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Editorial
The VLSI Circuits and Systems Letter is affiliated with the Technical Committee on VLSI (TCVLSI) under the IEEE
Computer Society. It aims to report recent advances in VLSI technology, education and opportunities and, consequently,
grow the research and education activities in the area. The letter, publishing three issues a year, covers the design
methodologies for advanced VLSI circuit and systems, including digital circuits and systems, analog and radio-frequency
circuits, as well as mixed-signal circuits and systems. The emphasis of TCVLSI falls on integrating the design, computeraided design, fabrication, application, and business aspects of VLSI while encompassing both hardware and software.
TCVLSI sponsors a number of premium conferences and workshops, including, but not limited to, ASAP, ASYNC,
ISVLSI, IWLS, SLIP, and ARITH. Emerging research topics and state-of-the-art advances on VLSI circuits and systems
are reported at these events on a regular basis. Best paper awards are selected at these conferences to promote the highquality research work each year. In addition to these research activities, TCVLSI also supports a variety of educational
activities related to TCVLSI. Several student travel grants are sponsored by TCVLSI in the following meetings: ASAP
2017, ISVLSI 2017, IWLS 2017, and SLIP 2017. Funds are provided to compensate student travels to these meetings as
well as attract more student participation. The organizing committees of these meetings undertake the task of selecting
right candidates for these awards.
This issue of the VLSI Circuits and Systems Letter showcases the state-of-the-art developments covering several
emerging areas: radiation-hardened circuit, design for manufacturability, hardware IP protection, mixed-signal design and
internet of things (IoT). Professional articles are solicited from technical experts to provide an in-depth review of these
areas. The articles can be found in the sections of “Features” and “Opinions”. In the section of “Updates”, upcoming
conferences/workshops (including their call for papers), funding opportunities and job openings are summarized. Finally,
a dedicated section of “Outreach and Community” discusses the approaches for outreach with several successful stories.
We would like to express our great appreciation to all Associate Editors (Yiyu Shi, Hideharu Amano, Mike
Borowczak, Prasun Ghosal, Shiyan Hu, Michael Hübner, Helen Li, Sergio Saponara, Anirban Sengupta, Jawar Singh,
Saket Srivastava, Yasuhiro Takahashi, Jun Tao, Himanshu Thapliyal and Qi Zhu) for their dedicated effort and strong
support in organizing this letter. The complete editorial board information is available at: http://www.tcvlsi.org/vlsicircuits-and-systems-letter/editorial-board/. We are thankful to our web chair Mike Borowczak, for his professional
service to make the letter publically available on the Internet. We wish to thank Swati Bhardwaj, Mohammad S. Hashmi,
A. S. B. Prem Kumar, Devki Nandan Jha, Sushma Srivastava and Reena Sonkusare, who have contributed their
professional articles to this issue. We hope that you will have an enjoyable moment when reading the letter! The call for
contributions for the next issue is available at the end of this issue and we encourage you to submit articles, news, etc. to
an associate editor covering that scope.

Saraju Mohanty
Chair TCVLSI and Editor
University of North Texas
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TCVLSI Editor
Duke University
Duke Kunshan University

Volume 3 – Issue 3

October 2017

2

Features
Low Complexity Single Channel ICA Architecture Design Methodology for Low Power
Healthcare Applications
Swati Bhardwaj1 and Amit Acharyya1
1
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Abstract – In this paper, we propose a low-complexity architecture design methodology for the Single Channel
Independent Component Analysis (SCICA) algorithm targeting emerging pervasive healthcare applications.
Unlike the conventional ICA, SCICS, separates the signal from multiple sources using only a single sensor that has
tremendous potential for reducing the number of body-worn sensors. However, most of these applications are
constrained by power consumption limitation due to the battery backup necessitating low-complexity and low
power system design. SCICA, involving computationally intensive stages including ICA, Fast Fourier Transform
(FFT), Eigen Value Decomposition (EVD), and k-means clustering and can not be mapped from the algorithmic
level onto the low-complexity architecture directly. Hence, in this paper, we introduce the Coordinate Rotation
Digital Computer (CORDIC) based low-complexity SCICA architecture design methodology, based on algorithmarchitecture holistic approach, suitable for resource constrained applications. K-means architecture used for lowcomplex SCICA based on the proposed methodology consumes core silicon area of 0.28mm2 and power of 0.25mW
at 1.2 V, 1-MHz frequency using 0.13µm standard cell technology library (TSMC) that is about 50% less than that
of the state-of-the art approaches. The methodology have been functionally verified with the conventional SCICA.
The hardware analysis of the proposed methodology has verified its low-complex nature.

1.

Introduction
Electrophysiological signals like Electrocardiography (ECG), Electroencephalography (EEG) and
Electromyography (EMG) are widely being used now-a-days to capture important information regarding the
physiological and pathophysiological behavior of the human body. Successful and reliable separation and
feature extraction of these Electrophysiological signals have made the diagnosis and cure of many diseases
possible. The Blind Source Separation (BSS) is an approach to estimate the underlying sources from multiple
observations (mixtures) received by a set of sensors. The term “Blind“ indicates that there is no prior conception about the
sources and how they are mixed at the sensors. It has applications in different areas, such as Speech signal processing,
Communications, Image processing, Radar and Sonar applications, Satellite navigation and Biomedical signal processing
[1]-[8]. Independent Component Analysis (ICA) being a popular method for solveing the Blind Source Separation (BSS)
problem, has been extensively used for retrieval of source signals from a mixture, without any knowledge of the mixed
signals or mixing channels Independent Component Analysis (ICA) is being used as a signal analysis technique

