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Continuous-Time Feedback in Floating-Gate MOS
Circuits
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Abstract—We present the negative- and positive-feedback Va
circuit configurations of continuous-time floating-gate MOS Van Van
circuits. We start by reviewing the dynamics of our pFET and | Vaa
NFET single-transistor synapses. We present the range of possible ;L

stabilizing and destabilizing types of feedback in circuits with o
one floating-gate synapse, including data from nFET and pFET _|
| Y

synapses. We then show examples of competitive and cooperative it
behavior in multiple-synapse circuits. We present experimental

data from circuits fabricated in the 2-pm n-well CMOS process Ci1
available through MOSIS. We see similar experimental effects in

1.2- and 0.5gm processes.

Index Terms—Continuous floating-gate programming, electron
tunneling, floating-gate circuits, floating-gate dynamics, hot-elec-

tron injection. (@) o)
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|. INTRODUCTION Fig. 1. (a) Circuit diagram of the nFET single-transistor synapse with its
source connected to ground. (b) Circuit diagram of the pFET single-transistor
A SILICON synapse must satisfy two requirements in aynapse with its source connectedifg;. For our discussion, we will assume

affii ; ; swnQnnegligable amounts of electron-tunneling and hot-electron injection current
) (_jense and power-efficient an |mplgmentat|oq as p033|b§§these NFET and pFET transistors,
First, it must compute the product of the input multiplied by the
synapse strength, or the weight of the synapse [1]-[5]. Second, it
must locally implement a learning rule for modifying the weight Il. SINGLE-TRANSISTOR SYNAPSES

on the floating gate; in our case, the form of this rule dependsgig 1 shows the circuit models for the nFET and pFET single-
on how variouserror signalsare fed back to the floating-gatey ansistor synapses, respectively. We show the layout and cross
synapse. The nature of this feedback is the focus of this pap&{ction for the pFET device elsewhere in this issue [5]. Be-
The usefulness of negative or positive feedback depends on ti@se the input signals are capacitively coupled to the floating
application. Hebbian learning, for example, is a case of destaghte, we model voltage and current swings around the circuit's
lizing positive feedback. . _ steady-state values. We consider the single-transistor synapse
This paper considers the behaviors that emerge when singigaating with subthreshold channel currents. Many of the be-
transistor synapses are coupled together to form various c@yiors extend qualitatively to above-threshold operation, but as
tinuous-time adaptive networks. Our purpose is to understa@d, e of the autozeroing floating-gate amplifier (AFGA) [3],

the dynamics of the learning mechanisms naturally availablefl, qyantitative behaviors do not. We describe the subthreshold
floating-gate MOS circuits. The starting point is our models fFeT of pFET channel current in saturatiénfor a change

the channel current, electron-tunneling current, and hot-electignihe FET's floating-gate voltage\V, and drain-to-source

injection current of NFET and pFET floating-gate synapses. V\\/ﬁltage AV, around a bias currerit,,, as [6]
present experimental data from circuits fabricated in ther2-

n-well CMOS process available through MOSIS; we have seen Fin AVig — AV, AV,
similar scaled results in the 1.2- and Q.B¥ processes available NFET: I, = I, exp <U—T> €xXp < )
through MOSIS. We have characterized and modeled the dy-

namics of nFET and pFET single-transistor synapses operating,ret. 1. — 1 exp <AVS - "ipAVrg> exp <_ AVds>

A

in continuous-time circuits. This work builds the framework to Ur Va

consider floating-gate circuits not only as memory elements but 1)

also as continuous-time circuit elements computing at several

timescales. where

kp  fractional change in the pFET surface potential due to
a change iMA\V;
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In (1), we use a modified form of the Early voltage expressior 10
that is consistent with classical formulations for lafge and
more closely models the behavior for snidll. We showed pre- .
viously that the Early voltage decreases at large drain-to-sour 310 ;
voltages due to impact ionization in the drain-to-channel depleé :
tion region [3]. We assume that all the floating-gate devices arﬁE !
matched. We model the floating-gate behavior by equating tr2
currents at the floating gate

