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Abstract: This work presents an improved version of a digital nanoelectronic astrocyte. This module simulates
the spontaneous Ca?" oscillations in the cytosol. Ca?" oscillations are often initiated by stimuli from neighboring
neurons, but they can also be triggered by small calcium ions flow from the external environment into the
astrocyte’s cytosol. The hardware presented is a single-electron transistor-based model with a reduced footprint
in relation to other digital astrocytes that implement the same model, and it generates the spontaneous oscillations

without great loss of precision.
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1. Introduction

Artificial Neural Networks (ANN) are a highly
popular method of machine learning [1-3]. The deep
learning algorithm specifically has brought on varied
interest to the area, fuelling the research in this subject
[2, 4]. New processing units and overpowered
graphics processing units (GPU) have also greatly
contributed to the increase in ANNs popularity,
making it possible to process big data and to run
networks with thousands of neurons and synapses.
However, even the great processing power available
on new computers cannot surpass their main
issue in relation to ANNs: the von Neumann
architecture [2, 5].

Seeking to overcome this problem Carver Mead
created the notion of neuromorphic systems on his
seminal paper [5]. A neuromorphic system has a
hardware architecture inspired on the nervous system,
making it a natural fit for ANNs. Neurons and
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synapses are distributed in a hardware with highly
parallel connections. The neuromorphic circuit
occupies a much smaller area, dissipates less power,
and provides higher speeds. Big companies are already
producing neuromorphic processors, such as Intel with
Intel Loihi [6], and IBM with True North [7].
Neuromorphic ~ systems  bring new  ANN
implementation possibilities and was voted as one of
the top ten emerging technologies by the World
Economic Forum in 2015 [8].

Despite its great success, ANNs are built upon the
premise that all the cognitive function in central
nervous system is processed by the neurons alone.
Research dating back to the 1990s show, however, that
the astrocytes play an active part in cognition [9]. This
glial cell was once thought of as being a passive
structural element. Recent experimental results show
that astrocytes have a significant role in neural spike
synchronization,  synaptic  transmission,  and
information processing. They are directly involved in
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synapse regulation, through the tripartite synapse [10],
[11], and are active participants in learning and
memory through the calcium oscillations.

While all the mechanisms involved in these
processes are still unknown, some of them are well
understood, as shown in mathematical models like the
Li-Rinzel model [12], the Postnov model [13], and the
DePitta model [14]. These models cover the tripartite
synapse, the Ca?" oscillations that are triggered by
neuron activity, and the oscillations modulation in
AM, FM, and AFM. Lavrentovich, et al. [15] proposes
a mathematical model for spontaneous oscillations,
which are stimuli independent. Unlike the other
referred models, there are few works that implement
the spontaneous oscillations model, either as
algorithms or neuromorphic systems. Currently there
are only two neuromorphic implementations of this
model [16, 17].

The hardware implementation of astrocytes is a
first step to create a fully integrated neuron-astrocyte
neuromorphic circuit. This works improves a
previously  implemented  digital  spontaneous
astrocyte module.

2. Spontaneous Oscillations M odel

While most Ca®" oscillations events in astrocytes
are a result of external stimulation, they can also be
formed spontaneously. The spontaneous oscillations
model is a mathematical model proposed by
Lavrentovich, et al. [15], which seeks to describe
this process.

The spontaneous oscillations are triggered by
small changes in the cytosolic Ca?" concentrations and
is sustained by the interactions between the IP; and the
extracellular, cytosolic, and endoplasmic Ca®"
concentrations. No other external influence is needed
to trigger this behavior. The oscillation mechanism
relies on two feedback loops.

The first loop (Fig. 1) describes the IP3; production
mechanisms and its relation to the release of Ca?" from
the endoplasmic reticulum (ER). As calcium ions
flows from outside of the astrocyte to its cytosol
through the cellular membrane, the Ca?* concentration
in the cytosol ([Ca*']cy) increases. The [Ca®'Jey
positively influences the activation process of the
delta-form of phospholipase C (PLCS1), which is
responsible by the production of IP;. IP3 is a known
key intracellular messenger, and it binds to IP3
receptors (IP3R) on the membrane of the ER causing
the release of Ca?" from the ER into the cytosol. As the
[Ca®]e;i changes, so does the production IPs,
completing this feedback loop.