for surface-EMG in the field of rehabilitation and medical research and being widely used for rehabilitation
devices, human-assisting robots, and recognizing hand gestures [1]. ICA has been used for extracting fetal heart
sounds from single-channel noisy abdominal phonogram signals using a method based on the Method of Delays
and ICA [2,3]. On the other hand ICA in combination with other signal processing algorithms has been used
successfully to separate EEG signals mixed with EMG, muscle, eye blink, and other artifacts, targeting the
applications of Neurodevelopmental Disorder including Attention Deficit Hyperactivity Disorder,
Schizophrenia, Epilepsy, Down syndrome, Alzheimer’s disease, Autism Spectrum Disorder, and Down
syndrome [4,5,6]. Single Channel Independent Component Analysis (SCICA) has been found to be useful for
fast extraction of protein profiles from the mass spectra data [7, 8]. However, the conventional ICA requires the
number of sensors to be equal to the number of sources, hence, increasing the number of on-body sensors if the
individual sources are to be separated from a mixture of many signals. This poses an engineering challenge to
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obtain the signal information accurately using reduced number of sensors with a system run by the battery backup. Under-determined Blind Source Separation algorithm targeting remote healthcare applications can be used
to reduce the number of sensor till some extent [9]-[10], whereas SCICA will use only single sensor for
capturing the source information. Conventional SCICA [11] involves computationally intensive signal
processing modules, making it unsuitable for the pervasive health care applications where limited on-chip area
and power consumption are desired due to the need of continuous monitoring requiring battery back-up. These
practical problems and the engineering challenge, motivated us to propose a low complexity SCICA system
architecture by considering a holistic view for both the algorithm and the hardware architecture. This is the first
attempt to take SCICA algorithm to the architecture level for its on-chip implementation to the best of our
knowledge, which is moreover not limited to the context of remote personalized pervasive monitoring
problems. In this paper, we introduce low-complexity SCICA architecture by proposing CORDIC based kmeans clustering where the same CORDIC can be reused for the implementation of the other necessary stages
of SCICA –EVD, ICA, and FFT computations leading to low-complexity design of the overall SCICA system.
2. Related Work
SCICA, a special case of ICA [11] can segregate multiple sources captured via a single sensor. It includes
pre/post-processing steps and computationally-intensive modules including EVD, ICA, FFT, and k-means
clustering [11]. Because of its low complexity architecture [13], CORDIC has been used widely for the
implementation of FFT, EVD and ICA [3, 14, 15, 20, 21]. However, k-means clustering module – a
computationally intensive stage in the SCICA algorithm, needs different hardware architecture to be
implemented on-Silicon. Hence, in this study, we investigate if the same CORDIC can be used to implement the
k-means clustering algorithm, resulting in a low complexity architecture. k-means clustering algorithm
iteratively clusters n elements into K clusters. Each cluster is associated with a centroid which is representative
of that particular cluster. This is achieved by minimizing the square root cost function in every iteration.
Although there are different versions of the k-means algorithm, the basic steps are similar and are as follows.
1. Choose initial seeds (Ck sample space, with k = 1, 2,…,K ) i.e., centroids.
2. Measure the distance from each data point to all the centroids
3. Allocate each data point to the cluster whose centroid is at minimum distance from it.
4. Calculate new centroids by taking mean of all the data points in each cluster.
5. Go to step 2 until the centroid values converge according to a predefined threshold [16].
This is generally achieved by the use of power hungry multipliers, square rooters (for Euclidean distance
computation) and multiplexers [16]-[19], thereby making direct mapping of this algorithm to architecture
infeasible for implementation for the aforementioned resource-constrained applications. There was an attempt
in [21] to replace the Euclidean distance by a combination of Manhattan and Max distance but with a trade-off
between accuracy and power consumption. A holistic optimization approach is therefore needed for maintaining
its algorithmic efficiency and simultaneously making it low complexity from architectural perspective which is
the main focus of the current research.
3.

Proposed Approach

A. Motivation
Emerging applications including pervasive personalized remote health-care require the necessary hardware system to
be designed under a resource-constrained environment which is mostly battery powered and should be unobtrusive and
small, imposing power and area constraints on the design. Therefore, low-complexity signal processing techniques need to
be developed. Generally 22 or 64 channel EEG sensor network is used to extract the EEG signals increasing the overall
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Fig.1: Block Diagram of our Proposed CORDIC based SCICA Architecture.