T% :Cld:l/tm +02% + Liun — Lin; (2)
wherel., andIj, are the floating-gate currents due to elec- 10°
tron tunneling and hot-electron injection, which we will discuss
in Sections II-A and 1I-B. We defin€'; as the total amount of 107
capacitance connected to the floating gate @nés the capac- 3 4
itance between floating gate and drain (which is not explicitly

drawn for clarity). Fig. 2. nFET and pFET hot-electron injection efficiendy,(/I,) versus® .
for two values of source current. The two different source current values are
A. Electron Tunneling nearly equal, which is consistent with injection efficiency’s being independent
of source current. We show the linearized slopg{) on this exponential scale

We use electron tunneling to remove electrons from floatirigr two @ biases. The slope of both curves on this exponential scale decreases
increasing® ... The moderately doped nFET substratex(1.0'" cm—32)

gates; we .prese.”t more detailed discussions elsewhere [1]’agjeases the efficiency of the nFET hot-electron injection process by increasing
as well as in this issue [5]. As we showed elsewhere, we appre¥e electric field in the channel.

imate the tunneling current for a fixed bias on the tunneling line

Hot-electron-inje:
- =
=)

5 6 7
Drain to Channel Voltage (V)

by the nFET threshold voltage to permit hot-electron injection
Town = Lounoe@Vom=2Vi)/ Ve ©) with subthreshold channel currents. We use a p-type implant
(1x 10'” cm™3) to guarantee that the oxide electric field will

where transport electrons to the floating gate [1]. The nFET’s substrate
V. parameter related to the quiescent tunneling amaiplant results in higher electric fields in its drain-to-channel
floating-gate voltages; region compared with the electric fields in the pFET,; therefore,

AVi,un change in the tunneling voltage; the nFET’s hot-electron injection efficiency is much larger

AV, change in the floating-gate voltage from the quieghan the pFET's injection efficiency for an equivaledt..

cent floating-gate voltage [3], [5]. Impact ionization provides the source of electrons for pFET

For our operating conditions, a typical valueldfis 1 V with hot-electron injection and is proportional to the source current
the 42-nm oxide used in the 2;0m Orbit process. For a fixed [2], [3]. As seen in Fig. 2,f> is approximately linear over a
source voltage, we express the tunneling current in terms of thid/ change in®,.. Therefore, around a quiescent levekgf,
floating-gate transistor's source current by substituting (1) intbe injection current wille-fold for a ¢4, increase ofViy;.

3) Fig. 2 also illustrates the nFET and pFE7Y,; parameters and
U (V) their range of validity. As we derived previously [1], [2], the
AFET L. —1 <£> T hot-electron injection current as a function of terminal voltages
Pt RO T and currents using this linear model is
IS (Ur)/(rpVe) Is «@ A‘/d
pFET Itun :ItunO <E> . (4) nFET Iinj :IinjO <I_90> eXp < V;nj )
I,\* AVy
B. Hot-Electron Injection PFET: fin; = Iinjo <I_0> exp <_ Vi ) ®)
E 1)

We use hot-electron injection to add electrons to floating ) . ) .
gates [1], [3]. If we are to inject an electron onto a floatin’Nere finjo is the quiescent tunneling current amdis 1
gate, the MOSFET must have a high-electric-field region(U/z)/(Vin)- A typical nFET value ofv is 0.70, and a typical
(>10 V/um) to accelerate channel electrons to energies abdeET value ofx is 0.90; both values are consistent with typical
the silicon-silicon-dioxide barrier. In that region, the oxid¥alues ofViy.
electric field must transport the electrons that surmount the
barrier to the floating gate. We present elsewhere more detaifed
discussions of nFET hot-electron injection [1], [3], and we To analyze the adaptation behavior in floating-gate MOS cir-
present elsewhere [2], [4], [3] and in this issue [5] more detailexlits, we often decompose our variables into components that
discussions of pFET hot-electron injection. Fig. 2 shows tlelange at fast and slow rates. The fast-rate variables represent
nFET and pFET hot-electron injection efficiendy,;/f; as the rapid changes due to the input signals; the slow-rate vari-
a function of®,. for two different source currents. We raiseables represent the floating-gate charge (the synapse weights).