The second loop (Fig. 2) centers on the IP;R
binding mechanism with Ca?". Calcium ions are also
able to bind to the ER receptors and they can positively
or negatively feedback on ER’s Ca*" liberation. At
lower concentrations in the cytosol, Ca*" ions activate
the opening of IP;R, increasing the Ca?* flow from the
ER to the cytosol. At higher concentrations Ca?* ions
have an inhibitory effect. Coupled with that there is the

Ca*" sequestration through the sarco(endo)plasmic
calcium (SERCA) pumps. The complete spontaneous
oscillations mechanism is shown in Fig. 3. The +
and — signals on the images depicts an increase or
decrease in the cytosolic calcium ions’ concentration.

2+
Ca“"ext

Fig. 1. The first feedback loop that is centered around the
inositol cross-coupling (ICC) mechanism. The external Ca?*
enters the astrocyte’s cytosol, increasing the calcium ion
concentration. This increase positively influences the
production of IP3 through the PLCS. The IP3 in turn binds to
the receptors in the ER, causing the release of more Ca?" into
the cytosol.

C32+ext
- +/-
SERCA IP;R
Pumps

Fig. 2. The second feedback loop focus on the calcium-
induced calcium-release (CICR) mechanism. The calcium
ions also interact with the IP3R and modulates the ER
calcium release through it. The increase in the Ca®"
concentration in the cytosol inhibits this release. At the same
time the ions in the cytosol are sequestered into the ER by
the SERCA pumps.

Fig. 3. The complete spontaneous oscillation mechanism
shows the interplay between the three main variables in this
model. Both ICC and CICR mechanisms act together
to create the calcium oscillations.
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The model is described by a system of three
differential equations, where X=[Ca?"]cy, Y= [Ca?"Jer
and Z= [IP3]cyt.

dX
€ Vin = koutX + Veicr = Vsgrea + ke (Y = X), (1)
dy
€ Vserca = Veicr — ke (Y — X)), 2
az
€ Vere = KaegZ, 3)
XZ
Vserca = Vuz (X_Z n k22>' )
X2
weoblmm) o
kCaAan
V = 4V,
cler M <(Xn +heaa VX™ + kea™)

m (6)
A
% (Zm + kip3m> =%

The parameters description is as follow:

- Vin: represents the flow of calcium from the
extracellular space through the astrocyte’s membrane
into the cytosol.

- kouX: rate of calcium efflux from the cytosol into
the extracellular space.

- Veicr: represents the IPsR mediated flux of
calcium from the ER into the cytosol.

- Vserca:  describes  the  sarco(endo)plasmic
reticulum ATPase that fills the ER with Ca?" from
the cytosol.

- k(('Y-X): represents the leak flux from the ER into
the cytosol due to the concentration gradient.

- Vprc: represents the IP; production due to the
PLCd1 activation.

- kaegZ: represents the degradation of IP3, based on
the linear dependence of IP; degradation by
S-phosphatase.

- Vye: maximum flux of calcium ions out of the
SERCA pump.

- k2: Vsgrea fix factor.

- Vus: maximum flux of Ca?" into the cytosol.

- kcaa: activating affinity of  IP3R-2
(type-2 isoform).

- kcar: inhibiting affinity of IP;R-2.

- kip3: 1P factor.

- n, m: Hill coefficient.

The parameter values employed in the original
paper are listed in Table 1. They are also the values
employed in this work.

Despite being exhibited in Table 1 as a fixed value,
Vi, is a variable that changes the external influence
over the oscillation process, i.e., it represents the
amount of Ca?" entering the astrocyte from the outside
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of the cell. As we change Vi, values, so does change
the oscillations profile.

Vin also indirectly represents the inhibition of
PKC. The influx of external Ca?" is indirectly related
to the concentration of PKC, which inhibits the Ca?"
oscillations. Values for Vi, higher than 0.07 uM/s, as
the other parameters are kept constant, fail to produce
the oscillations. Fig. 4 displays the plot for variable X,
ie., the oscillations of Ca?" concentration in the
cytosol, for Vi, values of 0.04, 0.05, 0.06 and
0.08 uM/s. As the values raise so does the frequency
of the oscillations, until the PKC concentration
becomes high enough to inhibit them. These plots
were obtained by using MATLAB ODE [18] solver.
The initial conditions applied were: X = 0.1 puM,
Y=15uMandZ=0.1 uM [15].