Fig. 2: Complete architecture of the proposed system
form-factor of the system as well as making the system power-hungry. Hence, the concept of pervasiveness and
portability is lost. The need is to reduce the number of sensors while maintaining the resolution of the signals intact,
which is what gave rise to the SCICA architecture. As mentioned in the last section, it has already been proven that
CORDIC can be used for the implementation of ICA, FFT and EVD – three major stages of SCICA [12]. Hence, in this
paper we attempt to propose a CORDIC based k-means clustering architecture so that entire SCICA can be implemented
using the CORDIC resulting in a low-complexity architecture.
B. Proposed CORDIC based Architecture
Fig. 1 shows the proposed CORDIC based low-complexity SCICA architecture. S_1 to S_n are the inputs from
various sources. X is the signal captured by the sensor. The preprocessing unit has EVD as the major computational unit.
CORDIC based low complex EVD reduces the design complexity of the pre-processing unit. The pre-processing block
will generate x_1, x_2 … x_p as outputs which go to the ICA block. The outputs x’_1, x’_2…. x’_p from ICA will be
given to the k-means clustering block which generates k’_1, k’_2, ... , k’_p which are further fed to the post processing
block. The post processing block also uses CORDIC for arithmetic operations to generate the final output separated
signals equivalent to S_1,S_2, … , S_n, as S’_1, S’_2, …. S’_n. CORDIC is the heart of the design which is being reused
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for all the computations. Also, the entire system uses the resource shared memory. CORDIC based ICA has been already
proposed in [20], leaving k-means clustering to be the most complex block which involves computational expensive
operations. Here the proposed low complex CORDIC based architecture for k-means clustering uses resource sharing of
the pre-existing CORDIC in the complete hardware.
Fig. 2 shows the architecture of the proposed CORDIC based k-means clustering methodology. In the proposed
system, all the data inputs are stored in a Memory unit for further usage and are transmitted to different blocks via Control
unit. Seed calculation module chooses most distant points in sample space as initial centroids/seeds to get widely spread
initial seeds. The Memory unit also serves the purpose of storing intermediate values. Euclidean distance is calculated in
the Distance unit using low complexity CORDIC Vectoring module. After finding the distances from each point to the
centroids, these values are given to the Comparator block to identify the cluster to which each point belongs. Once
clustering is done, the Centroid calculation block will be activated to calculate the new centroids. If these new centroids
differ significantly from the values obtained after the previous iteration, then the clustering process will be repeated.
Otherwise, the clustered data will be sent to the output. Control logic governs the data flow among all the modules. The
existing k-means algorithm is well explained in [17] .In this study, our focus is to propose a methodology for utilizing
CORDIC to compute Euclidean distance between two points, which is the metric to compute the clusters. In two
dimensional signal space, if (x1, x2), (y1, y2) are two points, the Euclidean distance between these two points will be:
dist2D = √ (𝑥₁ – 𝑦₁)2 + (𝑥₂ – 𝑦₂)2
(1)
One square root, two square, one addition and two subtraction operations are involved in this computation. If we give a
and b as the x and y inputs to the Vectoring Mode CORDIC, the x output will be the magnitude of Vector (a, b), which is
√𝑎2 + 𝑏 2 . So, with (x1 − y1) and (x2 − y2) as the x and y inputs respectively, the Vectoring mode will give distance
between the two points. We can extend this methodology to n-dimensional signal space to formulate distance between two
n-dimensional vectors. Considering signals in 3-dimensional signal space (n=3), distance between the two points (x1, x2,
x3), (y1, y2, y3) will be
dist3D = √ (𝑥₁ – 𝑦₁)2 + (𝑥₂ – 𝑦₂)2 + (𝑥₃ – 𝑦₃)2
(2)
With the Vectoring mode inputs as (x1 − y1) and (x2 − y2) as in the case of 2-dimension, the x-output of Vectoring Mode is
represented as:
dist2D = vecl1x ((x1 − y1),(x2 − y2))
(3)
If we pass this x-output to the next CORDIC level as one input with (x3 − y3) as the second input, x-output will be the
desired the 3-dimesional distance dist3D
dist3D = veclx2(veclx1((x1 − y1), (x2 − y2)), (x3 − y3)
(4)
Since 2D and 3D stages are executed sequentially, it is possible to reuse the same CORDIC unit, only at the expense of
two multiplexers. For two n-dimensional vectors (x1, x2, . . . , xn) and (y1, y2, . . . , yn), distnD can be calculated using (n-1)
CORDIC stages as shown in the Distance Unit block in Fig. 2.
distnD = √(𝑥1 − 𝑦1 )2 + (𝑥2 − 𝑦2 )2 + ⋯ + (𝑥𝑛 − 𝑦𝑛 )2
(5)
For calculating the distance between two n-dimensional vectors, the inputs to the Vectoring Mode CORDIC block will be
as follows.
For 1st level of CORDIC: x-input: (x1 − y1)
y-input: (x2 − y2)
For pth level of CORDIC: x-input: previous level x-output
y-input: (xp − yp), p = 2 to n
Thus, by recursively using the fundamental 2D-CORDIC unit we can generalize it for computing the n-dimensional
distance. As the calculations are done sequentially, the same CORDIC unit can be reused for calculations in the (n-1)
levels, at the small expense of one 2-input multiplexer and one (n-1) input multiplexer at the inputs of CORDIC unit (as
shown in Fig.2). Multiplexers at input and Demultiplexers at output of the CORDIC block are assigned accordingly.

4.

Result and Analysis

VLSI Circuits and Systems Letter

Volume 3 – Issue 3

October 2017

6
A.

Methodology Validation and Comparison
The proposed architecture for low–complex CORDIC based k-means is designed using Verilog HDL and the proposed
architecture for low complexity SCICA has been implemented in MATLAB. The results are shown in Fig.3. The
architecture for K-means is synthesized using Synopsys Design Compiler (DC) using TSMC 0.13µm standard cell CMOS
technology. The synthesized core power and area consumption of the proposed-methodology based architecture are
0.25mW and 0.28mm2 at 1-MHz frequency at 1.2 V for 0.13µm technology. The proposed architecture consumes 50% less
normalized power with comparable area consumption in comparison to the state of the art Application Specific Integrated
Circuit (ASIC) based architecture [18]. The mass spectra data used for extraction of protein profiles is used for functional
real time verification. It is evaluated by using the methodology proposed in [22], and using the equation in [23] mass
spectra peaks are generated:

Fig.3: Frequency vs magnitude plot of (a) input from 5 independent sources, (b) mixed signal sensed at sensor,
(c) output from proposed SCICA architecture
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(6)