Dynamical Equations for Floating-Gate Devices
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and we model the weight dynamics of a pFET synapse as

_UrCrdW _ CW dVa

IiItunO dt B ItunO dt
_ W1+046*AV4/Vinj )

4 WO/ V)

9)

0.001

In Fig. 3, we plot the derivative d versusiV to illustrate the
dependence of source current on the floating-gate currents for
tunneling dynamics and for injection dynamics.

The more intuitive and useful part of this analysis is not the
characterization-type plot shown in Fig. 3 [3], [1] but looks at
, } ‘ experimental data ¢i/W)/(dt) versudh when using both tun-
* o " oveiane e neling current and hot-electron injection currents. In these cases,

equilibrium occurs when the tunneling current exactly balances

Fig. 3. Plot of(dl,)/(dt) as a function off, for four different tunneling the injection current, but it may be either stable or unstable.

and three different drain voltages. This measurement gives the floating-g&te 4sh . tal t ifvina the d .
weight update rule as a function éf. Plotting the data in this way shows I9. 4 Shows expernimental measuremen Sve”fymg € dynamic

the power-law dependence of channel current on the floating-gate current. ehavior described by (8) and (9) for a fixed input and drain

measured this injection (tunneling) data by starting the synapse at a low (or hi%?ltage for typical parameter values. We see thatihie= 1

source current. The source-current bias for this synapse was 10 nA. Fora pFET .= . .

synapse, the tunneling voltages are referencddifo equilibrium for the nFET synapse is stable, but thatithie= 1
equilibrium for the pFET synapse is unstable. Fig. 4 shows mea-

surements of the time derivative &f versusi¥ for the nFET
In other discussions, we have presented the complete expgphapse for three bias conditions. The arrows show the direc-
sion of these two timescales [3]-[5], in particular to analyzgyn, that the differential equation will take. This figure shows
the effect of sinusoidal inputs on the slow-timescale dynamig$st the nFET synapse will stabilize to thé = 1 steady state.
[5]. In this discussion, we are only investigating the effects afyjs figure also shows the effect of changing the drain-voltage
the slow-rate variables, thereby simplifying the analysis showjias and the tunneling-voltage bias on the weight value. Fig. 4(b)
elsewhere [4], [5]. For this paper, we define the weight of eaglyg (c) shows measurements of the time derivativid ofersus
floating-gate synaps®’ as the source current normalized by §y for the pFET synapse for different tunneling-voltage and
bias currentl,, or W = I,/1s,. Further, we will assume that grain-voltage bias conditions. Fig. 4 shows that increasing the
our gate inputs allow us to apply a step-function input to theggain-voltage bias results in a lower equilibrium weight value.
weights. When the drain voltage increases, the weight will decrease be-
We want to derive a dynamical model in terms of each tragayse less current (smaller weight) is required to balance the
sistor’s weight value. The time derivative Bf roughly constant tunneling current. Fig. 4 shows that increasing
the tunneling-voltage bias results in a higher equilibrium weight
% _ Up d_W ©) value. When the tunneling voltage increa;es, the weight will in-
dt  r, W dt crease because more current (larger weight) is required to bal-
ance the increase in tunneling current.

Time derivative of the weight (1/s)

0.0001F

0.00001°
0

for the nFET synapse. By substitutifdVz,)/(dt) in (6), we
obtain the dynamical equations for slow timescales as Ill. DYNAMICS OF SINGLE-SYNAPSE CIRCUITS

We will illustrate the basic floating-gate feedback mecha-

UrCr dW dVin A nisms by considering the class of circuits composed of one

d
nFET: W At =C1— =+ G o+ Loun — fing synapse. We will restrict our discussion to synapse dynamics
UnCon dWV dV: JV that depend only on the drain and floating-gate terminals.
PFET: —— L2 — 022 4 =2 4 Liun — Lo Similar feedback mechanisms occur with other configurations
kW dt dt dt )

that employ various combinations of the drain, source, and
(7)  tunneling terminals.

