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SUMMARY

Analog Computing Arrays (ACASs) provide a computation systeapable of per-
forming a large number of multiply and add operations in aa@gform. This system can
therefore implement several computation algorithms thatarrently realized using Dig-
ital Signal Processors (DSPs) who have an analogues acaterarid add functionality.
DSPs are generally preferred for signal processing bedaegeprovide an environment
that permits programmability once fabricated. ACA syst@mogpose to fier similar func-
tionality by providing a programmable and reconfigurablalag system. ACAs inherent
parallelism and analogféciency present several advantages over DSP implemergatfon
the same systems.

The computation power of an ACA system is directly proparéibto the number of
computing elements used in the system. Array size is lintiteithe number of computation
elements that can be managed in an array. This number iswoaliti growing and as a
result, is permitting the realization of signal processsyggtems such as real-time speech
recognition, image processing, and many other matrix ldkm@jgutation systems.

This research provides a systematic process to implenmefr,gm, and use the compu-
tation elements in large-scale Analog Computing Arrayss Tiifrastructure facilitates the
incorporation of ACA without the current headaches of paogming large arrays of ana-
log floating-gates fromfé-chip, currently using multiple power supplies, expen$iras A
controllergcomputers, and custom Printed Circuit Board (PCB) syst&rmof of the flex-
ibility and usefulness of ACAs has been demonstrated byahsteuction of two systems,

an Analog Fourier Transform and a Vector Quantizer.
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CHAPTER 1
ANALOG COMPUTING ARRAYS

1.1 Analog Computing Arrays Benefits

Analog Computing Arrays (ACAs) provide a computation systepable of performing a
large number of multiply and add operations in an analog farms system can therefore
implement several computation algorithms that are culyeatlized using Digital Signal
Processors (DSPs) who have an analogues accumulate andradidriality. DSPs are
generally preferred for signal processing because theyge@n environment that permits
programmability once fabricated. ACA systems proposeffersimilar functionality by
providing a programmable and reconfigurable analog sysf&@As inherent parallelism
and analog ficiency present several advantages over DSP implemerdaifaihie same
systems as demonstrated in Fig. 2. ACAs can be used to pesdionitar computations
consuming orders-less power for the same computationatiumality [51] or to perform
similar computations in less time; permitting real-timengutations. ACAs can also be
used to perform similar computations using less area, sachhen replacing multiple
DSPs.

The computation power of an ACA system is directly proparéibto the number of
computing elements used in the system. Array size is linbiethe number of computa-
tion elements that can be managed in an array. This numbenisally growing and as
a result, is permitting the realization of signal procegsigstems such as real-time speech
recognition [51, 52, 30], image processing [22, 21], and ynather matrix like compu-
tation systems. This research will attempt to provide maahdity, as defined in latter
sections, of at least one million floating-gate elements.

This research seeks to provide a systematic process torimeple program, and use

the computation elements in large-scale ACAs. Once thesys fully developed it can



be easily integrated on-chip in future systems. This infuasure will facilitate the in-
corporation of ACA without the current headaches of prograng large arrays of ana-
log floating-gates fromfd-chip, currently using multiple power supplies, expen$iRsA
controllergcomputers, and custom Printed Circuit Board (PCB) syst@&rmof of the flex-
ibility and usefulness of ACAs has been demonstrated byahsteuction of two systems,

an Analog Fourier Transform and a Vector Quantizer.

1.2 ACA Approach

The term Analog Computing Array (ACA) is used to describe a-tlimensional matrix
of analog computation blocks [34]. The computation blockstrmommonly used in our
ACA systems performs a weighted multiplication then sum @ndeerived from floating-
gate elements. Unlike mixer multiplication, where two silgnare multiplied or mixed, we
instead multiply a signal by a stored analog value (gain Yeflthere are two terms that are
interchangeably used for this stored value; weight, inbdrirom the neuromorphic field
and codicient, inherited from the DSP field. This weight, stored inleaomputation cell,
can be individually addressed and programmed to any desiraidg value [35]. This ana-
log weight alters the computation in each cell providing aid#or programmable analog
systems. When programmable computational elements adeimgarallel the result is a
powerful analog computing system as compared to the digytigi counterparts as shown
in Fig. 1. The array additionally can be scaled post-laydapvogramming to provide only
the desired amount of computation power. This is achieveflbgcating more computa-
tion elements than needed and programming the unused fiedls they do not consume
power. The power consumed is therefore optimized for thepeaation task. This also
provides a method for overcoming fabrication defects whernhe tester or systems that
are fault tolerant in the field.

This technology was inspired from the development of analatyix-vector computa-

tions used in neural network implementations [45], andaegein data flow architectures
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Figure 1. Motivation for ACAs for signal processing. This graph shows the computational fficiency
(computation / power consumption ) for DSP microprocessors, the extrapotad fit to these data points
(Gene’s Law [11]), and the resulting #ficiency for a programmable analog system. Two critical aspés
for a competitive analog approach are dense analog programable and reconfigurable elements, and
an analog design approach that scales with digital technotry scaling. The typical factor of 10,000 in
efficiency improvement between analog and digital signal pro@sing systems enables using low-power
computational systems that might be available in 20 years.

of parallel processing [40]. Current digital signal pragiag architectures handle incoming
data in chucks, fetching stored d¢beients from remote memory and then serially applying
these cofficients to the incoming data through some operation as denate in Fig. 2.
ACAs take a fundamentally fierent approach to processing data; instead using a parallel
implementation to process the data in real-time and stahagodficients locally in each
computing block, removing the need for a fetch operatiorsdme cells the cdicient is
actually stored in the computational element itself, maakesble by using analog floating-
gate devices [28]. We have termed this concept Computingambty, referring to the fact
that the actual memory element performs the computation.

The use of floating-gate devices as a memory element is noimiéw circuits commu-
nity [32]. Since their discovery mucltert has gone into making them a viable non-volatile

memory element which we now find in wide array of products saagHigital cameras and
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Figure 2. lllustration of computing in floating-gate memory arrays. A typical system is an array of
floating-gate computing elements, surrounded by input ciraitry to pre-condition or decompose the
incoming sensor signals, and surrounded by output circuity to post-process the array outputs. We use
additional circuitry to individually program each analog fl oating-gate element.

mp3 players. More recently the beneficial use of floatingegat analog circuits has been
realized and it has been published that not only can they &e as memory devices but
function as programmable, compact, computational elesn@®. Floating-gate devices
have been recently touted as almost a magical elements logatiecuits, storing analog

values [2, 14],and performing computations [28].

1.3 ACA Architecture

The memory cells in this architecture may be accessed ohaiy, for readout or program-

ming, or they may be used simultaneously for full parallehpaoitation in applications such
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Figure 3. This demonstrates the computing array concept in isual block-diagram form. Before the

signal is passed to the array blocks decompose the signal downto orthogonal channels. The array
performs a fully-parallel multiplication on each channel and then sums up the results. Additionally,
many separate multiply and sums are performed all in parallé resulting in several rows of weighted-
sum outputs. These rows are then post-processed with a Winr&ake-All [41] or other compression

circuit, or possibly just digitally encoded and sent to the mxt stage. The ability to expand or reduce
the amount of computation is evident in this diagram.

as matrix-vector multiplication or adaptation. This pofuéparallel computation is pro-
vided with the same circuit complexity and power dissipaais the memory that is needed
to just store the cdicient digitally at 4-bit accuracy in non-ACA signal procegssys-
tems. This technology can be integrated in a standard HigNHOS process [46] where
only on poly layer is available or in standard double-poly G®lprocesses, both available
from MOSIS and tested with this technology.

The core computational array is surrounded by pre- and postessing blocks. Pre-
processing blocks operate on the incoming signal by brgakimsignal down into channels
or some other orthogonal unit of information and then peniag additional operations on
each channel. Pre-processing blocks are also construkgethé core block in a fashion
that permits them to be arrayed and also enabled-disablgdigarication, similar to the

core computation array. The pre-processing blocks thed #enchannels into the core



computation array. Post-processing blocks perform fonstsuch as winner-take all [41]
as in the vector quantizer system [30] or, may simply contlegtprocessed signal into
a digital form for the next stage of a larger system, such ébédu processing in a DSP.
Using the computation array together with pre- and postgssing blocks allows the im-
plementation of scalable, programable, real-time contfmnally-intensive low-powered

systems.

1.4 ACA History

This work began in 1998 when the design for a programmabky filas discussed and
later fabricated in 1999 [37]. This system design becamsiplesafter the development
and test of the Capacitivly Coupled Current Convey@f) (26] and programability of the
floating-gate multiplier [37]. This filter provides a way teeight frequency bands of an
arbitrary signal or can be programmed to extract a singlemblaout of the signal. This
was the first ACA system to exploited the benefits of largeyaofeloating-gate elements
for use in analog computation. After it's construction thezd for a automated system to
rapidly and accurately program large arrays of floatinge gd¢ments for the system to be
useful became evident. The first attempts to provided a rdetbgy to rapidly and accu-
rately program these arrays started in 1999 and was useag@ogon four cofficients in

a recurrent connection network [47]. At first, these founeats were hand-programmed
using knobs on a voltage meter. Shortly thereafter work hegaa computer-controlled
physically-based algorithm that used test equipment obatr via GPIB to program the
codficient arrays [53]. Array sizes in fabricated systems quigkew to around 64 ele-
ments and following the control system was developed on@wnap board that contained
the DACs, level-shifters, and current measurement cimggibntrolled by a PIC that com-
municated with MATLAB via a serial cable. Code was writtentbe PIC to provide the
serial interface, set the voltages on the SPI controlleditaXDAC chips, and provide the

accurately timed programming pulses. A PCB version of tbertd was soon designed and



20 boards built that became the standard for programmingrftpgate elements. This not
only provided a self-contained setup but allowed for moreueate and rapid delivery of
the necessary programming pulses used to program elennethts $ystem than could be
currently obtained with the bench setup. Using this PCB west@een able to program
computing arrays using more than 2,000fticeent elements. This board was used up until
a redesign by another colleague that used an FPGA develdfgroard running a NIOS
processor core instead of a PIC controller once these bbaasme available to the ICE
group. This permitted more of the computation and calooitetito be performed closer to
the chip, an therefore quicker as the need for MATLAB perfioigrthe computations was
reduced.

Analog Computing Arrays are quickly becoming a viable soluto many computa-
tionally intensive problems. It is believed that high dénsinalog computing arrays will
be an important option for designers who want to implemertaaded signal processing
algorithms for embedded and ultra low-power systems. Simtal attempts, ACAs have
gone through several revisions, at each increasing the geabé number of computing
elements which, translates to available computing powlees& systems have now evolved
over the last several years to the state where industry @nhieg excited by their prospect.
The ability to provide non-traditional analog computingaitow-power reconfigurable de-
sign has lead to the formation of a company by two other gradsimdents, my advisor
and myself, that has resulted in series-A funding from a &qtwre capitalist.

Presented is the attempt to move the entire control systeahipnproviding a single-
chip ACA system, permitting system designs with over ondiomiprogrammable elements
that could be programmed in one second. We seek to be abledoapn this large number
of elements in a relatively short period of time (1-5 secQndsile obtaining the accuracy
needed for the overall system. Speeds in this order must taéneld if these computation
arrays will be used in large scale production, such as a coniatieed product. Further

the desire is to move all controlling structures on-chigjude the need to charge-pumps



to provide injection and tunneling voltages. The ultimatalgs a fully integrated platform
for using the ACA concepts without the need to understandifigagate programming

physics.



CHAPTER 2
PROGRAMMABLE FILTER

2.1 Filter Concept

A tremendous amount of the initial research in developimgACA scheme has gone into
the space of programmable and adaptive analog filters bassdaomputing arrays. After
the development of th€* an it's small size, the idea to tile several of these filterona
chip was envisioned. Figure 4 graphically demonstrateihvevel description of the Pro-
grammable Analog Filter. This figure shows four band tapsdaia be expanded to as many
as needed. Each tap consists of a programmable bandpasarfdta weighted multiplier.
The input signal is taken as a voltage, allowing the signdlgdroadcast to the multiple
bandpass filters or band tap columns. The multiple bandptss firoduce a frequency de-
composition of the incoming signal into their programmedds A transistor-only circuit
model of the AutoZeroing Floating-Gate Amplifier(AFGA) [[18vhich is referred to as
the C'(Capacitively Coupled Current Conveyer) [38, 37, 39], isdio achieve a broadly
tuned bandpass response. By adding feedback between gjes,stiae filter’s roll-& re-
sponse can be sharpened if desired. Also, the filter can lvaded into a multi-ordered
filter increasing the rolef®. The output of each bandpass filter is a voltage that is then
broadcast to several weighted multiplier arrays. Theegfaith one input signal, multiple
band-weighted versions of the original signal are ava@las outputs. The output of each
weighted multiplier is a current allowing simple additio@\KCL to assemble the final
output signal from each band-weighted product. This resala computation similar to a
DSPs Fast Fourier Transform (FFT), band-weighting, andrse FFT.

The weighting in this filter is performed using floating-gatnsistors [16] in a multi-
plier configuration. The benefits of using a floating gatelienteighting are small size and
circuit simplicity. Also, it is inherently non-volatile. &hce, this computational memory

element retains its value even when power is not appliedda@évice, and eliminates the
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Figure 4. Top level representation of the programmable anaig filter. The incoming signal is separated
into frequency bands not by computing a DFT algorithm, but bya series of bandpass filters. With this
topology it is easy to divide the frequency spacing exponeially, instead of linearly as in typical DFT
algorithm.

need for separate non-volatile memory cells with Analogptgital and Digital-to-Analog
circuitry to store and reproduce the actual analog weiglgo foecause the actual memory
element is being used as part of the computation it allowsxXtremely high chip density
which is desired to realize chips with large number of bapd @ chips with several band
weighted outputs. Further, this system only needs to opexiathe incoming data speed
and not 2 times or more the signal frequency to avoid aliasing

First, the frequency response of a singfel@ndpass element was examined. Demon-
strated in Figure 5 is this programmable filter’'s operatidiis bandpass response was
obtained by adjusting the bias voltag¥s,andV,,, such that the high-pass and low-pass
corner frequencies are nearly equal. This response shaiwgdm can be obtained through
this system while filter taps overlap and the sum after miidagion adds multiple copies
of a frequency.

All the filter’s frequency taps were set to identical biastages, and the floating-gate
weights were programmed to generate an interesting basdggsonse. With this topology
and constant bias voltages, many arbitrary filters of secotker can be programmed; using
different topologies and using feedback connections will alow desired filter function.

A 15% difference in corner frequencies was found in the experimenicdumésmatch in the

10
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Figure 5. Frequency response of programmable bandpass filteFrequency response for a single band-
pass filter, and for the array bandpass filters with programmed weighting function. The Poly tilt fre-
guency line set with zero diference ; therefore all corner frequencies should be identa aside from
mismatch. The result of this programmable filter is a tighter bandpass filter, with a corner frequency
roughly half of the original corner frequency.

bias transistors. This current chip has a linear changeam\mltages, because neighboring
biases were connected with resistive poly connections.wéights were programmed to

the following pattern:

Table 1. Normalized weights for filter shown in Figure 5
TPositon] 1 | 2 | 8 | 4 | 5 | 6 ] 7 | 8] 9 ] 10|
WH(uA) || 1.56| 0.85| 1.23 | 2.38| 0.59 | 1.55| 1.06 | 0.62 | 2.39 | 0.90
W-(uA) || 1.11| 099 | 1.24 | 0.73| 1.45| 1.11| 2.08 | 0.60| 0.64| 0.75
W(uA) || 0.45| -0.14| -0.01| 1.65| -0.86| 0.44| -1.02| 0.02| 1.75| 0.15

The floating-gate values did not change throughout the @xpat. Typically, a small
initial change is noted the first 24 hours due to detrappimpr@ximately an identical
10mV for each device), after which the gate charge remainstaat over the entire dura-

tion of these experiments. Sincdfdrential weights are used any constant detrapping will
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Figure 6. Frequency response of programmable filter. This fter has 10 bandpass elements exponen-
tially spaced in frequency. The ripples on both curves showhe location of these bandpass elements.
Shown is an initial programmed frequency response, where tweights are nearly equal, and a second
programmed frequency response to program an additional nath in the filter's response.

not dfect the filter's transfer function.

Figure 5 shows experimental measurements from our progedatefourier filter. Shown
is the frequency response of individual bands multipliedi®ir weighted outputs for con-
stant éfective weights. The result of this programmable filter isghter bandpass filter,
with a corner frequency roughly half of the original cornezduency. The floating-gate
devices used for the multiplication were built with/MV= 10; therefore the devices were
biases near threshold with an average bias currentAf(fotal current was 20.58\). It
was found that dynamics of the multipliers did nditegt the filter transfer function, and

that the harmonic distortion is limited by the multiplieasid not the bandpass filters.
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Figure 6 shows the frequency response for a programmalaeviith 10 bandpass ele-
ments that are exponentially spaced in frequency, instetadnearly identical frequencies.
For the initial frequency response an exponential spaginfpe bands with nearly iden-
tical weight values at each tap where used. The exponemilirsg of these bandpass
elements is evident from the ripples on the initial frequeresponse. Also shown is a
second programmed frequency response, where an additiottdl is programmed in the
spectrum of this initial filter simply by adjusting the wetgigs of each band. In newer
versions the corner frequency parameters of each bandeassrd is programmable is set
with floating-gate as a bias element. Therefore, we can puddrammable filters utilizing
arbitrary spacing between each bandpass filter tap.