where A is the area of the peak, τ is the time constant of exponential delay, z is the mass per unit charge (m/z) value, z p
determines the position of the peak on the m/z axis, σ controls the tailing of the peak, the ratio of τ/σ is the measure of
asymmetry. A synthetic MALDI-TOF mass spectra dataset X is generated by linear mixing of five protein profiles which
are used for verification. The initial data set consists of 2100 samples. The delay dimension is taken as 128 and a matrix
of size 128X2000 was constructed using the delay vectors. The output from the generated hardware (HDL) is validated
against a Matlab model of the k-means algorithm using the same initial seed values. The results indicate a similarity in
predicting the number of clusters and the iterations taken by both the approaches. Moreover, we achieve precision up to 8
decimal places using a 16-stage Vectoring mode CORDIC with input– magnitudes ranging from 1 to 1015. Fig. 4(a) shows
the input signals, and Fig. 4(b) shows the clustered data output using the proposed methodology. The comparison of data
output from the Matlab model and the designed hardware architecture shows that the proposed methodology produces
favorable accuracy, exhibiting a robust system.
B. Hardware Complexity Analysis
For hardware complexity analysis, word-length is generalized as b and the same procedure is followed as described in
[12] and [21]. Since the distance computation in k-means clustering using CORDIC is an iterative procedure, we consider
single iteration only for hardware complexity calculation as the same hardware can be reused for the next iterations as
well as for successive stages of CORDIC in Vectoring Mode for higher dimensions. Computation of distance between two
n-dimensional points (x1, x2, x3, . . . , xn) and (y1, y2, y3, . . . , yn) using the conventional method, i.e. (𝑥1 − 𝑦1 )2 +
(𝑥2 − 𝑦2 )2 + ⋯ + (𝑥𝑛 − 𝑦𝑛 )2 requires n squaring operations,(n−1) addition operations and one square-root operation.
For making a comparison on a generic platform we consider only Conventional Array Multiplier (CAM), Ripple Carry
Adder (RCA), and non- restoring iterative cellular square rooter (SQRT) as the means of implementing the arithmetic
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operations. A b X b CAM requires b ∗ (b − 2) FA plus b half adders (HA) and b2 AND gates [24] and one b−bit RCA
requires b full adders (FA) (in a simplified view) [24]. Similarly, one b-bit SQRT needs (0.125 ∗ (b + 6)), b FA and XOR
gates [25]. In addition, considering one FA cell requires one HA cell, 24 transistors, a two-input AND gate consists of six
transistors and one two-input XOR gate consist of 12 transistors [24]. We can calculate TCM = (6b*(5−b)), TCA=24*b,
TCSQ = 18*(b/2+1)*(b/2 + 3), where TC is the transistor counts for CAM, RCA and SQRT respectively. Adopting the
same procedure described in [14], savings in terms of arithmetic operations for distance computation in different
dimensions without using CORDIC are computed.

Fig. 4. Plot of the data points clustered using CORDIC based k-means clustering. (a) input signals, (b) output
signals clustered into 3 clusters
For n-dimensional distance computation, (n−1) RCAs and N CAMs are required. The transistors used here will not be
required when the proposed CORDIC based architecture is used for k-means clustering, since we are using already
existing CORDIC unit. Therefore, the total Transistor Count (TC) computed here will be the Transistor Saving (TS),
given by:
TSnD = n*TCM + (n − 1)*TCA + TCSQ
A metric Transistor Saving per Word-length (TSPW) is computed following the approach presented in [26] by expressing
TSnD in terms of total number of transistors saved and is normalized with respect to b. Fig.5 shows that the increase in
TSPW as a function of b and n, for the proposed CORDIC based k-means clustering methodology is significantly higher
than the conventional design for two dimensional to six dimensional (TSPW = (184.5 ∗ b − 69)) points, for different word
lengths (4 <= b <= 32). It can be observed from Fig.5 that with increase in the dimension, TSPW improves, thereby
making the proposed methodology much more appealing for higher dimensional problems.
C. Surface Power Density Analysis
In Fig.6, we present a relationship for a range of functionally verified input frequencies (1 MHz to 360 MHz) against the
surface power density (SPD - power per unit area) obtained as a result of DC synthesis using TSMC 130 nm technology
library. A third order polynomial fit is used to describe this relationship, over the selected frequency range wherein
we achieve a 100% throughput using the shared CORDIC resource. The reported cost function (SP D = 8.9e − 13F 3 −
5.2e − 10F 2 +1.8e − 7F+1.2e − 5) and the associated goodness of-fit parameters namely, low values of sum of squares
due to error (SSE), root mean square error (rmse) and high value of the adjusted R-square as mentioned in Fig.8, indicate
a best fit in comparison to other tested models.
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Fig. 5. Variation of Transistor saving per word-length of the proposed algorithm with word-length and
dimension.

Fig. 6. Variation of Surface Power Density(SPD - synthesized power per unit area) with frequency

D. Error Analysis
In this section, we analyze the percentage error due to proposed methodology with respect to the Matlab model of kmeans clustering. Existing k-means architectures involve computation intensive multipliers and square rooters which are
replaced by CORIC in the proposed k-means architecture. So, the accuracy of the architecture depends on number of
stages in CORDIC ( = to the number of microrotations in CORDIC) and the dimension N of the input. Fig.7 shows the
Mean Absolute Percentage Error (MAPE) for CORDIC based distance calculation unit corresponding to 1000 sets of
input signals as compared with the Matlab results for the same, with respect to the various dimensions and number of
CORDIC stages with a fixed word length b. We can conclude from Fig.7 that with a fixed number of CORDIC stages
MAPE increases with increase in the dimension ‘N’ of the input. Also as we increase the number of CORDIC stages,
MAPE decreases exponentially and beyond a certain number of stages, MAPE becomes constant at a value of the order
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10-4. In addition, it is observed that for a given dimension and number of CORDIC stages=16, MAPE does not change
significantly with the word length b and have a value in the order of 10-5 as shown in Fig.8. As MAPE is of the order of
10-4 beyond 11 stages of CORDIC, it is almost negligible. Therefore, if we choose an optimal value for the number of
CORDIC stages according to the dimensions, the proposed methodology gives significantly high accuracy for clustering
with MAPE of the order of 10-4.

Fig.6: Variation of Mean Average Percentage error of the proposed algorithm with number of CORDIC stages
and dimension.

Fig.7: Variation of Average Percentage error of the proposed algorithm with word length and dimension, for
number of CORDIC stages=16.
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5.

