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ABSTRACT

The increasing demand for high performance and energy efficient electronics has led
to significant advancements in nano-scale devices. Among these the single electron
transistor (SET) stands out due to its potential for ultra-low power consumption and
high sensitivity. This article presents an in depth study on the efficient design of SET
based up samplers and down samplers. These components are crucial in modern
communication systems for converting signals between different sampling rates. Our
findings indicate that SETs offer substantial potential for reducing power consumption
and enhancing the precision of sampling rate conversions although challenges such
as thermal stability and integration with existing systems remain. This study aims
to contribute to the development of more efficient and compact communication
technologies by leveraging the unique properties of SETs. The SET-MOSFET Up-Down
sampler reduced power consumption by approximately 99.97% to 99.99% compared to
its MOSFET counterpart, with an operating speed of 5 MHz.
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INTRODUCTION processing efficiency. Up samplers and down samplers
enable the conversion between different sampling rates
by increasing or decreasing the number of samples in a

signal.

Single electron transistors are promising candidates
for future nano electronic devices due to their unique
ability to control electron flow at the level of individual

electrons. This property makes SETs highly suitable for Traditional up samplers and down samplers are typically

applications requiring extreme miniaturization and
low power consumption. In communication systems,
sampling rate conversion is essential for interfacing
between different subsystems and for efficient signal
processing.l'2l Up samplers and down samplers are
integral components in this process necessitating
efficient design strategies to harness the benefits of
SET technology. Communication systems rely heavily
on efficient signal processing techniques to transmit,
receive and manipulate information. One crucial aspect
of signal processing is sampling rate conversion which
involves changing the sampling rate of a signal to match
the requirements of different subsystems or improve

» I

implemented using CMOS technology which has been
the cornerstone of semiconductor devices for decades.
However CMOS technology faces several challenges
as device dimensions continue to shrink including
increased power consumption, heat dissipation issues
and limited scalability.?# These challenges necessitate
exploring alternative technologies that can offer better
performance and efficiency at the nano scale.®” SETs
present a compelling alternative to CMOS based devices
for implementing up samplers and down samplers.
The Coulomb blockade effect which prevents electron
flow unless specific energy conditions are met is the
fundamental operating principle of SETs.!®1% This effect

Journal of VLSI circuits and systems, , ISSN 2582-1458



Shobhika Gopnarayan et al. : Efficient Design of Up Sampler and Down using Single Electron Transistor-Metal Oxide
Semiconductor Field Effect Transistor

allows SETs to control the transfer of individual electrons
enabling precise and energy efficient operation.['"'Zl By
leveraging the unique properties of SETs it is possible
to design up samplers and down samplers that consume
less power and offer greater scalability than traditional
approaches.["!

As SETs need to operate at the nano scale, maintaining
the necessary control over individual electron tunneling
becomes difficult when scaling up, especially as the size
of the device decreases. The ultra-sensitive nature of
SETs makes them vulnerable to environmental noise
and crosstalk from nearby components, affecting their
performance when integrated into larger circuits.

At higher temperatures, thermal fluctuations can destroy
the necessary conditions for electron tunneling, leading
to performance degradation. SETs generally require
extremely low temperatures (often in the milli-kelvin
range) to maintain their quantum properties, making
thermal management a critical issue for practical
applications. The small scale of SETs means they can
accumulate heat more quickly, which can destabilize the
delicate charge states required for proper operation.
These challenges hinder the widespread adoption of SETs
in practical, large-scale applications and systems.

This article aims to explore the efficient design of SET
based up samplers and down samplers focusing on their
theoretical foundations, practical design considerations
and performance metrics. Our goal is to provide insights
into the potential of SET technology to revolutionize
sampling rate conversion in communication systems
paving the way for more efficient and compact devices.