The combination of the Analog computing array with tbtused as a pre-processing
block, resulted in a fully programmable analog filter. Thieficoncept has been advanced
well beyond what is presented here by several colleges imGkeab. They have taken
this initial work and a fully characterized these prograrbhadilters for parameters like
speed, SNR, and obtainable Q peaks. This FFT - multiple - IHET operation in an
analog system has many applications such as Adaptive chagunalization (ACEQ). An
ACEQ system has been designed and fabricated as a coll&igpabject by two other
colleagues and myself takes this filter concept one stepdulty permitting the weight in

the multiplication to adapt to the correct value withoutleifly programming them.

2.2 Capacitively Coupled Current Conveyor C%)

The Capacitively Coupled Current ConveyGf is a transistor-only version of the autoze-
roing floating-gate amplifier (AFGA) [15, 28]. A subthrestidtansistor is used to model
the behavior of an electron-tunneling device, and anothigthseshold transistor is used to
model the behavior of pFET hot-electron injection in the A&@nalytical models have
been derived that characterize the amplifier and that ar@ad ggreement with experi-

mental data. This circuit operates as a bandpass filter, elmalvies similarly to the AFGA

13
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Figure 7. The ratio of C, to C; sets the gain of both inverting amplifiers. The capacitance€,, and C,
represent both the parasitic and the explicitly drawn capadéances. (a) An autozeroing floating-gate
amplifier (AFGA) that uses pFET hot-electron injection. The nFET is a current source, and it sets
the current through the pFET. Steady state occurs when the ijection current is equal to the tunneling
current. Between Vy,, and Vig is the symbol for a tunneling junction, which is a capacitor etween
the floating-gate and annwell. (b) The all-transistor circuit version of the AFGA. M4 represents the
tunneling junction in the AFGA, and M3 represents the injection current (gate current) from M2 in

the AFGA (Fig. 7a).

but with different operating parameters. Both the low-frequency ankHmneguency cut-
offs are controlled electronically, as is done in continuonee filters. TheC* circuit has a
low-frequency cutff at frequencies above 1Hz due to the minimum current linaitegtiof
a MOSFET transistor. This curcuit provides a complimenh®@ aperating regimes of the
AFGA that using tunneling currents has a low frequency comméhe range of much less

than 1Hz to about 100Hz.

Figure 7a shows the Autozeroing Floating-Gate Amplifier G¥J. The AFGA uses
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complementary tunneling and pFET hot-electron injectmadaptively set its DC operat-
ing point. The tunneling and hot-electron injection pr@essadjust the floating-gate charge
such that the amplifier’s output voltage returns to a stestdte value on a slow time scale.
The modulation of the pFET hot-electron injection by thepotitvoltage provides the cor-
rect feedback to return the output voltage to the properaijpey regime. It can achieve a
high-pass characteristic at frequencies well below 1Hgufe 7b shows an all-transistor
model of this circuit. The investigation of tif@# circuit was initially undertaken as a way
to give an intuitive circuit model and permit circuit simtitm of AFGA operation, but
has important circuit applications itself. This circuit s own is useful for applications
requiring adaptation or low corner frequencies above 18Heh as audio-band or even IF
processing.

To clarify the AFGA's behavior, this circuit was construgtesing transistor elements
that have identical behavior to the tunneling and injecpimotesses. The open-loop ampli-
fier, which consists of a pFET input transist®l?, and an nFET current sourdd,l, does
not change in this all transistor version. The pFET currentree,M4, serves the same
function as the tunneling junction; the tunneling junctisas used as a constant current
source able to supply extremely small currents, and is by fgirod model in several appli-
cations. The second pFET models the hot-electron injectiorent dependence; for pFET
hot-electron injection, the injection current increasasdecreasing drain voltage and gate
voltage. TheM3 pFET models the drainfiect with some dterence in parameters; the gate
dynamics are similar to the source-degenerated pFETshub]t has little éfect in either
circuit in Figure 7. The two transistor configuration in FigM2 andM3, is found in sev-
eral current mode circuits, but it appears this voltage nuaelit has not been previously
considered.

The circuit in Fig 7b and the resulting circuit family of cagtar circuits based on the
AFGA have several circuit applications. The first applioatis in circuits where the adap-

tation rate needs to be faster than can easily be achievathbgling/ injection currents.
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Figure 8. Measured time-domain behavior for the circuit shavn in Fig. 7b. Measured output voltage
for a step input at four di fferent amplitudes for a fast time response.

The low-frequency cutd of this circuit is at frequencies above 1Hz, and therefomra-co
plements the operating regimes of AFGAs. The second apiolicé in chips requiring
very low power supplies, particularly in battery applicais. AFGA circuits require higher
supplies than the process rating, primarily because theleotron &ects that are used
for the AFGA are in fact what sets the process limits. The grpental measurements
were taken at 3.0V, except for dynamic range measuremernthwikere taken with a 1.5V
supply. Presently the circuit in Fig. 7 is being used in cedphrrays of bandpass filters,
high-speed adaptation circuits, and in circuit models afrakecomputation.

The following section will discuss the all-transistor ciicmodel of the AFGA. The
relevant equations will be derived, many of which are sintd@AFGA equations [15] with
different parameters. The following sections consider the-tioraain, frequency domain,
linear range, noise, and dynamic range of this circuit. Mea data for this circuit that

was fabricated in a 1:2n nwell process is presented. In addition, a coupleftéats not
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Figure 9. The curves are normalized from Fig. 8 to emphasizeie change in shape as we apply larger
input amplitudes. The smallest amplitude input step resuls in nearly symmetric output response, but

the larger amplitude inputs result in asymmetric responseslue to the second-order nonlinearities. Step
input at even a larger amplitude showing clearly showing thelistortion at high frequencies.

seen in the AFGA because of theéfdrent parameters to this circuit will be considered.

2.3 Basic Circuit Equations

To model the AFGA or the all-transistor equivalent circtitp equations are written gov-
erning the autozeroing floating-gate amplifier behaviouadban equilibrium output volt-
age. For subthreshold operation, the change is describdwinFET or pFET channel
current for a change in gate voltageyy, and source voltageé\Vs, around a bias current,
|, as [15].

KnAVg _AVS
NFET :1y = | exp| ——}——).
T

Vg + AVS)

—KkA
PFET 1, = Isoexp( (2)
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Figure 10. Measured time-domain behavior for the circuit in Fig. 7. Measured output voltage for a
step input at four different amplitudes for a slow time response. Measured outputaltage for a low-
frequency step input at four different amplitudes. The large signal asymmetry of this circuiis visible in
this plot. This is a result of the constant current source praiding a linear recovery seen in the up-going
step and the pFET transistor-feedback providing an exponetial recovery seen in the down-going step.

wherex,, « is the fractional change in the nFET, pFET surface potedtialto a change in
AVy, andUr is the thermal voltagé%. We obtain the first equation by applying Kirdfis

current law (KCL) at the floating gate, ¥

deg dVin dVout
Ci—=C C
T dt gt T2t
+1, (1 _ e_(KAvout)/UT) 2)

whereCs+ is the total capacitance connected to the floating gate<(C, + C, + C,), andl_
is the bias current set W4 that sets the adaptation rate. The second equation is etitain

by applying KCL at the output node and assuminfiisiently large open-loop gain:

dVou _ dVs g —kAViq/U
COT_CZTHH(e W/l — 1), (3)
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Figure 11. The curves are equal amplitude to see change in ghaas we apply larger input amplitudes
on the low frequency corner. In both the high frequency and lev frequency step, the smallest ampli-
tude input step results in nearly symmetric output responsebut the larger amplitude inputs result in
asymmetric responses due to the second-order nonlinearis.

whereC, is the total capacitance connected to the output nGde=(C, + C,), andl is

the bias current set byl1 that sets the low-pass filter rate. The voltages on the gdites o
M1 andM4, V. andV,,, set the two bias currentl, andl,, respectively. These equations
are identical to the AFGA case, but typically the equivaken to exp¥{y/Ur) in (2) is

neglected because of the larg&elience in timeconstants for the AFGA.

2.4 Time-Domain Modeling
For short-timescale dynamids,is negligible; this assumption is equivalent to ignoring th
tunneling and injection currents for the AFGA. Combininy2ad (3) with this simplifica-

tion results in the following equation faVig:

av av;
g = A (7O - 1), @
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Figure 12. Frequency Response for the circuit in Fig. 7b. (al5ain response for three diferent values
of V; and three different values ofV,,. We can independently change the high-frequency corner wlit

V; and can independently change the low-frequency corner witV,,. The passband gain of this circuit
is roughly 6.4.

where we define;, = ((CTC0 —~ C§)/UT) /(kC5l,), andA, = Cy/ (CT —~ (C%/CT)). The gain
from input to output due to capacitive feedthrougthjs This equation and its solutions
are similar to AFGA solutions [20, 23]. As in the AFGA, incsedag C,, or C_ without

changingC, andC, decreases the amount of capacitive feedthrough.

For long-timescale dynamics, the floating-gate voltagexeffioy the high gain ampli-

fier formed byM1 andM2. Therefore, (2) simplifies to

dVout dVin
C =-C
2 dt Yt

+ 1 (e ltVourtViglUr _ ) ©)

If an input voltage step is applied such thaf,; moves taAV,,(0*), then howAV, varies

with time (t) can be modeled immediately following this step

AVou‘((t) = Vinj In (1 + (eAV"“‘(O+)/Vi"J' — 1) e—t/ﬂ) , (6)
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Figure 13. Gain response of the first and second harmonics fahree different input levels andV, =
0.589%V and V;, = 2.537V. Doubling the amplitude results in gain doubling, as expeetd for second

harmonic distortion. The distortion peak is near the lower frequency corner. Linearizing the low
frequency corner should be considered to reduce distortion

wherer; = C,Viy; / I; note thatAV,,: — 0 ast — co. A similar approximation is obtained

for fast inputs, which is similar to expressions for the AF(2A].

Figure 8 and Fig. 10 illustrate the short- and long-timesdehavior by showing the
output-voltage response to a step input. Figure 11 showsotitput voltage returns to
steady state. As amplitude increases, the waveform becammesasymmetric and nonlin-
ear. This trend follows (6) and typical AFGA behaviors [2Bigure 9 shows this circuit’s
measured output-voltage response to square-wave inp@sn e low-frequency case,
the high-frequency response of the AFGA is asymmetric: thengdjoing step response
approaches its steady state linearly with time, and the inggep response approaches its

steady state logarithmically with time.
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Figure 14. Frequency response of the Bandpass circuit when is near r,. When symmetrically
decreasingr; and ty, the center frequency remains nearly unchanged, but the badpass gain decreases.

2.5 Frequency Response

Like the AFGA, this circuit’s transfer function is bandpagsth the low-frequency cutb
set by the equilibrium currents froM3 andM4, and the high-pass cutandependently
set by the equilibrium pFETM2, and nFETM1, channel currents. Figure 12 shows the
measured AFGA frequency response for various inputs/and., bias voltages. By taking

the Laplace transform of (2) and (3), the following trandterction can be obtained:

Vou(S) _ _& 1— AntiS 7)

Vi(s)  Col+ms+ L’

wherer, T, A, are as defined previously.

To simplify (7) whent, > 1, the time constants are figiently separated to form an

amplifier region. In this regime&/; andV,, independently alter the corner frequencies; this
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Figure 15. Spectrum of theC* voltage for a sinusoidal input. The total harmonic distortion was -26dB
below the fundamental frequency, and is primarily dominated by second harmonic distortion; this
location was the location of maximum second-harmonic disttion for the high-frequency corner. Like
the AFGA, -26dB corresponds to the linear range of this ampfier. The total output noise coming from
this amplifier was 0.41mVrms. From this graph, the resultingdynamic range is 47dB. The circuit was
operating on a 1.5V supply for this experiment.

region of operation closely matches the AFGA frequencyaasp [23]. At low frequen-
cies, the circuit in Fig. 7 behaves as a high-pass filter. &gpnating (7) as

Vout(s) _ _Cl ST

Vi Col+sn ®

The corner frequency is set By,. At high frequencies, the circuit in Fig. 7 behaves as a

low-pass filter. In this case, approximating (7) as

Vout _ _&:l-_AhThS
Vi C, 1+14S )

(9)

The nFET current sourc®)1 sets the bias current and sets the resulting corner freguenc
At frequencies much higher than the integrating regimes dmicuit exhibits capacitive

feedthrough (not seen in Fig. 12, but seen at high frequenici€ig. 14 for the low gain
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case ) which can be reduced by an increase in e@hear C,.

The circuit in Fig. 7 can also operate as a bandpass filterawitarrow passband, that
is, V; andV;, can gfect the entire transfer function. In an AFGA the corners gpecally
very far apart. Figure 14 shows the frequency response forvaluesr; andr, that are

close together; this experiment shows this bandpass @havi

It would be useful to calculate this circuit’s dynamic raragel compare it to the AFGA.
Figure 15 shows the spectrum of the circuit’s output volfaga sinusoidal input. The total
harmonic distortion was -26dB below the fundamental fregyeand is primarily domi-
nated by second harmonic distortion; this location was ¢lcation of maximum second-
harmonic distortion for the high-frequency corner. Like thFGA, -26dB corresponds to
the linear range of this amplifier. Assuming thermal noike,tbtal output-noise power is
identical to the AFGA [23]:

2n o~
V2 - & zfrh Ld_f — %i (10)
out CoOm/ Jo 1+ (wrh)?Af k C,C,

The total output noise coming from this amplifier was 0.41m¥r The total output-noise
power is roughly proportional t€,, and is inversely proportional t6.. We define dy-

namic range, DR, as the ratio of the maximum possible linegpud swing to the total
output-noise power. In the case where the high-frequentificsets the distortion, the

dynamic range is also identical to the AFGA case [23]:

2
Vio _ &

T2, 2

VoCo. (11)

From this graph, the resulting dynamic range is 47dB. As e AlirGA circuit, the lin-
ear range can be increased by increasiggand the dynamic range can be increased by

increasingC,, andC_ [23, 15]. These circuits have been simulated using Cadetje [
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CHAPTER 3
DIBL FOR EXTENDING LINEAR RANGE OF C*

A Drain Induced Barrier Lowering (DIBL) device can be usedrcrease the linear range
of theC* circuit. To see why this is, let us examine a common sourcelraiplifier with

a pFET load current source. The gain of this device can béenrés

k(Vonret Vo,peeT)

A= -

(12)

Assuming the nFET has a figiently large channel length we can ignore it's Early
effect and conclude the gafg is simplyxV,/U+. If we want to trade ¥ gain for increased
linearity we would want to reduce the Early voltage or ineethe early £ect. This can

be accomplished through the use of a DIBL device as explained

3.1 The MOSFET Relationship of Channel Current to Drain Voltage

When a subthreshold MOSFET saturates (at approximafgly> 4U+), we model the

current through the channel as
| = |0(e(KVg—Vs)/UT)eVds/VA = | €0/ VA, (13)

wherel, is analogous to the reverse saturation current in a BJT) gnid the ideal drain
current in saturation, assuming no dependence on draiagaltFig. 16 shows that real
devices can show a significant drain-voltage dependence.dféct of the drain voltage
modulating the channel’s length is known as channel-lengiiulation or the Earlyféect,
whereV, (=1/4) is the Early voltage. Although we will focus on MOSFETS, wauld

similarly express the collector current in a BJT as

| = |Oe(Vb—Ve)/UTe(Vc—Ve)/VA_ (14)

The lowest curve in both parts of Fig. 16 shows drain currensws drain voltage for

a MOSFET with the minimum channel length allowed by the psstéesign rules. The
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Figure 16. Empirical measurements of drain current versus dain voltage for three different channel-
length nNFETs in a 2.0um process at a gate voltage 0.518V above substrate. In the tpjot, the linear

scale shows that the drain current’s dependence upo¥jys is strong and nonlinear for devices shorter
than minimum length. On a logarithmic current scale (the botom plot), straight lines validate an

exponential representation of drain current versus drain \oltage.

weak dependence of its channel current on drain voltagedquedely described by the

classic model of the Earlyfiect:

I—I(l+ﬁ:>A—|—|—
B VARV

(15)
Unfortunately, this classic model does not adequatelyrdesthe drain voltage depen-
dence when the channel length is reduced below the processgaum stated channel
lenght because the dependencyafiponVys is exponential. Therefore we forgo the clas-

sic model for the exponential teraYe/Va in (13). Now that we have supplied empirical

verification of our model, let’s examine its physical basis.

3.2 Drain-Induced Barrier Lowering (DIBL)

Fig. 17 shows the cross section of an n-channel MOSFET asaseilis energy band
diagram (potential versus length along the channel). Fooa-shannel device, a decrease
in the drain’s electron potential with respect to the chaine an increase iVy) results

in a significant drop in the work function between the sounce thhe channel. Since the

current density increases exponentially with a decreasmgce-to-channel barrier, the
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Figure 17. Cross section and energy band diagram of a MOSFERs Vs increases, the channel grows
shorter; therefore, the current increases. Also, a drop in &ctron potential at the drain of an nFET
induces a small drop in the electron potential of the channeht the source-channel interface. (The
picture of the source barrier is enlarged.) The current dengy through the channel increases as an
exponential function of the source barrier reduction.

channel current is an exponential function of the drainagdt much as it is in the floating-
gate transistor. Both processes include barrier loweringeasource due to movement of
the drain (although they happen fofférent reasons). Therefore, we can use (13) to model
this phenomena’, is a parameter that can be extracted empirically. For longSMETs, a
largeV, is associated with an exponential curve whose curvaturerisamall. In fact, the
bend in the curve is so small that the slope\df AVys does not change noticeably for the
operating range of the device; therefore, the exponentrakecappears linear. In summary,
the channel current’s dependence on drain voltage loo&atifor long-channel MOSFETS,
while for MOSFETSs with very short channels, the drain currearies exponentially with
drain voltage in saturation. Nevertheless, we can use time spression and a single
parameter to model both short-channel circti¢ets.