Conclusion

In this paper, we have proposed a low-complexity first architecture implementation for SCICA using CORDIC. Since
CORDIC has been used to design FFT, EVD and ICA, here our focus was to propose the CORDIC hardware based kmeans clustering so that the entire SCICA can be designed by re-using the same CORDIC hardware. The proposed
methodology have been thoroughly validated. The MAPE does not vary significantly with word length corresponding to a
fixed dimension N of the input and have a value of the order of 10 -5 with appropriate number of CORDIC stages, resulting
in a highly accurate system. . The hardware analysis shows a minimal amount of transistor overhead and the low power
and area achieved at a relatively high clock speed makes it suitable for onboard sensor processing in pervasive healthcare
applications. Intensive mathematical and CAD based analysis and simulations have established the fact that the proposed
architecture reduces significant number of transistors leading to 50% power reduction with comparable area and
substantially low error with appropriate number of CORDIC stages, dimension of the inputs and word length, making the
proposed architecture highly robust and suitable for the battery-operated resource constrained applications. This engine
can be suitably integrated onto a sensor platform in the form of a dedicated ASIC as first step towards point-of-care
diagnostic for applications involving activities of daily living using inertial sensors.
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Multi-Frequency RF Circuits: Dispersion, Limitation, and Electric Network
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Abstract – multi-frequency RF circuits have been found to be extremely useful for realization of reconfigurable radios
and applications such as Software Defined Radios (SDRs). In this paper, an effort has been made to present the
fundamental concepts behind the multi-frequency circuits in a simplified manner using the well-known theory of
‘dispersion’. It has been demonstrated that multi-frequency circuits actually are compromised solution due to constraints
imposed by Bode-Fano limits. Finally, it has also been shown that the multi-frequency transmission line circuits can be
viewed as a 2-port network and analysed using filter theory for simplified design and analysis.

Introduction
The large-scale developments in wireless standards has necessitated radio front-ends capable of operating at multiple
frequencies simultaneously. In essence, multi-frequency circuits and components are boon for reconfigurable radio
architectures. These advanced RF circuits can be considered as a “genie” considering that these can facilitate diverse
applications such as satellite navigation, entertainment and multimedia, IOTs, and wireless monitoring of implants etc.
The design of such advanced transmission line based circuits and systems have seen unprecedented interest in the last
decade but most of the time the details for such circuits get lost in several classical electromagnetic metaphors such as
metamaterial, electronic band gap structures, photonic band gap structures, slow wave structure, materials with negative
refractive index etc. However, it is not apparent if all of these can be explained as a circuit or an electrical network. In this
context, the term “dispersion” [1]-[2] can be considered the basic building block.
A pertinent query naturally arises about what is dispersion and if this phenomenon occurs everywhere? Well !
Dispersion is a well-known phenomenon in optics that governs the operating principle of prism or formation of rainbow.
In physics, dispersion is explained as the phenomenon in which the phase velocity of a propagating wave is frequency
dependent and these results into spatial separation of white light into its components of varying wavelength. In electrical
engineering, it has been a devil for decades causing several undesired non-linear responses, for example the conversion of
amplitude modulation into phase modulation, also known as AM-PM conversion, commonly observed in power
amplifiers and mixers [3]-[4]. However, this very concept has now been adroitly leveraged for the design of multiVLSI Circuits and Systems Letter
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Electric Length

frequency miniaturized RF circuits [5]-[10]. Effectively, miniaturization is achieved by engineering of the phase velocity
to synthesize slow-wave circuits by ensuring high electrical length using a smaller segment of circuit elements [11].
As an example, a pictorial representation on the use of dispersive concepts in dual-band circuits is depicted in Fig. 1.
It can be inferred from Fig. 1(a) that the desired electrical lengths at the two frequencies can be achieved for any
frequency ratio by controlling the non-linear phase characteristics through design parameters based on the type of circuit
chosen. For the case of non-dispersive transmission line segment, the corresponding electrical length is linear function of
frequency and therefore can be engineered for synthesis of dual-band performance in a limited fashion. Furthermore, if n
is the frequency ratio of the two chosen frequencies f1 and f2 then electrical length at f2 will be n times the electric length at
f1. As a consequence, it leads to a simple premise that a circuit having controllable non-linear behaviour of phase with
respect to frequency can be customized to achieve any specific electrical length or its multiple at any two uncorrelated
frequencies. Now for the case of dispersive circuits, say for example one structure achieves the required angles of
θ(f1)=60° and θ(f2)=150° at the two frequencies f1 and f2 in one full rotation in a trigonometric plane depicted in Fig. 1 (b).
However, other dispersive structure can achieve the same phase values in two full rotation in trigonometric plane. This
conveys that the non-linear phase response with faster slope corresponds to faster rotation in the polar chart and hence can
take more full rotations while achieving the same value of phases. This faster slope represents a line of longer electrical
and physical length and there can be multiple solutions for the desired dual-band performance [10]. The choice of the
solution depends on other factors such as realizability described in later section and therefore the performance and the size
of these dispersive structures are strictly dependent on the frequency ratio and the desired performance e.g. the electrical
length at the chosen frequencies. Thus depending on the values of phases (angles) to be achieved at the two frequencies,
the dispersive non-linear phase characteristics can be synthesized.

θ2

Dispersive
Non-Dispersive

θ1
f1

f2
f2
Frequency
(a)

(b)

