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Pim Verton! and Sorin Co‘pofamé2

Abstract— This paper introduces a novel approach towards
Analog-to-Digital Converter (ADC) implementation that
combines Graphene Nanoribbon (GNR) devices capabilities
to provide augmented (more complex than a switch) func-
tionality with the fact that each output bit b;,7 € [0,n — 1]
of an n-bit ADC is defined as a periodic symmetric function
F;(Vin) with period Vg‘;‘" , of the ADC input Vin € [0, Vinax]. As
such, by making use of the Boolean function implementation
methodology with two complementary GNRs, the imple-
mentation of an n-bit ADC requires 2n GNR devices. To
demonstrate our approach we present the implementation of
a 4-bit ADC and the evolutionary algorithm that identifies
the GNR topologies required for F;(Vin),7 € [0,3] evalua-
tion when Vi, € [0,200 mV]. We demonstrate the correct
functionality of our proposal by means of SPICE simula-
tions and compare it with state-of-the-art counterparts. The
comparison indicates that our approach exhibits around five
orders of magnitude lower power consumption, is operating
at four orders of magnitude larger sample frequency, requires
nine orders of magnitude lower real estate, and, in terms of
Walden’s figures of merit, scores three orders of magnitude
better in time per conversion step and nine in energy per
conversion step. The required GNR device topologies are
identified by means of an evolutionary algorithm, allowing
a design space of many trillions of possible devices to be
searched by evaluating the behaviour of only a few hundred
thousand different topologies.

I. INTRODUCTION

Graphene is a novel material with many interest-
ing properties, e.g., atomic thinness and 2D structure,
ballistic transport, ultrahigh intrinsic carrier mobility,
outstanding thermal properties, ability to sustain very
high current densities [1], [2], [3], [4]. These properties
opened roads towards its utilization in, e.g., electron-
ics, spintronics, photonics and optoelectronics, sensing,
energy storage and conversion, flexible electronics, and
biomedical applications.

In particular, its unique electronic properties fostered
research towards replacing conventional CMOS circuits
by, or augmenting them with graphene-based counter-
parts [5]. Initially, the community followed the idea
of making use of graphene nanoribbons (GNRs) as a
FET conduction channel to obtain better switches, which
are foundational for Boolean gate implementations. To
this end Lemme et al. [6] introduced graphene FETs
(GFETs), which exhibit better mobility than conven-
tional CMOS transistors, which were followed by numer-
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ous GNR FET proposals, (e.g., [7], [8], [9]) and tunneling
GNR FETs, (e.g., [10], [11], [12], [13]).

Jiang et al. [14] went beyond replacing FETs with
graphene-based counterparts and introduced augmented
functionality graphene devices and proposed Boolean
gate implementations by means of complementary GNR,
pairs. They demonstrated that by changing the GNR
topology, more complex behaviour than a simple on-
off switch can be obtained and that two devices with
complementary behaviour can be combined in a CMOS-
alike style. As such they proposed and validated by
means of simulation [15] GNR-based implementations of,
e.g., (N)AND, (N)OR, X(N)OR, gates that substantially
outperform CMOS counterparts [16]. Wang et al. [17]
and Dumitru et al. [18] then went another step further
by designing artificial synapses and digital-to-analog
converters consisting of GNR devices, respectively. Thus,
they proved that analog, complex behaviour can be
obtained by means of functional complementary GNR
circuit pairs.

In this paper we continue the same line of thinking and
propose GNR-based Analog-to-Digital Converter (ADC)
circuits. Our proposal builds upon the fact that the
behaviour of each ADC output bit (b;) can be described
as a periodic symmetric function on the ADC input
Vin € [0, Vinax), with a period % [19], as graphically
depicted in Fig. 3 for a 4-bit ADC of Vi, between 0
and 200 mV. Thus, the implementation of an n-bit
ADC requires n GNR pairs, each of them evaluating
bi,i € [0,n — 1] as a periodic symmetric function of Vi,
with a period %

As a result of utilizing GNR devices with complex,
analog, behaviour, the proposed ADC consists of only a
handful of devices, 2n GNRs for an n-bit ADC. Thus, our
proposal results in ADC circuits which substantially out-
perform state-of-the-art CMOS ADC circuits in terms of
circuit area, latency, power consumption, and composite
metrics such as transition energy and Walden’s figures
of merit [20].

