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Abstract—Memristors have emerged as promising, areaefficient, nano-scale devices for implementing models of synaptic
plasticity in hybrid CMOS-memristor neuromorphic architectures. These architectures aim at reproducing the learning capabilities of biological networks by emulating the complex dynamics
of biological neurons and synapses. However, to maximize the
density of these elements in crossbar arrays, learning circuits
have often been limited to the implementation of simple spike
timing-dependent plasticity (STDP) mechanisms. We propose
novel hybrid CMOS-memristor circuits that reproduce more
effective and realistic plasticity rules which depend on the
timing of the pre-synaptic input spike and on the state of
the post-synaptic neuron, and which allow the integration of
dense crossbar memristor arrays. To implement these plasticity
rules in memristor crossbar arrays, the circuits driving the
memristors’ post-synaptic terminals actively sense the activity on
the pre-synaptic terminals to apply the appropriate stimulation
waveforms across the memristors. We illustrate the advantages
of this scheme by using it to implement a spike-based perceptron
plasticity rule.

I.

I NTRODUCTION

Biological neural networks process information in a massively parallel fashion using elements that can not be clearly
categorized as either computation or memory primitives. A
biological synapse is not only a memory element that stores
the connection weight between two neurons, it also modulates
its weight in a state and activity dependent manner, making it
a processing element in its own right. Memristors are also
memory elements whose values/conductances change in an
activity dependent manner making them prime candidates for
implementing plastic synapses in neuromorphic systems [1].
Memristive crossbar arrays have been used before to implement synaptic matrices in neuromorphic systems. However,
previous work has mainly considered basic STDP plasticity protocols that depend only on the timing difference between pre- and post-synaptic spikes [2], [3], or some variants
thereof [4]. In these schemes, both pre- and post-synaptic
spikes trigger different types of waveforms on the pre- and
post-synaptic memristor terminals. Typically these waveforms
are produced in such a way so that when they overlap,
the voltage across the memristor is large enough to induce
weight/conductance change. On the other hand, more recent
computational neuroscience models of plasticity trigger weight
updates on pre-synaptic spikes and calculate the weight update
value depending on the internal state variables in the pre- and
post-synaptic neurons [5], [6]. No clear method yet exists for
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implementing these rules on CMOS-memristor architectures.
A hybrid CMOS-memristor system that implemented a variant
of the rule described in [5] was proposed in [7]. However
that system did not support crossbar operation, precluding
the possibility of using dense memristor crossbar arrays. The
present paper addresses this shortcoming by proposing a
new scheme for implementing plasticity rules that go beyond
standard STDP on memristive crossbar arrays.
II.

T HE P LASTICITY M ODEL AND M EMRISTOR
P ROPERTIES

The plasticity rules we consider update the synaptic weight
when a pre-synaptic spike occurs by an amount that depends
on the state of the post-synaptic neuron: let s(t ) be a vector
denoting the state variables in the post-synaptic neuron at time
t. At a pre-synaptic spike at t pre , the synaptic weight X is
updated according to:
X

X + r(s(t pre ))

(1)

where r is a function that yields the synaptic weight increment/decrement as a function of the post-synaptic neuron state.
Our goal is to realize a neuromorphic architecture in which
the spiking neurons are recurrently connected using a crossbar
array of memristive synaptic elements, and where the synaptic
elements follow the plasticity rule in Eq. 1. The architecture
has the form shown in Fig. 1a. Each neuron element (NE)
comprises an integrate and fire neuron circuit, such as the
neuron in [8]; a plasticity circuit that has access to the neuron
state and calculates the plasticity function r(s(t )); and preand post-synaptic interface circuits that apply the appropriate
voltage waveforms across the memristor elements based on
r(s(t )) in order to modulate their conductance/synaptic weights
according to Eq. 1. When a neuron spikes, the post-synaptic
interface circuits also inject current into each post-synaptic
neuron that is proportional to the conductance of the memristor
(synaptic weight) connecting it to the spiking neuron.
We consider memristors whose i-v characteristic can be
generically described as:
(2a)

i(t ) = g(t )v(t )

