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ABSTRACT

This paper discusses the concept of discrete analog signal processing (DASP), to
permit the realization of Fourier transformers, matched filters and correlators, and
adaptive filters., The CCD shift register provides the analog delay function, the MNOS
programmable non-volatile conductance is the analog weighted tap, and pulse sampling
techniques minimize voltage drift and bias drift errors. We present a basic LSI building
block, which combines CCD and MNOS technologies to provide an electrically program-
mable transversal filter, We discuss the fabrication and electrical characteristics of the

basic cell in the filter, and preliminary measurements to demonstrate the feasibility
of DASP.
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I. DISCRETE ANALOG SIGNAL
PROCESSING (DASP)

The charge coupled device (CCD) and
metal-nitride-oxide-silicon (MNOS) tech-
nologies may be combined to provide dis-
crete analog signal processing (DASP) in
contrast to conventional digital signal pro-
cessing (DSP). In DASP, analog data
samples are stored, transferred, and
operated upon by analog means, whereas in
DSP, digital or quantized samples are
handled with binary logic. A major advan-
tage of DSP is retained by DASP, namely
the precise transport delay--particularly
in relation to coherent processing. The
dynamic range of an analog bit in DASP may
be thought of as composed of 6 dB equivalent
DSP digital bits. We have measured a 60-
80 dB dynamic range in CCD, 2¢, shift-
registers and transfer efficiencies in excess
of 99.99 percent at mHz data rates.l For
example, a 64 bit, 2 ¢ CCD serial shift regis-
ter will provide a minimum 60 dB dynamic
range and an overall loss less than 1 percent
at 1-2 mHz data rates, which is equivalent
to 640 bits of digital shift-register memory,
Thus, a signal charge analog packet can
shift through typical CCD memory devices
nearly unattenuated, limited by the size of
the holding wells and the minimum detectable
output signal. A gated charge integrator and
on-chip electrometer amplifier with high
gm/C ratio provides a low-noise output
signal? which may be double sampled in a
bit time, to remove on-chip noise intro-
duced by the reset gate.

There are three requirements in
DASP:

a. alow-loss, non-dispersive,
wide dynamic range analog delay line such
as CCD's, with an electrically alterable
delay '

b. an accurate analog multiplier
such as an electrically-programmable, non-
volatile MNOS conductance

c. a method to compensate for offsets
caused.by voltage drift and bias errors. For
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example, the use of a reference signal in
the CCD register and appropriate sample/
hold techniques.

Random variations of either the CCD register
tap gains or of the reference signal conduc-
tance matrix produce sidelobes in the filter
bank. These errors add generally in a non-
coherent manner and the effect of individual
error is reduced by the correlation gain of
the conductance matrix. For example, if
the rms gain variation of individual conduc-
tances is 3 percent, and the correlation
gain is 20 dB, then the average filter side-
lobes (for filters far away from the signal
frequency) will be 50 dB down., However,
for certain combinations of signal frequencies
and filters, the individual errors will add
nearly coherently. Thus, the peak sidelobe
will lie only about 30 dB down. A 3 percent
rms overall accuracy appears to be very
difficult to achieve on an open loop basis.
We have selected an iterative procedure to
electrically program a MNOS conductance
to the nominal conductance valve, adjusted
to the desired value based upon an input
calibration signal, and the difference be-
tween the measured and calculated output
signal. The combination of electrically
programmable MNOS conductances and
CCD delay lines will permit the realization

of Fourier transformers, matched filters,

correlators, and adaptive type filters.