The rest of this paper is organised as follows. In Section
II, we briefly discuss graphene related background and
the simulation model we utilize to determine expected
GNR device behaviours. In Section III, we introduce the
ADC circuit architecture and the required behaviour
of its constituent GNR devices. In Section IV, we
introduce the evolutionary algorithm utilized to identify
GNR devices able to provide the requested functionality.
Afterwards, in Section V, we present SPICE simulation
results for a 4-bit ADC circuit and compare its per-
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Fig. 1. Generic GNR device topology.

formance to that of similar conventional CMOS ADCs.
Finally, Section VI presents some conclusions.

I1. Background and GNR Simulation

Fig. 1 presents a GNR device example. It consists of
a shaped piece of graphene, the graphene nanoribbon,
on a substrate and biased via two terminal contacts,
drain and source, by Vp and Vg, respectively. The GNR
acts as a conduction channel between these terminals,
the conductance of which is controlled by a dynamic
bias Vg applied at a gate contact positioned somewhere
along the channel. A static biasing voltage Vgack can be
also applied to a back gate to further adjust the channel
conduction range.

The GNR device behaviour strongly depends on its
specific topology, i.e., the GNR shape and the location,
size, and biasing of each contact. We note that, to
date, no predictive model to relate GNR topology to
its electrical behaviour has been proposed and as such,
the behaviour can be only derived by means of atomistic
simulations. In this paper we make use of the simulation
model described earlier by Wang et al. [21] and Jiang
et al. [22], which employs the non-equilibrium Green
function model of quantum transport, where the system
Hamiltonian is obtained using semi-empirical tight bind-
ing computations, and the Landauer-Biittiker formalism
is utilized to derive the conduction and current through
the GNR device. This simulation produces a so-called
conduction map that captures the relation between the
modulating potential Vi and the conductance of the
GNR channel between the terminal contacts. From this
conduction map, a lookup table-based Verilog-A model is
created, which is utilized to perform circuit level SPICE
simulations of graphene circuits.

III. GNR-based Analog-to-Digital Converter

Due to the nature of positional number representation,
each output bit b;,7 € [0,n—1] of an n-bit Analog
to Digital Converter (ADC) is defined as a periodic
symmetric function F;(Vi,) with period V‘é‘?" ,of the ADC
input Vi, € [0, Vinax] [19]. Thus, a GNR-based n-bit

PUNg PUN, PUN, PUN3
20 PC R R
gﬁvm Lo Vi, Lo Vs, Lo Vi, -0 Vi,

i B
$>DNl gDNQ

4-bit ADC circuit schematics.

2Q |
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Fig. 2.

ADC implementation requires n complementary GNR
pairs, each of them evaluating b; = F;(V4,). While this
structure is generic, for the sake of discussion simplicity
we make use from here on of a 4-bit ADC as a discussion
vehicle. Fig. 2 presents the 4-bit ADC circuit built
with 8 GNR devices, making up 4 complementary pairs
evaluating V,, = F;(Vin), @ € [0,3] as described in Fig. 3
for Vi, values between 0 and 200 mV.