The dynamic behavior of a single synapse can be character-
wherel,, is the electron tunneling current arg; is the hot- ized_from_that synapse’s response in bpth a_cons’_[ant-current
electron injection current. Including the model for gate currenSonfiguration and a constant-voltage configuration. Fig. 5 shows
we model the weight dynamics of an nFET synapse as the pFET and_ nFET CII’C.UItS comprising a single synapse: first

the circuits with the drain connected to a current source, and
second the circuits with the drain connected to a cascode tran-
+ WU/ (50 Va) sistor. Fig. 9 shows how to simplify the small-signal models for
the pFET circuits; we can similarly simplify the nFET circuits.
(8) We assume that the synapses have nonnegligible tunneling and

UrCr dW._ CyW dVa

’iItunO dt N ItunO dt
_ Wl—l—(yeAVfd/Vfinj
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T ' stable. The pFET synapse’s constant-voltage configuration and
\ the nFET synapse’s constant-current configuration are unstable
g ot/ \ circuits. For all four circuits, equilibrium is established when
Eg r/\ Vg drcpping from 3.1V £ 3,00 \ the tunneling current is balanced by the injection current.
3 > From (8) and (9), we can analytically predict the behaviors in
H o dpping frm 3V b 320 Fig. 5. First, consider the nFET and pFET circuits in the con-
E.. \ . stant-current configuration. In both cases, the source current is
\ fixed atl,, (W = 1). As a result, (1) governs the relationship
\ : betweent;, andVy as
! wesgh:: ’ ¢ ’ _
(a) T o g T
Vas / f because the typical voltage gain,() is 1000; the floating-gate
* T Vag dregping to 2 / voltage is nearly fixed. The tunneling current is held copstant at
. // ? Iuno because of the constant floating-gate voltage. Using these
%; i // simplifications results in the model
E /
° . d‘/ou AT LA
! \ / NFET: Cy = = Lo (Vo — 1)
i .
dV; AV IV
\ / PFET: C; d(;‘“ = Liuno (G_A“’“t/ Vinj 1) . (1)
° P e : In the case of the AFGA, we previously showed that equations
of this form can be solved analytically [2], [3]. The trajectories
(b) ' ' ' of the pFET equation converge to the steady statelat,, = 0,
£ / but the trajectories of the nFET equation diverge away from the
j e ' steady state ahV,; = 0.
z. /(_“’_”V/ ] Second, consider the nFET and pFET circuits in the con-
5 / / N stant-voltage configuration. Because the drain voltage of the
; 7 Vi = » pFET and nFET synapses is fixed by the cascode transistor, we
HI N simplify (8) and (9) to
: | / CprUp dW
. P - TVT G 4 (Ur) (ke Va) 4o
FET: =-W W
<1 \x\‘/ P ’ip-ltuno dt "
° ! : ? eighe : ¢ ’ nFET: CTUT d_W _ Wl—(UT)/(Kan) _ Wl-l—oz' (12)
’inItUHO dt
(C) We can see the dynamics by rewriting these equations as
Fig. 4. Experimental measurements of the time derivativid’ofersusiV” for FET CpUr dW — Wi Ur)/(rnVa)
the nFET and pFET synapses. The arrows show the direction that the dh‘ferentialn " kndiumo  dt L
equation will take. (a) nFET synapse measurements. This synapse will stabilize LU/ (R (Vi [ — Vi)
to theW = 1 steady state; the weight is defined around a bias current of 9 nA. . (1 - W] e "” )
We show the effect of changing the drain-voltage bias and the tunneling-voltage
bias on the weight value. (b) pFET synapse measurements for three different Crl+ dW- ; -
drain-voltage biases and a 28-V tunneling voltage. The weight is defined around pFET: Eh) L= f+(LT)/(KPH)
a bias current of 20 nA. This synapse will diverge from fie = 1 steady “pItunO dt
state. Increasing the drain-voltage bias decreases the steady-state weight value; Wa—(UT)/(mp Ve) 13
decreasing the drain voltage increases the steady-state weight value. (c) pFET : ( 1 - 1) : (13)

synapse measurements for three different tunneling-voltage biases and a 9-V_ ) )
drain-to-source voltage. The weight is defined around a bias current of roughig in the fixed channel-current case, these two equations are

nA. Increasing the tunneling-bias voltage increases the steady-state Weightv@éfy similar. The trajectories of the nFET differential equation
because more current is necessary for the injection current to balance the large