Table 1. Spontaneous oscillations model’s parameters.

Par ameter Values
Vm2 15.0 uM/s
Vwms 40.0 57!
Vin 0.05 uM/s
Vp 0.05 pM/s
k2 0.1 uM
kcaa 0.15 uM
Kca 0.15 uM
Kip3 0.1 uM
Kp 0.3 uM
Kdeg 0.08 57!
Kout 0.5s!
ks 0.5s!

n 2.02
m 2.2

3. 2D Spontaneous Oscillations M odel

The 2D spontaneous oscillations model was
proposed by Haghiri, et al. [16]. This model aims to
reduce the number of variables of the original model
from 3 to 2, thus eliminating one differential equation.
This model also eliminates multiplications and
divisions and exchanges the main nonlinear terms by
piecewise linear functions.

These modifications allow faster execution on
digital systems and reduce the hardware costs.

Because parameter Z has fast dynamics in
comparison with parameters X and Y, and rapidly
reaches a steady state, Eq. (3) can be solved for Z
as Eq. (7):

z
dt

_ Verc

()

kdeg
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Fig. 4. Spontaneous Ca?" oscillations for various Vin values. Pane A shows the oscillations for Vin = 0.04 uM. As the values
increase to 0.05 uM and 0.06 uM in panes B and C, respectively, so does the frequency. However, at Vi, = 0.08 uM (pane D)
and greater values, there are no more oscillations due to the inhibition from the PKC.

The modified 2D model is now given by Eq. (8)
to Eq. (12):

ax
P Vin — kowtX + Veicr — Vserca
3
+ kf Y -Xx)
ay
E = Vsgrca — Veicr — kf Y -X) ©
XZ
Vserca = Vi <—) 10
X2+ k,* (10)
Veicr = Ve (Y — X) (1D
K(,T'laAXn
Voo = 4V,
ce M3 [(X" + K2 )X+ K2 )
m
(<) 12
Verc\™
YPLC m
(Kdeg> + Kip3

The piecewise linear function versions of Vsgrca
and V¢c are presented in Eq. (13) and Eq. (14):

89X — 1.4 0<X<0.10
44X + 3.3 0.10 < X < 0.20
Vserca = 4 15X +9.1 0.20 < X < 0.30 (13)
LS.ZX +12 030 < X <045
1.6X + 13.55 else

0 0<X<0.04
35X —-14 0.04<X<0.06
130X — 7.2 0.06 <X <0.08
210X —11 0.08< X <0.20
—67X+44 0.20< X <0.50
—25X 4+ 24 else

Ve = (14)

Finally, Eq. (8), Eq. (9), Eq. (13) and Eq. (14) must
be discretized to achieve a digital implementation. The
discretized form of these equations is given by:

X[i + 1] = dt[Viy — koueX[i] + Vec[i]Y[i]
— Vsgreali] + ke (Y]] — X[iD]
15)

Y[i+ 1] = Y[i] — dt[-Vsgrealil + Ve[V [i]
+ ke (Y[i] = X[iD]
(16)

0 < X[i] <0.10
0.10 < X[i] < 0.20
0.20 < X[i] < 0.30
0.30 < X[i] < 0.45
else

89X[i] — 1.4
44X[i] + 33
15X[i] + 9.1
5.2X[i] + 12
1.6X[i] + 13.55

Vsercalll =

amn

0 0 < X[i] < 0.04
35X[i]—1.4 0.04 < X[i] < 0.06
130X[i]—7.2 0.06 < X[i] < 0.08
210X[i]—11 0.08 < X[i] < 0.20
—67X[i]+44 0.20 < X[i] < 0.50
—25X[i]+ 24 else

Veeli] =

(18)
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4. Single-Electron Transistor

The single-electron transistor (SET) consists of
two tunnel junctions connected to create an isolated
charge island between them (Fig. 5) [19-23]. A
current flow event only happens through charge
tunneling across a junction. In a SET the island is
small enough that its energy levels are well
discretized, and only a discrete number of electrons
can accumulate in it. A tunneling event occurs when a
potential difference is applied across the double-
junctions, which bends the energy band diagram in the
island, allowing an electron to tunnel onto it [20].

