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Abstract— Learning in a neural network typically happens
with the modification or plasticity of synaptic weight. Thus the
plasticity rule which modifies the synaptic strength based on
the timing difference between the pre- and post-synaptic spike
occurrence is termed as Spike Time Dependent Plasticity (STDP).
This paper describes the neuromorphic VLSI implementation of a
synapse utilizing a single floating-gate (FG) transistor that can be
used to store a weight in a nonvolatile manner and demonstrate
biological learning rules such as Long-Term Potentiation (LTP),
Long-Term Depression (LTD) and STDP. The experimental STDP
plot of a FG synapse (change in weight against At = ¢4t - tpre)
from previous studies shows a depression instead of potentiation
at some range of positive values of At for a wide set of
parameters. In this paper, we present a simple solution based on
changing control gate waveforms of the FG device that makes the
weight change conform closely with biological observations over
a wide range of parameters. We show results from a theoretical
model to illustrate the effects of the modified waveform. The
experimental results from a FG synapse fabricated in AMS
0.354m CMOS process design are also presented to justify the
claim.

[. INTRODUCTION

Over the last decade,numerous experimental studies [1], [2]
have shown that the synaptic strength modifies as a function
of the spike timing difference At = tp,5: — tpre between the
firing times ¢, and ¢,,s; of the presynaptic and postsynaptic
neurons respectively. This phenomenon, called Spike Time-
Dependent Plasticity (STDP), has emerged as one of several
unsupervised plasticity rules that play an important role in
learning and memory in the brain. The STDP based on a
pair of pre- and post-synaptic spike is referred as doublet
STDP (D-STDP) while the one based on triplet of synaptic
spikes i.e either pre-post-pre synaptic spike or post-pre-post
synaptic spike is referred as triplet STDP (T-STDP). In this
paper we deal only with D-STDP and henceforth, we will
imply the doublet rule when we mention STDP. The STDP
model employs two phenomenon: one is long term potentiation
(LTP) which is elicited by increase in synaptic weight due
to the occurrence of postsynaptic spike after a presynaptic
spike whereas the second one is long term depression (LTD) in
which the synaptic weight is reduced when the timing relation
is reversed.

Due to the popularity of STDP in computational neuro-
science, neuromorphic engineers who aim to emulate brain
function using VLSI have also tried to emulate this behaviour
in silicon. However, implementing a compact learning synapse
remains one of the big challenges in the field. Several recent
papers have reported STDP implementations [4], [5]; however,
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Fig. 1: Floating gate Mosfet : The different terminal voltages Viyn,
Vg4, Va as shown above are used to obtain the desired plasticity rule.
The gate voltage waveform, V,; shown in black is the original voltage
waveform which is as in [3] and the gate voltage waveform, V; in
red dashed line is the novel modified technique.

these synapses could only hold two states in long term. The
size of these synapses are also large hindering scalability of
these designs. A promising solution for non-volatile analog
weight storage is provided by a floating-gate (FG) device
which is typically used to implement flash memory. This
concept was utilized recently to show weight storage and
adaptation due to quantum mechanical processes based on
input signal timing [3]. Since then, it has also been used
in a reconfigurable neural network as well [6]. However, the
experimental result of STDP using FG (Fig. 7(a) in [3]) in
[3] has a difference when compared to biological findings: the
FG synapse shows depression instead of potentiation for some
range of positive At.

To ameliorate the STDP graph of a FG synapse obtained in
[3], a minimum hardware overhead solution is proposed in this
paper. The solution contains a modified gate voltage waveform
in red dashed line as shown in Fig. 1 while the gate voltage
waveform proposed in previous work [3] is shown in black line
in the same figure. The paper is organized as follows: Section
II provides a brief explanation of STDP model. Section III-A
introduces the working of floating gate synapse. To vindicate
the novelty proposed in the paper, a mathematical model of the
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Fig. 2: Theoretical implementation of Doublet STDP (D-STDP): The
plot is based on equation 1 with the parameters A™ = 4.6m and A~
=3m.

weight update is presented in III-B. The experimental results
and its discussion are included in section IV. Finally the paper
is ended with conclusion of the work.