In Fig. 18 (b) we show empirical evidence of the short-chaM@SFET’s exponential
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Figure 18. Measured data from a short-channel MOSFET showig substantial DIBL. (a) Linear curve

fit to the threshold voltage shift with drain voltage: slope= 0.0379 VWV (b) Current versus drain voltage
for several applied gate voltages. This data was taken fromraL =1.75m pFET built in a 2um CMOS
process. The DIBL FET results in an exponentially increasig current due to linear changes in drain
voltages for subthreshold biases; a similar ffect is seen for above-threshold currents. Good agreement
is seen to a single curve fit of this data to the modified nFET edations, with x = 0.614and Va = 1V. We
can use this device to increase the linear range of on-chip HEcircuits without resistors. Single curve
fit to experimental data: | = (5.18 x 10717) x €*614a/Ur gVa/1.0V

dependence df uponVys over several distinct gate voltages, just as we did for tlegifig-
gate dev Since both phenomena involve source barrier logiewe should expect that
DIBL also manifests itself in threshold voltage reductiéig. 18 (a) shows that applying
a change in drain voltage noticeably shifts the curve ofrdcarrent versugate voltage; in
other words, the threshold voltage shifts. The curves analggspaced for equal changes
in drain voltage; hence, the threshold voltage drop is lindaerefore, we can infer that
moving the source barrier is reduced by a linear factor ofitlaén potential decrease. The
inset plot accentuates the linear decreasériwith an increase iVs.

We have discussed how a decrease in channel length entailsraased drain voltage
dependence. We show thifect explicitly in Fig. 19, where we have plotted Early vokag
versus €ective channel length for nFETs and pFETSs in the sarBend CMOS process.
For this plot we have estimated thé&extive channel length to be3bum less than the

drawn gate length. Both curves show that current to draitagelndependence (i.e. Early
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Figure 19. Measured dependence of Early voltage onffective channel length in a0.5um process for
both nFETs and pFETs. The pFET data includes devices at and b@w the minimum allowed channel
length for the processes.

voltage) is a linear function offgective channel length. Theftgrence in the slopes of the

two curves signifies dierent doping profiles of the devices.

3.3 DIBL devices in amplifiers

We will now show how linear operation in the exponent provadeowerful technique to
develop circuits with saturated MOSFETS operating in thatlmeshold regime, or BJT

circuits biased in the active regime. We can reforulate adiex model, (13), as

| = |Oe(KVg—Vs)/UTeVd/VA — |SaIeVds/VA (16)

whereA, = Va/U+ is the maximum voltage gain of a subthreshold transistonelfouild
a circuit where we fix the channel current, we would prediéchedr dependence between
Vg, V4, andVs, even though we start with a nonlinear equation, throughneisaturation

operating region. For example, consider the high-gain dieptircuit shown in Fig. 20.
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Figure 20. Amplifier Transfer characteristics with a DIBL pF ET device. (a) The inverting amplifier
with a DIBL pFET as its current source. The DIBL device has a lav output resistance (i.e. a low
V). (b) Voltage transfer function of the amplifier in (a) for various bias currents. Because of the low
output resistance, the gain is low; therefore, the input raige over which both FETs are saturated is
much greater. (c) An enlarged picture of (b). Although the irput range is very large (almost a volt),
the output function is (approximately) linear over the entire range. The only limitation on this circuit’s
linearity is device saturation.

The special symbol for the pFET denotes that it is a DIBL deyvice. it has an ultra-
short channel. We use a long-channel nFET current soureeeftive its Early ffect is

negligable. We solve for
Ibias Vout
= kV,
I kVin + A,

and therefore the gain froM, to Vy is «V,/U+t. This gain is a constant for subthreshold

Usln (17)

currents. Figure 20 demonstrates that we get a nearly curgain over a wide swing of

input voltages, as predicted from theroy.

3.4 Differential Version of C* With DIBL

Figure 18b shows that the channel current through this pBER iexponential function of
both gate and drain voltage for a very short channel-lengtlice. A device that exhibits
this exponential relationship between channel currentdaath voltage is referred to as a
DIBL FET, because Drain-Induced Barrier Lowering (DIBL)usas this ffect. The sym-
bol used for the DIBL FET is shown if?a.
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Figure 21. The circuit diagram of a differential version of this bandpass filter. An additional DIBL
MOSFET was added (Figure ??) to extend the linear range of tls device. The frequency response of
this bandpass element is shown in Fig. 8.

We use a dferential circuit topology, shown in Figure 21, to elimindbe second-
harmonic distortion components and increase the filtensgoesupply rejection. Also,
these circuits provide the correct output as the multiptiecuits that require balanced
differential inputs, as described in Section 3.5. Using the DiBlice dfectively increases
the linear range of these devices; in the last section we stidiaat harmonic distortion
at the low corner is significant due to the nonlinearitieshaf adapting pFET transistor.
The key problem for linearity for an amplifier with gain is tharmonic distortion due
to the transistors setting the highpass response. AddmdiBL device increases the
linear range frin 35mV to nearly 1V. Both the single anffetiential amplifiers had a gain
of 10, and had identical bias settings. The large amplit@d@\) sinusoidal signal has
roughly -30dB second-harmonic distortion. The second barmdistortion, shown in
the normalized case in Figure 21, is almost completely elatdd (26 dB down) in the
differential version; the éierential device is limited by third harmonic distortion & i

linear range. This 0.8V amplitude sinusoidal signal hagyhtyi-37dB third harmonic

31



23

22

S}

Output Current (nA)
]
(=]

©°

17 // \\ -

Nommalized Transconductance (V)

L L L

s 1 05 0 05 1 15 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5

Programmed Weight Differential input (V)
(b) ()

Figure 22. Four-quadrant weighted multiplication using floating-gate devices.. Shown is experimental
data of the transfer characteristics of these devices. Be&enVy,, and Vg is the symbol for a tunneling
junction, which is a capacitor between the floating-gate andin nwell. Clearly, there is distortion in
these simple multiplier cells. More complex multiplier cels can be used to reduce distortion but at a
cost of space.

distortion. The highest harmonic dominates the total haimdistortion of this amplifier.
This bandpass circuit was originally developed as a tréorsaly version of the au-
tozeroing floating-gate amplifier (AFGA) [18, 16, 27]. Thest connection to the AFGA
allows for direct applications of existing results: 1. tHeefis linear (minimum) range can
be increased by increasify,, 2. A voltage input at the filter’s linear range corresporads t
-26dB second-harmonic dominated distortion, 3. The tatgbat-noise power is roughly
proportional toC,,, and is inversely proportional 16, , and 4. We can increase the linear
range by increasin@,,, and we can increase the dynamic range by increaSjngndC,

[20].

3.5 Floating-Gate Input-Weight Multiplier

Figure 22 shows the circuit model for our four-quadrant mplikr. This circuit was pre-

sented initially as part of a four-quadrant synapse [24¢ EHBL devices enhance the
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Figure 23. Differential Structure for 4-Quadrant Operation to reduce evenharmonic distortion. How-
ever, this more than doubles the cell size from the simple 4t@drant multiplier.

linear range of these synapses while also providing theecbfeedback to generate fa-
miliar Hebbian learning rules [24, 16, 10]. Figure 22 alsows the measured data from
the floating-gate weighted multiplication. A reasonabldtrplication is obtained over a
0.5V differential input range for a positive and negative range irgitevalues. Second
harmonic distortion dominates this multiplier as seen ftomW = 0 curve. Alternatives
such as the diierential multiplier shown in Figure 23 or current mode apgttes [48] can
be used to reduce to even harmonics from the current meltig@iolutions to reducing the
distortion come with a space tradeaffecting density. Therefore, if the application can
tolerate the distortion the multiplier in Figure 22 shoutlused. @sets due to the inputs
and mismatch are not a problem because each weight is ékpticogrammed and can be

set to eliminate theftsets.
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To derive equations to model this multiplier behavior, pegith

lowt =17+ 17
out

W ﬂ(prg
lgs = IOT exp o

Vig= =2 + 22V, (18)

If we re-write V¢4 to have an input around a bias point

C.
Vfg = Vprog + Vinvias +_Cmvin (19)
— T

whereVyog + Vinias IS the bias point.

The current output is summed using KCL and can be expandedias

Ci Ci
W+ ~Kp(Vbiast + C_mAVin+) W~ —Kkp(Vbias + C_mAVin-)
Iout = ISOF exp UT il + ISOF Xp UT il (20)
We can represent the bias term in each floating-gate device as
—KpVbias*
w" = exp| ———=
p( Ur )
—kn Vi
W = exp(ﬂ) (21)
Ur

If we make the assumption the devices are identical, defisga\, = (U1Cr) (kpCin)
as the exponential slope of this element between capacig and channel current, and

assume\V,,- = —AV,,- 20 can be re-written as

lout = 1o (W* €Xp(~AVin/Vy) + W™ exp(AVin/V4 )) (22)

The exponential slop¥, is a direct factor of the capacitive voltage divider into the
floating-gate. This voltag¥, is typically around 1V. assuming the inputs are within the
input linear rangey,, then we approximate the exponentials as linear functions:

AVi n
Vy ’

lout & lo(W* + W) + [ (W = W) (23)
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whereW* andW™ are the weights corresponding to pFET devices connectéd emdV,,
respectively. The synapse weight, definedy— W-, andAV,, take on both positive and
negative values; therefore the change in the output cusenfiour-quadrant product of the
input by the synapse weights for fast timescales.

The circuit shown in 23 gives a four-quadrant multiplicatimetween the input and a
stored weight. This synapse couples two source-degedé&al floating-gate pFETs in a
way that subtracts out their common responses to achieverajt@drant multiplication.
This circuit supplies a dierential output unlike the previous multiplier that corteerthe
differential input to a single ended output. This circuit hasatded benifit of being a
differential system where even order harmonics are reducedduead at the output.

Additional pre-distort circuits have been designed for meltiplier to increase it's
linear range and convert it to a current mode multiplier [RJrther current mode version
of this multiplier have been examined an determined to pi@a 531n\V¥MHz multiplier
that is linear over two decades [6]. This provides 1 millioA®%/0.27uW as compared to

a commercially available DSP which achieves 1 million MBR5mW.
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CHAPTER 4
PROGRAMMING ARRAYS

4.1 Array Configuration of the Floating-Gate Elements

As with any new technology, these floating-gate devicesgmtasew challenges that must
be addressed before it can be a viable solution in mainstegguiications. Many of these
headaches are very similar to the digital counterparts A{EEPROMSs [3]. The major
similarity is how to modify the information in the device todasired value. Yet, while
similar in physics, the desired application and use of tivtce#dead us to dierent schemes
to alter the stored information. The desire is to deliver steay that will allow anyone to
realize the benefits of floating-gates in analog systems), eitbout a deep understanding
of floating-gate devices.

The floating-gate core used in the computational arrafferdrom those used in other
analog memory circuits such as Epots [13]. Epots are mader:Bsendly” by the ad-
dition of several control circuits around each floatingegatement such that the overall
circuit block is an order of magnitude larger than our sirftgating-gate elements. The
benefit of large floating-gate computational arrays is thegactness of each core element
and therefore support circuits must be moved to the arragphmry to maintain a dense
repetitive core.

Presented in this chapter is a custom programming board physécs based algorithm
that is able to quickly and accurately program the floatiniggan large arrays. Hopefully
the user friendly analog programming scheme places analatyil-gates in the toolbox of
circuit designers. Eventually making them as easy to utaetsand easy to use as digital

EEPROMSs which is currently an accepted technology in modicuit design [18].
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Figure 24. The pFET device is chosen as our floating-gate ded due to it's device characteristics. The
pFET device has the channel to floating-gate field in the cori& direction to collect excited carriers onto
the floating-gate. Shown is the schematic representation dlie floating-gate device, the cross section,
and the injection fields of interest.

4.2 Floating-gate Device Overview

The floating-gate device that we use in our systems is showigir24. The pFET device
is chosen as our floating-gate device due to it's device cheniatics. The pFET device
has the channel to floating-gate field in the correct diraditocollect excited carriers onto
the floating-gate. A nFET device must use a pBASE layer [15]w@l-gate Source Side
Injection (SSI) [54] structure to permit hot-electron ictjen to occur. These are both spe-
cial process steps that also alter the operation of the FESnwths used in a computation
and not just a memory element. The downside to choosing a plekite for injection is
the requirement to reference everything fréfy instead of gnd. This does present some
headaches when programming especially when charge-pumpsed to provide the in-
jection voltage.

The pFET floating-gate device shown in Fig. 24 can modeled by

Vs — kpV
lg = Iwexp(%) exp(—#) (24)
T o]
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whereVy, is the change in the floating gate voltaggis the fractional change in the pFET
surface potential due to a changep, V, is the Early voltage of the pFET, and} is the
thermal voltage',%.

The floating-gate voltage is made up of

C G,
Vfg:V]_*C—T+V2>I<C—T

.. + Qgored (25)
whereCy is the total sum of all the capacitances onto the floating-tadt has a voltage
Vig. The floating-gate voltage also hasQgqes term which is the charge stored on the
floating node.

The charge on the floating-gate can be programmed using aheeefmethods. First, is
electron generation from radiation such as ultra-viole¢light or cosmic rays. Second,
is tunneling through oxides with high fields. Last, is usitec&rons with enough energy to
overcome a barrier, generally hot electron injection. Waicdhithe use of UV exposure for
programming or erase due to the need for an external soutgghband the high cost of a

package with a window. The next section on device selectibexplain the how and why

tunneling and hot-electron injection is used to erase aogram the floating-gate charge.

4.3 Device Selection in Arrays

Developing an fiicient algorithm for pFET programming requires discussimg depen-
dencies of the gate currents, and the ability to modify alsidgvice with high selectiv-
ity. A device is programmed by increasing the output curodrd pMOS transistor using
hot-electron injection, and decreasing the output cumisimig electron tunneling. In the
proposed scheme, devices are programmed using hot-@lenjextion and are reset by
tunneling the devices below the level to which they are to fmg@mammed. This scheme
is chosen due to device selectivity of the twdfelient processes and tunneling junction
mismatch that #ect predictability for modifying floating-gate charge in amay. A time
response of one-half a second was used to produce FigureczZhidee of the speed of

the instruments needed to carefully characterize this nmeasent [17]. The floating-gate
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Figure 25. Output currents from two elements on the same row foa floating-gate pFET array, showing

115 tunneling operations followed by 200 injection operatins. The floating-gate charge is modified
using several 0.5s pulses. [15, 25]

devices easily handle responses in ranges down-to and balow-seconds by simply in-
creasing the tunneling and drain-to-source voltages usedglprogramming and has been

show to work at this rate using the new updated programmiagcoo

Before deciding on a particular programming scheme, thagses(floating-gate pFET
with DIBL device) interaction when coupled into an array veassidered. The device
interactions are due entirely to the nonlinear dependehtieeaterminal voltages on the
floating-gate current. The tunneling and drain terminadscdnosen to be common along a
row; therefore when programming one row, the other rows nemaetected. Finally, how
to selectively modify the charge on a particular floatingegaithout dfecting the other

floating gates along the same row had to be considered.
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Figure 26. Circuit diagram of chip design to allow dual programming/ operation. When the control
signal S is 1, then the switches are closed to the decoder aiity, enabling programming, and the
switches are opened to the normal operating circuitry. Bothdecoders either set their outputs to g if
0 or select an output to an external pin. When the control sigal S is 0, then the switches are open to

the decoder circuitry, and the switches are closed to the nonal operating circuitry. The goal is to fit
all floating gates used into this array format which is described in Chapter 5.

Figure 25 illustrates that a single floating-gate devicegla row can be programmed
with minimal efect to its neighbors. Tunneling selectivity along a row iis #rray is en-
tirely a function of how far apart the a selected floatingegatltage vs. the non-selected
floating gate voltages can be pushed by the gate inputs. Fhise to the fact that the
amount of tunneled current is based on the voltage acroswtimeling capacitor. This
voltage across the tunneling capacitor is equa¥/{p— Viyma @s can be seen in Fig. 24.
As equation (25) shows the floating-gate voltage is made wugeeéral terms including
the charge stored on the floating-gate. Exponentially, namaeling current is obtained
for each linear increase across the capacitor because graobability of electrons tun-

neling through the barrier [42]. In brief, this is becausettas dfective barrier height
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is lowered due to electrostatic influence of an electron @gghing the interface and the
Fermi-distribution of the electrons in the conduction bafd select a particular synapse,
that floating gates control input is brought to as low a vatag possible, while at the
same time bringing all the remaining floating gates contmplit to has high a voltage as
possible. The hope is that the coupling into the floatingenisdarge enough that thé
for the selected device is much lower than that of the noeesetl devices. Because the
floating-gates voltage depends also on the stored chargeedslective can change with
programmed values, a non-desired attribute. The selbctiatio for the pFETS in Fig-
ure 25 on the same row is roughly 40 for a 5V supply. The tungedelectivity can be
increased by increasing the input voltage steps or by isgrgahe gate coupling to the
floating gate providing better floating-gate control. Gailgithis input gate coupling is set
by the computation and size requirements. Because of theepselectivity, tunneling is
primarily used for erasing and for rough programming steps.

The initial topology proposed[35] with tunneling junct®oombined along rows only,
has been simplified in actual implementation by tying allneimg rows together to con-
sume only one pin on the package. This avoids the need fontaljage transistor switches
to tunnel along an individual row, which may not be availaiblell process. There is a
drawback to using this simplified approach, tunneling cantbnly be selected at best
down to a column of synapses because the gates are shargdteorolumns. However,
this simplified approach works successfully in the overadigpamming scheme because,
tunneling is used primarily for erasing.