8K
dg(t ) <
=
: f (Kv(t ))
dt

if g(t ) < gmin
if g(t ) > gmax
otherwise

(2b)
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b) The post-synaptic neuron is in ’depression mode’, i.e,
r(s) < 0, such as neuron 3: Compared to the previous case, the
memristor conductance is instead read during the low-phase
of the bi-phasic pre-synaptic pulse. During the high-phase, the
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Fig. 1: (a) General form of the hybrid CMOS-memristor architecture, shown
here for only three neurons as an illustration. Each crossbar element is a
memristor/synapse that should follow the plasticity rule in Eq. 1. Also shown is
the positive voltage direction used in Eq. 2. (b) Voltage waveforms applied on
the 3 pre-synaptic and 3 post-synaptic terminals of the crossbar configuration
in a when neuron 3 spikes. When neuron 3 spikes, Neuron 1 is in state s1
that causes it to potentiate its incoming synapses on pre-synaptic spikes, i.e,
r(s1 ) > 0 (see Eq. 1). For neurons 2 and 3, r(s2 ) = 0 and r(s3 ) < 0 respectively.

where K is a positive constant and g(t ) is the memristor conductance that changes between gmin and gmax and
whose time evolution depends on v(t ) through the function
f . The memristor conductance represents the synaptic weight.
f should exhibit a threshold effect, i.e, f (v) = 0 when jvj < Vth
so that the memristor conductance does not change when
voltage pulses of amplitude less than Vth are applied. The
conductance increases ( f (v) is positive) when v > Vth and
decreases ( f (v) is negative) when v < Vth . The memristor
model in Eq. 2 is quite general and can reproduce the popular
“moving wall” model [9]. The bipolar switching characteristics
and the threshold effect are compatible with a wide class of
physical memristors [10], [11].
III.

P RE - AND P OST- SYNAPTIC VOLTAGE WAVEFORMS

Figure 1b shows the voltage waveforms applied by the
pre- and post-synaptic interface circuits across the memristor
terminals. In the absence of spiking activity, all terminals are
held at the middle of the supply range: 1.65V (all circuits are
based on a 3.3V, 0.35um CMOS technology). When neuron
H and V L
3 spikes, a bi-phasic voltage pulse between Vpre
pre
is applied on terminal pre3. These voltage levels are chosen
H
L < V where V is
so that Vpre
1:65 < Vth and 1:65 Vpre
th
th
the minimum voltage needed to change the conductance of
a memristor. The post-synaptic interface circuits detect the
perturbation caused by the bi-phasic pre-synaptic pulse and
each responds in one of the following ways depending on the
post-synaptic neuron state:
a) The post-synaptic neuron is in ’potentiate mode’,
i.e, r(s) > 0, such as neuron 1: The post-synaptic interface
circuit clamps the post-synaptic terminal at 1:65V and reads
the current flowing through it during the high phase of the
pre-synaptic pulse. A proportional current is injected into
the neuron. This synaptic current is thus proportional to the
conductance of the memristor connecting to the spiking presynaptic neuron (g31 in this case). During the low phase of
the pre-synaptic pulse, the post-synaptic terminal is clamped
H (s ). The voltage difference across the memristor conto Vpost
1
H (s ) V L
necting to the spiking pre-synaptic neuron is Vpost
1
pre
and this is high enough to trigger a conductance increase pro-
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c) The post-synaptic neuron is in ’neutral mode’, i.e,
r(s) = 0, such as neuron 2: The post-synaptic terminal is
clamped to 1.65V throughout. Current going through the
clamped post-synaptic terminal, which is proportional to the
conductance g32 , is read during the high-phase of the presynaptic pulse and a proportional current is injected into the
neuron.
In summary, during the bi-phasic pulse on terminal pre3
triggered by the spike of neuron 3, currents proportional to g31 ,
g32 , and g33 are injected into neurons 1, 2, and 3 respectively.
Memristor (3,1) gets potentiated (g31 increases) and memristor
(3,3) gets depressed, while memristor 3,2 stays unchanged.
IV.