II. STDP SYNAPTIC MODIFICATION RULE

An essential requirement for learning in real and artificial
neural networks is synaptic modification. In biology, synapses
are specialized structures to permit the conductivity of chem-
ical or electrical signals between two neurons with an asso-
ciated synaptic strength or weight. Learning typically implies
the modification of synaptic weight due to the activities of the
pre- and post-synaptic neurons. There are two types of synaptic
weight change: one is potentiation or increase of weight while
the other is depression or reduction in weight. In case of STDP,
these two modifications are based on the timing of pre- and
post-synaptic spikes as described next.

A. Doublet STDP

In doublet STDP, potentiation occurs when a postsynap-
tic spike succeeds a presynaptic spike; otherwise depression
happens. The weight changes can be governed by a temporal
learning window. The temporal learning window for STDP
can be expressed as [7], [8]

{Aw+ — At ) i At>0
Aw = B C(any

Aw™ =—-A"e™" if At<O0
where At = tpost — tpre is the time difference between
a post-synaptic and pre-synaptic spike, 7 and 7_ are the
time constants of the learning window, and A™ and A~ are
the maximal weight changes for potentiation and depression,
respectively. The theoretical graph for the above equation is
simulated using MATLAB and is shown in Fig. 2 with the
parameters being obtained by data fitting as explained in [8].
As mentioned by Bi and Poo in [9], 71 and 7_ are taken as
16.8ms and 33.7ms respectively for the simulation.

ITI. FLOATING GATE SYNAPSE
A. BASIC OPERATION

The equation for drain current of a subthreshold saturated
pFET whose well is tied to Vg4 is given by [3]

K(Vaa—Vyg)/Ur

(1)

@)

]d = ]soe
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Fig. 3: Parameter specifications of terminal voltage waveforms : The
different parameters are given as Ty = 34ms, Tyun = 300ms, Ty =
300us, Viunmaz = 12V, Viunmin = 56Vy Vg_maz = 3.3V, Vg_min =
2.5V, Vamaz = 5V and Vy_min = OV.

where Ur is the thermal voltage and x is the gate coupling
coefficient. Due to the exponential relationship between the
gate voltage and drain current of the MOS transistor, the gating
voltage to the synapse has to be a triangular waveform which
decreases from its maximum value [3]. The current at the
maximum gate voltage is nearly zero. In order to generate
EPSCs similar to biological observations, we apply triangular
waveform with unequal slopes at the input [3]. The fast
decreasing part of the input triangular waveform with slope S;
results in a quick rise of the synaptic current while the slowly
increasing part with slope S determines the exponential decay
in the output current. In this paper we modify the triangular
waveform present at the input without harming the generation
of EPSCs similar to biological observation.

The synaptic weight adaptation for obtaining different plas-
ticity rule depends on the signals on the FG mosfet. The
terminal voltages of the floating gate transistor shown in the
Fig. 1 are the gate voltage V,, drain voltage V and tunneling
voltage V. The specifications of terminal voltage waveforms
are given in Fig. 3.

Synaptic weight modification in a FG mosfet uses a com-
bination of hot-electron injection (HEI) and Fowler-Nordheim
tunneling [3]. HEI adds electrons on to the floating gate node,
which reduces the voltage on the floating gate thus resulting
in more current through the transistor hence increasing the
weight of the synapse. On the other hand tunneling takes
away electrons from the FG node, which increases the voltage
of floating gate node thus reducing the drain current of the
transistor and the synaptic weight. At every pre-synaptic spike,
a triangular gate voltage waveform is generated while at every
post-synaptic spike, a triangular tunneling voltage and a drain
voltage pulse is generated as illustrated in the Fig. 4(a) and
(b). Hence, injection and tunneling currents (and the resultant
weight change) also depend on the time difference between
pre- and post-synaptic spike times. The governing equations
for injection and tunneling are given as [10], [3]