Figure 27 shows experimental measurements of pFET injeedosus drain-to-channel
voltage[15]. Injection current in the transistor is modkls the following equation:

linj = linjo (i)a e AVa/Viny (26)
wherea = .93 andV;,; = 400mV. For injection to occur in a device there are two control-

ling parameters, the source-to-drain voltag¥®{) to create the high field needed and the
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gate voltage to create current the MOS chariggl(Therefore as shown in Fig. 28, a de-
vice in the array is selected to be programmed by loweringtihemn voltage, containing
the gate of the device, to around threshold(optimal injectioltage) and the row voltage,
containing the drain of the device, to a voltage to produgection, while all other rows
and columns are tied %4,4. Because both conditions described earlier are then saltisfi
only one device, we have the ability to select a device toamogput of the array. For larger
source-to-drain voltages, exponentially, more injectiorrent is obtained as shown in (26)
and verified by Fig. 27. To control the amount of injectionhr tlevice, the source-to-drain
voltage is modulated by raising or lowering the row’s dramttage. During programming,
the system voltage is raised to values that allow injectiothat process. Selectivity in
this process is also dependent upon the floating-gate chHrtfee charge is increased in
any device to permit channel current to flow whép is applied to the control input gate
the device will still inject when the drain voltage is pulsedl target current calculations
for the device are performed with the same drain-to-souotiage as during operation at
the specified gate voltage. This allows the device to be progred for its operational
voltages, unlike other programming algorithms thdfexufrom drain-gate couple changes

when coming out of programming mode.

4.4 Floating-gate Array Programming Scheme

The programming scheme for analog cells must iEedint than that of digital memory
due to the dierence in their objectives. For digital or binary circuhg tdesired solution
is only interested in resolving two distinct values for eaefi, that is one or zero; newer
digital systems store information using multiple level$ fundamentally use approaches
similar to binary valued cells. Analog programming systeatglire a continuous range of
programmable values. Also in digital systems, design cdanations demand a device that
can continuously and quickly store and read informatiorariranalog system we are gen-

erally more interested in programming a device once andrgaing or, as we use them,
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Figure 27. Measured data of pFET injection dficiency versus the drain-to-channel voltage for four
source currents. Injection dficiency is the ratio of injection current to source current. The injection
efficiencies are nearly identical for the diferent source currents; therefore, they appear to be indis-

tinguishable on the plot. At drain-to-channel voltages eqal to 8.2V, the injection dficiency e-folds
(increases by a factor of e) for a 250 mV increase in drain-t@hannel voltage. [17]

computing continuously afterwards. Therefore in the agpapstem, instantaneous pro-
gramming of each cell is not as critical while accuracy ofggeanming is far more critical.
Speed is still relatively important as large arrays are tpiogrammed, but our approach
prioritizes accuracy considerations over speed as evitletite iterative approach.
Programming a floating-gate element involves being abledfosa multiple control

voltages of a single element. As shownin Fig. 28 it is posdibisolate individual elements
in a large matrix using peripheral control circuitry. Usthg control circuitry, one is able to
access and isolate the gate and drain voltage of a singleerteifhis orthogonal isolation
allows a single device to be programmed through correcibjieg control voltages.

Any circuit containing programmable floating-gate elersemiust also have various
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Figure 28. Floating-gate array demonstrating element is@tion by controlling the gate and drain volt-
age of each column and row. Selection of gate and drain voltag are controlled by on-chip mux cir-
cuitry.

switching circuitry to access each floating-gate elemeite frogramming method uses
gate isolation per column and drain isolation per row. Iidiral circuit blocks are designed
assuming access by rows and columns and the control cydsittesigned accordingly.
This method of device isolation ensures that 1.) there wily de suficient drain to source
voltage for injection of elements in a given row, and 2.) timyalement in that given
row with any current flowing will be in the selected column.viReelection switches the
drain lines of a row of circuit blocks to the appropriate cohsignal while all other drains
are connected to afiierent control line which is typically connected to VDD foetbhip.
Column selection switches the gate lines of an entire colimam single control line while
all other gates are switched to another line which is typrcabnnected to VDD. This

configuration ensures that control voltages for the sedegliement are available externally
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Figure 29. Flow chart of programming algorithm. Devices fird erased using electron tunneling. They
are iteratively programmed using hot-electron injection. A drain voltage is calculated using a physics
based equation and then applied as a rapid pulse to the device

for injection control, while at the same time elements nabp@rogrammed arefbduring
the process. Because of the simplicity of the switching sehewhich requires a single
pFET in most cases, or a complimentary set of full transrmrsgates in the most complex
case, we are able to minimize the overall size of individurauit blocks.

The isolation circuitry, shown in Fig. 26 is made of muxes thaitch the drain and
gate voltages of the desired element onto a common bus forsggal. All other elements
are switched to a separate voltage which ensures that tleeseed will not inject. The
external voltages are routedf@hip and controlled by an external programming board

[36]. A typical programming scenario is shown in Fig. 28.

4.5 Floating-gate Programming Algorithm

Using large floating-gate arrays on the order of 1K to 10K e@ets, it becomes obvious
that programming each element by hand would be a very tinemante process. Fig. 29
shows a block diagram of the programming algorithm. The gwgning algorithm has

been automated into a single MATLAB function comprised aéthlower level functions.
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Figure 30. A single row of floating-gate multiplier blocks programmed to cosine cofficients. These
blocks are essential to performing analog frequency trangfrm functions. Because the values are arbi-
trary, one can also set these linearly or to increase or decase logarithmically.

These functions include:

1. TunnelToRange()
Tunnels entire array until all current levels are belowtheisired values. This func-
tion is required because tunnelling is used for global eaaskinjection is used for

fine programming but only works in a single direction.

2. InjectToRange()
Ensures that all elements have df®ient current at a given gate voltage to increase
the speed of injection. Injection requires drain currentnfielling is a global func-
tion so some elements may have significantly lower currereisehan others. Future

revisions will allow isolation of tunnelling as well.

3. InjectArray()
Controls the injection of an entire array by calculating tpimal drain voltage

to ensure that each injection pulse brings the element rctosthe desired current
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Figure 31. Injection of a single element over 3 dferent trials. Each trial has a desired current of 30
nA. After the desired current is reached, the gate voltage isncreased to lower the current and the
programming algorithm is repeated.

without overshooting.

Based on transistor physics we are able to solve for thetinjedrain-to-source voltage

for a desired current. Hot-electron injection in a pFET isa#ed by (27)
| a
linj = |mj0(_5) &Va/Vinj (27)
s,
wherels, is the initial current|s is the final current, anWiy;, li»j, anda are physical

device parameters that are obtain from characterizatitmatecan be iterativly fitted. The

injection current is also dependent upon the change in thérip-gate voltag¥4 [25].

oV
CTTQ = —linj (28)

and the current in the subthreshold transistor modeled by

I = lg,e*AV1a/UT (29)
Solving forls we start with
d(ls) (A —k'\ OVig
= IsyeVon( 5 S 30
at = U/ dt (30)
N——
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substituting (28) into (30)

e G

d(ls) |
dt 0 U/l Cr

then substituting (29) into (31)

()

finally substituting (27) into (32)

I I
ddls) _ IS( K )[,mjo(_s) e_Avd/v.m]
dt UT . CT |50
d(ls) 1 K L\ o-aVovin
(g il e s
dt S UT . CT Nl |50 ( )
Solve by separation of variables.
Ur-C
CO — T ~T
K
fd(ls) ||njo . e_AVd/Vinjdt
1+a CO |SOCZ
Ilnjo _AV,
. @ d/VmJ t A
(CZ)'SG Co"So(Z ()+
g™ = a - |inj($ e—AVd/Vinj . (t) +A
Co - Is,
A=ls,™ @t=0
(34)
resulting inls of
—a - lini
|5_a _ @ - linjo . e—AVd/Vinj . (t) + ISO—a (35)
Co-ls,”

whereCqy = Ut - Cr/k [17, 19].
Rearranging this solution into a single equationAdfy, these equations are simplified

into a solution of a single equation for the required drailtage to reach a desired current.
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A change in drain voltage is calculated around a quiesceih doltage that gives a 10

percent change in current for each injection pulse.
ool 1)
—1{|* Vinj 36
@ linjo * (1) I\ s " (39)

The required drain voltage is calculated for each elemettierarray given their present

AVy = —In

value of current and the final desired current. These volfagiess are then applied to each
element in the array [17].

Using floating-gate elements in analog computation requhrat each element be pro-
grammed accurately to a desired current. Figure 30 shows afrfioating-gate multipli-
ers that have been programmed asftedéntial cosine weighting function. These elements

perform a scale multiplication on afterential input signal.

4.6 Pogramming Speed Issues

With large arrays of floating gates, on the order of 1K to 10pgesd is of paramount

importance for this technology to be viable. Programmingeshis limited by four factors:

1. Injection pulse width.
2. External current measurement.
3. Serial communications for element selection.

4. Parallelism exploited within the system.

Injection has been shown to occur with pulses down tasl@sing the new FPGA
controlled programming board. The change in the floating gan be increased for an
applied pulse by either increasing the injection pulse imi@creasing the drain-to-source
voltage. Smaller pulse times can be applied for programmjngcreasing the source-to-
drain voltage. Figure 32 shows injection rates as the ige@ulse width increases. Fig. 31
shows convergence in eight to ten iterations, which resunlg individual programming
time of 80 - 100us. For an array with 2K floating-gate elements, the total @egning

time could be as low as 80 - 100 ms.
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Figure 32. Plot of injection rate versus injection pulse widh for di fferent drain-to-source voltages. The
injection pulse width was limited by programming hardware and is shown to occur at a pulse width of
10Qus. The minimum injection pulse width can be decreased by mowg the control circuitry on chip.

External current measurements are limited due to the hugeckpacitance for wires
running df chip and the equipment used to perform the current measuteiiee current
measurement circuitry can typically provide one currenasueement between i§ for
large currents and 100ms for very small currentf.dBip also requires additional filtering
of the data to ensure accurate results which can make theuneeasnts even slower. It is
appearant that for rapid programming the current measureareuitry must be on-chip.

Programming board serial port communication is limited loytgpeed and also the
operating system running the algorithm. Using windows nreethhas shown to add ad-
ditional serial port timeout delays. The programming ailipon in a parallel &ort by col-

leagues has been moved onto a field-programmable gate &P&/A), thereby removing
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Figure 33. All four values converged within 9 steps.

the OS delays. Moving circuits on-chip to programming anrembw or column at a time
will significantly reduce overall programming time.

Initial programming results were obtained from ay@®MOSIS process. A 2x4 array
of floating gates was used for this experiment. The operatiitage for the chip was 3V.
For programming, 8V was used to allow for significant injentin this process to occur.
While in program mode, the drain voltage was held at 5V dutivegcurrent measurements
for system operation with a 3V supply. The timing, T, usedifgection was 2 seconds.
This value was chosen only to ensure no timing issues in #teetesironment. Figure 33
shows an attempt at programming four devices in the arrayfferent values. Figure 31

shows the attemps on a @rh process targeting the same current.

4.7 Custom Programming Board

The floating gate computing array has a large potential inynsgstems. The arrays real

benefit is gained when its parallelism is stretched to arragsswell beyond 100 or even
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Figure 34. Block diagram of our custom programming board for automatic programming of large
floating-gate arrays. This board, controlled by a PIC micro @ntroller and interfaced with a computer
through a serial port, is capable of programming floating-gde arrays fabricated in a wide range of
processes. This board allows easy integration with a largeesting platform, where programming and
computation are both required.

1000 floating gate elements. Manual programming via knolakive or even experimen-
tal lab setup, utilizing testing equipment, methods of paogming these arrays quickly
show their limitation as array size grows. Also, if you wemegented with the task of
programming many systems you would run into the same pralpengramming time per
element. The solution is a custom programming board congicircuits able to quickly

and accurately program the large number of floating gatdseiset large arrays.

Further motivating the design of this programming boardj Isw cost alternative to
racks of testing equipment needed to program systemsingjlthe ACAs. Not only does
using self contained custom testing circuits delivers {heed needed to realize the pro-
gramming of large arrays, but ultimately this programmiogia will remove the need for
the low-level understanding of how to program the arrayshmike a PIC programmer
does for PICs. The system in Figure 34 allows for flexible flaggate array program-
ming over a wide range of IC processes, and allows for neathsparent operation to the
user. This board has three external connectors, a poweectorna serial port for commu-

nication with a computer, and a standardized header to conm¢he testing board. The
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Figure 35. This is version 1.1 of the programming board. Ove0 of these were assembled and used
for programming systems in the ICE lab and also for lab experiments in graduate classes. This board
has been updated to a newer version that function with a sepate and dedicated FPGA development

board.

standardized header provides low level digital signalsléamoders and ryprogram modes,
power for the testing board, and analog signals necessarpgwam the array. The header
connects to a testing board allowing the flexibility to use pinogrammer acrossftkrent
chips which may not contain all the on chip circuits necestaprogram the array. At the
heart of the programmer is a PIC16C77 micro-controlleryjaiog support for the serial
interface, the DACs on the board, the current measuremeniits, and the accurate timing
necessary for programming.

The current monitor block circuit on the programming boardsed to drive the drain
lines of the computing array during programming. The regmient for this circuit is to
set a voltage while being able to read a current. This ciregitaces the Source Measure
Unit(SMU) used in initial bench testing. The circuit shownRigure 36 was designed to

meet these needs in a discrete forffrahip. Using an OPAMP, the drain voltage is set
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Figure 36. This circuit is used to set a drain voltage while bieg able to read the resulting drain
current. The integrator integrates the incoming current until the output voltage of the OPAMP drops
past a threshold triggering the comparator on the SET input d the S-R Latch. The S-R latch closes the
switch placing the second OPAMP around the integrating amgfier. This discharges the integrating
capacitor until the output of the integrating OPAMP goes abase an upper threshold triggering the
comparator on the RESET input of the S-R Latch, opening the swich allowing the integration to
resume.

on the non-inverting input and appears on the invertingtitpough it's virtual short. By
using a capacitor for the feedback, the OPAMP integratesitteaning current that can be
seen as the output voltage dropping in proportion to theeotirtUnfortunately, if left alone
the integrator output would reach the ground rail, afterohithe feedback would not hold.
The two comparators on the output of this integrator are tgexhtch the output before
it reaches either supply rails. The output of the compasatconnected to the S-R latch
to enable the discharge circuit only long enough to reseintiegrator to a known voltage
point. The integrator capacitor then recharges until thehcpoint is reached and the cycle

repeats as is shown in Figure 37.

The PIC monitors the output of the S-R latch, producing a tialee indicating the time

required to charge the capacitor from a known voltage torerdtnown voltage. Knowing
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Figure 37. This is a scope trace of the integrators output. Wan the output drops below a set point
the integrating capacitor is discharged until the output reaches the upper voltage catch stopping the

discharge. TheAt is read by the PIC and converted into a current value.

the capacitor directly results in the current via

AV
| =C—-.
At

(37)

With AV and C known, we simple combine them into a constant, A, rejdtto At

(38)

The choice of C will determine the current range over whiah loa read as well as the

time need to make the measurement. With a little additiomgicland circuitry a future

revised version will be able to auto-range by selecting fk@mous capacitors on the pro-

grammer. To auto-range to a lower current the PIC would girhpl/e a time limit which

when exceeded switches to the smaller capacitor, meangngrévious capacitor took too
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Figure 38. This plot was generated when the programming boafs current measurement circuit was
calibrated. Each dot is 100(all plotted, not averaged) simitaneous read values from the PIC at the
current. To perform this calibration a Keithly Source Measure Unit(SMU) supplied the current con-
trolled via MATLAB and the PIC was queried to obtain the time count. A was extracted to be 2.123E-4,
currents were then placed into the circuit and using this extacted number the current was measured
to within 1% accuracy. Only one current versus time measurerent(point) is required to calibrate the
setup, all other points obtained are optional but increaselie accuracy of the calibration.

long to integrate this small current. To auto-range to adamyrrent can be done via an
additional comparator, currents larger than the currepaciéor can handle will keep the
OPAMP output to be at or below the lower threshold trippinig tidditional comparator.
The extraction of A from (38) is achieved by slope fitting areat sweep vaT values,
or in this case the PICs returned value of a count where eacht ¢® represented as a
fixed amount of time obtained from the circuit. Figure 38 shdke fit to a particular setup
as well as 100 current reads for the system plotted on thetfit dlear that the system
provides about 9-bit of accuracy across more that two ordiecsirrent magnitude. This
system represent the current reading in a fashion similarfloating-point representation
providing the large range accuracy. This extraction takés account the actual capac-
itance value including parasitics and eliminates the neeacturately know the known

voltages required to computeV/. This extraction might be performed in future versions
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using a switch capacitor circuits to accurately generagectirrent needed during calibra-
tion on chip, instead of using the SMU. A counter on the PICsiscito monitor the pulse

present on the output of the S-R latch and reports the valtimefover the serial port when

gueried. The PIC counter has a bit limit, which is currenityiling the smallest current

that can be read for a given capacitor. However, any measunietaking that long should

be done with a dferent capacitor, increasing the measurement speed. dherdiis will

be one of the signals used to auto-range in a future revision.

The programming board contains a SPI controlled DAC whigp$ias the analog volt-
ages needed during programming. This DAC also controlstagelregulator to supply the
V44 to the Device Under Test(DUT) allowing the chip to safely lbeught up to injection
voltages only after drain and gate lines have; the currenpsamps all voltages up and
down together to avoid un-intended injection when switghimprogramming mode. The
SPI input to the DAC is supplied by the PIC which can be cofetbVia commands over
the serial interface or also can execute precisely timeztiign pulses. For the injection
pulses used to program the floating gates, the drain voltags lbe lowered for a specific
amount of time and to a specific voltage. Injection informatsuch as pulse width and
pulse voltage can be loaded into the PIC before the pulsa®eachieving the short precise
pulse widths, which were unattainable in the previous besathps. Also, digital outputs
on the PIC are sent through level shifts to the connectorddesting board. These digital
outputs voltage follow th&/4q ramping into and out of programming mode. This allows
selection of gate and drain lines through the on chip Mwdtipydecoder circuits as well as
ruryprogram modes of each cell. These digital outputs are citedrat the software level

by the computer to allow flexibility in their use.
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Figure 39. The use of these transmition gates and decoder all's the selection of a row or column
in the programming array. The array line selected is passed at onto the active line while all other
array lines are connected to the non-active line. The non-dize line is used to disable the rows or
columns by being brought toVyy or an off voltage. The active line can be modulated to control the
injection(programming) process.

