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ABSTRACT

Floating-gate pFETs can be used to implement analog signal mul-
tiplication with an adaptive analog gain, creating the possibility
for compact, low-power analog adaptive filters and neural net-
works in VLSI. We have shown that the adaptation mechanism of
this device yields a weight which is proportional to correlations
between terminal voltage signals. However, the weight contains
dependencies proportional to the variances of these terminal volt-
ages as well. In addition, harmonic distortion of the input sig-
nals can mask the correlation effect. In this paper, we show how
to eliminate or miminize these non-idealities through logarithmic
pre-distortion of our input and learning signals as well as through
the use of differential circuit structures. The result is a weight
update mechanism which is closer to a pure correlation learning
rule.

1. THE SOURCE-DEGENERATED PFET SYNAPSE AND
CORRELATION LEARNING RULE

Floating-gate pFETs provide a device level implementation of ana-
log signal multiplication by an adaptive analog gain [1]. These
adaptive analog gain elements create the possibility of implement-
ing compact, low-power analog adaptive filters and neural net-
works in VLSI. The source-degenerated floating-gate pFET de-
vice, appearing in Fig. 1a, produces a current (when operated in
subthreshold) which is a product of an exponential function of its
gate voltage and a weight factor [1]. This current is described as

I = Lywe AVe/Vea, 6

where I is the bias current, w is the weight, and Vg4 = é %f l—’f—
is a voltage scale factor. The source-degenerating feedback pro-
vides k. = Ur/Va (Va is the Early voltage of the feedback tran-
sistor), while Cy is the capacitance coupling into the floating-gate,
C'r is the total capacitance at the floating-gate, Ur is the thermal
voltage, and « is the capacitive coupling from the floating-gate to
the channel surface potential. If we make the gate voltage ampli-
tude small enough, then we can make a linear approximation to the
exponential function and treat this device as a transconductance
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Fig. 1.  (a) The source-degenerated floating-gate pFET which yields
weight multiplication, weight storage, and the weight correlation leaming
rule. (b) The pre-distort circuit is a simple current mirror which imple-
ments AV, = ViugIn(1 + z) to eliminate harmonic distortion in the
output current. (¢) The pre-distort circuit for the drain voltage implements
AVy = Vg In(l + y) to eliminate drain variance terms in the weight
value.

amplifier where the weight factor acts as an adaptive gain. Charge
stored on the floating gate provides the weight, with electron tun-
neling and hot-electron injection providing weight update mecha-
nisms. We previously showed that the weight update mechanism
leads to a learning rule based on correlations between the gate
and drain voltages of the source-degenerated floating-gate pFET
[2,3,4]

The mathematical starting point for the correlation learning
rule is given by

W 1 BV Va0 = AVa/Vin;
dt

where Voo = Voa/(1 —7), Vi1 = Vau/(B - 1), v = 2 -

_ 1Ul?e—AVg/Vg] , (2)
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Fig. 2. (a) This plot shows the DC value (subtracting the equilibrium current) and 24 harmonic of the drain current vs. gate voltage pre-distort value.
The gate pre-distortion is given by AV, = Vipg In(1 + Asinwt) for AVy = 0. We find that the appropriate pre-distort factor (Vng ~ —0.6V)to be
that which makes the 2"¢ harmonic to be zero and coincides with the non-zero root of [y — I, eq. Ieq is the value the drain current assumes when there is
no signal input. (b) These plots compare the dc values and second-harmonic values of the drain current vs. gate voltage amplitude both with and without
pre-distortion. We see that the dc value follows a similar quadratic form in both cases, implying that there is still significant gate variance with pre-distortion
for a given pre-distort value. The second-harmonic plot shows that harmonic distortion has been significantly reduced.

%(%%), and 8 =1+ é(%%f—) The constants V;,; and V;
result from models of injection and tunneling [2, 3, 4]. While we
would like to obtain a learning rule purely dependent on corre-
lations between the gate and drain voltages, the rule we actually
obtain from (2) leads to weight dependencies on the variance of
these two voltages as well. Also, we may not be able to make the
_gate voltage small enough to obtain a linear model of (1) while si-
multaneously keeping it large enough to see correlation behavior.
The resulting harmonic distortion can mask the weight effects. In
that case, we would like to eliminate harmonic distortion. Because
the drain current of the source-degenerated floating-gate pFET and
its equilibrium weight value are both determined by exponential
functions of the terminal voltages, we explore the use of logarith-
mic pre-distortion to remove these undesired effects. Figure 1b
shows the circuit structure which will provide gate pre-distortion,
and Fig. Ic illustrates the circuit which will be used to provide
pre-distortion on the drain voltage.