—AVas/Ving
Linj = Linjo(Ia/Is0)%e ds/Vins
(‘/tun_vfg)/voz

3)

Itun = Itu’rLOe

where I is the drain current, o = 1- Up/Viy; , Vor and Vi
are process dependent parameters.
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Fig. 4: Timing diagram for STDP in FG synapse. (a) The plot shows the time instances of pre- and post- synaptic spike occurrence for the
case of At = (tpost — tpre) > 0. Note the timescale which helps while integration during +ve At of the STDP curve. (b) The plot shows
the time instances of pre- and post- synaptic spike occurrence for the case of At = (tpost — tpre) < 0. Note the timescale which helps

while integration during -ve At of the STDP curve.

B. THEORETICAL MODEL OF LEARNING

If we compare the result obtained from the experimental
measurement using original gate voltage waveform in Fig. 7(a)
of [3] with the theoretical graph of STDP in Fig. 2, we notice
that there is depression happening instead of potentiation on
the positive x-axis of the experimental curve of STDP. To
understand this effect, we first develop a mathematical model
of the change in weight for a FG synapse. The weight of the
synaptic device is defined as [3]:

—"Vig
w=e Ur

“)

Hence, equations to predict the change in FG voltage effec-
tively predict the change in weight. The following assumptions
are made in deriving the theoretical equations:

1) To ensure small change in weight at very large negative
and positive values of At, V;_»i: has to be high enough so that
Viun-maz - Vg.init 1s small enough for negligible tunneling.
Similarly AV, = Vy_init - Vg_min, should be small enough so
that Viun_init - Vg_min 18 small enough for negligible tunneling.

2) Strong coupling from gate to floating gate node where
as a weak coupling from tunneling node to floating gate node.
This is justified since typically Cy >> Ciyn,.

3) The gate voltage waveform falls to its minimum value
instantaneously. In other words, S; >> S5, S3 as shown in
Fig. 3. Also, we use T, to denote the temporal duration of
gate voltage with the understanding that T, = T} ,; for the
original waveform proposed in [3] while Ty = T} ;04 for our
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proposed modification.
We can now derive the slow time scale equation [3] for
change in FG voltage due to tunneling and injection as:

dVig
dt

dVig2
dt

=02 oy 5)
where C'r is the total capacitance on the FG node and m
denotes change on a slow time scale.

1) Case 1: At > 0: First, we consider the case of At >0
i.e the positive axis of STDP curve and combine equations (3)

and (2) to get:

dVyg1
dt

(6)

CT eK(Vdd_Vfg)/UT)ae—AVds/Vq,nj

= —Iinjo(

where Vg1 is the slow time scale change in Vy, due to
injection only. Since change in V¢, on the RHS happens due
to coupling from the gate voltage, we can write:

Cy
Cr
where Sy is positive slope of V, and (| is the capacitance
connected between the gate terminal and the floating gate
terminal. Here Vyg 4, 1S not same as Vg 4, due to initial
charge stored on the FG. Substituting equations (7) in equation
(6),we get

Vig = Vigmin + == Sat (7)

dVig
dt

Cr = —Ae X! ®)
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Fig. 5: Weight variation in FG synapse obtained from theory for the two different gate voltage waveforms. (a) shows the effect of injection
on AVy, for the case At = (tpost — tpre) > 0, (b) shows the effect of tunneling on AV}, for the case At = (tpost — tpre) > 0, (c) shows

the effect of tunneling on AVy, for the case At = ({post

— tpre) < 0, (d) shows the effect of both injection and tunneling on Aw/w

which is equivalent to AVy,. (e) shows the result as in (d) but for a different parameter of Viun.mae = 11 V while (f) shows the result for

Viunomaz = 11 V but AVy; =4.5 V.

where
A= Imjoeali(vddfvfg.mq,n)/UTe*AVds/VinJ

©)

arCySs
CTUT

Referring to Fig. 4(a), significant amount of injection hap-
pens in the time from At to At + Ty, where AV, is constant
and significant. Also, since 7} is very small compared to T,
we can assume that Vj, is constant during the drain pulse.
Hence, we finally get:

X =

CrAVig = —ATze A1 (10)

The above equation for AV}, is a function of At and is shown
in Fig. 5(a) (plotted in red and marked as “Original V).

