology requires a static bias current supply that would be difficult
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to provide without seriously compromising detector performance. In addition,

whereas bipolar device performance (including junction FETs) is typically

degraded

at cryogenic temperatures, all aspects of MOS device performance

are enhanced.

The

in order

(1)
(2)
(3)
(%)
(5)
(6)
(7)
(8)
(9)

key considerations in the design of the preamplifier are listed below

of their importance to achieving the desired system performance:

Noise performance

Power dissipation

Bandwidth

Slew rate

Insensitivity to 100 mV threshold variations

Gain

Input capacitance
Output impedance
Required Si area.

Of these, only the first two are dictated directly by system requirements.

The remaining parameters are interrelated among themselves as well as with the

parameters of the other circuits that comprise the signal conditioning circuit.

To achieve BLIP, the quadrature sum of all noise sources in the preamplifier

circuit, when referred to the input node, must be smaller than the equivalent

noise voltage due to the detector shot noise component an/cT (rms volts).

The

noise characteristics of the MOSFETs in the first stage of a preamplifier

normally dominate the noise performance of the entire circuit. The spectral

density of the noise equivalent voltage, e in a MOSFET can be separated into

two distinct regions of interest, as shown in Figure 3.
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The low frequency region is characterized by a spectral density function
proportional to f-I and is usually referred to as the 1/f region. The flat region

at higher frequencies is the white, thermal, or Johnson-noise region.
The white noise generated in MOSFETs is caused by random thermal motion of
the charge carriers in the conducting channel. The input referred noise density

is given by

ng = 8 kT/3 I Vz/Hz ;

where I is the transconductance of the device. When the transistor is operated

in the saturation region, this relation can be expressed as

ng = 8 k1/3 (k 1, WL}

where K is a processing constant. This can be expressed as an input referred %
rms noise voltage v by incorporating the preamplifier bandwidth:

% -3

_ (8 kT BW ( ) -

v, = (—3 ) 2K 15 W/L
The gate length, L, is constrained by photolithographic limitations, and

the preamplifier bandwidth, BW, is determined by the CDS circuit (to be discussed).

The only remaining parameters that affect Johnson noise performance are the

-

drain current, ID’ which directly influences power dissipation, and the gate
width, W, which affects the input capacitance and the required silicon area.

These considerations are discussed later in this section.

The low-frequency noise in the surface-channel MOSFET device is caused
mainly by random fluctuations of carriers in the fast-interface surface states
located at the oxide-semiconductor interface. Although a number of authors have
discussed the characteristics of surface-state noise in the MOSFET, no closed

16




form solution has yet been achieved, mainly because of difficulties in obtaining
a unique relation to the processing of the device. Possibly the most reasonable
explanation is based on the modification of a noise model originally introduced
by Mc\lhorter7 for the explanation of flicker or 1/f noise in bulk semiconductors.
This modification has been extensively evaluated by other investigators ’

under the assumption that the noise is caused by a random trapping of free
carriers in the fast-interface surface states. To provide the observed 1/f
frequency response, the trapping is postulated to occur via a tunneling mechanism.
This, then, results in the low frequency fluctuation in the channel current with

a (1 + wz 72)-1 dependence.

The generalized expression for low-frequency noise in MOS transistors is

N
. B SS
e = s FU..) '
n Cox af WL GS
where
i Cox = gate oxide capacitance/unit area,
3 Nss = surface state density/unit area,

and ¢ is a constant related to the statistics of the noise mechanism and depends

on-the particular model employed, although a typical value is approximately
] a = 80. The additional multiplicative factor F(VGS) accommodates the observed

dependence on gate voltage that exhibits a square root to linear dependence.

: The 1/f component generated in the preamplifier circuit is not expected to

. be problematic due to the effect of the CDS circuit, which substantially suppresses
the noise generated at frequencies below 1/At, where At is the interval between
clamp and sample operation. To understand this effect, consider the noise to be

an ensemble of independent sine wave of arbitrary frequency and phase and having
average amplitude v’ The input waveform is then

€n = %y sin(wt + ¢)

17 !
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! The response of the CDS circuit to a particular component w, is
@
eout(t) e z [sin(nons + @) - sin(nons - w At + ¢)] ;
N==c

where Ts is the inverse of the sample rate. The mean square value of eout(w)
is found by integrating eoutz(w) over all values of ¢ (0 to 2m). Thus,

e -jwt E
[eout(w)] = eav -Z-‘FT'J‘ ﬁ f eout(t) b dt -
rms (o) -0
% | sin wr /2
£ eav(' B s At) T'I'sﬁ_

@

z [6(w+w°+2—.?1 +5(w-w°+2—$7-!)]