4.8 Architecture Issues for Array and Non-Array Layout

There are a few architectural issues that must be examined placing computing arrays
into systems. When it comes to implementing the overly sifirepl scheme depicted in
Figure 26 there are a few things that must be considered, fiesdecodgMUX structure
shown in the bottom and side of this figure requires furth@tanation.

This structure resembles a modified multiplexor allowing ohthe multiple columns
to be selected; this is shown in Figure 39. When the arrayaisaal in program mode the
decoder selects which gate column is individually sent outhe active line while all other
columns are connected to the non-active line. The nonalitie is generally placed &y
which turns the connected columns gatésby providing no current through the floating
gates, inhibiting injection when the drain lines in the roinedtion are modulated. In the
row multiplexoydecoder the same occurs on the drain lines. It switches eutiékired
drain row onto a single line and places all the other draiadionto an inactive line that
is also generally placed &ty removing the possibility of a high electric field frolys
inhibiting injection along these rows.

The multiplier structures that is used as the core of the A@G&ads relatively little
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Figure 40. In run mode all block process the incoming informaion and broadcast the result downward
in this model. The output of the previous block connects to th input of the next block. The output of
the last block, the Computation Array, is sent out horizontdly on the row’s drain lines.

advance consideration when being placed into this progiamarray scheme. This is be-
cause the arrangement in the running system is identichktarfrangement needed during
programming, with all the column’s gates tied together dhtha row’s drains connected
together. Placing floating gates into circuits liR&s or peak detectors is a bit more chal-
langing as it is preferable to program and address themHiketultipliers in the array. Fol-
lowing are design considerations allowing even the nontiplidr cells to be programmed
and allow individual testing of each column in the array. ddidéion, there are other fore-
thoughts that should be considered if it is desirable to Isavee cells programmed while
others are adapting.

Shown in Figure 40 is the block level of two pre-processinguits which contain
bias elements that need programmed. These circuits udiyntged into the multiplier
computing array. Therefore, the output of these circuils aannect to the gate columns

in the computing array. In programming mode the columns hoonnect to the gates of
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Figure 41. |In this figure, Program and Test modes are shown. IProgram mode all the gate line
are accessible from the MultiplexoyDecoder which is placed below the computation array. This is
accomplished by transmission gates in the preprocessingdaks. In Test mode certain blocks are left
in Program mode, allowing the signal from the above block to pss through. With the addition of the

logic in Figure 42 the signal from each column can be viewed.

every floating gate in the circuit including those in the precessing circuits. Through
the use of transmission gates which have 2 states, progragrand non-programming, we
can access the floating gates in the circuits. The outputsegbtte-processing blocks then
become inputs for column lines. Additionally the input andputs of the pre-processing
blocks must short together in order to allow propagatiormefdolumn line signals into the
circuits above them. The top most circuit obviously doesnea&d to send the signal above
itself, which in the programmable filter was @34 cell.

Each pre-processing row should have it own programandVyy pin. The need for
each preprocessing block to have its oW is so that blocks that are to adapt can be
run at voltages allowing injection while noffacting the blocks already programmed that
must be left at non-injection voltages. If the chip contaiosadapting blocks all the pre-
processing row¥yq’s can be time together. The advantage of the individual ranogun
pins for each pre-processing blocks along with a modified-gatumn decoder structure

shown in Figure 42 allows each preprocessing block to bedesbne can then view the
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Figure 42. Using this modifier multiplexer/decoder circuit, which has some additional logic, allows
each channel to be tested while running. When the Prog pin issserted all channels from the column
are connected to the decoder circuit. When the Prog pin is nasserted and the test pin is asserted only
the selected column will be connected to the decoder circuifll other columns are therefore undfected.

output of only theC* pre-processing block by placing that block in run mode arehev
block below in program mode which allows the output to be fiktha way down and out
the multiplexer. To see thefect of the next pre-processing block only requires moving
that block from program to run mode. In large systems thisnditecally improves the
testability of the overall system by permitting the testoiggach block.

Using these methods allows for fully programmable systekgsin the Programmable
filter only had to account for attaching tk# cells floating-gate biases into the array. Sys-
tems such as the analog cepstrum processor, that is shoviguire 3, include additional
pre-processing blocks such as the peak detector that nmast thle gate signal to pass
through. The more pre-processing blocks involved the more that will need to be spent
in assuring the system is programmable and testable oncéifhesturns from fabrication.
Some system may benefit by breaking up the system in half aplicdting the access
blocks to the top or even potential several times throughimeiisystem. Global decoder
lines can be run up and down in a high level of metal to accessdparated blocks which

additional bits to select which device access block is eulydeing used.
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Figure 43. Analog cepstrum processor utilizing the Computig Array which was based on the Pro-
gramming Filter core. The Programmable Filter is essentidly the same except it does not have the
added peak detector making it slightly easier to implement.
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CHAPTER 5

ROW-PARALLEL PROGRAMMING OF FLOATING-GATE
ELEMENTS

5.1 Motivation

The use of floating-gates in analog systems to perform coeipus on signhals has ex-
panded over the last several years [29]. Furthermore, thestem are growing in com-
plexity, requiring the use of an ever increasing number cdldg Floating-Gate Elements
(AFGE). Currently, AFGEs are generally programmed usirsgia@m df-chip programming
circuits and algorithms [53]. However, the time requiregptogram many elements to a
desired value still impedes the wide-spread use of AFGEBaltog circuits. Also, & chip
programming consumes many pins on a chip, reduces progragrancuracy, and requires
specially designed boards be present whenever a AFGEs weéds to be changed. This
has motivated research into on-chip programming to evéintpeovide digital only sig-
naling for programming AFGEs. Presented in this sectiornlaeircuits used to program
elements on-chip and in a parallel fashion, further deangabe time needed to program

AFGE elements.

5.2 Row-parallel Scheme

Altering the stored charge on AFGESs can be carried out usmMghbto injection, electron
tunneling, or hot-electron injection. For AFGE arrays, veednchosen hot electron injec-
tion, also referred to as CHannel Initiated Secondary BEbediCHISEL) Injection in some
literature, to program the deivce. This assumes we willahyt start from a floating-gate
voltage below the desired value to program to. To erase ti@E&rray, the floating-gate
voltages are reduced using electron tunneling to flash éeaase all devices at once) the
array. The rationale for program and erase choices is methldexplained in previous

chapters on f-chip programming algorithms [36, 53] but mainly is due togkadevice
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Figure 44. This is a block level diagram of the on-chip schemand not drawn to scale. In order to
provide row-parallel readings and keep the pins count mininized modified SRAM cells are used to
store the current measurements. They can then be read¥chip using serial methods such as SPI again
keeping the pins count requirement to a minimum. All the cirauits needed to program the array are
located on-chip providing quick and accurate programming br the ACAs.

mismatch in the tunneling junctions used in AFGEs. The ap-cbw-parallel structure
where designed to work with a constant-time varying-draihage-pulses needed to pro-
gram AFGE based on the programming algorithm describedqursly [53].

The current measurement structure was built to source agekind read the current.
This is important for programming when devices are prograchto a given current for a
Vg4s Other than the supply voltage. Also, this permits the reqdihcurrents in the array
after the array has been ramped up to injection voltagess ishiseful for some of the
algorithms that are use to bring scattered devices intcerafilge design also maintains the
correctVys, whether the current measurement circuit is in integragel), pause or reset
mode. The design allows the current of all rows’ AFGEs in agicolumn to be read
simultaneously with the same applied gate voltage. Thisoisconsidered a drawback
as theVy diffrence from the desired us¥y can be calculated out in the desired current
by knowing the &ective device kappa. Further, in practice only one gateageltis used
when calculating what currents are needed. In many cirtiaggsthe multiplier [37] the
importances is to program aftérence in floating-gate voltages for the computation and

can be done at any gate voltage. The additional logic neatpérmit varying the gate
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Figure 45. This shows the high level diagram of the the peripéral circuits needed for programming

the Analog Computing Arrays. The goal is to provide a systemhat is unnoticeable to the user. To ac-
complish this: The supply voltage needs to be no greater thahe operating voltage. The programming
of the array in performed by loading target values over a digtal interface. The programming of these
values occurs on-chip without a detailed understanding byte user.

voltages along rows during a simultaneous read is moreycthsth the benefits gained for
most of the current AFGE systems.

The current measurement circuit, shown in Fig. 46 operatesi¢ of three configura-
tions throughout the read cycle. The first is a reset modéjsmhode the capacitor used to
integrate the current is reset by placing the terminals betWg,: andVgrqin. This places
the capacitor charge in a state where the integrator outplubevVgs: When integration
begins. All rows in the current measurement block are ragbeasame time once theset
signal is asserted. Once the reset mode is complete, thetégplaced in a pause mode
waiting for theread signal to go high. After theead signal is asserted all rows begin to
integrate the current coming from each row in the array orfébdback capacitor. As the
current is integrated on the capacitor the output voltagbebp-amp that has the capacitor
in the feedback begins to drop. Once the output voltage dvefmsv V., that rows com-

parator trips and takes the row out of integrate mode anaplaback in pause mode. The
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completion of the integration is passed to the SRAM blocktheccurrent counter value is
locked into the SRAM for that row. This counter value prowdes with the timedT) that
the circuit integrated between the two voltag&g)(using the feedback capacitor (C).

This circuit provides a clean way to read the currents in gaghat the same time.
Also, the circuit stops the integration once the integratoitput reache¥y., and waits
for a reset. The voltage on the output of the integrator weithain fixed for some short
amount of time. Because of this, the comparators voltagdeaswept over time and the
counter used to read out td® discretized that was integrated over the fixdd This is
handy for measuring devices that would otherwise be out mjedor the capacitor and
counter clock used. The last bit of the counter can be usedatét the transition from a
time-measured to voltage-measured mode and on the tamsitithis bit the integration
in placed in pause mode. Then during each clock transitiomtime counter the voltage
Vaop Can be increased by some amount and the counter will recerdaltage where the
comparator tripped for the row. Tl& then used for théV sweep is just » 202 and
provides a way to measure th¥ from the inital integration. Any counter value with the
MSB as a zero will indicate a row where the time for the iniéelwas integrated over and
a one will indicate a row where the voltage integrated oves maasured.

After current measurement have been made an algorithm @ tosealculate &/
to apply to each row. This is currently being computédabip from the measurements
obtained on-chip. This algorithm is being converted to anfatr that will allow it to be
implemented completely on-chip in the next revision. Mavthe algorithm on-chip will
decrease the time needed to program and array and furth@ninénthe data needed to
be moved oyoff chip. Once the&/ys is calculated, the voltages are loaded into sample and
holds in each row, allowing the pulse voltage for each rowaddaded independently.
All the voltages are then pulsed simultaneously for the sameunt of time providing the
correctVys pulse for each row. After the pulse is completed the draitagd is restored

back to the global drain voltage supplied.
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Figure 46. The row-parallel current measurement circuit alows a voltage to be sourced while the
current is read. This is accomplished using a switch-capaimir like integrating op-amp. The circuit
will integrate using I=C§—\T’, whereédV is Vaart — Vsop, C is the integration capacitor, andsT is measured
using the output of the comparator and an on-chip counter. Tle results of each row are stored in a
modified SRAM cell and later read out from off-chip.

5.2.1 SRAM Block

The SRAM used to store the counter’s value in for each row isodified SRAM cell.
This permits separate control for loading and readout apdraée inputs for loading and
reading. This cell can be read simultaneously while it islexh Figure 47 shows the
schematic representation of the SRAM cell. When the SRAM i®sad mode one of the
inverters in lifted from ground and not able to pull the inpfithe SRAM to ground. This
is desired as high voltages applied at the input do not paspletely through the single
NFET input providing only a mid-rail input voltage. This t@$je reduction using a single
pass device is evident in the cells readout as seen in?Rigthere the high voltages are
attenuated.

The SRAM cell has been measured to hold the output of the eaaininning at 10Mhz.
This was tested by placing the integrator block in reset manute applyingVga: below
Vaop t0 lock in the counter value. Whevi, is brought above/g,, the SRAM load in

the current counter values. Figure 47 shows the ability @SRAM to hold a one or zero
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Figure 47. To store the time value supplied by a standard couer a modified SRAM cell is used.
This cell allows reading an writing from separate inputs anddoes not require a diferential signal. The

counter bit is fed into the Write Bit Line until the output fro m the comparator drops shutting dof the

Write Word Line. This locks in the current counter value in the SRAM row once the integration is
complete. To read the row, row decoder selects the Read Wordihe and allow another set of decoder-
muxes to send out each bit along the row.

1

while the clock input is still applied after being loaded.

5.2.2 Sample and Hold
A sample and hold is needed to provide drain pulses to the armaultaneously. After
the rows current is measured using the on-chip row conweités compared against the
target values. The sample and holds can then loaded from-ghipror df-chip Digital
to Analog Convertor (DAC) according to a lookup table. Thenpke and hold needs to be
relatively small in it’s footprint as it is replicated for @arow measured. For this reason
a simple 5 transistor OTA with a 200fF sampling cap was useterdesign. This section
shows the measured performance of this simple sample add hol

Figure?? shows the input vs. output characteristic of the sample aidl fhe sample
and hold tracks well for voltages in the range of 0.8V to at&a/ for a supply voltage

of 3.3V. This sample and hold has a gain error of about 48 AM) the input range.
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Figure 48. A single SRAM has been shown to hold it value. A 1IMHmnput signal was applied to a single
SRAM cell. Shown in the figure is the ability to hold a zero and &ad one. The cell uses a single nFET
for readout and therefore the high values stored in the SRAM & Vgyq appear at the output around 1.5v

There appears to be a inputset of about 0.07V as measure from the chips sample and
hold input to the chips sample and hold output. This is a tesfulhe small sized input
transistors mismatch or voltage drop in the sample and hofug switch. This however
may be acceptable in this system, but would require a slidgbtiger time on an industrial
tester. The injection table on-chip could take into accoliatff-sets in the sample and hold
when initially calibrated tested when back from fabrication. To provide this tesiigbd
switch needs to be added to the output of the sample and helaobfrow and indexedio

the row decoder.

5.2.3 On-chip Measurement Counter
The ripple counter on chip was tested experimentally usmgoua 30MHz input signal.
This was supplied using a external function generator thatdcsupply signals only up

to 30MHz. The input clock, output of the first division and taput of the 6th division
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Figure 49. (a)The sample and hold tracks voltages well betvea the ranges of 0.6V to 3.2V for a 3.3V
supply. This is the expected operation for a 5 transistor OTAconnected in unity gain feedback. (b)

The gain error of this sample and hold was extracted to be -4BmV/V. A slight non-linearity can be
observed

are shown in Fig. 53. The output of each counter bit ifdred internally using a lifer-
inverter. This inverter allowed the counter to function a@0MHz even when the output of
the first division was severally attenuated as measuftechip. The load of the protection
pad, proto-board, and leads to the measurement equipmenth@asource of the load
observed at the output of the first division. The sixth dimsfrequency was measured to
be 469.2kHz, close to the expected value of 468.7kHz.

The resetable counter used in the design was a ripple codierefore, the carry must
ripple through the system and propagate to the MSB befoseupdated. This delay was
measured by obtaining the output transitions from divisibthe counter. The delay from
the first transition to each subsequent division transit\as measured and plot in Fig. 54.
A fit of the points resulted in an experimentally measuregpgation delay for the ripple

in this counter design to be 4.275ns per bit.

5.3 Resolution and Mismatch Issues

Programming AFGEs to a precise analog current will be suligesome maximum ac-

curacy. This accuracy can arise from the resolution of thasmeement block or from
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Figure 50. Decay over time for the starting voltages. This d@ used to get the decay voltage plot

mismatch in any of the programming circuitry. The resolntod the current measurement
circuit in the on-chip AFGE programmer is not fixed once febted. The measurement
circuit works by integrating the current to be measured oagacitor. The voltage on the
output of the capacitor changes from one fixed voltage tohamndixed voltage over the

integration §V). This is governed by

I_C*(5V
6T

(39)

where the current | is being measured hyTa

The resolution available to measure | is set by several paters1 The first is the
minimumdT that can be measured. This is directly related to the claaufency supplied
to the counter as the LSB will switch at this clock frequen@ie clocking frequency is

however scaled by two other term®/ andC. The integrating capacitor C is fixed during
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Figure 51. The decay rate of the sample voltages vs. the voffa stored on the Sample and Hold is
shown. The decay is at worst case 0.4ni8 or 12-bits of resolution with hold times of one second.

fabrication and multiple capacitors can be fabricated facherow, then switched in to
change the currents that the circuit is able to integrate awet time window. Increasing
the capacitor slows down the integration for a fixed curralidwing the resolution for that
current to be increased for a fixed clock frequency. Howdweincreasing the capacitor
with all other parameters fixed the time to integrate theemtris now longer. It is apparent
that by changing the capacitor we can tradietione for resolution. Th&V which is the
voltage over which the current is integrated can be chanfjedfabrication as well. This
can be changed andfects the resolution vs. time tradéin the same fashion as the
capacitor.