Now let us analyze the contribution of tunneling to Am
denoted as AVygo. With reference to Fig. 4(a) and from
assumption 1, the effect of tunneling is significant only from
At to T,. Hence, we have:

N T,
CT/ deg :/ Tiyndt (1D
0 At
Substituting Iy, from equation (3), we further get:
TS’
CrAVige = / Tyunoe Ve =Vio) Vor g (12)
At
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if 0<t<At

where
Vun ==
! { if At<t<T,
(13)

where S3 is the negative slope of Viy,. Thus substituting
equations (13) and (7) into (12), we finally get:

‘/tun_init

Vvtun_ma:v + SB (t - At)

N —SgAt Ty v
CTAVfgz = Be Vo / eXtdt
At (14)
— B Tr — YA —emt
where

C,S

y= 5
VOl‘
B I Vtiun.max —Vfgmin (15)
= Ltun0€ Vo

B'=B/Y

AT is obtained from the sum of AVygq and AVygo at At =



0 (ideal case). Hence we get,

+ *kAVfg|At:()
AT = B S —
_ *k(A%JF Am”At:o (16)
Ur
_ —k(—ATy 4 B'(¥T0 — 1))
- CTUT

From this we can conclude that A* depends on free parame-
ters AVgs and Viunmae. Similarly 71 can be calculated from
the equation 7k§TVf 2 — (0.1%o0f AT. At obtained after solving
the equation gives the value of 7. Intuitively we could see
that 7+ depends mainly on T},.

The above equation for AV}, is also a function of At and
is shown in Fig. 5(b).

2) Case 2: At < 0: Now we consider the case of At =
(tpost —tpre) < 0 i.e the negative axis of STDP curve. Similar
to what we have done above, let us see the effect of tunneling
and injection separately.

For the contribution of injection to m, we could see that
injection happens only during the initial small period, Ty of
time axis where the drain current of the MOS is almost zero.
So we can completely neglect the effect of injection on m
in this case.

Now let us consider the contribution of tunneling to m.
Similar to the analysis above, using assumption 1, we have:

N Ttun
Cr / Vi, = /
0 —At

While performing the integration, there arises two cases for
the upper limit of integration based on whether —At + T, is
greater or lesser than T%,,. Also, similar to the case of positive
At, here we have:

Tiyndt A7)

Cy
—=So(t — (—At
itun - itun_m,az Sdt

fg f9- + (18)

Substituting equations (18) and (3) into equation (17), we get
case 1: —At + Ty < Tiun

—cgsyar AT v
CTAVng = Be CrVox / e tdt
~At (19)
—CgSyAt
_ B/(@Y(TQ—At) _ e—YAt)e CrVou
case 2: —At + Ty > Thun
—cgsant  [Trun v
CrAVigo = Be CrVvos / eXidt
—At (20)
—CgSyAt
— B/(eYTtun _ e_YAt)e CrVox

where Y, B and B’ are as given above.
Here A~ is obtained from Am at At = 0 (ideal case).
Hence we get,
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case 1: —At + Ty < Tyun

_ —kAViglai=o
= i
—k(B'(e¥Ts — 1))
CrUr

e
21

case 2: —At + Ty > Tyun

—kAV} gl at=0
Ur
—k(B'(e¥ Ttun

CrUr

From this we can conclude that A~ depends on free
parameters Ty, and Viyn_mae. Similarly 77 can be calculated
from the equation %vag =0.1% of A~. At obtained after
solving the equation gives the value of 7. Intuitively we could
see that 7~ depends mainly on T3,,,.