S S
n=0

As cumbersome as this expression appears, it succinctly demonstrates two important
points regarding the effect of the CDS circuit on preamplifier noise. For 1/f

noise e, is of the form efr[fr/f]%, where ef_is the spot noise measured at a
reference frequency fr'. Assuming w, to be- small compared with the sample rate
Zn/Ts (thus with respect to 2m/At), [eout(wo)]rms is approximated by

%
[eOUt(wo)]ms ~ e, WAtA2 = efr(nfofrAt) 1

which vanishes as fo - 0.
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The second important point regards the infinite sum in the expression for
[eout]rms’ which describes the aliasing phenomenon due to the sampling operation.
If O is not limited to values less than ﬂ/Ts (the Nyquist 1imit), then images
fold over into the Nyquist interval 0 < w < N/Ts and cause an increase in the
rms noise power. These points are illustrated in Figure 4, which shows the
product of the CDS transfer function with the aliased noise spectrum for the

case At = Ts/2.

Thus, although 1/f noise is suppressed by the CDS circuit, the Johnson
noise component is typically increased due to aliasing. Ideally, one would like
to band-1imit the Johnson noise to the Nyquist frequency by limiting the pream-
plifier bandwidth. Although this approach eliminates all noise aliasing, it
would result in unacceptable signal attenuation because of the short response

times imposed by the detector read-out scheme. Assuming the preamplifier fre-

quency response is dominated by a single pole having an effective time constant

T, the rms input referred noise after amplification and CDS is given by
1 "'(t "t) &
-Skle) D el =2
Y% °n (7-!7/ 2[' b B :

where e is the input referred noise spectral density (VA/Hz) of the preamplifier.
From this equation it appears that increasing T (decreasing bandwidth) and/or
decreasing ts - t3 (thereby increasing the correlation between samples) is

desirable. -

However, as T increases, an increasing fraction of the reset noise remains
after clamping, thus reducing the noise reduction properties of the CDS circuit.
" In view of these limitations, it is suggested in the Iiterature]0 that the use
of three to four time constants between reset and clamp, as well as between
injection and sample, is optimal. In reality, however, it is anticipated that
these intervals will be dictated by recovery time (slew rate) limitations in

the preamplifier, which determine its response to the high level reset and
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inject pulse amplitudes that appear on the detector sense line. Assuming an
injection pulse duration of 85 ns and reset, clamp, and sample pulse duration
of 50 ns, the total remaining settling time is approximately 440 ns. This

requirement must be considered in the design of the preamplifier.

A low noise preamplifier having the configuration shown in Figure 5 was
previously designed and fabricated at Texas Instruments for use with a CCD
image buffer. Since a CDS circuit was not used in this application, buried
channel MOSFETs were employed to improve low frequency noise performance. This
device structure effectively moves the current flow away from the ''noisy"
semiconductor-oxide interface by using a very deep depletion implant. This type
of device is therefore characterized by large negative threshold voltages, and

its operation is very similar to that of a junction FET.

As mentioned previously, the surface channel mechanism is caused by surface
state trapping. In the buried channel MOSFET, however, the low frequency noise
mechanism can be related to bulk phenomena, since the conducting channel has
been moved away from the surface to the bulk region. More precisely, the low
frequency noise mechanism in the buried channel MOSFET can be associated with
generation-recombination (g-r) centers within the bulk. Although considerable
effort has been devoted to the theory of low frequency noise mechanisms in surface
channel MOSFETs, detailed theoretical considerations have not been completely

developed for low frequency buried channel devices.