Mismatch in any of the rows circuits can obviously alter tbarmter value (current) read
from each row using the same conditions. Mismatch in capacés used for integration

and transistors in the comparator are such places for tlemaich. However, the use of
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Figure 52. The minimal conversion time for the sample and hal used is 45kHz for a range of 2V. This
conversion time will determine the amount of time needed todad all the rows sample and hold. For

example to load 100 rows would take 2ms. The first sample and kbloaded would change by less than
1 uV after being loaded.

AFGE in arrays can tolerate to some degree or in some systeneven not fiect by row
mismatch. For the multiplier, which makes up about 80% obp#rations in many of the
ACA systems, only the dlierence in the neighbofffects the calculation, where absolute
values alter bias currents only that dfiegt the computation. Each row can therefore
measure the same current slightlff and the computation accuracy will be preserved.
AFGE currents that require good matching to each other shmeiplaced along the same
row due to these row to row mismatches. Therefore, while timmatch exists, correct
choices in the design of computation systems can minimizefhcts of the programming
mismatch. In future revisions of the programming circuitrrection registers on-chip
could be used to correct suchisets. During initial test, known currents can be applied and

the dfsets stored on-chip for each row providing a way to later naribese fiset errors.

5.4 Simulation

The row-parallel structure, consisting of the sample ard;hetegrator; counter; and mod-
ified SRAM, has been simulated in Cadence and demonstratedrko Simulation shows

that the dynamic counter used can operate at frequencies1@MHz in the AMI 0.5um

73



35

bitfs] \
measured-469.2kHz
| [R4aseeraend calc-468.7kHz \ X 28210-000
|
251 =
‘\
|

o \ / \ T
M\ W M“ﬂw /W\VM\A /L/NW n W“/ i VWW /k r\w W Mﬁw i Mﬂ

1 / |
0 | R\/\MW/\/\MN\]WMA WW | | W\WM/\//\W/\\NWWV\W

0 05 1 15 2 25 4

x10°

Figure 53. The ripple counter on chip was tested using up to a@IHz input signal. The input clock,

output of the first division and the 6th division are shown. Tte sixth division frequency was measured
to be 469.2kHz, close to the expected value of 468.7kHz.

process. If a 10fF capacitor and¥ of 1v was used to integrate the signal this would give
an upper limit of 200nA. That is if only the first bit of the merngas latched the 10fF ca-
pacitor integrated over 1V in 100ns and according to (3%)vloauld be a current of 200nA.

It can be seen in this simulation as discussed earlier thaatttimgs will limit the maximum
current that can be read from the structure. The size of thaai®r; where a larger ca-
pacitor will permit the reading of larger voltages and theespat which the counters can
operate; where a fast counter permits larger currents fovemgized capacitor. Because
this cell is arrayed it will be advantageous to limit the stle as much as possible. With a
capacitor of size 100fF we can measure up to 1uA with the LSihgh.

If we use a 16-bit counter to measure the current in the sstakbadable current can
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Figure 54. The resetable counter used in the system was a sitegripply counter. The propagation
delay for the ripple in this counter design was experimentdly measured to be 4.275ns per bit.

take up to 6.5ms to be read. This would be the case if all bitesgrcounter are high and
the current read would be 1.52pA for the 10fF capacitor. Obsfy the faster the counter
the more bits can be used to provide full range in a set amduiitne; where more bits
increases the read time along with the range for smallerentsr Shown in Fig. 55 is
the integration and SRAM values for a 1fF capacitor plus gitica integrating 20nA over
0.6V. The integration completes in only 200ns as seen by BeMsvalues. This chip is
back from fabrication and is currently undergoing testiiige chip will be tested with a

FGPA simulating the on-chip controller to rapidly programaaray of float-gate elements.

75



Transient Response L]

(v)

(v)

(v)

(v)

40 _

(v)

0.0

4.0 v Jread_row

(v)

00 1 1 1 )
2.90u 3.00u 3.10u 3.20u 3.30u 3.40u
time (s )

Figure 55. This is the integration and SRAM values for a 1fF cpacitor plus parasitics integrating
20nA over 0.6V. The integration completes in only 200ns as ee by the SRAM values.

5.5 Charge Pumps

If the ACA systems are to be self-contained and completelggparent to the user, the
high-voltages needed for programming should be generetedthe standard supply volt-
age. In order to accomplish this switch-regulators or agmgmpvoltage-doublers will
be needed a part of the on-chip solution. Both circuits mle\dC-DC conversion using a
high switching frequency clock. The mainfidirence between the two circuits is the ele-
ment used to store energy during the switching cycles. &wigcregulators use an inductor
to store the energy whereas charge pumps use capacitang dage of the switching regu-
lator, energy is stored by the change in current in the irmtwehereas in the charge pump,
energy is stored in the capacitors by the change in voltagpa€itive energy storage cir-

cuits have the advantage of being able to be completelyrated) on chip when the power
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requirements are relatively small thereby reducing cadishjeating an external supply, re-
ducing pin count and hence using less board space. The weskmted in this section is a

collaborative venture with another colleague in the ICE lab

5.5.1 Charge-pump Direction

After the need for a chargepump was realized, both switcbarge-pumps(voltage dou-
blers) and Dickson charge pumps were examined as possibtess. First, the switching
charge pumps were evaluated. This charge pump operatesabyiroiprup capacitors in
parallel, the reconnect them in series to produce a great&ge than the one supplied. It
can be though of as connecting batteries in series to obthigheer supply voltage when
each, individually, have a lower voltage. These charge psitnyztures [50] are based on
switched-capacitor techniques [1] This structure is higiticient and lacks the leakage
currents and threshold-drops that plague the Dickson ehaughps. However, the switch-
ing charge pumps appeared to have a major draw-back; inthattitches used to provide
the series-to-parallel conversion required the same Widfiage that you are attempting to
generate. There are solutions to this drawback [4] and reqdditional driver circuits
to control the charge pumps. The information on these diiecks is limited mostly
likely due to intellectual property concerns. Also the nédon-overlapping clocks is a
requirement for many of these types of pumping structures.

The second structure that was entertained as a solutiorpfdied injection and tun-
neling voltages was the Dickson charge pump [8]. The Dicksmarge pump uses two
clock signal in anti-phase of each other, alternately &olpio each stage, to pump charge
through diodes that operate as a self-timed switch. Thensatie diagram of a CMOS
Dickson charge pump is shown in Fig. 56. The operation of kbekas responsible for the
boosting operation. For example at point A, the voltage issibed to 6V when the clock
is pulsed high. This occurs because the voltage is set at 3idyoltage source input
and it is immediately elevated to 6V when the clock togglegtsince the voltage across

a capacitor cannot change instantaneously. Thereforeutppetcapacitor is charged to 6V
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Figure 56. This is a schematic representation of a charge pum In our work we will be designing
a Dickson charge pump. Our objective is to find the optimum redfier structure which will yield the

highest output voltage with the best fficiency. The value of the capacitor used in the designs presedl
in this paper equals 1pF.

since this stage is pulled to ground by the clock which opsrat antiphase. Thus each
successive stage is increased by the magnitude of the ¢legli3V. The output voltage is

given as:

Vou = Vin = Va + nx [V} = Vg - V] (40)

where

Vi, is the input voltage to the circuit;

Vjp is the voltage swing at each node i due to capacitive couplitige clock;

V4 is the voltage drop across each rectifier;

V, is the charging and discharging of the capacitors when tlaegehpump is sourcing

current.

5.5.2 Dickson Chargepump Rectifying Element

One of the elements used in the Dickson charge pump is thigyregtelement. This ele-

ment while drawn as a simple diode must be implemented gneding structures available
to the designer in a standard CMOS process. After thinkinguih the MOSIS CMOS

process available, six rectifying structures were idesdifi These six, shown in Fig. 57,

are: diode connected NMOS (DCN), high voltage NMOS (HV), yoadntrolled diode
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Figure 57. Shown in this figure are the 6 possible rectifier stictures designed in a standard .6um
CMOS process.

a) Diode connected NMOS (DCN) transistor We6um and L=.6um. b) High voltage NMOS transistor

(HV), W=6.75um. & L=.6um. c) Body controlled PMOS transistor (BCP),W=6um and L=.6um. d) PN

Junction (PN), diffusion dimensions 5.4um x 2.4um. e) The Schottky diode (SCH)ffusion dimensions
2.4um x 3.9um. f) PMOS diode connected transistor with VSBO (VSB=0), W=6um & L =.6um.

connected PMOS transistor (BCP), PN junction (PN), Sciatikde (SCH) and PMOS
diode connected transistor with source to body voltagelgéquzro (VSB=0). All of these
devices were fabricated in a standard .6um CMOS double polyess. In order to layout

some of these rectifiers in standard CMOS some of the DRCtioakwere ignored.

5.5.3 IV Curves

Shown in Fig. 58 are the IV curves for both forward and revédaiss regions for five of
the devices. The high voltage device was omitted becausasitfeund to be inoperative,
probably due to an inadequately long channel length whichtrikely resulted in punch
through. The channel length was later doubled and as suckweagssfully used in sub-
sequent multi-stage charge pump designs [31]. In the reMd@es regions it is seen that
all the rectifying structures except for the DCN rectifieedk down with a reverse bias
of 1V or less. The IV curves for the BCP device were measuretvdady voltages of 1V
(Bdy=1), 3V (Bdy=3) and 5V (Bdy5) and its breakdown voltage also occurred when the

reverse bias was approximately 1V or less. In the forward base, the Schottky diode
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Figure 58. Fabrication results from .6u standard CMOS process indicating the reverse and forward
bias characteristics of the 6 dfferent rectifiers.

Legend: DC = Diode Connected NMOS transistor; BCP Bdy=5 = Body controlled PMOS transistor
with Vsb =5V,

BCP Bdy=3 = Body controlled PMOS transistor with Vsb = 3V; BCP Bdy=1 = Body controlled
PMOS transistor with Vsb = 1V;

PN = PN junction; SCH = Schottky diode; Vsb0= PMOS diode connected transistor with VSB=0.

structure is the most current prolific device and has thedsgimitial value of current.

5.5.4 Pump Design
For Analog Computing Arrays, two high-voltages will needo® generated from the op-
erating supply. The first is the tunneling voltage. To remokarge the floating-gate, a
special tunneling junction is used. For th&@m process a voltage of approximately 15V
is needed to tunnel, with tunneling rapidly occurring adurirv. Therefore, this charge
pumps need to be able to supply a high voltage. The curreniresgents for the output of
the charge pump for tunneling are minimal per device. Tungglnctions are extreamly
efficient in that all the charge supplied to the tunneling jumtis passed through and onto
the gate.

It is seen in Fig. 59(b), that in general for higher frequesgithe output voltage is
increased. This corresponds well with the output voltage ftequency characteristics
shown in Fig. 61(b). The clock signals were generat&dtup to simplify testing of initial

structures. Currently in fabrication is a design with theckl and inverted clock on-chip
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Figure 59. lllustration of the Schottky charge pump used fortunneling and its characterization from
fabrication results in a standard 0.5um CMOS process. (a) The Schottky charge pump configuration
to effect tunneling. (b) Current loading characteristics for various frequencies. The output voltage of

approximately 18V will be sufficient for tunneling in a 0.5um CMOS process. This configuration shows
ample sourcing capability to drive an array of floating gate ércuits sinking a total of 1nA where each
floating gate transistor sinks 1fA.

to prevent signal degradation. This charge pump will be usetbntrol a floating gate

array where each transistor draws approximately 1fA fortal tof 1nA. Shown in Fig.

61(a) is the transient output of the Schottky charge pumgtiogthe output voltage from

approximately 4V to 18V. The output exhibits a charging withdramatic overshoot spikes

that could potential damage the tunneling oxide

The second is the injection voltage. The requirement fag targe pump will be

moderate pumping voltage(6.5V from a 3.3-5V supply) butediier an adequate supply
current. Injection requires a channel current to be presedttherefore is not 100%te
cient as in the tunneling case. While some seem to indicateldhge drain currents are
needed [49], injection actually occurs mor@@ently with sub-threshold drain currents

The channel current generally needed for injection prognarg of ACA is no more than
10nA.

Shown in Fig. 60(b) are the current loading characterigtica 3 stage Dickson charge

pump using high voltage transistors. Conforming with theuls shown in Fig. 61(b)

there is a tendency for the output voltage to decrease vetjugncy. However once again at
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Figure 60. Illustration of the high-voltage charge pump usd for injection and its characterization from
fabrication results in a standard .5um CMOS process. (a) A 3tage high-voltage charge pump used
to control injection in floating gate circuits. (b) The current loading characteristics for controlling
injection on the drain of the floating gate device. The voltag interval of approximately 7V-8V will
definitely accommodate the required interval 6-6.5V needetbr injection.

higher frequencies, at approximately 5SMHz, there is a stlagpease in magnitude that is a
result of attenuation of the inverting clock signal magdéuhat was supplied using aff-o
chip source. It was observed that the inverted clock sigigaimeasured at the protoboard,
started to experience attenuation and phase shifting abd#z. The charge pump used
for injection would be used to source approximately a tofal oA for an array of 100
elements, each sinking 10nA. The high voltage structureamaMOS diode connected

transistor except that the source and drain regions werewued by N-wells.

5.5.5 Incorporating these into the ACA programming structure

These charge pumps have been shown to actually tunnel aea apgingle floating-gate
element. However, charge pumps will present a bit of chandke way the ACAs have
been constructed in the past. As pointed out, charge punepbnaited in current drive
before their output voltage start to drop. Because of thesaiitays must be zoned in to
smaller chunks. This zoning has been considered and actlaihges the row column
selection of the devices.

Shown in Fig. 62 is the low-power scheme for switching thergegoumped injection
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Figure 61. lllustration of transient and frequency output voltage characteristics from fabrication re-
sults in a standard 0.5um CMOS process. (a)Transient outpubf Schottky 6 stage charge pump boost-
ing output voltage from approximately 4.3V to 18V. (b) Output voltage as a function of frequency for

the high voltage and Schottky charge pumps. These tests weeffected with a 5V input and a 5V clock
operating at 5SMHz for a no load case.

voltage onto columns. Because of the current limitatiomsvilells of a minimal number
of floating-gate elements can be charged at one time. Tha® ssatic power dissipation
in this implementation and transient switching power wasuwated in simulation to be
orders under the maximum output from the charge pump. Eviaeifoltage at the level-
shifter drop during switching, which would occur if it coultbt supply enough current
while switching, it will still switch but at a slower rate. ©a the transition is complete the
charge pump voltage will recover back to injection voltagkeis was verified in simulation
by a current limited voltage source

This current limitation, and subsequent need to separhteddlumns wells has a neg-
ative dfect on the density that can be obtained. However, this clsathgeaccess method
that has been used in the past to isolate a floating-gate eteamprogram. Traditionally
we have used the gate lines to provide column selection dtegv However, with each
columns well separated we can use this to provide the colwtattoon. There is an ad-
vantage to this method, current when devices are highlyraroged and in a column not

selected, they can still injection. This is because\ljieneed to inject exists in all devices
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Figure 62. Shown is the low-power scheme for switching the elnge pumped injection voltage onto
columns. To use the charge pumps in the arrays the columns wedre separated to allow only the
devices in single column to the powered up and injected.

in the current programming scheme. If the device is highbgpammed there will still be
channel current even when the gate if pulled to Vddfério the new scheme even if there
is channel current there will not be an appropridefor injection. Actually, all gates in
the array can be tied together during programming pulse. édew they will still need to
be separated to measure the current programmed into theedeVihis new method is still
compatible with row-parallel programming. The number ofisdhat can be programmed

simultaneously will be dependant on the current supplyimttg for the injection charge

pump.
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Figure 63. Shown is the measured data of the 10-bit currentesled DAC convertor

5.6 DAC Block

The row-programming system requires a few digitally calfgcbvoltage source for pro-
viding the programming pulses to gate and drain lines. Whesd voltages were needed
that have been supplied in thé-ehip programming systems by commercially obtained
DACs. It is desired to move these DAC on-chip to reduce pinrt@nd move towards the
goal of a digital-only interface for programming ACA chipA. current-scaling DAC [1]
was designed, fabricated and measured. This design uségansistor that is connected
in series and parallel to alter théfective WL of each bit. By using the unit transistor
and replicating it to create each bit the hope is the matcbamgbe improved to provide
increased accuracy on each binary weighted current source.

The DACs measured INL and DNL are shown in FRg. It is observed that the INL
and DNL error increases as the code word increases. Thic@&ibe the noise from the

bias supplied to the reference unit becomes amplified. Thage sources that are used
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Figure 64. Layout of the 10-bit DAC convertor. This layout stow the DAC design from a unit cell
replicated and connected to provide the DAC bits. The outputof the current mode DAC is con-
verted back to a voltage using a poly-resistor. The IntergrbNon-Linearity (INL) and Di fferential
Non-Linearity(DNL) for the 10-bit DAC is presented. It is observed that the INL and DNL error in-

creases as the code word increases. This is because the n&iis the bias supplied to the refrence unit

becomes amplified.

to set the bias current on the reference cell was done usinteatpmeter. This reference
current will need to be generated on-chip using current-geserators to provide a clean

DAC.
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CHAPTER 6
HANDLING AND RETENTION ISSUES

Presented are handling and use issues to consider whenflasitigg-gates in analog cir-
cuits, such as where to set bias voltages to reduce longeféects and what to watch for
when powering up and down the system. Designs to compersateniy-term changes
resulting from global disturbances are presented, botltdonputational blocks as well
as bias currents using floating-gates. Also presented st data from an array of

floating-gates demonstrating their ability to hold chargerdime.