To correctly evaluate F;(Vi,), the topologies of GNR
devices pairs have to be properly chosen such that
together each pair implements its own transfer function,
mapping the input voltage Vi, to the correct V;, value
in concordance with the logic value ”low” (logic 0) or
"high” (logic 1) in Fig. 3. Such a transfer function maps
alternating sections of the input signal’s range to either a
low or a high voltage, corresponding to the required bit b;
of the 4-bit digital symbol representing the value of Vj,.
The required conduction map of each GNR device can
be derived from these transfer functions as follows. For
each Vi, value, if V}, needs to be low, the conductance
Gppx;, of the corresponding Pull-Down Network (PDN)
GNR device should be high, whereas the conductance
Gpun, of the respective Pull-Up Network (PUN) GNR
device should be low. Similarly, when V;, needs to be
high, Gppn, should be low and Gpyn, high.

Given that the Vi, range is from 0 mV to 200 mV,
and we are concerned with a 4-bit ADC, each 12.5 mV
segment of this range corresponds to a different 4-bit
digital symbol. Therefore, the required transfer functions
for each complementary pair are plotted in Fig. 3 with
respect to Vi,, and in Fig. 4 and Fig. 5 the required
conduction maps for all the GNR devices in the circuit
are plotted. One can easily observe in Fig. 4 and Fig. 5
that the key attribute to look for in the GNR devices
conduction maps is periodicity; GNR devices involved
into the b; evaluation should exhibit periodic conduction
maps with a period proportional to %l.

As no formal method exists to deduce the GNR
topology for a given conduction map, the identification
of appropriate GNR topologies requires many very time
consuming atomistic simulations. To alleviate this is-
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Fig. 4. Required PUN GNR devices behaviour.

sue, in the next section, we introduce an evolutionary
algorithm that we make use of to find suitable GNR
geometries for the 4-bit ADC implementation.

IV. Evolutionary Algorithm for GNR Topology
Identification

To be able to utilize an evolutionary algorithm to find
GNR device topologies we need to: (i) propose a method
of generating random GNR devices and mutating them
incrementally and (ii) define a fitness function which
evaluates candidate GNR devices by their suitability in
the context of the ADC circuit.

For the first requirement, we propose a simple way
of specifying GNR device topologies based on Jiang et
al’s work in [23]. Rather than limiting us to classes
like “camel”- or “butterfly”’-shaped devices, we specify
devices as symmetric arbitrary-length series of alternat-
ing “constrictions” and “bumps”. Fig. 6 presents such
a device, which consists of a bump with a length of 2
hexagonal unit cells and height of 5 unit cells, surrounded
by 2-unit long constrictions with a height of 3 units, and
finally bumps at the ends of length 2 and height 7.

These dimensions, i.e., lengths and heights of bumps
and constrictions, can easily be randomly generated
to create aleatory GNR topologies and can also be
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Fig. 6. A mutable specification for a GNR device topology. The
features’ dimensions are measured in hexagonal unit cells, which
are also indicated with small marks along the arrows.

incremented or decremented to mutate these topologies.
In addition to the GNR shape, gate contact position and
size, terminal contacts size, and back gate biasing are
also randomly generated and mutable. Together, these
parameters account for a design space with a size on the
order of 10'* different device topologies.

The second requirement, the fitness function, should
evaluate a GNR device topology and assign it a score
based on how well it conforms to the required behaviour
defined in Section III. To this end we first utilize the
simulation method in Section II to calculate a low-
resolution (2 mV steps) conduction map that associates
Vin to the drain-source device conductance G. Subse-
quently, we treat this conduction map as a waveform
with respect to Vi, and evaluate its dominant frequency,
phase, amplitude, and the correctness of the digitized
signal with respect to the expected behaviour. The signal
digitization requires some clarification. Each value of the
conduction map can be classified as being “high” or
“low” conductance, either relative to the range of the
conduction map itself, or to some absolute threshold.
For the former, we compare each conductance value to
the 40" and 60*" percentile values of the conduction
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map. For the latter, we compare the conductance value
to the 40" and 60*" percentiles of all conductance values
of a large dataset of GNR devices, respectively, 0.74 pS
and 2.8 nS. In both cases, conductance values above the
upper threshold we call “high” values, conductance val-
ues below the lower threshold are “low”, and everything
in between is “intermediate”. This results in a discrete-
valued signal which can be compared to the required
qualitative conduction map as presented in Fig. 4 and
Fig. 5.