The experimental results reported here are from chips manu-
factured in the 0.5um AMI process through MOSIS. We choose
values of Vgg = 8V, Vy; = 2.15V, Viur = 19V, and V}, = 7.55V
to yield a desired range of subthreshold equilibrium currents for
continuous-time adaptation, and we choose Vg = 5V and Viun =
Via to turn off the adaptation mechanism.

2. HARMONIC DISTORTION, GATE VARIANCE, AND
GATE PRE-DISTORTION

We first remove the harmonic distortion from the pFET drain cur-
rent by pre-distorting the gate voltage input. The pre-distorted
voltage applied to the gate is

AVy = Ving In(1 + Asinwt). 3

In this experiment, the pre-distort factor, Vi, 4, ranges from -1 V to
0 V and the sinusoidal amplitude, A, is 0.65. This experiment is
performed with the adaptation mechanism turned off such that the
only effect observed is the harmonic distortion. Substituting (3) in
(1) and simplifying yields

I =11+ Asinwt)®s, 4)

where ag = —Ving/Vga. A second-order approximation of (4)
leads to

I= L1+ tag(ag —1)A* + agAsinwt ®)
—la,(ay — 1)A?sin 2wt).

This second-order approximation indicates that we should look at
the dc value and second harmonic of the drain current in Fig. 3
to determine the appropriate pre-distort factor that will eliminate
harmonic distortion. From (5), we see that we should look for the
value of Ving where the second harmonic becomes zero, which
gives us the appropriate pre-warp factor, V,g. We also see that
this coincides with the non-zero root of the dc current when the
equilibrium value is subtracted. Figure 2a demonstrates that the
appropriate pre-distort value for this gate is Vg &~ —0.6V, which
is the corresponding V4.

Both the dc values and the second-harmonic values of the
drain current with and without pre-distortion are compared in Fig. 2b.
Both sets of data are obtained with the continuous-time adaptation
mechanism turned on. We obtain the non-distorted data by apply-
ing a sinusoidal input, AV, = A, sinwt, of various amplitudes
(0.05V < Ay < 0.5V in steps of 0.05 V) with no drain voltage
change (AVy = 0). For the pre-distorted data, we use the factor,
Ving, found above. We choose the sinusoidal amplitude values, A,
in3as

A= —tanh(Ag/Vmg), ©6)
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Fig. 3. (a) A plot of DC value of the drain current (weight) vs. drain voltage amplitude for a pre-distorted sinusoid applied to the gate and a non-distorted
sinusoid applied to the drain. The gate variance contributes to constant offsets in the data. The quadratic drain variance term masks the linear correlation
term. (b) This plot shows the DC value of the drain current vs. drain voltage amplitude when AV} = V,4In(1 + Asinwt) with AV, = 0. Here we

have plots for several values of V,,,4. We choose that value of V,,4 = —0.22V (comresponding to the flattest curve) as the appropriate distortion factor to

eliminate drain variance effects from the weight value.

where Ay is the set of amplitudes for the non-distorted case and
Vg is the pre-distort factor. This equation gives us compara-
ble voltage amplitudes in both the non-distorted and pre-distorted
cases. In Fig. 2b we see that dc current still displays a quadratic
dependence, thus gate variance still has a significant effect even
with pre-distortion. This happens because the pre-distort value for
harmonic distortion cancellation and that for optimal gate-variance
cancellation are not the same. This can be seen by comparing the
exponential voltage scale factors in (1) and (2). Figure 2a com-
pares the second-harmonic values of the drain current from the
non-distorted and pre-distorted cases and shows that the harmonic
distortion has been nearly eliminated in the pre-distorted case.

3. DRAIN VARIANCE EFFECTS, DRAIN
PRE-DISTORTION, AND SIGNAL CORRELATIONS

Now that we have eliminated the effects of harmonic distortion,
we observe the weight that results for non-zero gate and drain volt-
ages. Figure 3a illustrates how the effects of gate and drain vari-
ance can mask the desired correlation dependence of the weight.
We wish to examine how pre-distortion of the drain voltage affects
the resulting weight value.

An analysis of the drain pre-distort circuit illustrated in Fig. Ic
leads to the following

Vi = Vs = Via In[(I — L)/L], ™
where Vg = éf:rp —UN—T In this paper, we set the target-signal
current in (7) to a constant bias value (I; = I), and we define the
learning signal to be y = I,,/Ty. This leads to the drain voltage
function

‘/:i :=‘/5—de ln(l—y) (8)

which is used in our learning rule. All of the experiments described
here have the drain signal of y = Asin(w t + ¢).