The above equation for AV}, is a function of At which
can be plotted on the graph and is shown in Fig. 5(c). Both
original and modified cases of gate voltage waveform is plotted
in the figure. The combined effect of tunneling and injection is
shown in Fig. 5(d). It is clearly seen that the theoretical model
does predict a depression of weight for some range of positive
values of At. Next, we shall analyze the reason behind this
and suggest a method to rectify this.

A =
(22)
-1

C. Proposed STDP protocol for FG synapse

Since we want there to be only potentiation for positive
values of At, we have to design the parameters of the FG
synapse so that injection dominates over tunneling in this
entire range. On the other hand, we want tunneling to dominate
over injection for all negative values of At. From Fig. 5(d)
we see that for a range of positive values of At, tunneling
dominates over injection. The reason for this can be realized by
studying the injection and tunneling characteristics separately
in Fig. 5(a) and (b) respectively. We can see that the effect
of injection reduces to zero at At ~ 10 ms (Fig. 5(a)) while
the effect of tunneling persists till ~ 30 ms (Fig. 5(b)). This
results in tunneling dominating for At >~ 10 ms creating
depression.

The reason for the sharp decline of the potentiation curve
in Fig. 5(a) is that injection depends directly on drain current
which reduces exponentially fast with At (equation 10). Thus
there is a large part of the gate waveform (the part for which
Vy >~ Vy_min+0.2 V) which does not create significant post-
synaptic current or potentiation. Intuitively, we can eliminate
this part and get a modified gate control voltage waveform
as shown in Fig. 4. The effect of this modification on the
weight change curve is shown in Fig. 5(d) (blue curve marked
“modified V7). As predicted, the magnitude of depression for
positive values of At is much reduced now. For certain sets
of parameters (e.g. if Viyn_mas is much lower or Vy iy is
higher), the original gate waveform also does not produce
significant depression for At > 0. As an example, Fig.
5(e) plots the STDP curve for parameter, Viyn_maz = 11 V
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Fig. 6: Experimental results of floating gate device: (a) the experi-
mental result of STDP with original gate voltage waveform. Similarly

(b) the experimental result of STDP with modified gate voltage
waveform.

showing no appreciable depression for positive At. However,
the modified waveform provides a more bio-realistic STDP
curve for a much wider set of parameters and hence is more
robust. As an example, Fig. 5(f) plots the STDP curve with
Viunomaz = 11 V but with a reduced AV = 4.5 V compared
to AVy; = 5 V in the earlier case. It can be seen that the
original gate voltage waveform again creates a depression
while the proposed one is free from this artifact.

IV. EXPERIMENTAL RESULTS

The floating gate synapse, from which the experimental
measurements are obtained, was designed in AMS 0.35um
CMOS process. The gate voltage waveform shown has two
cases as discussed in the earlier section. The experimental
results of both the cases of gate voltage waveform is given
in Fig. 6.

Figure 6(a) plot the case of STDP for the original gate
waveform described in [3]. It does show the case of depression
for some range of positive values of At. The similar plot for
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the case of modified gate waveform is shown in Fig. 6(b).
Indeed, the new proposed gate waveform is able to remove
the undesired effect in Fig. 6(a) thus validating the theoretical
analysis.

V. CONCLUSION

We have presented a robust STDP rule using single FG
transistor acting as a learning synapse for VLSI spiking neural
networks. Compared to earlier work in [3], our proposed
method allows the STDP curve of the FG device to be
similar to the biological one over a much wider range of
parameters. This is achieved by simply modifying the gate
voltage waveform—hence, the hardware overhead compared to
[3] is minimal. A mathematical model for learning is presented
to illustrate the benefit of our proposed method. We also
present measurement results from a 0.35um chip to justify
the claim.
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