tunneling current. Decreasing the tunneling voltage decreases the steady-SaV€rge towardV’ = 1 and_ away frprrW = 0, but the trajec-
weight value. tories of the pFET differential equation converge towdfd= 0

and away froni?V = 1. We call the nFET circuit an autozeroing

injection currents. Fig. 5 shows the pFET and nFET circuit r(tar_ansconductance amplifier because the output current always

sponses to an upgoing and downgoing input step. For a pFEe]:urns to the same equilibrium level.
synapse, the constant-current configuration is stable because
the type of floating-gate feedback from its drain is stable. The

AFGA is based on the stability of this configuration [2]. For an This section considers the interaction of two synapses cou-
NFET synapse, the constant-voltage configuration is stable péad though their drain or source terminals. Fig. 6 shows the cir-
cause the type of floating-gate feedback from its floating gatedsits with two drain-coupled nFET synapses and with two drain-

IV. NETWORKS OFTWO COUPLED SYNAPSES



60 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—II: ANALOG AND DIGITAL SIGNAL PROCESSING, VOL. 48, NO. 1, JANUARY 2001

3.1
3.05f /
ji
V, i
idd 3t // 4 Vag
vﬂi _2o5; % i ] Voo ﬂ‘
FI;::EQV v % 2.9 "~ Lo~ L_\“\ 4 Floating z Outpul Current
lun out o i == gate V [} =
32.35 N mn out €
§ . Output g 107
2.8 ™, 1 3
Vln >, Vnn_‘ o
275t \ ; l ‘
\
27t out.
2.65 P X
D :
€66 20 30 40 50 60 70 ; ' : i :
Time (s) 0 50 100 150 200 250
Time (s)
() ()
5 N T
AN : :
4.5+ \\\ b -+ Output:Current;
Vi N
i N
4
S I AN
Vi S i .
C)/ 835 ..
Floating Vout % /! -
g
gate > f/
/
y ,,i" Input
—L— 2.5 ;
2 " " .\ - H . i .
0] 20 40 60 80 100 120 0 20 30 40 50 60 70 80 90
Time (s) Time (s)

(©) (d)

Fig. 5. Experimental measurements of dynamics fo circuits comprising a single nFET or pFET synapse. (a) The nFET voltage-adapting circuibnanfifjura
its response to an upgoing and downgoing step input. The circuit configuration is unstable. (b) The nFET current-adapting circuit configltatiespnte

to an upgoing and downgoing step input. The circuit configuration is stable. (c) The pFET voltage-adapting circuit configuration and its respopg®ittg

and downgoing step input. This circuit is the AFGA. The adaptation in response to an upward step results from electron tunneling; the adappatise in res
to a downward step results from pFET hot-electron injection. This amplifier had a gain of 11.2, ahd,thés 50 fA. (d) The pFET current-adapting circuit
configuration and its response to an upgoing and downgoing step input. The circuit configuration is unstable.

coupled pFET synapses. We consider only the stable circuit cafways positive and weak functions &, W5; as a result,
figurations because it is difficult to illustrate the behavior of cirboth equations are qualitatively identical to the output-voltage
cuits that have no stable operating point. The nFET synapsesegi@ation of the AFGA. Th&V,,; trajectories converge to the
constrained by the cascode transistor. The two nFET synapsiesuit’s steady state.
cooperate for the entire available channel current; regardless obnce the output voltage has reached equilibrium, each
the starting position, the two synapses converge to nearly egssahapse acts like its corresponding single-synapse circuit with
channel currents. The pFET synapse channel currents are eofixed drain voltage. For the coupled nFET circuit, Fig. 6(c)
strained by a current source, which we define to be the sumgifows that even if the two starting weights are orders of
the bias currents in each synapse. The two pFET synapses cotagnitude apart, over time both weights will converge to nearly
pete for the available bias current; the synapse starting with tine same current. This behavior is typical of a continuous-time
larger channel current will eventually supply all the bias currerdnti-Hebbian network. A nearly fixed drain voltage means
These properties extend directly to multiple synapses. that the synapses are only weakly coupled through the drain;
The output voltage¥,.,;) in both circuits returns to its equi- we could achieve stronger coupling with a negative-resistance
librium value. If we model each synapse by (8) or (9) and adsircuit. For the coupled pFET circuit, Fig. 6(d) shows that if the
the two equations for the two synapse weights @nd¥,), we  two starting weights are equal, then over time one weight will