SINGLE ELECTRON TRANSISTOR

Asingle electron transistor consists of a small conducting
island connected to source and drain electrodes via tunnel
junctions and capacitive coupled to a gate electrode. "]
The fundamental operation of an SET relies on the
Coulomb blockade effect which prevents electron flow
unless the energy conditions are favorable.l's']1 This
effect allows the SET to control the transfer of individual
electrons making it highly sensitive and capable of low
power operation. This effect prevents electron flow until
a sufficient voltage is applied, allowing precise control
of electron movement. The fundamental components of
SET are conducting island which is a nano scale region
that can hold one or more electrons, a tunnel junction
which is a thin insulating barriers that connect the island
to source and drain electrodes allowing electrons to
tunnel through and gate electrode which is capacitive
coupled to the island where the gate electrode controls
the potential of the island enabling the modulation of
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electron flow.!"®20 Coulomb Blockade occurs when the
island’s charge state prevents electron tunneling due to
insufficient energy. This blockade can be overcome by
applying a gate voltage that lowers the energy barrier.?’
As the gate voltage increases, discrete steps in the
current-voltage characteristic represent the addition of
individual electrons to the island.?2

An SET based up sampler integrates SETs with digital
signal processing (DSP) units to manage sample insertion
and filtering. The SETs function as switches that control
electron flow, generating the up sampled signal.
Synchronization with the original signal’s sampling
rate is crucial for accurate up sampling. The design
consideration includes tuning the threshold voltage to
ensure proper SET operation during the up sampling
process, managing temperature variations to maintain
SET performance and prevent thermal instability and
efficiently interfacing SETs with DSP units to ensure
seamless operation and signal integrity. The various
performance metrics includes power consumption
quantifying the power savings achieved by SET-based
designs compared to traditional CMOS approaches,
sampling accuracy measuring the fidelity of the
reconstructed signal to assess the accuracy of the up
sampling process and speed evaluating the operational
speed to ensure it meets the requirements of modern
communication systems.

The architecture of an SET-based down sampler is similar
to the up sampler, with SETs controlling the removal
of samples from the original signal. The challenge is
accurately selecting and removing the correct samples
to achieve the desired lower sampling rate. The
architecture of an SET-based up sampler involves the
integration of SETs with digital signal processing (DSP)
units to manage the insertion of samples and filtering.
The SETs serve as switches that control the flow of
electrons to generate the up sampled signal. The design
must ensure that the switching action of the SETs is
synchronized with the original signal’s sampling rate to
achieve accurate up sampling. The threshold voltage
must be carefully tuned to ensure proper operation of
the SETs in the up sampler. SET performance is highly
sensitive to temperature variations, necessitating robust
thermal management strategies. Efficient interfacing
between the SETs and DSP units is critical for seamless
operation. One of the primary advantages of SET-based
designs is their low power consumption, which should
be quantified and compared with traditional designs.
The accuracy of the up sampling process is measured by
the fidelity of the reconstructed signal. The operational
speed of the SET-based up sampler should be evaluated
to ensure it meets the requirements of modern
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communication systems. Both up sampling and down
sampling require effective low-pass filtering to remove
unwanted high-frequency components and prevent
aliasing. Designing filters that work efficiently with SET-
based circuits is essential for maintaining signal quality.
Evaluating the performance of single-electron transistor
(SET)-based up samplers and down samplers involves
a comprehensive assessment of various metrics that
determine their efficiency, accuracy, and practicality in
real-world applications. The key performance metrics
include power consumption, sampling accuracy, speed
and latency, noise immunity and integration capability

Up SAMPLER AND DOWN SAMPLER

Traditional up samplers and down samplers are typically
implemented using CMOS technology. While CMOS
technology has been the backbone of semiconductor
devices it faces challenges such as increased power
consumption, limited scalability and heat dissipation
issues at nanoscale dimensions. As device dimensions
shrink the leakage currents increases leading to higher
power consumption. Increased power consumption
results in more heat generation complicating thermal
management. The scaling of CMOS technology is
approaching its physical limits posing challenges for
further miniaturization. Implementing precise sampling
rate conversion with CMOS technology requires complex
circuitry impacting device size and power efficiency. SETs
offer a potential solution to these challenges due to their
ability to operate at low voltages and their scalability
to atomic dimensions. The primary motivation for this
research is to explore the feasibility and advantages of
SET based up samplers and down samplers which could
lead to more efficient and compact communication
systems.