Figure 1: Dispersive Characteristics of the circuits.
It is thus clear that dispersion is helpful in achieving dual-frequency (and hence multi-frequency) response. However,
it is extremely important to note that these multi-frequency circuits are dispersive with no dispersion over a narrow band
around the operating frequencies. This is very critical for application such as matching circuit in a multi-frequency power
amplifier, where, the transistor is non-linear and one does not want nonlinearity contribution from matching circuits [3][4]. In general, multi-frequency circuits are capable of providing necessary bandwidth for commercial communication
bands but for a wideband and ultra-wideband circuits, further, advanced structures and techniques should be sought.
Multi-Frequency Circuits: Only Option?
Are the multi-frequency circuits needed if broad-band circuits are available? And if they do then what are the benefits
of multi-frequency circuits over broad-band circuits? To answer this, Bode and Fano concept for impedance matching,
elaborated in Fig. 2 [12], is very relevant as it establishes that the arbitrary impedances cannot be matched to a pure
resistance over the whole frequency spectrum or even at all frequencies within a finite frequency band [12]. Instead, there
exists possibilities for matching at desired number of frequencies if the required impedances have finite resistive
components at those frequencies. If the response of reflection coefficient is assumed to be a constant of value Γmin over the
band then the best possible matching is possible at the expense of bandwidth.
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Figure 2: Performance in terms of matching of dual-band circuits: (a) a loss less matching network, (b) BodeFano criteria with assumption of minimum value of reflection coefficient constant over the band, (c) Bode-Fano
general expression, (d) matching performance in terms of minimum reflection coefficient obtained in broadband circuits, (e) matching performance in terms of minimum reflection coefficient obtained in dual-band
circuits.
In general, a level of mismatch is allowed in passive circuits and return losses less than -10 dB over a band is often
considered sufficient. Unfortunately, for applications such as RF power amplifiers where an optimum reflection
coefficient Γopt regulates the optimum efficiency and linearity over any specified band, it is not feasible to obtain required
performance especially for scenarios when the intended bandwidth covers two distinct communication standards, in the
case of dual-band or dual-frequency designs, far apart in terms of their carrier frequencies. In such situations, dualfrequency/multi-frequency matching are handy as they provide optimum solution over a limited range of bandwidth
around the chosen carrier frequencies of operation [3], [13]. Similar inferences can be made about other multi-frequency
circuits and components.
Multi-Frequency Circuits: Flawless ?
The desired phase responses for the subsequent frequencies are obtained by engineering the non-linear phase
characteristics depending on the frequency ratio between two frequencies of operation. For this, it might happen that a fast
varying phase characteristic with frequencies will be required and it can drastically reduce the bandwidth around carrier
frequencies. Moreover, for obtaining desired linear operation, the phase response should be almost linear over the
bandwidth around the multiple frequencies of operation. The factors which primarily affect the bandwidth depend on the
type of circuit topology used for obtaining multi-frequency response. The most common dispersive circuits for multifrequency applications are based on stub loading of transmission lines either at the center or the edges [10] as shown in
Figs. 3 (a)-(b). For the sake of clarity, dual-frequency circuits are once again considered for explanation of the concept
associated with stub loading. Apparently, stub loaded transmission line is the most common 2-port network exhibiting
dispersive effects. In principle, the idea behind stub loading is to imitate a dual-band 90° transmission line performance
which can then be used in the design of dual-band circuits [14]-[19].
It is important to note that a careful selection of values of design parameters ZS, θS and BS, in Fig. 3(a) and Fig. 3(b)
can give dual-band response for any arbitrary frequency ratio ‘n’. As the phase characteristic of these dispersive structures
is a periodic function of frequency, a particular set of solutions in terms of overall electric length (θS) given in (1) can be
obtained for more than one rotation in a trigonometric plane depicted in Fig 1.
𝜃𝑆,𝑇 𝑜𝑟 𝜃𝑆,𝑃𝐼 =
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The variable p denotes different orders of solution with a higher value corresponding to larger value of θS, and in turn
corresponding to the faster non-linear variation of phase with frequency.
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jBS,T(f)
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p=+1

f2
Frequency

(e)

Figure 3 (a) Center-tapped stub loaded structure, (b) structure with stub-loading at the edges, (c) design curve
for center-tapped stub loaded structure, (d) design curve for structure with stub loading at the edges, (e)
frequency variation of electrical length for the two different structures for a given frequency ratio but different
solutions.
Figs. 3(c)-(d) are the design curves of the two configurations in Figs. 3(a)-(b)). These design curves enable
calculation of the design parameters ZS,T and ZS,PI for chosen values of θS,T and θS,PI for the desired value of n. As an
example for n=3, if we choose solution corresponding to p=+1 in Fig. 3 (b) and p=+2 in Fig. 3(c) then the electrical length
θS,T in Fig. 3(a) is smaller than the electrical length θS,PI in Fig. 3(b) and this relation applies for physical length too. In
such a scenario, the non-linear variation of phase with frequency is different for the two structures as shown in Fig. 3 (e).
It can be observed that the fast variation of electrical length with respect to frequency corresponds to smaller bandwidth
and hence, depending on the mode/solution (i.e value of p), one structure can have better response than the other in terms
of bandwidth and size. However, not every solution is physically realizable considering that the value of characteristic
impedance of series line and stub decides if the structure is realizable. For example, for some cases, the solution with
p=+1 may result in a very high characteristic impedance (around 150Ω) of the stub loading the line. This corresponds to a
narrow width of a stub which might be unrealizable depending on the etching accuracy of the fabrication. In such cases,
other higher order solutions can be sought but that will result in narrower bandwidth. It demonstrates that these dualVLSI Circuits and Systems Letter
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frequency (and multi-frequency) structures often require tradeoff between size, complexity, bandwidth, realizability etc.
and hence can never be thought as ultimate design. In practice, most of the reported multi-frequency circuits and
components are designed to address the needs of specific applications.
Multi-Frequency Circuits: Electrical Network
It is often beneficial to relate multi-frequency dispersive structures to circuit theory. For example, the dual-frequency
circuits can be seen as a filter with image impedance and phase characteristics that can be shaped according to the
operating frequency in order to obtain different pass-band responses. The dual-frequency performance can be understood
through the image theory employed in the design of filers. Here, the circuit is analyzed using wave view point similar to
the one used for the analysis of transmission lines. The characteristic impedance of a transmission line can be seen as its
image impedance and if ϒ is the propagation constant per unit length then ϒl is the image propagation function for a line
of length l [20]. Fig. 4 shows a 2-port network used to define image impedance at first port, ZI1, when the other end of the
network is terminated by the image impedance of port 2 i.e. ZI2. The image impedance depends on general circuit
parameters that can be defined by ABCD parameters given in Fig. 4 (b).

ZI1
ZI1
Eg

E1

ZI2
2-port
Network
A B
C D 



ZI1 

AB
, ZI 2 
CD

DB
,
CA

E1

E2

ZI1 γ
e , γ  ln
ZI 2



E2 ZI2

(a)

AD  BC



(b)

Figure 4 (a) A 2-port network having terminations matched to image impedances, (b) Expression for image
impedances and image propagation function in terms of ABCD parameters of the 2-port network.
Similarly, the stub-loaded structures given in Figs. 3 (a)-(b) can also be described by their ABCD matrix i.e. in terms
of image impedance and electrical length (image propagation constant) [20]. The image impedance and electrical length
of both of these structures are a non-linear function of frequency and can be shaped to achieve different profile with
respect to frequency. As a consequence, these structures find several filter type applications such as dual-frequency (or
multi-frequency) matching network if utilized carefully. The basic idea, just to reiterate, is to synthesize a 90°
transmission line with different characteristic impedances at the desired multiple frequencies of operation.