get equations that model the output voltage decrease to zero and the current in the other synapse will be
. , ; equal to the bias current. If the losing weight is brought slightly
nFET: 02—'__,“”02 d‘;;m = By — Ac(3 o)/ (Vina) above the winning weight, what was the losing synapse will
02" 2{;: ut CAv v now be the winner. The pFET synapses compete with each other
PFET: - = Ae (@Veu)/(Vin) _ By (14) for the bias current; in some sense, we have winner-take-all
omo (WTA) behavior in the weight space. This behavior is typical of
where A = wite 4+ W3;*, 3 continuous-time normalizing Hebbian network; after a period
B, Wl (Ur)/(rpVa) + Wl (Ur)/(rpVa )

Q) and of time, we cannot reuse these synapses without significantly
By = W:“’(I’T)/("‘PL SN RN : 1) andB2 are altering this circuit.
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Fig. 6. Experimental measurements of the behavior of coupled nFET and pFET synapses for fixed inputs. (a) Circuit of the two nFET synapses eoupled at th
drain with a cascode transistor. (b) Circuit of the two pFET synapses coupled at the drain with a current source. (c) The synapse current vaimaéevheith

the currents initially start far apart from each other. Both currents eventually converge to their steady-state levels. (d) The synapseatiorenitiaime when

the currents initially start near each oth&r.wins andi, loses, wherd: decreases as a linear exponential in time due to the constant tunneling current at the
floating gate. The measurdd saturates due to the surrounding leakage currents; the floating gate continues to increase with time.

Next, we describe two pFET synapses that are source-co&ET part of the circuit is identical to a WTA circuit [9]. This
pled. If the drain voltages are connected to a fixed potentiaiycuit is useful for adapting offsets in differential pairs, as well
then the two pFET synapses will again compete for the avadls adapting bump circuits [10] for use in adaptive radial-basis
able bias current. If the drain currents are constrained by ciunction networks [11]. Fig. 8 shows small-signal models of
rent source transistors, as shown in Fig. 7(a), then the dréie nFET and pFET synapses, where all the small-signal pa-
voltages converge to a steady-state value. The circuit adameters are positively valued. We will extend the conventional
the floating-gate charge such that nearly identical currents fl0MOSFET small-signal model [12] to include hot-electron in-
through each transistor in the differential pair; any mismatchjisction and electron tunneling effects. A typical small-signal
reflected in the results. For the floating-gate dynamics, we carodel of a subthreshold nFET or pFET would be character-
model each leg of the differential pair having half of the totdked by its transconductangs,, its output resistance,, and an
bias current, and therefore the weight of each floating-gate dgpen circuit to the gate terminal. For a subthreshold MOSFET,
vice would be fixed. For a fixed weight, both halves of the difg,,, = «l,,/Ur andr, = V, /1. The transistor's maximum
ferential pair are described by identical equations that descrimtage gaind, = g,.7,.
the AFGA configuration; therefore, this circuit configuration is

stable. Further, if one output voltage goes to ground (and t{}e USING SVALL -SIGNAL ANALYSIS To DETERMINE STABILITY
other output voltage reaches its upper limit [6]), Steonger

. S . e OF ADAPTIVE FLOATING-GATE CIRCUITS
transistor will primarily tunnel back toward equilibrium and the

weakertransistor will primarily inject back toward equilibrium.  When analyzing nonlinear dynamical systems, it is often
Fig. 7(b) shows experimental measurements illustrating the staluable to look at the linearized form of the model. In systems
bilizing behavior of two source-coupled pFET devices with theof ordinary differential equations, stability is determined by the
drain terminals constrained by current source transistors. \Mgcobian of these equations [13]. In analyzing circuits, we use
use a common-mode feedback bias circuitry [lighter drawirgmall-signal models, an analogous tool that allows graphical
in Fig. 7(a)] to set our current sources to reasonable levels; dnealysis of the dynamical system. To analyze the stability of
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Fig. 7. Two source-coupled pFET synapses. (a) Circuit diagram of the two source-coupled pFET synapses constrained through a pFET current source.
We use common-mode feedback circuit to set correct level for the nFET current source. The differential gain is limited by the ratio of input eapacitanc