II. A TRANSVERSAL FILTER BANK

The elements from two MOS technol-
ogies, a charge coupled shift-register and
MNOS conductances, can be combined on a
single substrate to pérform signal proces-
sing functions such as a transversal filter
bank which serves as a Fourier transformer/
cross correlator to provide target identifi-
cation functions. The signal processing
complexity on a single chip may approach
the equivalent of hundreds of convolution
operations on waveforms which have hun-
dreds of time samples, with only a single
input and output analog signal connection.
Although the computational accuracy falls
short of the equivalent digital mechaniza-
tions (DSP), the elemental accuracy is




adequate for target identification functions.  shifted into the CCD SR (shift-register), and

Figure 1l illustrates the DASP mechanization parallel delivered as voltages to the columns
providing a discrete Fourier transform of a programmable conductance matrix,
(DFT) and cross-correlator. v The row outputs from the conductance matrix
represent the various filter or crosscorrela-
Signal time histories are transformed tor responses, which are parallel loaded
into a set of (usually orthogonal) descriptor into a CCD SR for serial delivery from the
coefficients. The descriptor coefficients chip. The two major advantages for this
are selected to represent descriptive organization are:
qualities such as spectral amplitude rather
than non-descriptive ones such as phase to. a. On chip processing complexity
classify the signal, The magnitude of the is not limited by the number of input and
Fourier coefficients feed a second similar output leads and their interface circuitry,
device, which correlates the descriptors of since all signal I/O data is serially shifted.
the received signal with a repertory of
stored descriptors of known signals of in- b. The same basic chip design
terest. The results of this correlation are serves both the transform and the correla-
shifted to a detection algorithm, which tor functions,
determines the classification row with the
highest correlation. A measure of confi- The typical operation of the preferred chip
dence can be made based on the relative: design is describe below., With reference
degree of correlation, o to figure 2, the filter is composed of (1) a
' serial input, parallel output analog shift-
The preferred conceptual organiza- register 10, (2) a conductance matrix 12,
tion of the Fourier transformer/crosscor- wherein unique values of conductance are
relator shown in figure 1 makes use of } specified at each column-row intersection,
basically the same device for both proces- (3) a parallel input serial output, analog
sing function. Briefly, the operation of shift-register 14, and (4) supporting cir-
each chip is as follows: signal data are cuitry, including electrical power, clock,
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Figuré 2. Sample Analog Filter Bank

and control. The shift-registers propagate
a set of discrete electrical charges, one
position for each clock cycle, Typical of
these existing devices are the charge
coupled devices capable of shifting analog
signal samples over hundreds of storage
cells at mHz rates.

The input shift-register is a serial
load and parallel output which drives a set
of matrix columns. The conductance pat-
tern along each row is matched to a unique
waveform such as a weighted sine wave, a
phase coded signal, or any arbitrary wave-
form. The output of each row can be pre-
sented as

N

yj = E ajixi_or simply y = Ax (1)
i=1 S

where the conductance matrix A can repre-
sent, for example, a weighted discrete
Fourier transform. The enable commands
load the output shift-register stores with
an electrical charge proportional to
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convolution output y., after which the enable
is commanded false and the analog data y;
is serially shifted from the output register 14,

The device operation as described
above performs a ''block processing' func-
tion. The same organization can be arrang-

~ed to perform a convolution operation as

well. The convolution operation is described
mathematically as :

N o . |
Yii © § : % i-h4l - @
h=1

which is a function of real time. In other-
words, a useable output occurs on all rows
after each data shift in the register occurs,
for each input clock, The output from a
single row can be delivered through the
output SR simply by enabling only the
desired output line., The device output
circuitry can be designed also to deliver
multiple outputs, subject to constraints on
package lead count and chip area available
for the additional output interface circuitry.
Such a device would be useful, for example,




in a systém requiring a matched filter for

an arbitrary waveform having a wide range
of possible doppler shifts. These conditions,
however, are somewhat rare, because
systems are generally designed to avoid

the need for highly redundant processing.