Conclusion
For application such as transmission lines of arbitrary phases and characteristic impedances at multiple frequencies, the
dispersive structures are capable of faster phase variation characteristics that enable them to achieve desired phase values
with higher order of solutions. However, in practice, there is always a need of tradeoff in terms of size, realizability, or
bandwidth. From an electrical engineer perspective, the multi-frequency circuits can also be seen as filters which possess
image impedance and image propagation function that can be shaped according to frequency to achieve desired phase and
attenuation characteristics.
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Abstract—The time dependent degradation (Aging) of the device that is caused by the NBTI (negative bias temperature
instability and HCI (Hot carrier injection) are the major hazard for the reliability of the VLSI digital circuits. These aging
effects can responsible for the device degradation and also increase in the delay of the digital circuits. These effects are
cumulative accumulation in this time as a result of a chain of age, Performance deterioration can eventually an error has
occurred. In the early models there is a several failure mechanism appeared and these can be traditionally modified with
different techniques by calculating the mean time failure rate. In a study for NBTI degradation of the hybrid adder, the
draft strategy we offer the effect of improving the performance of hybrid adder. This hybrid adder is exposed to the stress
condition in the particular temperature and voltage and the degradation is appeared in the device parameters. The lifetime
of different PMOS transistors are calculated as 3.63e-02, 1.16e-02, 1.29e-02.The Age of the transistors PMOS transistors
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is 3.153e+8 and it is degraded by 1.414e-12, 1.651e-12 and 1.031e-12.The total simulation work is carried by using
cadence virtuoso Relxpert 45nm technology.
Index Terms—Aging, CMOS, HCI, NBTI, PBTI and Reliability.

I. INTRODUCTION
As the technology has been increasing, device performance has increased by decreasing the transistors sizes which affects
the lifetime of the device. Reliability means ability of a system to maintain its defined functions under all circumstances.
In this nanometer era, there is most of the manufacture errors are present which are responsible for the degradation of the
device lifetime. The process variation means variations in the attributes of the transistor (length, width, and oxide
thickness in the fabrication of the device. In processes variation there are limitations in the fabrication [3] because the
degradation of the nanoscale technology like 250nm to 180nm, 90nm, 45nm and 32nm we need to reduce the mask but we
are no able to decrease the mask as it is fixed by 136nm masking scale.
We talk about reliability there is many issues to find it mainly by aging variation HCI (Hot carrier injection), PBTI
(Positive bias temperature instability) and NBTI (Negative bias temperature instability)[1].In HCI both PMOS and NMOS
are affected, in PBTI only NMOS is affected and in NBTI only PMOS is affected by traps[2]. Lifetime is reduced mainly
by the leakage current produced in the device and most of the circuits are based on leakage temperature dependent. HCI
affects the reliability of the CMOS devices; it causes increase in the sub threshold voltage and reduction of the carrier
mobility, which is more in NMOS transistor. When the device is biased in strong inversion with large V DS, HCI will be a
strong dependent factor. In NBTI when the voltage is applied to the gate of the PMOS devices it increases the threshold
voltage. It accelerates with increase in temperature it increases in drain current and trans-current. PBTI is also a reliability
issue but it is negligible in the effect of the device performance.
1.1 Different design techniques
In VLSI design circuits most of the logical operations perform by the adders which are used to calculate the addresses,
tabulate the values and other applications of the processors. Implementation of the half adder with the XOR gates is used
to reduce the no of transistors [4].Nowadays different applications can be used by the one circuit that needs small area and
power that maximum throughout the circuitry. The Adder is used as the main function element in the various processers
with the less no of transistors one circuit can perform the more operations. As the adders are the key elements in the
function, the designers need to vigilantly at the design and the analysis of the circuit. There are different types of the
techniques are implemented to perform the hybrid full adder like GDI Gate diffusion technique and PTL Pass transistor
logic which are used to decrease the no of transistors [5]. In the implementation of hybrid full adder there are different
techniques are applied and its all has its own merits and demerits which are carried in papers [6]-[7].

II. PARAMETERS IMPACT ON RELIABILITY ANALYSIS
A. Hot Carrier Injection (HCI)
In the MOSFET, the higher mobile charge carries from drain travel towards source forms a electron hole pair due to
impact ionization and the minority charge carries attracted and trapped at gate terminal which leads to the shift (or) alter
the threshold voltage. Hot carriers are particles that gain the kinetic energy and injected into the forbidden region of the
device. Where they can be trapped and leads to the shift of threshold voltage [11]. The large voltage drop in saturation
region results in the high electric field close to the drain region. When this carries pass through the electric field they
attain energy to generate electron hole pairs by ion implantation. Once gate voltage is just about up to the drain voltage
the carries injection is most.

𝑉𝑔𝑠 = 𝑉𝑑𝑠
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Due to this changes in the threshold voltages will occur by the occupied traps within the oxide and also the growth rate of
charge is.
𝑑𝑁𝑖𝑡
[1 + 𝐴𝑁𝑖𝑡 ] = KIbb
𝑑𝑡

(2)

Where derivative of the N is the growth rate of the traps in the oxide layer
Ibb is the bond breaking current that means the current that the particles gets the maximum kinetic energy and Ids is the
drain source current

Ibb =

𝐶1
𝐼
𝑊 𝑑𝑠

(3)

Vth is the threshold voltage growth rate and t is the time. Here we can calculate the Is and the Ig and we will calculate the
lifetime of the device by its degradation parameters.
As mentioned early, the injection of hot carrier in to the gate oxide layer is the significant concern for assuring the
reliability of modern circuits. As degradation process are relatively slow during circuit operation in order to characterize
the hot carrier response then they are much more bias than the normal circuit by this we can do stress analysis.