T HE P ERCEPTRON L EARNING RULE AND P HYSICAL
I MPLEMENTATION

We implemented the CMOS part of the architecture in
Fig. 1a on an 0.35um CMOS process (the chip is currently
being fabricated). In each neuron block, we used a neuron
circuit that is based on the adaptive exponential integrate and
fire neuron described in [8]. The plasticity model we use is
based on the spike-based perceptron learning algorithm [5]. In
this model, the relevant neuron states are s(t ) := (Vmem (t ); C(t ))
which are the neuron’s membrane potential and the intracellular calcium concentration, respectively. The latter is a lowpass-filtered version of the neuron’s spike train:
dC(t)
dt

=

1
C(t) + JC ∑ δ (t
τC
i

ti )

(3)

where JC and τC are the magnitude of the calcium influx during
each spike and the time constant respectively, and ti is the time
of the ith spike emitted by the neuron. The synaptic weight
update function r (see Eq. 1) is given by:

8a
<
r(s(t )) =
:0

l < C(t ) < θ h
if Vmem (t ) > θV and θup
up
l
h
b if Vmem (t )  θV and θdown
< C (t ) < θ
down
otherwise
(4)

l , θh , θl
h
where θV , θup
up
down , and θdown are the parameters of
the plasticity rule and a and b are positive constants (see [7]
for more details regarding the plasticity rule). The ’plasticity
circuit’ block in the neuron element (see Fig. 1a) evaluates
which of the three conditions in Eq. 4 holds (the implementation details of this block are given in [8]) and communicates
the result to the post-synaptic interface block so that the latter
can apply the correct waveforms on the post-synaptic terminal
in response to bi-phasic pulses on the pre-synaptic terminals.
We now describe the circuit implementations of the pre- and
post-synaptic interface circuits.

A. The Pre-synaptic Interface Circuit
The pre-synaptic interface circuit should generate a biphasic pulse with adjustable duration and amplitude whenever
the neuron spikes. It employs the pulse extender circuit shown
in Fig. 2a. When the neuron spikes, the circuit receives a
short voltage pulse on port spike which causes the capacitor
to discharge to ground. The capacitor is then slowly charged
to Vdd using a sub-threshold current passing through transistor
M1. The bias leak bias! which controls this current controls the
capacitor charging time, and thus controls the duration of the
complementary pulses generated on ports pulse and pulse n.
To have fast switching in the first inverter stage (M5-M9), a
positive feedback loop is employed (M3 and M4) to pull the
capacitor node quickly to Vdd when it approaches the switching
threshold of the first inverter. Faster switching reduces power
consumption as it reduces the time the inverter spends at the
switching threshold. This reduces power dissipation due to
cross-currents from Vdd to ground.
Figure 2b shows the pre-synaptic interface circuit. It employs two pulse extenders and a 1 bit digital memory implemented using the cross-coupled inverters M4-M5 and M6-M7.
M4-M5 are weak transistors so the memory bit mem can be set
or reset by activating the pull-down branch M1-M2 or the pullup branch M3 respectively. Figure 2c shows transistor-level
simulation results of the pre-synaptic interface circuit obtained
using Cadence Spectre. Initially the digital memory, mem, is
at logic 0. When the neuron spikes at 500 us, a negative pulse
is generated on pulse n1. This activates the pull-down branch
M1-M2 which sets the 1 bit memory, mem, to 1. At an input
spike, both inputs of the AND gate flip. The output of the
AND gate, however, will not glitch as pulse n1 goes to zero at
the AND gate input before mem goes high (mem lags pulse n1
by approximately three inverter delays). When pulse n1 goes
high (the pulse generated by PE1 is complete), the output of
the AND gate goes high and this triggers a negative pulse on
pulse n2. When pulse n2 is low, this immediately sets mem to
logic 0. The second pulse then runs its course and the circuit
returns to its initial state.
The ’clamp control’ block is a digital memory-less block
(which has 42 transistors) that uses pulse n1 and pulse n2
to generate the digital signals driving the gates of the wide
transistors M8-M11. These transistors drive the pre-synaptic
memristor terminal. Extra logic in the ’clamp control’ block
ensures there are no glitches can cause the pre-synaptic terminal to be simultaneously pulled towards different voltages.
B. The Post-synaptic Interface Circuit
Figure 3a shows a simplified schematic of the post-synaptic
interface circuit. The circuit controls the voltage of the postsynaptic terminal through the two wide transistors M1 and
M2. Each of these transistors is part of a negative feedback
loop. Each feedback loop involves a high-gain amplifier (A1
or A2) that drives the gate of the wide transistor (M1 or M2)
so that the voltage of the post-synaptic terminal is equal to the
voltage at the negative terminal of the amplifier. The feedback
loop involving M1 (M2) could thus be used to pull up (pull
down) the post-synaptic terminal to a specific voltage. This
voltage is selected using switches S1-S6. All switches (S1-S10)
are controlled by the digital outputs of the ’switch control’

928

PE

500us

Vdd
Vdd

pulse

M4

Vdd

M0

leak_bias!