The preamplifier design goals included a gain of 75 with an equivalent
Johnson noise component of 4 nV/A/Hz and a low frequency noise corner (low

frequency noise equal to Johnson noise) at 1 kHz. 1
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Figure 5 Buried Channel Low-Noise MOS Preamplifier
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Typical 1/f corner. frequencies for surface channel devices are in the range of
10 kHz to 1 MHz. This design employs two casaded buried channel inverter
stages with depletion-type active loads. A surface channel output buffer
drives the output load and provides series feedback to the first stage. The
input device, M2 is a large interdigitated buried channel structure with noise.
characteristics determining the overall preamplifier noise performance, since
significant gain occurs in the first stage. The device was designed to have a
theoretical white noise of 4 nV//Hz and a low frequency corner of 1 kHz with a
W/L ratio of 300 and ID of 1 mA. The load device of the first stage, M1, is
also a buried channel structure with the gate tied to the source, providing a
high series resistance typical of depletion load devices. The open loop of

this stage is approximately LO.

The second amplifier stage has a design noise of 6 nV//Hz; thus, when
referred to the input of the preamplifier, it is a negligible contributor to
the total noise. The second inverter gain stage, consisting of M3 with a W/L
ratio of 0.2 and Mk with a W/L ratio of 10, provides additional open loop gain
and, in conjunction with Cc, provides internal closed loop frequency compensation
and bandwidth control. The final stage of the preamplifier is a surface channel
source-follower stage that buffers the amplifier output stage for the output
load and feedback and reduces the power dissipation in the feedback network.
In addition to stabilizing the ac characteristics, the feedback arrangement also
stabilizes dc characteristics within the loop, which is particularly important
in terms of MOSFET threshold voltage variations. Critical bias voltages must
still be supplied at the gate of M2, and the Vss supply must be well regulated
and ''quiet.'" To achieve proper operation of the large W/L MOSFETs, substrate
bias must be applied. The design value of substrate voltage is -5.0 V.

The feedback resistors, Rf and Rs’ are implanted structures fabricated with

the buried channel ion implant. Sheet resistivities are on the order ot 5 kO/

square and provide adequate linearity for this application. The closed loop
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gain is dependent only on the ratio of these resistances, and absolute values
are noncritical if adequate bias can be maintained at the source of M2. A
computer-aided design dc analysis program showed linear operation over a 2 V

range at the output.

The measured noise characteristics of the preamplifier are shown in Figure 6.
The white noise component is somewhat larger than predicted, an effect that has
been identified with the interdigitated geometry of the input device.ll In
addition, the low frequency corner is considerably higher than predicted, and
this has been attributed mainly to the surface channel source-follower transistor
M5. Based on the experience obtained in the design and analysis of the buried
channel preamplifier configuration of Figure 5, a surface channel version of the

circuit was selected for use on the silicon processor chip.

The circuit diagram for the low noise preamplifier is shown in Figure 7,
which also shows the mcst important parasitic and compensation capacitances.
Note that the output signal is now taken directly from the second stage, thereby
eliminating gain degradation in the source-follower, which is employed only to
buffer the feedback circuit. Although load resistors are indicated in the figure
for the purpose of the ensuing calculations, it is assumed that depletion mode

transistors will be employed as load devices and for the feedback divider.

Using simplified circuit models for M1, M2, and M3 (i.e., ID =9, VGS)'
the low frequency small signal transfer function is given by
& At Av2
VeL 1 + & Avl sz Av3
where AVI’ sz, and Av3 are the open loop voltage gains for each stage given by:

Im1 Rs . ® Im3 Rf)
Avi = “9m R1.1/[' T e %m3 (Rg * RY) ] .0
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A = "9m2 Rz

A o 3 (Re + R))
V3= T+g (R + R)

and o is the feedback divider ratio g = Rs/(Rs + Rf). Assuming that the low
frequency open loop gain AVI sz is much larger than 1/g, the high frequency
transfer function is approximately

Avor (5)

ver®) = T7a

A
vrs (%)

AVOL(s) is the open loop gain and AVFB(S) is the gain in the feedback loop:

“9m1 (5 = 997Cc)

1 Ages (8} = —
: voL sc?(s + gmzlc*)

-o Rf Cf gm"(s - ng/cC)(s + I/Rfo)

A,.(s) =
L sC*(s + gmzlc*)

*

- ’ 3 . >
where C = CsH + CL + cchL/cC and Iy~ 1S the effective value of 9.1’ which
is reduced by the source-coupled feedback circuit

v ml ml 1+ gm3(Rf + Rs)