Single electron transistors (SETs) offer a promising
alternative to CMOS technology for nano-scale devices.
SETs allows precise control of electron flow at the
level of individual electrons.?! This unique property of
SETs provides several advantages like ultra-low power
consumption, high sensitivity, scalability and simplified
design. SETs can operate at extremely low power levels
making them suitable for energy efficient applications.
The ability to control single electrons allows SETs to detect
small changes in voltage enhancing their sensitivity. SETs
can be scaled down to atomic dimensions enabling the
development of ultra-compact devices. The inherent
properties of SETs can simplify the design of sampling
rate converters potentially reducing the complexity
and size of the circuitry. The unique properties of SET
open up new possibilities for applications in quantum
computing, sensing and other advanced technologies.

3+ |

Table 1: Comparison of metrics

CMOS-Based
Metric SET-Based Design Design
Power Very low Relatively higher
Consumption
Operating Speed Low High
Integration High Low
Complexity
Thermal Stability | Poor Good
Scalability Limited Excellent and
scalable
Size Very Larger
Noise Sensitivity High Moderate
Cost of High Moderate to low
Fabrication

Here’s a table summarizing key metrics comparing SET-
based design versus CMOS-based design. The comparison
as shown in table 1 describes various metrics. For SET-
based design, the power consumption is potentially
of the orders of very lower magnitudes, operating
speed typically in the MHz range, requires advanced
fabrication techniques and precise control, needs low
temperatures for stable operation and challenges with
scaling down further due to quantum effects. The size
of such designs is in nanometer scale and prone to
noise and environmental disturbances. The fabrication
cost is high due to complex fabrication process and low
yield and requires precise charge control and isolation.
Whereas for CMOS based designs, the power consumption
is relatively higher but optimized in modern processes
with higher speed of operation range from MHz to
GHz. The low integration complexity due to mature
technology and well operates at room temperature.
The designs can be scalable to advanced nodes well
supported by industry and larger in size in micron scale
though shrinking with newer processes. The designs are
moderate to noise sensitivity and can be mitigated with
shielding and design techniques with moderate to low
cost of fabrication due to mature and mass production
and easier to control with established techniques.

This comparison highlights the trade-offs between SET-
based designs and traditional CMOS designs, where SETs
offer potential advantages in low power consumption
but face significant challenges in integration, speed, and
thermal stability. CMOS designs remain the dominant
technology due to their established infrastructure and
superior thermal performance.

Sampling rate conversion is a critical process in digital
signal processing enabling the conversion of signals
between different sampling rates. This process is
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Fig. 1: Integrating SETs in digital signal processor

essential for interfacing between subsystems operating
at different rates and for optimizing the performance
of various signal processing tasks. Up sampling involves
increasing the sampling rate by inserting additional
samples typically followed by a low pass filter to
reconstruct the signal at the higher rate. Conversely
down sampling reduces the sampling rate by removing
samples and applying a low-pass filter to prevent
aliasing. Up sampling involves increasing the sampling
rate of a signal by inserting additional samples typically
zeros and then applying a low pass filter to reconstruct
the signal at the higher rate. Down sampling conversely
reduces the sampling rate by removing samples and
applying a low pass filter to prevent aliasing. The
efficiency and accuracy of these processes are crucial
for maintaining signal integrity and performance in
communication systems. The exploration of SET based
up samplers and down samplers is driven by the need to
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address the limitations of traditional CMOS technology
and to harness the potential benefits of SETs.

The up sampling processes by increasing the sampling
rate inserting additional samples into the original signal.
The simplest method involves inserting zeros between
the original samples effectively increasing the sampling
rate by an integer factor. After zero insertion, a low-pass
filter is applied to remove high frequency components
introduced by the up sampling process, reconstructing
the signal at the higher sampling rate. Down Sampling
processes reducing the sampling rate by removing
samples from the original signal. The simplest method
involves selecting every nth sample and discarding the
rest, effectively reducing the sampling rate by an integer
factor. Before decimation, a low-pass filter which is
an anti-aliasing filter is applied to prevent aliasing by
removing high frequency components that could distort
the down sampled signal. This research aims to develop
efficient and scalable sampling rate converters that can
meet the demands of modern and future communication
systems.