We finally combine all these metrics into a single
one-dimensional fitness score that indicates the appro-
priateness of the current GNR candidate as PDN; or
PUN; device. This combined score is calculated using
a weighted mean. This fitness function is different for
each GNR device in the ADC circuit according to their
required conduction map. Similarly, this fitness function
could also easily be replaced according to some other set
of requirements to identify the topology of a GNR device
for some arbitrary other purpose.

By executing the evolutionary algorithm for all the
8 devices we identify a suitable candidate for each
component. The evolutionary algorithm searches for one
GNR device geometry at a time, evaluating a pool of 120
different configurations at a time in parallel according
to this fitness function. For each generation, the top ten
fittest devices get selected, as well as two random ones to
avoid some early convergence on a local optimum. Each
of these devices is mutated into ten new configurations
each to create the next generation. After the evaluation
of 15 generations the process starts over with a fresh
pool of devices, while remembering the configurations
which resulted in devices with the highest fitness. This
again repeats 15 times, such that a total of 15-15-120
different device configurations are evaluated to find the
best geometry for a given ADC circuit component.

V. Simulation Results

Having evaluated the fitness of in total a few hundred
thousand devices out of a potential design space of
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Fig. 8. 4-bit ADC SPICE simulation results.

many trillions of possible GNR device topologies, Fig.
7 displays the 4-bit ADC circuit consisting of the eight
found GNR device topologies. Table I presents the
topology of each ADC’s GNR devices. The GNR shape
is defined as a sequence of segments, each with a length
and a height in hexagonal unit cells, just as how they’re
indicated in Fig. 6. The Table also specifies the terminal
and gate contact length, gate contacts position as an
offset from the drain contact, and the back gate biasing
voltage.

Fig. 8 presents the 4-bit ADC SPICE simulation
results for V4, € [0,200 mV]. A horizontal line is drawn
on each plot at V;, = 100 mV, which is the threshold
value to determine the digital value b; of each output
signal V4,. Vertical lines indicate Vi, values for which
b;’s value should change.

Note that the V4, digital values—and therefore the
transfer functions of the ADC—follow the required
values quite closely. Specifically, the most significant
bit, by is the most accurate, having the correct value
for 99.6 % of Vi, values, whereas the least significant bit
bs has the correct value in 83.4 % of the circumstances.

From these transfer functions, we can determine the 4-
bit output of the ADC circuit for each Vi, € [0,200 mV]
value. Knowing the expected output value we can then
determine the error as a function of Vi,. As such we
obtain a Root Mean Square (RMS) error value, when
integrated over the entire input range, of around 1.1
times the LSB value. This translates to a Signal-to-Noise
Ratio (SNR) of around 14 dB, which in turn corresponds
to an effective resolution of 3.1 bits.

To determine the conversion delay (7,) and power con-
sumption (P) we make use of a simple circuit model [24],
consisting of a contact resistance (R¢), a GNR channel
resistance (RgNr ), and a gate capacitance (Cg). Rc and
Cg are both determined from the GNR dimensions, while
Rgnr follows from the conductance simulation. From
(1p) and (P) values we calculate the transition energy
(E;) and Walden'’s figures of merit ( Pwalden and Fywalden )-
To determine the circuit area we assume a rectangular
footprint the size of the outer dimensions of each GNR
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GNR Device Segment lengths Segment heights