6.1 Motivation

We seek to address the reliability of floating-gates in apalstems as they have recently
been perceived and published[2] as unreliable. Curreitly,accepted that digital Flash
(EEPROM) memory, which is based on the same floating-gatetstes, is reliable - so
much so that we entrust our irreplaceable pictures to tluisnelogy. Flash circuits are
generally rated to retain their information without anyldee for ten years. Also in the
flash systems the charge on the floating-gate is written aasbdrmany more times than
one could envision many of these analog systems to be. Thiaat writing and erasing
tends to degrade the oxides and yet they are still rated astktt to ten years. The ultimate
goal is to produce the same level of confidence for floatingsggan analog systems as is

demonstrated in digital systems.

6.2 Floating-gate Device

The schematic diagram of a CMOS floating-gate is shown in F§. A simple way
to examine this circuit is as a MOS transistor with a capeeitlivider attached to the
input. Besides the inpWt;, and tunneling capacitdty,, there are capacitors, inherent to

the transistor, to the drain, source, substrate, and chavirieh have been omitted for
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Figure 65. Schematic representation of a floating-gate des#. This figure demonstrates the ability to
have multiple input signals into the device. Also noted is th actual floating-gate which has no DC
path to a supply rail resulting in trapping of charge noted asQgoreg. Modifying this charge results in a
change of the floating-gate voltag&/s4 and therefore a change in current through the transistor(y) at
a give input state.

simplicity. Therefore, many input signals are coupled dhtinput of this one transistor

C C
Vig=Vi* == + Vo # =2 ... + Quored (41)
Cr Cr

whereCs is the total sum of all the capacitances onto the gate\ggds the voltage
on the floating-gate. Note that the floating-gate voltagectviafects the output current
has a termQ which is the change stored on the floating node. This chalge,can be
modified through several processes, will stay constanssmteodified as it is isolated with
no DC path to ground. Any modification of this charge quaniity result in a change in
the current output of the transistor at a give input stateerd&tore, unlike volatile circuits
that analog designers are accustom to working with, angttiiat can modify this charge

will result in a permanent change in the circuit operatirajest
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Figure 66. This figure shows the band diagram representationf the floating-gate with respect to an
input gate and the channel. Shown also are the mechanisms fohanging the charge on the floating-gate
which are (1) Electron generation from radiation(UV, cosmt rays) (2) Tunneling through oxides with
high fields (3) Electrons with enough energy to overcome a baer, generally hot electron injection,
(4) hopping of charge through traps in the oxides. Also trapjng and subsequent detrapping of charge
effect total gate charge.

6.3 How to Modify the Charge

When using these devices in circuits it must be understoadiis charge can be modified.
Not only can these methods be used to intentionally modigyctarges but care must be
taken when handling, testing, or using the device to avoidrintentional change from
these same processes. Also, understanding how the chamgsdified will give insight
into where voltages should ideally be left on nodes useddgnam the device afterwards
when change is no longer desired to the device. There arerfetirods for modifying this
stored charge. They are radiation which is generally UVqrenéd through a glass cover
in the package, tunneling through a thin dielectric laylegrmel hot-electron injection, and
hopping through or trappirigletrapping from the oxides surrounding the floating node.
First, radiation can alter the charge on the floating-gateis €harge alteration takes
place when applied radiation causes electron-hole paitsetgenerated throughout the
chip. By biasing fields in the desired direction charge camadided or removed from the

floating-gate. In most cases this is used solely to removegetfeom the floating-gate as in
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Figure 67. This shows the ffect of altering the floating-gate charge on the device. Incmsing the
floating-gate charge results in a larger current at a given gée(input) voltage. Decreasing the floating-

gate charge results in a smaller current at a given gate volge. The charge is trapped and therefore
the device is said to be programmed.

UV erasing of EPROM but it has been demonstrated that it carsée to program floating-
gates[4]. Other forms of radiation are unintentional frdra environment and generally
are critical to retention times. Floating-gate devicesdusespace will be exposed to a
large amount of cosmic rays which will reduce the retentiores from normal operating
environments.

Next, Fowler-Nordheim tunneling through thin oxides candifothe charge on the
floating-gate. This field assisted tunneling is achievednwhkarge enough voltage appears
across the interface of the oxide. The height and thicknkegsobarrier depends upon the
material and process used. Due to the high electric field ldatrens in the conduction

band see a triangular barrier. Therefore the barrifesctve width is dependent upon the
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magnitude of the applied field or voltage. When the barriensll enough electrons can
tunnel through this oxide. The current resulting from tummggis increased exponentially
with a linear increase in applied field. Therefore care mestaken once the tunneling
current starts so as not to over-tunnel a device. Also la@esient voltage spikes can
damage the oxide creating oxide holes allowing a pdilobthe floating-gate. Lowpass
filtering of this input to the chip is recommended to prevettie damage. For this process
to occur, a large enough voltage is placed across the oxuiéhardirection of this voltage
will determine the field direction and where the electronk @ moved from-to(on or £
the gate).

Another process to modify the gate charge is to excite therele with enough energy
to surmount oxide barriers. Unlike tunneling where we apieto reduce the féective
barrier width to move through it, giving an electron enougkrgy will allow it to go over
the barrier. This is generally done by a process called leatmn injection. In the pFET
devices we accomplish this by giving a minority hole caraapugh energy that when it
collides in the drain region it results in an electron-hadér pvith substantial energy. The
generated electron will follow the nearest field. In the pFEaBe it will be swept onto
the floating-gate near the drain, and the resulting holelvilswept into the well. For hot
electron injection to occur a flicient field is placed across the channel from source-drain
to accelerate the minority carriers in this region. Alsoategroltage must be applied to the
device so that a channel can form allowing the minority easrto flow. Therefore, the gate
and drain voltages can be modulated to adjust the amount@tgerent or carrier injection
onto the floating-gate. Finally this charge modification Imoek occurs exponentially with
varying source to drain voltage.

Lastly, and the most determinate to the long term changesrexed on the floating-
gate is hopping and trappifdetrapping. Defects in the oxide create states which can be
occupied by electrons. These states can be visualized bgreadéng of the barrier height

and width throughout the oxide as seen in Fig. 66. Chargewihés enough energy to
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move into the next state can tunnel through the barrier, lvisismaller than the complete
oxide width, to the next trap. The field across the oxide will determine the probabil-
ity of tunneling(hopping) and the direction in which tuningl will occur. This field will
therefore determine if the charge will increase or decreadée floating-gate due to oxide
defects. Also during tunneling, when fields are present teewharge completely through
the oxide the electron can become trapped in these defedteioxide. This charge,
whether trapped in the oxide or on the floating-gate, wikket the overall channel of the
transistor. One could visualize the single oxide as haviagyriloating-gates all coupling
into the real floating-gate atfiierent ratios. If this charge detraps onto the floating-dede t
electron will not have a stronger influence on the channelltieg in increased current. If
this charge detraps onto the input node it will be collected e transistor’s current will

decrease according to the coupling of the trap to the channel

6.4 General Handling Issues

The last section describes how the charge on the floatirgegat be changed, this can be
done intentionally or even unintentionally. Most analogidaers and testers are used to
the volatile nature of their circuits and tend to overlodauiss that have unintendefilexts
on non-volatile circuits. We are accustomed to when ourchip moved into an undesired
state, such as latch-up, simply powering down and perhasngl them in conductive
foam for sometime. One might not even take care in moving tirem the setup to the
foam due to chip-saving protection circuits on the inpuspiAfter sometime these chips
return back to their normal state due to the volatile desiblowever with non-volatile
designs, any change in the charge stored on the floatingaglhegtect operation long term
as the state is preserved when power is removed.

Handling of these chips is even more critical than in the efwntioned systems. In
volatile systems an induced voltage onto the pins, if n@gdanough to puncture oxides,

will not alter the system’s state. Because floating-gatéesys store information when
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Figure 68. This structure can be used to create programmablbias currents that are resilient to global
changes in floating-gate voltages. The diode connected floeg-gate provides feedback from changes
in the floating-gate voltage over time to the bias current floting-gates in a master-slave fashion. This
device provides feedback by adjusting/comp as its floating-gate charge changes.

the power is removed a voltage to a pin large enough to turtrege but small enough
not to puncture the oxide will alter the stored informatianintentionally. Also, because
floating-gates deal with high voltages for tunneling, nolyads it signifiicant to address
possible unexpected conditions from the standpoint ofingushange to the stored value,
but voltages slightly higher than tunneling can unintemaity be applied large enough to
puncture the oxides destroying or degrading the floatirtg-ga

Shown in Fig. 65 is the schematic for a floating-gate. In a &bsthe voltages to each
node are generally applied with separate electronicalhrotied voltage sources such as
the common Keithley SMU, allowing the current into each ntalde monitored. The
most common unintentional change in the floating-gate @catnen multiple voltages are
changed simultaneously. Most setups control these unéis@RIB via lengthy commands
introducing delay between the change in each device. Whihéght be assumed all volt-
ages change together even slight delays can result in orfeeafanditions from section
6.3 to occur, generally injection. When the device is braughto a voltage to allow for
injection, the system vdd would be moved up by some amountterdthe drain voltage

with a slight delay occurring between the two. If the sourdrain voltage becomes large
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enough because the system voltage was moved first, evenahfpa few milli-seconds,
injection onto the floating-gate can occur. Therefore steppf voltages in increments
and not instantly can be employed to prevent this. Howeganpéed brief if even milli-sec
pulses have been shown to favor injection. Therefore if yestrequipment when changing
ranges pulses briefly in a direction favoring injection tirarge on the floating-gate will
unintentionally change. In a volatile system these glisolvhich might occur daily do not
affect the system state after the correct range is ultimatédpbshed.

From past experience and the untimely retirement of sefleeting-gates, it has been
noted another common state change occurs when the systenvésqu down in a certain
order. Again test setups generally use multiple power seppb set voltages. If all these
voltages are referenced to ground and the system supplygeols turned f before the
tunneling voltage, voltages then across the tunnelingeogeh become great enough to
tunnel or destroy the oxide. Therefore it has become custwmur setups to reference
the tunneling voltage to the system vdd. That way when th&esysoltage is reduced or
removed the tunneling voltage will follow by the same amokextping the fields in the
oxide below those required to tunnel. Because this occuenvthe system is powered
down, it may appear as if the floating-gate was unreliablel@stccharge while power was
not supplied to the chip. However, what really occurred viesaharge was modified as

the system was powering down.

6.5 Designto Compensate for Long-Term Hects

Most longterm drift of floating-gates will not be due to tufing or hot-electron injection.
Generally, the voltages applied to the chip after programgnhias been performed prevent
these two charge modification methods from occurring. Tleggdhmodification methods
that occur long term are radiation from environmental sesiand detrapping from or hop-

ping thorough defects in the oxides surrounding the gateh Bbthese methods tend to
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Figure 69. The array of floating-gates is shown above. Access each floating-gate element is possible
and a single element is shown with a circle around it. A singlelifferential structure is shown by the
dotted box. Plot A was recorded from a single element samplageriodically over a 1 month period. Plot
B shows the dfference in charge change between neighbors. This is theffidirence that would appear
in a differential setup using floating-gates. Noise as well asftérences in both plots is most likely due
to temperature fluctuations or other random efects influencing the system.

occur fairly uniformly across the chip over time as the wiablg is exposed to the same ra-
diation source or the defects are generally uniformly ogagr Carefully setting biases to
unused inputs onto the floating-gate so that fields acrossddes are minimized will help
prevent the magnitude of change in charge due to thi@setg. For example the tunneling
junction should be left at a voltage slightly above that effiloating-gate voltage. This will
reduce the field across the oxide and the tendency to putrefecthrough the traps from
charge hopping. Also electrons generated from radiatiaghdaxide and detrapping will
tend to be sweptfdtowards the tunneling pin and not onto the floating-gate.

The use of dferential configurations can be used to overcome locallymiceudistur-
bances in floating-gate systems as well as provide compendat long term drift €fects.
Many of the systems we have built based on floating-gate @scely on the processing
that comes from the simple multiplier structure as shownign 69 enclosed by the dotted

box. This core circuit performs its computation on the ingogrsignal by the dierence in
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two floating-gate charges or weights.

AV| n
Vy

lout = lo(W* + W) + I o(W" = W) (42)

If the charge of both gates changes in the same directiondbgaine amount the com-
putation weight will be maintained. Thefect will be a slight change in the bias current
present at the output along with the signal which could bepmmeated if not desired by
another floating gate.

Floating-gates that are used as biases obviously cannmt #ng ditferential benefit.
For bias circuits a system such as that in Fig. 68 can be useddidde connected transistor
provides feedback to globally occurring phenomena thahgédloating-gate charge by
adjustingVeomp as it’s floating-gate charge changes. This changédg, is the necessary
adjustment to correct for the change in the bias currensistors. The actual current out of
each floating-gate can be adjusted by intentionally prograrg the charge on each device.

However noting this dference lends tofiicient system design. floating-gates that are
to be used in the multiplication structure can be made smtllpack more of these core
computation A small change in the charge of the floating-gaight have a noticeable
effect on the threshold shifting but as we mentioned When degighe floating-gate cells
that might be used for biasing currents they should be laridr so larger changes in The
number of biasing floating-gates in systems might only be alldaction, about 5% of the

total number of floating-gates

6.6 Long Term Testing

As was addressed in section 6.3, charge on the floating-gptrinanent unless some pro-
cess occurs to move this charg the gate. Processes that exist at all times even when
not desired are radiation and charge hopping through traeoXn order to determine the

rates at which these process occur we left a setup runnirgrfoenth after tunneling then
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injecting the device. This setup consisted of a custom rogringtesting board that pro-
vided the bias voltages and read the device’s current comehéz an array of floating-gates
fabricated in a (bum MOSIS process. A computer was connected up to this custamibo
via a serial connector at periods throughout the month aadtinrent from each device
in the array read. The following biases were applied thonailhg month; 4W4,, 3.65V
Vs, and the tunneling pin voltage placed and left at 4V aftenalimg was performed. All
current measurements shown in Fig. 69 were taken at theseshilaroughout the month.
The setup was placed in a metal enclosure in an attempt teeesitay interference be-
cause the currents were redt chip and small. This setup however was not isolated from
temperature variations throughout the month.

The results obtained from this month long test in Fig. 69 a®araging. Overlooking
the random fluctuations, the current lacks any dramaticghanth possibly only a slight
linear increase in current. If electrons were to be remowesitd leakage 6 the gate we
would actually expect a decrease as noted in Fig. 67. Thexgfas possible that even at a
Vgs Of 4 volts injection might have been slowly occurring, aligb one would expect more
of an exponential instead of linear trend. However, theenizugh noise in the data from
random fluctuations that a week more of data could result imogement of the current
from day 1. What can be taken away from this data is that thegdnés not as dramatic as
some have claimed and more in line with what has been obsémweddigital EEPROM
publications.

Shown in Fig. 69B is the currentftierence of neighboring elements in the array. In
the design section above, this method was proposed to reatmefrom global changes
experienced in the chip. It is clear from this plot that whhe single element varied by
30%, the change versus the neighbor was always less than @%jemerally less than
1%. This demonstrates the beneficial nature of thieintial configuration for analog

computing systems which use floating-gates.
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CHAPTER 7
VECTOR QUANTIZER - ACA SYSTEM

Another system that has been constructed using the ACAtaothre is the Vector Quan-
tizer (VQ) [30]. This system provides a classification ofarming signals against a set of
stored vectors and therefore requires programmabilitgréept fit for utilizing the ACA
system approach. The VQ is generally used for data comprebgiclassifying signals into
symbols. A VQ is used to reduce the set of detectable speategiors to a manageable set
for later classification. An Analog-to-Digital ConversiQADC) classifies data in a single
dimension; a vector quantizer classifies data in an argitnamber of dimensions. VQ
is typically used in data compression, and like an ADC, VQultssn lossy compression.
The goal of VQ is to provide the simplest possible accurageidigtion of a signal so as to
minimize the subsequent complexity of signal processiggridhms such as classification.
The VQ system computes how far an input vector is from desirgetogrammed vec-
tors and then provides a coded output of which stored vestdosest to the input vector.
The ACA version of the VQ system is built using an array of flogtgate bump circuits [7]
to implement the stored vectors. The output vectors are umnedsising a winner-take-all
circuit [41], continually computing which vector is closdée the incoming signal. This
lossy compression provides a description of the incomiggadiin terms of symbols in-
stead of raw data, providing some degree of computations 3ystem is a fundamental
component for use in a low-powered speech recognition sygsé]. A revision of this
system utilizing the programming core and the under-dgrknt on-chip system has ad-

ditionally been sent for fabrication.

7.1 Mathematical Basis of VQ

A VQ system will compute how far away a particular input veésdrom the desired target

vectors, and pick the code vector that is closest to the wgxtbr. For example, inan ADC,
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Figure 70. Programmable VQ using floating-gate circuits. Wereconfigure the VQ circuit so that it
fits within the standard floating-gate programming architecure and algorithms. Capacitors with an
additional arrow are our symbol for a tunneling junction, which is a MOS capacitor that can also
remove charge from the floating-gate node. We show experiméad results after programming eight
cells to different offset voltages. The dference in the bump peaks is due to mismatch in the MOSFET
transistors. We reset the floating-gate charge using eleain tunneling and program positive or negative
offsets using hot-electron injection.

we assign a particular digital code to a given input based ugnch analog representation
of a given digital code is closest to that input. For both V@ &b C some information is
lost in the representation, but the goal is that it should bdfecient representation for the
problem at hand.