III. A HYBRID DASP MECHANIZATION

Figure 3 shows a block diagram of an
analog processor that is well within the
reach of present technology. The input sig-
nal is passed through a filter that cuts off
sharply at 20 kHz and is then sampled at a
60 kHz rate. Input signals at frequencies
lower than 40 kHz will produce no aliases.
The filter must have sufficient rejection at
40 kHz and beyond to reject aliases by the
desired amount. N samples of the input
signal are stored in the CCD delay line.
The Fourier transform conductance matrix

~provides sin and cos weightings of these

FILTER

samples and forms N sums corresponding

to the complex outputs of N/2 filters. The
complex outputs are amplitude-detected and
correlated with the desired replica in the
cross correlation conductance matrix. Off-

_ sets will be introduced at each stage of the

CCD delay line. These offsets can be deter-
mined by grounding the input and shifting out
the data stored in the CCD register. The
filter outputs (complex) correspond to the
components produced by the offsets, These
values are stored on capacitors and sub-
tracted from the outputs produced under

the signal conditions.

A more detailed look at the conduc-
tance matrix and associated circuitry is
shown in figure 4. (More than 16 CCD cells
would be required in a practical system).
Each of the 16 I or Q (real or imaginary)
outputs is the weighted sum of the 16 input
samples, X,.
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Figure 3. Transversal Filter (DASP)
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The coefficients are the conductance
values., There are 16 conductance elements
for each I or Q and 32 for each filter. Sep-
arate sums are formed for the terms with
positive coefficients and the terms with nega-
tive coefficients, These sums are then sub-
tracted as indicated in equation (3). During
the calibration procedure, the I and Q outputs
are produced by the offsets of the CCD regis-
ter. These values are stored on capacitors
connected to the outputs of the summing am-
plifiers. The capacitors are then switched
to the inputs, so that the offset components
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Conductance Matrix and Associated Circuitry

of the I's and Q's are subtracted out. This
calibration procedure will be performed
periodically.

IVv. A LSI BUILDING BLOCK

The next step is to mechanize a row
of MNOS conductance elements, each with
two address switches (one for positive and
one for negative coefficients) on the same
chip as the CCD register.

These conductances will be individ-
ually programmable by means of external
signals. This device gives two outputs (one
for each output switch row bus), which are
externally subtracted to give either I or
1 component of a single filter [e.g., filter
1]. This is sufficient to determine the effect
of the MNOS devices on the response and
dynamic range of the filter bank. Some




areas of concern are the stability of the
conductance values over time and tempera-
ture and the non-linearities in voltage-
current transfer characteristic (conductance
change with voltage). These problems will
be discussed in a later section.

The basic concept involves the use of
the programmable threshold voltage of an
MNOS FET in conjunction with the non-
destructive sensing of the CCD signal via
a surface-potential sensing diffusion3
applied to the gate of a FET. The output
needs to be directly proportional to the
product of the CCD signal and a parameter
set by the MNOS threshold voltage, and
must be capable of being summed with many
other similar outputs. This last require-
ment means that the outputs should come
from current sources and should be summed

et

in an operational amplifier. Typically,
FET's operating in their pentode regions
behave like current sources but have a
drain current proportional to the square of
the gate-to-source voltage decreased by the
effective threshold voltage. In one scheme,
this squaring characteristic is used to ob-
tain the desired product directly by incor-
porating the MNOS programmable memory
cell within the CCD nondestructive sensing
FET. Although the simplicity of the scheme
was quite attractive, the desired output cur-
rent was small compared to a large uncon-
trollable dc component that also adds into
the summing point. Non-linearity was
another problem inherent in the simple
scheme using FET pentode squaring.

The selected approach is shown
schematically in figure 5. The proposed
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Figure 5. The Non-Destructive Sensing and Programmable Weighting Cell
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cell uses a conventional MOS FET source-
follower, Qs- biased by a constant-current
generator, Qe (another FET) to transform
the high impedance associated with the CCD
surface potential sensing diffusion into a
low impedance voltage node, Vi,. A small
programmable conductance,the MNOS FET,
Qp (operating in the linear triode region),
connects the voltage node, Vi,, to the sum-
ming point thereby providing essentially a
signal current source

IM = -845 VL where 845 = (4)
m
. - '
#CM(%V) (VR v TM)
Q

This is directly proportional to the product

of the MNOS programmable weight and Vg,
the CCD surface potential as transformed

by a "unity gain' source-follower. We now
show the desired results in somewhate greater
detail. For Q. operating in the pentode

region:
(5)
2
4 ]
It = W)J V-V c)
(6)
1
where V T = TC B 1+ (VL VSS -1
c 2%
F
with Vo = zero source/substrate bias
C  threshold 2v.
Vp = effective ""bulk potential
‘ 0. 6v. .
3 = Fermi potential % 0, 3v,
wC =7 x10-° mhos/volt for a .