Terminal length

Gate length ~ Gate position  Back gate bias

[unit cells] [unit cells] [unit cells] [unit cells] [unit cells] V]
PUN, [4,7,1,7,1,7,4 [6,3, 4,2 4,3, 6 3 3 19 20.05
PDNg [3,4,6,4,6,4,3] [6,3,5,2 5,3, 6] 2 16 9 0.05
PUN; [10, 10, 10] 8, 2, 8] 7 8 15 -0.10
PDN; 7, 6, 7] (6, 3, 6] 5 1 10 0.20
PUN, [7, 6, 12, 6, 7] (7,2, 3,2, 7 3 2 20 0.10
PDN, [7,3,6,4,6,3,7 [83,6,3,6,3, 8 2 3 26 0.00
PUN; 7,2, 10, 4,10, 2,7 [5,3,7, 5,7, 3, 5] 2 14 15 0.20
PDN3 6, 6, 15, 6, 6] [4,2,8,2,4] 2 19 16 0.15

TABLE I
4-bit ADC GNRs topology specifications.
device. VI. Conclusions

Table II presents a comparison of the 4-bit GNR ADC
circuit in terms of several key metrics with a selection
of conventional low-resolution CMOS ADC circuits, as
collected by [32]. Note that the comparison is skewed
in a few ways. First, the metrics describing the GNR
ADC performance are very simplistically estimated, not
taking into account any interconnect, overhead, noise, or
quantum capacitance.

Apart from that, the ADC circuits in the Table have
a higher than 4-bit resolution, and it is well known
that ADC circuits generally scale quite dramatically with
resolution in terms of circuit complexity and conversion
cost.

In the case of this GNR ADC circuit, increasing the
resolution would entail finding GNR device topologies to
implement additional bits in the same way as was done
for these four bits. These additional GNR devices would
contribute roughly a linear increase in terms of power
cost and circuit area. Further research [33] suggests
that further bits of resolution would yield gradually
diminishing returns in terms of accuracy and require
physically larger GNR devices. This suggests that it
would be possible to increase the resolution of this ADC
circuit, but not to an arbitrary degree. Apart from or on
top of that, more conventional ADC design techniques
such as successive approximation could also be applied
to yield a higher resolution.

In spite of this circuit’s low resolution, the Table
suggests that our proposal has the potential to sub-
stantially outperform state-of-the-art counterparts. More
specifically: by having around five orders of magnitude
lower power consumption, operating at four orders of
magnitude larger sample frequency, and requiring a
nine orders of magnitude lower real estate. In terms
of Walden’s figures of merit, the GNR ADC circuit
scores three orders of magnitude better in time per
conversion step and nine in energy per conversion step.
These improvements can be attributed to the GNR
ADC circuit simplicity, i.e., consists of only a handful
of components, whereas conventional ADC circuits are
rather complex [34], which induces substantial power
consumption and delay overheads.
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We introduced a novel approach towards Analog-to-
Digital Converter (ADC) implementation that builds
upon Graphene Nanoribbon (GNR) devices capabilities
to provide augmented (more complex than a switch)
functionality and the fact that each output bit b;,7 €
[0,n —1] of an n-bit ADC is defined as a periodic
symmetric function F;(Vi,) with period Vg‘f", of the
ADC input Vi, € [0, Vinaz]. As such, by making use of
the Boolean function implementation methodology with
two complementary GNRs, an n-bit ADC requires 2n
GNR-based devices. We assumed that Vi, € [0,200 mV]
and demonstrated our approach by implemented a 4-bit
ADC. We demonstrated the correct functionality of our
proposal by means of SPICE simulations and compared
it with state-of-the-art counterparts. The comparison
indicated that our approach exhibits around five orders
of magnitude lower power consumption, is operating
at four orders of magnitude larger sample frequency,
requires nine orders of magnitude lower real estate, and,
in terms of Walden’s figures of merit, scores three orders
of magnitude better in time per conversion step and nine
in energy per conversion step.

Furthermore, the methodology of using an evolution-
ary algorithm to identify suitable GNR device topologies
could be utilized for many other applications by simply
altering the algorithm’s fitness function. This could
improve the efficiency of identifying such topologies by
many orders of magnitude, similar to how in this case
a design space of trillions of possible GNR devices is
searched by only evaluating several hundred thousand
topologies.
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