to floating-gate-to-drain capacitance, and the convergence time is dependent upon the tunneling current bias and the floating-gate-totdraia. dapa
Experimental measurements of changes in the output voltages that show the stability of this circuit for several step changes in the input vafatied. We
upgoing and downgoing differential voltage steps to this circuit (2.4414, 4.8828, 7.3242, 9.7656, 12.207, and 14.648 mV), and in each caseehensrcui

to equilibrium. The nonlinear effects of the common-mode feedback circuit is the source the asymmetric step response. Even when the outpathedtage re

the power-supply rails, the output voltages return to their equilibrium position. The common-mode gain was 0.0625, and the differential gain/Ntes 114

we stop the adaptation, the circaimembershe last converged state because of the differential structure. This circuit exhibited a 25-mV input offset due to the
mismatch in capacitive coupling when lowering voltages from adaptive range to normal operating range.

v ¢ use these small signal models to analyze the two-drain-cou-
Vin | vir—]| Vig Vy pled pFET circuit in Fig. 6. For the multisynapse case, we
A have a saddle point such that only one element converges
Vi v > fig fo to a solution, with the other synapses all diverging away
o e O1gVa 9mVtg toward zero. Fig. 10(a) shows the small-signal analysis of this
= GND two floating-gate pFET circuit around the bias point where
(a) Wi = W5 (Vg1 = Vige. From the reduced circuit, we can write
¢ down the model equations
Viun | \" V,
N Vyd Vie ] fg d dVia1 71
- MO—2% — — Vigi + Vigt + Vig2 =0
Vln—l —_— dt 7’fg
¢ Vig “Tig fo
9igVa ImVig AVigo 1
Va GND ne dtg B E Vi Vit o+ Vigr =0. (16)
(b) By adding these two equations, we get
Fig. 8. (a) Circuit diagram and small-signal model of the nFET d(Vrgl + Vrg2) 71 -
single-transistor synapse with its source connected to ground. The small—signaTlO dt +{2- ; (Vfgl + Vfg?) =0. (17)
model assumes a constant tunneling current and that the parameters are positive. &

(b) Circuit diagram and small-signal model of the pFET single-transistefp; ; ; ; _
synapse with its source connectedifg;. The small-signal model assumes aelrhIS equation converges to zero with the time COﬂSItﬂﬁ't/(Q

constant tunneling current and that the parameters are positive. The small-sié?faW’fg)- This equation models the convergence of the drain

resistance from floating gate to ground is negative due to the hot-electrdoltage because in this small-signal model, = A, (Vi +

injection currents. Vie2) and follows the experimental results in Fig. 6. This re-
sult is not unexpected because to first order= 27 and

floating-gate circuits, we want to develop a small-signal modélz = 2V7/**> in (14).

of these floating-gate transistors and show that the results are , i

consistent with large-signal analysis and experimental resuffs. Peveloping the Floating-Gate FET Model

We will demonstrate the value of this technique by analyzing What is not so typical is to define an input gate resistance

previous examples: the single pFET floating-gate circuits, and a transconductance connected to the floating gate

and the two-coupled pFET floating-gate circuit.We will nextVe definegs, as the change in the gate current in response to
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& ¢ N Vig1 0 Vig2
vir—| Vig Ve vir—| Vig Vir—{f V]| ’ Y
gmVigl ZmVig2
I Tt -
“Tig ° —»> Ty g oV & fol L
gfgvd Qmeg Qfg(gmro) Vfg ZigVa 21gVu © 02!
GND GND GND
The pFET Current-Source Configuration c .
Cq Cq 1 Vigl Viga |
| GND v, Vin1 Vin2
Vi | Vig Vin_| tg _| f 1 |—
Vigi/ny
1, 1y 0N
1 fo —> -fg * Vigalti
9igVd 9mVig
GND GND _oND -

The pFET Cascode Configuration

Fig. 9. Simplification of small-signal models for the pFET single-transistor
circuits; the nFET synapse circuits are simplified similarly. The top figure o5t
shows the simplified small-signal model for the drain connected to a cascode
transistor. The bottom figure shows the simplified small-signal model for the
drain connected to a current source. This circuit is unstable because of th
negative resistance from floating gate to ground.