The small signal bandwidth of the preamplifier can be obtained by comparing

AVCL(S) with the low frequency value A obtained earlier. The stability of

vCL
the preamplifier circuit can be analyzed using the feedback transfer function

AVFB(S)’ which must satisfy

-TMc< !AVFB < m for AVFB > |
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In practice, the preceding equations are used in conjunction with dc device
models to perform a quick evaluation of gain, bandwidth, and stability for a
particular design. Complete characterization of the dc, ac, and transient
performance of a preamplifier design was accomplished using a computer simulation
program (SPICE). This program utilizes device models having parameters that are
experimentally determined using test transistors fabricated with the CCD/NMOS

process that will be employed for fabrication of the signal processor chip.

The resulting circuit configuration for the preamplifier is shown in
Figure 8, which indicates device W/L ratios, nominal node voltages, and branch
currents. Performance specifications as predicted by SPICE simulation are
listed in Table 2 along with those dictated by system requirements. The total
input capacitance, CT' is predicted to be approximately 11 pF (including strays),
resulting in an input referred noise voltage of 3.8 uv rms. The preamplifier
Johnson noise density requirement is then 1.9 nV/A/Hz, based on the 4.2 MHz
preamplifier bandwidth. The predicted noise performance listed in the table
is indicative of the result of the key trade-offs among noise performance,

power dissipation, and silicon area constraints.

The primary noise sources in the preamplifier are M2 and Rs' If the value
of Rs is decreased in an attempt to decrease its noise contribution, the drain
current in M3, and, therefore, the power dissipated, must increase in order to
maintain the output swing required to accommodate +100 mV threshold variations
in M2. Thus, in the final design Rs and M2 contribute equally to the overall

preamplifier noise performance.

The voltage gain of the first stage is 5.6 and results in an input capaci-
tance of 1.2 pF due to Miller multiplication of the gate-drain overlap capaci-
tance. The gate-source capacitance is negligible because of the source-coupled
feedback technique. The value of the compensation capacitor, Cc, was determined
from SPICE analysis of the transient response of the preamplifier circuit to
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Figure 8 Schematic Diagram of the Low-Noise Preamplifier
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!
p Table 2
\ Preamplifier Performance Specifications
| System SPICE
; Parameter Requirement Prediction
. Input referred Johnson noise 1.9 nV/Az 3.7 nV/A/Hz h
=2 Power dissipation L mw L.l mw
3
b | Bandwidth -- 4.2 MHz
Recovery time (+3 V, 85 ns
pulse) - 320 us
3
: Gain -- 30 dB
Input capacitance -- 1.2 pF
Output resistance -- 120 K
Maximum peak-to-peak voltage
swing at output -- 5 v
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reset and injection pulse waveforms. A value of 0.06 pF and an estimated load
capacitance of 0.4 pF resulted in the 4.2 MHz small signal bandwidth. The tran-
sient due to the reset pulse was predicted to settle out in 120 ns, while that

due to the injection pulse requires approximately 320 ns.

The schematic diagram of the CDS circuit appears in Figure 9. One key
design consideration is the bandwidth of the source-follower buffer stages,
which must be sufficient to allow the clamp and sample operations to occur
with sufficient accuracy in the intervals allowed. The bandwidth of the clamp
buffer stage is determined by the charging and discharging of CSH’ while the
bandwidth of the sample-and-hold buffer stage is determined by similar considera-

tion of the TDI circuit input capacitance, C The gates of depletion load

TDI®
devices M8 and M1l are controlled externally by V

bandwidths.

L to allow optimization of the

Another important design consideration is the noise introduced by the CDS
circuit. Due to the multiple sampling operations involved, the most convenient
point at which a comparison of noise sources can be made is the formation of the
signal charge packet in the TDI input circuit. Thus, although detailed considera-
tion of the TDI structure is delayed for a later section, the noise and sampling

properties of the TDI input circuit will be discussed here.