The flowchart summarizes the generalized process of
integrating SETs in digital signal processors as shown
in figure 1. The overall process includes digital signal
processor requirements are defined first by identifying
the key performance criteria required. The logic gates
and filters are constructed using SET based circuits and
needs nanofabrication techniques to manufacture the
SETs at required scale [24]. Further process is testing of
the SETs for key electrical parameters such as current
and voltage and performance metrics like noise and
reliability. After this integrate the SET circuits into DSP
architecture incorporating them into the core logic and
memory subsystems. Employ the techniques to reduce the
impact of noise and power consumption such as shielding
and power gating. Ensure the thermal stability by
incorporating proper heat dissipation techniques as SETs
are sensitive to temperature. Perform functional testing
to validate the DSP’s behavior ensuring proper operation
across different environmental conditions. Combine the
SET-based DSP with other necessary components such
as 1/0 interfaces, communication modules and power
management. Conduct comprehensive testing and
debugging tofixissues before deployment. The integrated
DSP with SETs is either deployed for use or further
evaluated for specific applications. This flowchart gives
a clear overview of the steps involved in integrating SETs
into a DSP system covering the challenges of fabrication,
integration, power management and testing.

In modern communication systems, SET-based Up-Down
Samplers can offer several advantages due to their
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low power consumption and high sensitivity. Wireless
communication systems, such as 5G and loT devices, often
require efficient signal processing with minimal power
consumption. SET-based Up-Down samplers can be used
to sample the incoming analog signals with extremely
low power dissipation, making them suitable for battery-
operated devices where energy efficiency is crucial.
The low power consumption of SET-based samplers
helps extend battery life while ensuring accurate signal
processing in wireless communication. Software-Defined
Radios are used in modern communication systems
to dynamically reconfigure hardware for different
communication protocols. The Up-Down sampler based
on SET-MOSFETs can be integrated into SDRs to enable
precise sampling of high-frequency signals with minimal
energy usage. In high-performance communication
systems, analog to digital converters are crucial for
converting analog signals to digital form for processing.
SET-based Up-Down samplers can be used in the front-
end of ADC systems to ensure that the signal is sampled
accurately with extremely low power consumption.
Many modern communication systems rely on low-power
sensors for data acquisition, such as environmental
sensors or healthcare monitoring devices. These sensors
need to sample signals with minimal power consumption
to operate for extended periods. SET-based samplers
can condition the incoming signal before transmission
to a central processing unit. loT devices often need
to operate in highly constrained environments, where
power consumption is critical. SET-based samplers can
be used in loT communication modules to sample the
received signal with low power, facilitating efficient signal
processing and data transmission. Radio frequency (RF)
communication systems, such as those used in satellite
communication or high-frequency radio links, require
high-speed sampling and signal processing. SET-based
Up-Down samplers can be used to sample high-frequency
RF signals with precision and low power consumption.
Time-to-Digital Converters (TDCs) are used in systems
requiring high-resolution time measurement, such as
radar or communication systems. SET-based Up-Down
samplers can be used to sample the time intervals with
very fine resolution while consuming minimal power.
SET-based samplers consume a fraction of the power
compared to traditional MOSFET-based samplers, making
them ideal for energy-sensitive applications.

The integration of SET-based Up-Down samplers into
modern communication systems offers the potential for
significant improvements in energy efficiency, sensitivity,
and miniaturization, making them ideal for a wide range
of applications in wireless communication, loT, RF
systems, and data acquisition. These benefits can enable

I

next-generation communication devices to achieve high
performance while minimizing power consumption.