Vdd

M3

M8
M7
M6

spike

S2
Vdd
M10

pulse_n

1
0
3
2
1

2
1
3

pulse_n2

M9

pre

M2

M5

sp spike

2
1
3
2
1
0
3
2
1
0

(a)

(c)
Vdd

spike

pulse_n2

M3

Vdd
M5

Vdd
M7

M2

M4

M6

mem

spike PE1 pulse_n
pulse
INV

520us

2

0
3

pulse_n1

M1

510us

3

mem

AND

S2 spike

PE2

pulse_n
pulse

M1

clamp control
(digital memoryless)

pulse_n1

1.65 M11

M10

1.65
M9
M8

(b)
Fig. 2: The pre-synaptic interface circuit. (a) Pulse extender (PE) circuit
generates 2 complementary pulses: pulse and pulse n with adjustable duration
for each spike on its spike input port. (b) Implementation of the pre-synaptic
interface circuit that uses two pulse extenders and 1 bit digital memory to
generate a bi-phasic pulse on output terminal pre. (c) Transient transistor-level
simulation results of the circuit in b when a spike occurs at 500 us

block (which has 30 transistors). The ’switch control’ block
receives two signals: up and dn from the ’plasticity circuit’
block (see Fig. 1a). These two signals indicate which of the
three conditions in Eq. 4 holds.
Figure 3b illustrates the case when the post-synaptic circuit
is in potentiating mode (first condition in Eq. 4). Initially,
the pre-synaptic terminal is at 1.65 V and switches S2 and
S5 are closed and all other switches are open. The pull-down
(pull-up) path is trying to pull post to 1.8 V (1.5 V). This will
cause the gates of M1 and M2 to go almost to 3.3 V and
0 V respectively, as the post-synaptic terminal voltage (1.65 V)
is above the required pull-up voltage and below the required
pull-down voltage. The post-synaptic terminal is thus virtually
H ),
floating. When the pre-synaptic terminal goes high (to Vpre
drive dn rises to try to clamp post to 1.8 V. The output of A4
(preHigh n) therefore goes low. This is detected by the ’switch
control’ block which switches the input to A2 so that the pulldown path clamps post to 1:65 and closes switch S9 to disable
the pull-up path. It also closes S8 so that a current proportional
to the memristor current is injected into the differential pair
integrator (DPI) circuit [12] (M7-M9). The DPI circuit scales
and low-pass filters this current to generate the synaptic current
Isyn which is injected into the post-synaptic neuron.
The output of the pulse extender PE2, preHighDelay n,
eventually goes down, and in response the ’switch control’
block changes the pull-down clamp voltage to 1.8 V and opens
S8 to stop the current going into the synapse circuit. When the
L ), drive dn decreases
pre-synaptic terminal goes low (to Vpre
below 0.1 V and in response, preHigh n and preHighDelay n
go high. This causes the ’switch control’ block to open S9.
drive up will then drop to clamp post at 1.5V. This causes the
output of A3 (preLow n) to go low and in response, the ’switch
H (3.2 V) in
control’ block changes the pull-up clamp to Vpost
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C ONCLUSIONS

We presented a novel scheme for implementing synaptic
plasticity in recurrently connected spiking networks using
a memristive crossbar array as the synaptic matrix. In this
scheme, the post-synaptic side actively senses the state of the
pre-synaptic terminals to appropriately stimulate the memristors and implement plasticity rules beyond standard STDP. We
presented a concrete circuit implementation (currently being
fabricated) of this scheme. Our results show how a new class of
plasticity rules could be mapped to scalable CMOS-memristive
neuromorphic systems that could then be used to emulate more
biologically realistic learning mechanisms.
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