The gate terminal, which is coupled to the island
through an ideal gate capacitance, allows for extra
control over the double-tunnel junction. Voltage
applied to the gate changes the Fermi level on the
island, therefore modifying the necessary voltage
through the double-tunnel junctions required to drive
a current.

Vb
Ve (R1, Cy)
~—‘ island
Ce (R, Cy)
Vs

Fig. 5. Schematic for the single-electron transistor. The
tunnel junctions can be modeled by a resistance (Rr)
together with a capacitance (Cy).

These characteristics offer a high density, high-
speed, low-power dissipation device, which are very
alluring properties for neuromorphic computation.
One of the greatest problems of this device is the low
temperature required for its operation. However, SETs
that operate up to 350 K are already possible, as
reported by Lavieville, et al. [22], Jalil, et al. [24] and
Katkar, et al. [25]. The module developed in this work
employs a SET SPICE model, which operates at room
temperature. This model is proposed by, and is
available at, Lientsching, et al.[26].

5. SET-Based NAND L ogic Gate

Both the NAND and NOR Boolean functions have
the functional completeness property, i.e., any
Boolean expression can be rewritten using only the
NAND (or NOR) operation. Based on this property all
logic gates, circuits and modules in this work were
designed using only SET-based NAND gates.

Different circuit architectures of SET-based
NANDs can be found in the literature. The
programmable single-electron NAND/NOR gate
presented by Gerousis, et al. [21] (Fig. 6) has been
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deeply analyzed by Tsiolakis, et al. [27] and showed
stability and energy efficiency, which are interesting
parameters for large scale circuits.

Veias

“:(F!T, Cy)

Vae—i ot ﬁ_i

VB.—‘ =
S Cn

{RT, Cy)

J(Rr.Cy

] [RT. Cy) ==
SET2 7

Fig. 6. Programmable SET NAND/NOR gate.

As shown in Fig. 6 voltages Va and Vg are the
gate’s inputs A and B, respectively. Voltage Sis a
select input that enables either the NOR function on
the gate’s output when its value is high or the NAND
function when its value is low. In this work both SETs
in the circuit are considered equal (SET1=SET2). The
circuit parameters for the designed SET-based NAND
are shown in Table 2.

Table 2. SET-based NAND circuit values for room-
temperature operation.

Circuit Parameter Value
Cj 0.01 aF
Rt 1 MQ
Cqg 0.15 aF
Cin 2 aF
CL 0.2 aF
Vbias 05V
Va 0V (low) and 0.5 V (high)
Vs 0V (low) and 0.5 V (high)
S ov

6. Digital Astrocyte Model

During the development of a digital hardware that
intends to simulate an analogical process, one must
take into consideration the number of bits that will be
assigned to this system. The original digital astrocyte
model, proposed by Haghiri, et al. [28], was built to
work with 41 bits total. 20 of those bits were assigned
to the integer part of the numbers, and 20 were
assigned to the decimal part. The final bit is used as
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the sign of variables and parameters values. However,
only 7 of the integer bits and 6 of the decimal bits are
used as bit precision. The extra bits are used as
overflow bits to the shift operation.

A previously proposed nanoelectronic astrocyte
model [17] works with 21 bits. In this new proposal
the total number of bits has been reduced to 18 bits,
where 7 bits are assigned to the integer part, 6 bits are
assigned for the decimal part, 4 bits are overflow bits,
and 1 bit is used as value sign.

The digital astrocyte is made of three main units:
Main Computing Unit (MCU), Variable Computing
Unit (VCU), and Variable Storage Unit (VSU)
(Fig. 7). These units’ description is as follow:

- V8U: this unit is made of two nanoelectronic
SRAM [29], one to store the computed values for the
variable X, and the other to store values for Y. The
VSU memory is readable by all the other units but can
only be written by the VCU.

- VCU: the VCU is responsible for calculating the
next value for both X and Y. There are two separate
modules in the VCU, one that computes Eq. (15) for

ﬁcu

the X variable, and another that computes Eq. (16) for
the Y variable. The new values that are obtained are
stored in appropriate module in the VSU. Eq. (15) and
Eq. (16) use the previous values of the variables (X[i]
and Y[i]) to compute the new values (X[i+1] and
Y[i+1]). To achieve that the VCU fetches the previous
values from the VSU. The computing of X[i+1] also
requires the input of variable Vin. As this variable may
be changed it is stored separately in a register.