We obtain the appropriate pre-distort factor for the drain by
observing the dc current value vs. drain voltage amplitude for sev-
eral pre-distort factors. Figure 3b exhibits the results of this exper-
iment. The appropriate pre-distort factor gives the flattest curve.
As seen from the figure, this value is V4 & —0.22V.

With this pre-distort value for the drain voltage, we observe
the resulting weight values when we apply pre-distorted sinusoidal
signals to both the gate and drain voltages. We hope to see the
correlation effects more clearly. In Fig. 4a, we have plotted the
dc current value vs. the drain voltage amplitude. We see a set of
curves described by a tanh function, which is due to the relation
given in (6) as applied to the drain. Plotting these dc current values
vs. the actual drain signal amplitude, A, in Fig. 4b, we see a set of
straight lines of various slopes. Steeper slopes correspond to larger
gate voltage amplitudes. These lines correspond to w o< —E[zy]
where z is the pre-distorted gate signal and y is the pre-distorted
drain signal. This plot demonstrates that we indeed obtain clear
linear correlation behavior with pre-distortion. In both plots we
have subtracted offsets due to the gate variance.

4. CANCELLING CONSTANT OFFSET AND GATE
VARIANCE IN THE WEIGHT

To obtain a pure correlation learning rule, we must remove the
constant offset and gate-variance terms appearing in the equilib-
rium weight. In the ideal case of perfectly matched devices, a
continuously-adapting differential pair of floating-gate transistors
(Fig. 5a) provides the simplest way to remove these effects. How-
ever, Fig. 5b illustrates how mismatch between floating-gate de-
vices results in significant differences in gate variance, render-
ing the differential scheme unworkable. Differences in weight
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Fig. 4. The top figure is a plot of the dc current (weight) minus the equi-
librium current value and those current offsets due to gate variance vs. the
amplitude of the drain voltage. We see that the quadratic effect due to drain
variance has been eliminated. The curves presented have a tanh form due
to the relationship between the signal amplitude and drain voltage ampli-
tude because of pre-distortion. The bottom figure shows the same data
plotted vs. signal amplitude revealing linear correlations. Steeper slopes
correspond to larger gate voltages. Thus, we see that w & — E[xy], where
z and y are sinusoidal signals to be pre-distorted, is verified.

offsets (due to differences in equilibrium current values) can be
compensated using a differential floating-gate pair where one side
continuously-adapts and the other side of the pair has its floating-
gate charge programmed to cancel the offset. To eliminate the
gate-variance problem without eliminating mismatch, we could
force every input to a fixed amplitude using an automatic gain
control circuit. The gate-variance term would then be a known
constant to be programmed out along with the weight offset.

To remove gate variance by eliminating mismatch, we recog-
nize that mismatch is due to the tunneling junction of the floating-
gate device. In our current devices, most tunneling occurs at the
edge of the tunneling junction; increasing the length of this edge
for each device would tend to improve matching. Alternatively,
we can attempt to tunnel directly through the well of the floating-
gate device. Currently, we are exploring these methods to obtain
an ideal correlation learning rule.

5. CONCLUSIONS

We have eliminated two nonlinear effects in our adaptive floating-
gate devices which tend to mask the correlation term in our weight.
We achieved this by pre-distorting the gate inputs to eliminate har-
monic distortion and by pre-distorting the drain voltage to elim-
inate drain-variance terms in the weight equation. We presented
simple circuits which can provide the appropriate pre-distortion
functions in each case.

To cancel gate variance and dc offsets, we discussed a dif-
ferential structure. We presented data that showed significant dif-
ferences in weight offsets and gate variance between devices due
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Fig. 5. (a) In the ideal situation of no mismatch, an adapting differential
pair of floating-gate devices would cancel both the gate-variance and con-
stant terms out of the correlation learning rule. (b) Plot of dc current values
(weights) minus equilibrium values for two different source-degenerated
floating-gate pFETSs vs. gate voltage amplitude. Tunneling junction mis-
match leads to significant differences in the gate-variance terms in the cor-
relation learning rule. The legend demonstrates the large variation of equi-
librium current values also due to mismatch.

to tunneling process mismatch. We conclude that miminimizing
gate-variance effects will lead to significant improvements in the
correlation learning rule.
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