We compute the closest input vector by choosing an apptepdiatance metric. The
guestion is how to choose the distance meti{g, m), between the incoming vector signal
(x) and the desired or target mean valu® for these signals. There are manyteient

distance measures. Two particular measures we discuss are
Norm :d(x, m) = ||x — m||,

Gaussian:d(x, m) = e x-miz/(27%) (43)

where n andr is depend upon the problem and input statistics. The firstogob is pre-
ferred for real-time implementation, where the seconde$gured for algorithmic reasons.
Previous IC implementations have used sinfplem|| metrics for their diference functions

[12, 5, 44].
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Figure 71. This diagram presents the VQ’s system architecte. The main core of the VQ consists of
programmable floating-gate bump elements. The implementeslystem has 32 dferential input vectors.
Each differential input uses two floating-gate elements to implemerihe programmability of the bump.
The system also has up to 32 vectors that can be stored in theiph The output of these 32 vectors is
sent to a Winner-Take-All to provide either a A/D conversion representing the closest matching vector.
This chip uses configuration registers to partition the chipfrom a 1x1 vector distance measurement
up to a 32x32 vector quantizer. Additional the chip can be cofigured in many alternate configuration
even permitting multiple vector gantizers out of the one chp.
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We will use a metric non-volatile

d(x, m) = Z sech? (F—T ) (44)
k

(o

whereo is dependant on circuit parameters. We will also present tierigased upon
a rough exponential function of this metric, whichiextively turns the summation into a
product, resulting in a more Gaussian-like formulationisThetric is close to the Guassian

approach and easily implementable in CMOS.
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Figure 72. This is the bump circuit used in this implementaton of the programmable Vector-Quantizer.
It permits the distance programming in the bump, but does notallow the bumps width to be adjusted
after fabrication.

7.2 Floating-Gate VQ Circuit and Architecture

Figure 70 shows the circuit and measured data from the VQiélrsarray. Each cell in
the array compares the value of that column’s input to theevél has memorized; the
output current flows out of the M node. This circuit is a variation on the bump circuit [7],
which compares the two inputs to this circuit; this cell ratia high value if the two values
match (minimal diference). The circuit performs a continuous distance coatjoutalong

a particular input coordinate:

(45)

| Vi =V,
Lo, = Eb%chZ(M)

2U+

whereVy is the diferential input voltagéey, is the resulting stored voltage representing the
ideal mean value for this particular elemenis the coupling from gate to surface potential,
andUt = KT/q is the thermal voltage. This system outputs a measure ofithiasty;
therefore, the outputs of all the elements can be added (ky) K@d the largest output is
the vector with the maximum similarity. The sum of these entoutputs are sent through
a Winner-Take-All circuit that outputs the N largest resiNthere N can be 1 or more [41].

We utilize floating gates elements at the inputs to providethility to store and subtract
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Figure 73. This bump permits the adjust of the bump width after fabrication. However this cell requires

two more separate floating-nodes than the simple design evehough the transistor count does not
change. Additional, to program the floating-gate transistes used in the center leg more transistors
and therefore signal speed reduction are the traddd for this additional degree of post-fabrication

adjustment. The application will dictate whether this additional adjust is needed.

off the each cell's mean value. Setting the floating-gate chestgblishes the mean value
as well as eliminating the mismatch between the two-trémspairs. Setting the size of the
input capacitor as well as other capacitor elements ardumfldating-gate sets the linear
range of the circuit, and therefore sets the width of baenpelement. We increase the
floating-gate charge (remove electrons) by electron tumgelnd decrease the floating-
gate charge (add electrons) by hot-electron injection.r@e next two sections, we will

address how to modify this floating-gate charge in an arrayuofip circuits. We present
an architecture and resulting circuits which will enableedi programming storage of

weight vectors, as well as various methods for VQ weight tatam.

7.3 Implementation

The VQ is constructed as an ACA where the core computatidruse$ arrays of floating-
gate bump circuits. The floating-gate bump circuit is showfig. 70 uses two floating-

gates to program the location of the bump by adjusting thed®imean value. The number
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Figure 74. Shown is the bump programmed to dferent values. For each sweep one input was held at
1.5v while the other was swept. The bumps value was measureding the side leg current. The point
should the same sweeps but using the Sample and Hold insteafidirectly through the bump.

of manageable floating-gate elements will determine thebmuraf matching vectors that
can be stored on-chip and the size of each vector. For the Vige toseful in speech

recognition systems we will need about 14-16 channels ¢vesize) and store 160-200
vectors. This translates to a requirement that 4000-60@@irflp-gate elements be used
on-chip.

The system architecture for the VQ is shown in Fig. 71 The btwek of the VQ con-
sists of programmable floating-gate bump elements. Therehecause the bump block
is the most repetitive block it should be optimized for sieeduse the size of the bump
block will determine the density of this system. In the sygsthat was implemented and
fabricated the bump block used is shown in Fig. 72. This buorp wvas designed using
the same pitch height and width as the multiplier block usechany of the ACA system.

This choice was made to permit the re-use of program conttetlslocks without the need
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Figure 75. This is the WTA block used to convert the vector sigal. It can be used to provide just
the winner operating as a psudo AD convertor. Scanning the outputs using the muliplexer withsome
post-processing would provide ranking information and thecloseness to the stored vectors.

to redesign or re-layout these blocks and attempt to conforthe group standard. This
choice did come with a tradéo The bump core allows the bump distance for each vec-
tor channel to be adjusted, but the bump width can not be anogred/ adjusted after
fabrication. The bump width of this design is set by théL\Wf the center bump leg to
the WL of the side legs transistors [7]. The circuit shown in Fi@. atlditional allow the
width of the bump to be programmed ad/aoffset can be created from the side legs to
the middle node. This circuit however requires two adddidioating-gate elements to be
implemented in each bump core even though the transistort clmes not increase. More-
over, to permit the programming of the middle leg’s floatopates, additional transistors
must be used. reconfigure the block during programming modddw device selection
for programming.

The implemented system has 3Zdiential input vectors. Eachftiérential input uses
two floating-gate elements to implement the programmahidftthe bump. The system
also has up to 32 vectors that can be stored in the chip. Thmubat these 32 vectors
is sent to a Winner-Take-All to provide either @DAconversion representing the closest
matching vector, or the ability to read out and smooth theere@ss of each stored vector to
the incoming vector. While the later provides more infonmait also requires more post-

chip processing to extract the information. The applicatall obviously determine the
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Figure 76. Show winning.

configuration that must be used. This chip uses configuragigisters to partition the chip
from a 1x1 vector distance measurement up to a 32x32 vectortiger. Additionally the

chip can be configured in many alternate configurations, @eemitting multiple vector

gantizers to be realized out of a single chip.

Post processing in this system is performed using a wirater-all circuit, which pro-
vides data compression as just the winning vector can berrited to the next stage.
There are several issues to address when implementing tiveeitiake-all circuit. First,
the level of compression must be considered. If we woulddikly the closet match, the
original Lazzaro WTA [41] circuit would provide this. Hower in many system imple-
mentations it is desired to know the closest x number of vecémd the rank of each.
Circuits to perform ranking currently exist [55, 33] but dratically increase the transistor
count over the basic winner-take-all.

The construction of a WTA that is compatible with the ACA ism@omplicated than

just using the Lazzro WTA. The isolation between the draie bf the ACA arrays and the
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WTA must be considered. In the Lazzro WTA, the current inpadanis also the evaluation
node. This presents a problem for the ACA. The voltage atthige will vary as the inputs
move from losing to winning. For the ACA to correctly funatidhe drain voltages in
the computing array must remain constant to preserve aeccoaputations. Therefore,
methods such as cascoding the input or mirroring the curarst be used to solve this
problem. In this systems, the use of a cascode was choosamulaibns show the the
ability to fix the drain currents out of the bumps.
The Vector Quantizer as implemented as 64 inputs that reptélse 32 vector dier-

ential signals that will be classified by the chip.
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CHAPTER 8
CONCLUSIONS AND FUTURE WORK

8.1 Accomplishments

In 1999 when my graduate research began there was no infths# in place to program
floating-gate devices. Early on many potential systems wm@issed that could only be
constructed with the use on many (%Q@loating-gate devices. The early work on the Ana-
log Fourier Transform system that used only 64 floating-gataces revealed the need to
develop a methodology to program large arrays for floatiagg-gevices. My major contri-
bution to this field of work is in the development of this pragming infrastructure. This
includes the device access for programming, layout coraides for the array; especially
when charge-pumps are introduced, the physics based progrg algorithm used, the
PCB system used to externally program the array, and finelymovement of all these
system into an self contained on-chip programming system.

A scheme for systematically programming the floating-gdéenents in the comput-
ing array and other preprocessing blocks has been presemtex existing methods for
changing floating-gate charge were considered, and thepepties determined the pro-
grammingselection scheme. Hot-electron injection was used in tgnara the devices,
utilizing the high selectivity which can be achieved in tlmeag configuration allowing for
greater accuracy. Tunneling was used to erase the arraglylady individually by element
with the use of on-chip high-voltage switches, by bringihg floating-gate charge below
the desired level to program. The ability to program thesayarwas demonstrated from
experimental results in an initial 2x4 array and in the pamgmable filter that contained a
larger array of 3x20 elements.

The design and construction of a custom PCB programmingdbased to program
chips using the analog computing arrays has been desigmetésted. The single board

contains all the measurements and control circuits needitklg and accurately program
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large arrays. The programming board circuits are locallytrmdled by a PIC that is con-

trolled over a serial port from a computer. Matlab can themsed to implement the pro-
gramming method as well as graphical user interfaces furdmoving the knowledge of

the underlying physics need to program these arrays. Thgr@amming board design has
provided the fundamental starting point in several chigamusPCB designs in the ICElab,
including design errors that seem to survive the re-desiginere is a revised programming
board updated by others that is FPGA control and simply amewbthe circuits used on

the original programming board.

The current measurement circuitry has been implement gn @tiis was done to per-
mit the rapid measurement of the small subthreshold cwgrexiso, placing the measure-
ment circuits on-chip allowed the transition into a row plafarchitecture using a scheme
similar to that employed in the Address Event protocol todtemeously read all rows cur-
rents. The design and initial test of additional on-chiguaits, such as the digital to analog
convertor and the sample and hold to load in multiple draiteges into the entire array,
the array could provide injection pulses to every row siemgously. This simultaneously
programming of an entire rglaolumn allows for a dramatic speed increase from program-
ming the arrays using the current single device scheme. Vdlaation, design, and test of
many sub-circuit blocks needed for the full on-chip progmaing system have been tested.
Data from the full system is still forthcoming. Researchsiga, and testing in this area is
ongoing and will continue by myself after graduation.

The design of charge pumps for providing the tunneling ajettion voltages have be-
gun. Several designs have been fabricated and shown td mmoheject the floating-gate
devices. The limitations of the charge-pumps prompted ¢timsideration of redesigning of
the floating-gate arrays from initial designs. This was dimneaccommodate the low cur-
rent supply from the charge-pump available to hot-elecingttion during programming.
These new array structure with attached charge-pumps leeredubmitted to fabrication

for silicon testing. This work will continue under a collesgwith whom | have been
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working collaboratively since just after | sent out the fekirge-pump test structures.

Additionally many systems using the Analog Computing Areggproach where de-
signed and presented. The Programmable Analog Filter isocte design. The combina-
tion of the analog computing arrays with tfé used as a pre-processing block, resulted
in a fully programmable analog filter. The programmabilifytioe analog computing ar-
ray allows for the realization of many filters simultanequitirough the parallel analog
processing. This filter's operation was demonstrated vigesmental results from initial
fabricated chips in MOSIS 2.0n process. Current versions of this system include pro-
grammable corners in the bandpass filters that allow arlytigpaced filters. This system
has been carried on by others who are characterizing ttasfit parameters such as noise,
distortion and speed. The programmable filter is fundanéoitaystem designs such as
Cepstrum phoneme recognition, MEMS preprocessing, aretsth

TheC* filter that was used in the programmable analog filter wasdated, tested and
analyzed. The transistor-only version of the Autozeroitaafing-Gate Amplifier(AFGA),
namedC*, that was used as the basis function in the programmablegfilier has been
developed, tested, and characterized. This circuit is @gess filter and behaves simi-
larly to the AFGA with diferent operating parameters. Both, the low-frequency agiat hi
frequency cutfi's are controlled electronically, as is done in continuooeffilters. This
circuit has a low-frequency cuficat frequencies above 1Hz and high frequency ute-
pendant on the,, of the output transistor.

Initial reliability studies of floating gates utilized initharray scheme has been inves-
tigated. Studies of the reliability of these devices longnteneeds to continue. A test
structure has been fabricated and initial data obtained the chip. More data is need in
this area and will be undertaken by myself in the future asssto a regulated temperature
oven will become available. Also some of the long teriieets are being investigated by
others in the ICE lab as well. Thefects of drift and how to compensate for it from a de-

sign aspect, like a coupled slave circuit globally comp&ngdor drift and designs like the
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multiplier that are immune to common drift due to dfdiential configuration, have been
initially examined. However, with a rapid on-chip programmsystem the analog values
could be refreshed in a weekly, monthly, or on an as needed thastention issues in a

process were not favorable.

Initial design and simulation shows promising results foe thips use in weight-
perturbation adaptive filters. The goal is to create filtbet program themselves to the
correct place. The initial system design that was collaindyaundertaken was a Adaptive
Channel Equalizer (ACEQ). This system will use a set of trgrsignals to adaptive create
a reverse filter for the transmitting medium. Initial blocksd system design have already
been set to fabricated and will be tested when they return.

Floating-gates for large computation array were in an infaage back in 1999. Since
then many of these advancements and those of others in théallCEave resulted in a
mature yet still growing field of new low-power analog congtidgn systems. This work
has such great potential that 2 other colleges, my adviadrnayself have formed a com-
pany based on these systems called GTronix. This comparlickased the research and
patents from Georgia Tech that have resulted from the IC& p&dneering working in this
field. GTronix has such a compelling value proposition thatpaventure capital firm has
committed to a seed investment. This company will take #tmology and industrialize
many of the systems already designed. Therefore, my réseallccontinue on to some

degree even after | transition out of graduate studies atgsedech.

8.2 Papers and Publications

The following is a list of papers and publications resultirmm my graduate studies.

8.2.1 Journals

1. A programmable continuous-time floating-gate Fourier pssor Kucic, M.; Low, A.;
Hasler, P.; N#, J.; Circuits and Systems II: Analog and Digital Signal FRsxing,
IEEE Transactions on, Volume: 48 Issue: 1, Jan 2001 Padgi{sP9
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8.2.2 Co-Author Utility Patents
1. "Floating Gate Analog Circuit’- Georgia Tech No. 2637; TKH#. 062020-1340
Patent Filed April 2003

2. Programmable Floating-gate ADC,DAC, anfiiset adjustment. - Patent Filed May 2003

8.2.3 Conferences

1. Investigating programmable floating-gate digital-todagaconverter as single element
or element arrays Serrano, G.; Kucic, M.; Hasler, P.; Ciscand Systems, 2002.
MWSCAS-2002. The 2002 45th Midwest Symposium on , Volume:417, Aug.
2002 Page(s): 1 -75-7 vol.1

2. Design and use based on long-term measurements of analtgdtgate array circuits
Kucic, M.; Hasler, P.; Smith, P.; Circuits and Systems, 20@2VSCAS-2002. The
2002 45th Midwest Symposium on , Volume: 1, 4-7 Aug. 2002 Pggé -295-8

vol.1

3. Accurate programming of analog floating-gate arrays Sniith,; Kucic, M.; Hasler,
P.; Circuits and Systems, 2002. ISCAS 2002. IEEE Internati®ymposium on ,
Volume: 5, 26-29 May 2002 Page(s): V-489 -V-492 vol.5

4. Mel-frequency cepstrum encoding in analog floating-gateudiry Smith, P.D.; Kucic,
M.; Ellis, R.; Hasler, P.; Anderson, D.V.; Circuits and Symsis, 2002. ISCAS 2002.
IEEE International Symposium on , Volume: 4, 26-29 May 200gd{s): IV-671
-IV-674 vol.4

5. Programmable and adaptive analog filters using arrays ofirfgpgate circuits Ku-
cic, M.; Hasler, P.; Dugger, J.; Anderson, D.; Advanced Redein VLSI, 2001.
ARVLSI 2001. Proceedings. 2001 Conference on , 14-16 Ma@fHi Page(s): 148
-162
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6. A programmable continuous-time floating-gate Fourier pssor Kucic, M.; Low, A.;
Hasler, P.; N#, J.; Circuits and Systems II: Analog and Digital Signal FRsging,
IEEE Transactions on, Volume: 48 Issue: 1, Jan 2001 Padg#{sP9

7. An exponential model of channel-length modulation apptmdards floating-gate cir-
cuits Duty, C.; Kucic, M.; AiChen Low; Hasler, P.; Circuits and Systgn2000.
Proceedings of the 43rd IEEE Midwest Symposium on , Volume3-31 Aug. 2000
Page(s): 1044 -1047 vol.3

8. A programmable continuous-time analog Fourier procesaeeth on floating-gate de-
vices Kucic, M.; Low, A.; Hasler, P.; Circuits and System80Q. Proceedings.
ISCAS 2000 Geneva. The 2000 IEEE International Symposium \@iume: 3,
28-31 May 2000 Page(s): 351 -354 vol.3

9. A transistor-only circuit model of the autozeroing floatiggte amplifier Hasler, P.; Ku-
cic, M.; Minch, B.A.; Circuits and Systems, 1999. 42nd Midv&ymposium on ,
Volume: 1, 8-11 Aug. 1999 Page(s): 157 -160 vol. 1

10. Characterization of Charge-Pump Rectifiers for Standabarizron CMOS Processes,

Mark Hooper, Matt Kucic, Paul Hasler

11. 5V-Only, Standard .5um CMOS Programmable and AdaptivetiFigaGate Circuits
and Arrays Using CMOS Charge Pumps, Mark Hooper, Matt Kueael Hasler

8.2.4 Papers to be submitted shortly

1. Row-Parallel Programming of Analog Floating-gate Arrayisitt Kucic, Paul Hasler
2. Programmable Analog Vector Quantizer, Matt Kucic, PaultBniaul Hasler

3. Predictive Programming to sub pico-A ranges, Paul Smithf Macic, Paul Hasler
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