- MCU: the MCU computes the values for Vsgrca
(Eq. 17) and Vcc (Eq. (18). The module retrieves the
value of X[i] and decides which equation of the
equations’ system (Eq. (13) and Eq. (14)) to compute
based on this value. This decision is made in a
comparator that selects the right equation through a
MUX. Vsgrea and Vee are computed in separate
modules and their computed values are forwarded to
the VCU module. The MCU activity is controlled by a
counter module that is used to synchronize the entire
astrocyte circuit and is the trigger to the computing of
the next X and Y values.

\

| v VSu
Comparator for Comparator for
Vserca Vec
Computation Computation
e | sRAMX
v READ |
l SRAM Y
Vserca Vee
\ Calculation Calculation / /
( vcu
Vin X[i+1] Y[i+1]
Solchistion WEITE Oscilloscope

Fig. 7. Digital astrocyte block diagram. The astrocyte is made of three main processing blocks: Main Computing Unit
(MCU), Variable Storage Unit (VSU), and Variable Computing Unit (VCU).

7. Results and Discussion

The digital astrocyte simulations were executed on
LTspiceXVIl software [30]. On the beginning of
operations the values X[0]=0.1 uM and Y[0]=1.5 uM
are stored in binary form on the VSU. These values
are the same initial condition values used on the
simulation of the original system of differential
equations (Eq. (1-3) on MATLAB.

The obtained oscillation is displayed on Fig. 8.
These oscillations are a close match to those presented
in Haghiri, et al. [28], and they are also similar enough
to the ones obtained in the original model (Fig. 4). The
frequencies are maintained and valleys and peaks
correspond to the ones on Lavretovich, et al. [15].

Despite the reduction in total bits available on the
system, a good accuracy is maintained.

However, the system does lose accuracy for values
of Vi, greater than 0.07 uM. Accordingly to the
original mathematical model, these values should
cause a lack of oscillations due to the inhibitory action
of PKC. The piecewise linear functions proposed by
Haghiri, et al. [16] still generate oscillations as an
answer for Vin>0.06 pM. The functional significance
of the spontaneous oscillations is still unknown,
though it appears that it helps correlate the activity of
astrocytes and neurons. Whatever maybe the case this
neuromorphic  implementation is step further
in the direction of a fully integrated astrocyte-
neuron network.
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Finally, the developed nanoelectronic model has
9.1 um? of area and dissipates 184.8 nW of power.
Overall there has been a reduction of about 11 % in
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=0.06 ;Mis
o
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occupied area and 12 % of dissipated power, without
compromising the accuracy seen on the previous
system [17].
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Fig. 8. Ca?" oscillations obtained through LTspice simulation of the digital astrocyte module developed. Panes A, B, C and D
show oscillations for Vin values of 0.04 uM, 0.05 uM, 0.06 uM and 0.08 uM. Panes A, B and C look remarkably like the
original models’ oscillations. However, pane D display an inconsistency between the two models.

8. Conclusions

The astrocyte is an important glial cell that not only
provides support to the brain but is also involved in the
cognition processes such as learning, memory, and
adaptation. Recent research provides the mathematical
basis upon which to build network systems. The future
of artificial neural networks will include the
participation of astrocytes.

This work proposed an improved neuromorphic
nanoelectronic digital system. The system implements
the spontaneous Ca’' oscillations feature and is a
functional module ready to be implemented in a
network. Future works aim to integrate the astrocyte
module with integrate-and-fire neurons to create a
hybrid network.
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Universal Frequency-to-Digital
Converter (UFDC-1)

16 measuring modes: frequency, period, its
difference and ratio, duty-cycle, duty-off factar, time
interval, pulse width and space, phase shift, events
counting, rotation speed

2 channels

Programmable accuracy up to 0.001 %

Wide frequency range: 0.05 Hz ... 7.5 MHz

(120 MHz with prescaling)

Non-redundant conversion time

RS-232, SPI and EC interfaces

Operating temperature range -40 °C... +85°C
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