06
e
a change in drain voltage. Because only the injection curren ™*|
depends on the drain voltagg, = Jiuno/ Vin; for the nFET and
pFET pictured in Fig. 8. We defing, as the magnitude of the oz}
change in gate current for a change in gate voltageds equal
to (Ur/kp||Vz)/ (Tiuno) for nFETs and is equal td/y/ k|| — ok
V) /(Zeuno) for pFETSs, where we define||y as(zy)/(z + ¥). ,
The resistance from the floating gate to ground is negative for ¢ 0 02 o4 06 08 !
pFET.

Fig. 10. Small-signal analysis of the two floating-gate pFET circuit. We first
B. Analysis of Adaptive Circuits using One Floating-Gate FE3how the equivalent small-signal circuit for the pFET circuit in Fig. 6 expanded
. . . . . .. around the condition where both pFETs have equal current. We then reduce this
Using a fixed channel current is equivalent to open-circuitingrcuit to show the dependence B , V2. This small-signal circuit exhibits a

the drain terminal in the synapse’s sma||-signa| model; thergaddle-node equilibrium point. Finally, we show the resulting phase plane for the

; ; :gircuit in Fig. 6, showing the saddle-node point {&t,, W,) = (1/2, 1/2
fore, the effective conductance from floating gate to ground i§.5-0, " =3 > 0% pogims A, 1) = (81 N gndl(wf)wz)(:/(l, 6)')

NFET: rig — (m70)0te
FET: (gro)gie — 7 (15) The difference in voltages increases without bound and with a
PPEL (gmTo )t — Tia: time constant of,C'. The difference becomes large as a re-

Since this effective conductance is positive for pFET synapse¥!t- One floating-gate voltage converges to a stable point and
the configuration in Fig. 5(c) is stable. On the other hand, sinfle Other increases without bound. One weight converges to

this effective conductance is negative for nFET synapses, (f&€ and the other converges to zreo. The result is one positive
configuration in Fig. 5(a) is unstable. and one negative eigenvalue; therefore, we have a saddle-node

When the drain voltage is fixed, the sign af determines €quilibrium point. A saddle point means that a value along a
the stability of this circuit. The configuration in Fig. 5(d) isfi'St eigenvector will converge to a single value, while a value
unstable due to the negative, for pFET synapses, whereadlong a second eigenvector will diverge away from its steady-
the configuration in Fig. 5(b) is stable due to the positiye state value; this type of equilibrium value is unstable. Fig. 10(b)
for NFET synapses. For both the pFET and nFET synapsedOWs the phase plane for the original system and follows the
a particular load resistandg; connected to the drain, whereXPerimental results in Fig. 6. Sineg,C' is typically a factor
Rigm(grarts) = 1, results in zero effective conductance belundreds smaller than C' (factor = gty7s59,m70), Wi + W2
tween the floating gate and ground and is the boundary %l_ll_ converge far before the we|gh_ts d|v§rge_. We see difference
tween the stable and unstable regimes. Because this formulal[bfime constants because the trajectories first move toward the
is valid for positive and negative resistances, negative drain 1&2 W2 eigenvector and then away from thé — > eigen-
sistance is stabilizing for nNFETs and destabilizing for pFETs.\(’lecf)(;r toward eithe(W:, W2) = (0, 1) and (W1, W) =
C. Analysis of the Two-Coupled pFET System

The second model equation shows that one weight diverges
toward zero. By subtracting these two equations in (16), we get

[1] P. Hasler, C. Diorio, B. A. Minch, and C. Mead, “Single transistor
d(Vigt — Vig2) v Vo) = 18 learning synapses,” irAdvances in Neural Information Processing
dt - ( fgl — fg2) =0. (18) Systems7 ed. Cambridge, MA: MIT Press, 1995, pp. 817-824.
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