SIMULATION AND RESULTS

The simulations were conducted using industry standard
tools such as SPICE®?>%8 and Cadencel®! which are widely
used for modeling and analyzing semiconductor devices
and circuits. Key parameters for SETs included island size,
tunnel junction resistance and gate capacitance. These
parameters were chosen to optimize the single-electron
effects and minimize power consumption. Standard
14nm CMOS technology parameters were used for the
MOSFETs focusing on achieving high speed operation and
reliability. Figure 2 and figure 3 shows the input, output
waveforms obtained after simulating the SPCIE based
circuit of down sampler and up sampler respectively. The
integration of SETs and MOSFETs was modeled to ensure
proper interaction between the two types of transistors.
The dual-gate configuration was particularly emphasized
to balance control and performance.

Various scenarios were simulated to evaluate the Up
sampler and down sampler performance.

The input signal is X_0-3,
output signal dnsout_0_ - 3,

clock signal is V(ool ) which is the down sample clock.
The results shown in figure 2 are for down sampler 4 so it
skip 4-1 samples in between the two successive samples.

The signals recorded in this simulation are as discussed
below:-

X_0-3 inputs
Upsout_0_ - 3 outputs
V(ool ) is up sample clk

The results shown in figure 3 are for up-sampler 4 so it
place 4-1 samples as zeros in between the two successive
samples.

The up-down samplers are able to handle signal processing
with extremely low power consumption while maintaining
precision and control. This is particularly significant in
low-power or battery operated devices where power
efficiency is critical. The up sample and down sample
functionality involves taking samples of the input signals
at regular intervals either increasing or decreasing the
sampling rate. The SET-MOSFET based sampler perform
this task with a high degree of precision since SETs are
sensitive to small change fluctuations enabling accurate
signal processing even in low-voltage and low-power
environments. The clock pulse is the control signal that
determines the sampling rate and synchronization of the
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Fig. 3: Up sampler wave forms

up-sampling and down-sampling operations. By using
a clock signal the SET based sampler ensures that the
signal is sampled consistently at the right intervals. This
synchronization is essential for avoiding data loss or
timing errors in the processed signal. The four nit input
handles 16 distinct values from 0000 to 1111 in binary.
The four bit output ensures that the sampled signal is
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represented in manageable and standardized digital
format providing the necessary resolution in signal
processing. Definitely a higher bit-depth may provide
finer resolution, but a four-bit system is efficient in terms
of power and resource utilization which is particularly
useful in applications where moderate resolution suffices
such as simple communication devices and embedded
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systems. Efficient sampling reduces the amount of data
transmitted by down sampling and enhances data quality
by up sampling when needed. The proposed SET-MOSFET-
based Up sampler and down sampler was simulated using
a standard CMOS technology node as a reference. Key
performance metrics, including power consumption
and delay were evaluated. The operating input and
output voltage has a magnitude of 20 mv and the low
current value in the range of 1 to 50 micro amperes are
responsible for very less power dissipation. The power
dissipation for SETMOS is around 20 nano watt to 1
micro watt. The SET-MOSFET Up-Down sampler showed a
reduction in power consumption by approximately 99.97
% to0 99.99 % compared to its MOSFET counterpart. The
operating speed for SET-MOSFET is 5SMHz.

CONCLUSION

The performance metrics of SET-based up sampler and
down sampler including power consumption, sampling
accuracy, speed and latency, noise immunity and
integration capability are critical for evaluating their
feasibility and efficiency in practical applications. By
optimizing these metrics, SET-based sampling rate
converters offer significant advantages over traditional
CMOS-based designs, paving the way for more efficient,
compact and scalable communication systems.

FUTURE CONSIDERATIONS ,

Future research should focus on developing robust
fabrication techniques, improving thermal stability and
integrating error correction mechanisms. Additionally,
exploring the potential of hybrid systems that combine
SETs with other emerging nano scale devices could lead
to even greater advancements in sampling technology.
Integrating SET-based up samplers and down samplers
into existing communication systems requires careful
consideration of compatibility and interfacing.
Hybrid systems combining SETs with traditional CMOS
components may offer a transitional solution. Noise and
device variability are significant challenges in SET-based
designs. Strategies such as error correction, redundancy
and adaptive control can help mitigate these issues.
By leveraging the unique properties of SETs, it is
possible to design more efficient, compact and scalable
sampling rate converters, paving the way for advanced
communication systems.
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