The TDI input circuit will operate in the ''fill and spill'' mode, in which
a receiving well beneath an input gate (corresponding to CTDI in Figure 9) is
initially completely filled, then emptied to a level dependent on the relative
potentials between the signal on the input gate, vsig’ and an intermediate
gate which is maintained at a reference dc level, Vief: This results in the
formation of a charge packet of (vsig - vref) CTDI with additional uncertainty
given by /ﬁ?f;;; due to the charge ''spilling'' process. Expressed as an uncer-
tainty on Vsig’ this additional noise component is /ET7E;E;.
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Figure 9 Schematic Diagram of the CDS Circuit
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The input referred Johnson noise due to the preamplifier, (enJ)preamp'

experiences the gain of all three amplifiers and is aliased in the CDS sample
operation. The second sampling operation in the TDI input circuit does not

measurably affect this component further, due to the low-pass filtering effect |
of the CDS sample-and-hold. At the TDI input, the rms value of the preamplifier

Johnson noise component is

= A A A [ZBW/fs]% (e

€nl preamp CL "'SH nJ)preamp’

where A is the voltage gain of the preamplifier (A =34); A d

preamp preamp CL =
ASH are the volitage gains in the clamp and sample source-follower buffers,

respectively; (ACL ~ 1); BW is the preamplifier small signal bandwidth;

=A
SH
and fs is the sample rate. Inserting the appropriate values [BW = 4.2 MHz,

f = 1.48 MHz, (e_))
S nJ’ preamp
quadrature sum of all other noise sources must be substantially smaller than

= 7.6 uV rms] results in e = 614 uV rms. The

e
The Johnson noise generated in the clamp buffer stage is aliased by the

sample operation. The noise generated in the clamp circuit, referred to the

)%
1 16 BwCL
e = /KT | — + =7 :
iy cCL 3fs Im7

TDI input, is then

where BwCL is the bandwidth of the clamp buffer stage and 97 is the trans-
conductance of device M7, which is given by (2K ID W/L)2. SPICE simulation
indicates that BwCL is approximately 10 MHz, and 97 is calculated to be

approximately 9.7 umho. The calculated value is then €L = 27 uVv.

Johnson noise generated in the sample-and-hold tuffer is aliased by the
sampling effect of the TDI input circuit. The noise generated in the sample-
and-hold circuit is then
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; %
16 BW

1 SH
= /KT + A
1%n  3fs 9mo

€nsH

where B“su is the bandwidth of the sample-and-hold buffer stage and is the same
as for the clamp buffer; and In10 is the transconductance of device M10, which,
although a depletion mode device in order to eliminate large dc offsets through
the CDS circuit, exhibits approximately the same parameters as device M7. The

resulting calculation gives e . = 65 UV rms.

nS
is 0.044 pF, based on the geometry of the

o1 1% ®npp; = 156 pv
rms. The quadrature sum of CDS and TDI related noise sources is then 171 uV rms

The predicted value of CTDI

input circuit. The voltage equivalent uncertainty due to C

and results in a total noise vcltage of 637 uV rms, which is only 4% greater than

the preamplifier Johnson noise component.

An additional consideration pertinent to the noise performance of the CDS
circuit involves the 1/f noise gznerated in M7 and M10, which is not attenuated
by operation of the CDS circuit. The 1/f noise component is approximately given
by

— N
e 20/F) = (a/c)? goar Flug)

where cox is the gate oxide capacitance (0.22 pF/mil2 for the CCD/NMOS process);

Nss is the surface state density (typically ~lomlcmz); and F(VGS) is a gate-

source bias factor, which is on the order of unity. As can be seen, the noise
power is inversely proportional to gate area, and devices M7 and M10 were
designed with the largest gate area deemed practical.

Evaluating the above expression results in

e (17f) ~/6?" WIRE .
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Since aliasing does not affect 1/f noise (it is, by definition, band-limited),
we can multiply this result by /Z to obtain the combined 1/f noise due to M7 and
M10 and compare this to the preamplifier Johnson noise component referred to the
CDS output. The resulting 1/f corner is calculated to be at approximately

100 Hz.

Operation of the CDS circuit was simulated using the SPICE program, which
indicated satisfactory performance with 50 ns clamp and sample pulse widths.

Figure 10 is a photomicrograph of a portion of the completed processor bar
showing the details of the signal conditioning circuit. Each of the components
shown in Figures 8 and 9 is labeled for identification. Note that the structures
have been positioned in a mirror-image configuration that simplifies intercon-~
nection. The bus lines running horizontally at the top and bottom of the picture
carry cloc<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>