O 2 KA oxide
Combining the two preceeding equations
yields:

I.-g, * V. = uCo (W .
S dsm L > (L)QC

2 . . . , 2 (7)
[VL A (V*+VTC) + (V—P+VTC) ]

Letting a. = #Co . (_V_V) we then find:
2 L
Q

C

(8)

B 2
Is‘gdsm' Ve - [VL’ZVL'

. 2
(VE + V) + (V¥ + V!
Tc Tc)

Taking the total derivative of this equation
gives the tangential gain, G:

(9)

=2 c (V. -VESY

@ - X_V
gds +Z (V -V

Although this is an exact expression for any
input CCD surface potential, V3, it is
necessary to eliminate the explicit depend-
ence of G on Vi,. Hence we find the solu-
tion:

v = V% ! -
L A" +VTC gds (10)
2 a
c
IS 2
+ [ Bas o vra vy )4 gy
o c *m
C a
c 2 a
c




Substitutingv this exact solution for vy, back
into G yields '

G=1- 1+4(¥c . I -1/2

g
dsm 4s (11)
m

Typical values are the following:

I.=0.25ma = 40 #mbhos

S gds
m

« =10"° mhos /volts
c :
Vi o= VE‘B = dV* with V% = -10 volts.
G = 1-[14+(60+10-5)]"1/2 = 0. 88 (static
' exact)
Substitution of Is= as (VBB.Vgg._vTS)2 and
addition of all the currents to the summing

point, while ignoring smaller, higher-order
terms:

N
Isum.= E IMK = Io + dI where (12)
pt. K=1

N
= W «dV* i = .
d1 E K VK with WK aMK (13)
K=1
(v, - V! } and
R 'I‘MK

(v -V -V )land (14)
BB gg TSK

K indexes the discrete analog cells along
the CCD analog delay line., To obtain the
maximum range of weightings, Vp is selec-
ted slightly larger than the maximum MNOS
threshold in the line. Vgg is adjusted to
minimize the constant current to the sum-
ming point. The positive and negative
weighting coefficients are obtained by a
selection of the appropriate MNOS conduc-
tance in figure 5. In a final LSI chip design,
the selection of the desired MNOS conduc-
tance sign and position along the CCD shift-
register will be accomplished with an ad-
dress/decode circuit; however, in the

initial LSI chip the selection is manual, to

simplify the fabrication and evaluation.
Figure 6 illustrates a cal-comp plot of the
analog weighted tap cell for the program-
mable LSI transversal filter. The block
diagram of the LSI block is shown in figure
7. The input circuit is a stabilized
injection circuit to insure uniform charge
injection in the surface channel CCD. The
output circuit is a gated charge integrator
with a correlated double sampling readout
technique. The CCD shift-register is a
'sealed' surface channel structure compos-
ed of a dual nitride/oxide dielectric to pro-
vide stability and long endurance under high
electric field strengths. The electrodes
are formed with aluminum and polycrystal-
line silicon deposits, and the CCD register
operates in a ''quasi'" 2¢, push-clock mode.
The entire fabrication sequence consists of
7 photographic mask operations. The MNOS
memory conductances have been fabricated
with a technology? which has been developed
for MNOS non-volatile BORAM,CCD non-
volatile BORAM, and an electrically pro-
grammed meter system.

1V. ADDITIONAL TECHNICAL CONSIDER-
ATIONS

COMPLEX SIGNAL PROCESSING
The conductance matrix is inherently
capable of performing complex operations on

19




cco
SHIFT
REGISTER

1

Ly L ....4'.,...{ PN o

N
1
74 BN N Y SR -
B e TS 3 S RSN T T
O N AT O 7 D
< LN AN T .

22
|
A
v
b/‘w
/ A |
&
v
AL
S
-

—————— S N >
ELECTNCI'\‘LLYE - CURRENT SOURCE AND .
PROGRAMMABL NON-DESTRUCTIVE
MNOS CONDUCTANCE SENSING TAP

V74 v

| . |
.__._j bsl
[ i |
L] W

[ ] vianoow 73-0664-VB-11

Figure 6. CalComp Plot to Illustrate Composite of 7 Photographic Mask
Operations for Programmable Analog Weighted Tap '

complex signals. It is only necessary to complex filter, where only every other
make the appropriate realand imaginary as- CCD register cell is tapped, anda 4-to-lin-
signments to the CCD taps and the conduc- put signal multiplexer sequentially selects
tance matrix such as shown in figure 8. In the zero reference level for the quadrature
this case the matrix outputs are valid only (imaginary) channel, followed by the cor-
when the real and imaginary data samples responding signal level and then repeating
along the SR coincide with the correspond- for the inphase (real) channel. Any output
ingly defined tap position, i.e., every other in either the inphase or the quadrature
clock period. : channel is an error when the zero reference
signals coincide with the CCD register taps.
VOLTAGE DRIFT AND BIAS ERRORS A -simple compensation method can be in-
corporated into the output interface cir-
Figure 9 illustrates a method to com- cuitry, as shown by the detail. The switch
pensate for voltage drift and biases in a is placed in the C, position when the zero
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" Figure 9. Cancellation of Bias Errors

reference signals coincide with the CCD SR
taps, which charges the capacitor with any
residual bias errors. The error component
is removed from the output signal with the
output switch in position Cj during the clock
periods, when the input signal is aligned
with the taps as illustrated. This connection
is applied sequentially to the inphase and
quadrature channels. Thus, to the great-
est degree possible, all signals pass
through the same elements and the corre-
sponding signal and ground reference levels
pass through identical on chip paths. Itis
likely that the dc bias errors will be slowly
varying, such that the zero signal reference
need not be interlaced between alternate
signal samples but may be injected only
occasionally.
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MNOS CONDUCTANCE PROGRAMMABILITY
AND STABILITY

Measurements, which illustrate the
conductance drift immediately following a
memory clear and program operation, are
plotted in figure 10 over a time history of
about 100, 000 minutes. The bottom curve -
plots the source current for the first 20 min-
utes after programming. This curve approx-
imates the expected linear current vs.
logarithm of time characteristics. The de-
viation from the final value was reduced by
a factor of about five when using a bipolar
pulse train with a variable duty ratio. Also
differential reprogramming (i.e., shifting
the conductance by a small increment) using
the bipolar method of lower voltage level,
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Figure 10. Conductance Drift vs. Time after Programming
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Figure ll. Memory Current vs. Témperature
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did not affect the long term drift rate. This
result is particularly important for the final
calibration of the matrix and for the use in
adaptive processing systems. The effect of
temperature for the first 3 hours or pro-
gramming is shown in figure 11. The line-
arity of the MNOS device operating as a
variable conductance device in the linear
mode is plotted in figure 12. Note that
operation into the third quadrant is feasible.
It was determined that the varying displace-
ments of the curves from the origin are

caused by plotter instability, These
MNOS devices were fabricated with a thin-
oxide X = ZSX and were intended for high
speed erase/write operation, not the DASP
application; however, these devices illus-
trate the potential of the approach. The
programmable weighted tap provides an
additional advantage, in that the analog
signal is separate from the clock pulses.
The analog and digital signals are mixed in
the electrode weighting technique. 6

CURVE NO 2-47 is s Vps- BIPOLAR Vos VGS= -9.00V, INVERTED SOURCE,DRAIN CONNECTION. VARYING NUMBER & WIDTH Qf 1" PRIGRAMMING PULSES
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