Gate
source

Drain

Figure 1 : MOSFET with trapped elements
In the HCI due to the mobile charge carriers it will increase the resistance of the channel. The damage will happen in the
NMOS where the kinetic energy of the electrons is more than the energy of the band gaps then the braking of the bond
happen which cause the damage as shown in figure 1.
In HCI the other parameter called Aging. Which can be calculated by drain and substrate currents and stress applied to the
device [12] and the deep calculation of the Aging model is studied in previous authors [13].

𝐴𝑔𝑒(𝑡) =

Ids 𝐼𝑠𝑢𝑏 m
(
)
WH 𝐼𝑑𝑠

∗t

(4)

Here Ids is the drain source current, W is the width of the channel, H is a constant, m is the acceleration factor -3.0,t is the
time period. The amount of degradation is calculated by

∆𝑡𝑓 (𝑡) = 𝑓(𝐴𝑔𝑒)

(5)

B. Bias Temperature Instability (BTI)
It draws a important attention of the researcher by its effect on the nanoscale technology. If bias is given for the MOSFET
gate channel shift in the Vth at the particular temperature. In BTI we can measure the degraded mobile charge carriers and
the main function is that alter of the charge carriers on the gate and oxide semiconductors. By the device level
measurement the lifetime of the device is calculated [14].
NBTI (Negative bias temperature instability) and PBTI (Positive bias temperature instability) are noticed in Temperature
instability. When a stress voltage is applied then a property is observed that after the stress voltage is removed recovery of
the degradation is happened
𝛼2
∆Vth ∝ 𝑒𝑥𝑝(𝛼1 𝑉𝐺𝑆 ) 𝑡 𝑛𝑝 + 𝑉𝐺𝑆
(𝐶𝑅 + 𝑛𝑅 𝑙𝑜𝑔10 (𝑡)) 𝑒𝑥𝑝 (−

𝐸𝑎
)
𝐾𝑇

(6)

C. Positive Bias Temperature Instability (PBTI)
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It occurs on NMOS transistors [15] where a bias voltage is supplied. In NMOS transistor voltage is supplied to the
MOSFET gate oxide layer outputs are in positive and which is not stable due to the degradation of the trapped electrons
because of this there is a changes in the voltage of channel oxide. It is seen that the effect of the PBTI is negligible when
compare to the NBTI.
D. Negative Bias Temperature Instability (NBTI)
It occurs on PMOS transistors once a negative bias voltage is supplied and the traps forms in the MOSFET.
When the voltage is furnished to the gate terminal of PMOS then negative results will appear in the output [16]. Due to
this traps alter of oxide threshold voltage and reduce in drain current happens same as HCI.

∆𝑉𝑡 = 𝑞 (∆𝑁𝑖𝑡 + ∆𝑁𝑓 )⁄𝐶𝑜𝑥

(7)

Here q is the charge, Cox is the oxide capacitance, Nit density of charge interface states Nif is the density of traps.
Conventionally NBTI follows an influence law and the power exponent n doesn’t modify with stress voltage.

∆𝑉𝑡ℎ = 𝑔𝑉𝑔𝑠 𝑡 𝑚 𝑡 𝑛

(8)

ΔVth is shift of the threshold voltage, g is generation constant, t is the stress time. The I substrate and the V saturation
equations are

Isub =

𝐴𝑖
𝐵𝑖

(𝑉𝑑𝑠 − 𝑉𝑑𝑠𝑎𝑡 )𝐼𝑑 𝑒𝑥𝑝 (

Vdsat =

𝐵𝑖 𝐿𝑐
(𝑉𝑑𝑠−𝑉𝑑𝑠𝑎𝑡

𝐸𝑐𝑟𝑖𝑡 𝐿𝑒𝑓𝑓 (𝑉𝑔𝑠 − 𝑉𝑡 )
𝐸𝑐𝑟𝑖𝑡 𝐿𝑒𝑓𝑓 + 𝑉𝑔𝑠 − 𝑉𝑡

)

(9)

(10)

NBTI is occurs in PMOS where Vgs in the negative bias. Gate to source terminal is in negative it draws holes from the
source and get trapped at the gate terminal. Where the positive acts opposite to the negative bias and shifts the threshold
voltage (Vt) and supports to the drain current. The damage held at the positive bias is called NBTI relaxation [17]. The
trapped holes in the gate terminal will decrease the threshold voltage and mobile charge carrier mobility. In NBTI also we
find the aging with the different parameters same as the in the HCI [18] there they well explained about the aging models
of the NBTI.

III. HCI AND NBTI AGING AND LIFETIME MODELS
A. Comparing HCI Aging and lifetime models
In the MOSFET, the higher mobile charge carries from drain travel towards source forms a electron hole pair due to
impact ionization and the minority charge carries attracted and trapped at gate terminal which leads to the shift (or) alter
the threshold voltage. The HCI lifetime and SPICE: modelling are explained in the previous papers by different authors
[20]. The attributes for the modelling stated are (a) accelerated lifetime model (b) failure equivalent model explained in
details with the help of specific mathematical equations. Some different model is also stated i.e. TDDB lifetime and
SPICE: modelling, NBTI lifetime and SPICE: modelling for the same attributes as in HCI lifetime and SPICE: modelling.
In this paper we are comparing the models of present work simulated on model (BSIM4)[21] from the work proposed by
the above authors on model (BSIM3). In the MOSFET, the higher mobile charge carries from drain travel towards source
forms a electron hole pair due to impact ionization and the minority charge carries attracted and trapped at gate terminal
which leads to the shift (or) alter the threshold voltage. This shift in the threshold voltage occurs in the change in the
substrate current and gate current. The equations used in HCI lifetime and SPICE model equation (11) is compared with
the equation (13) used for the SPECTRE model which is shown below:
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Isub

Vds
α0 + α1 Leff
−β0 Idso (1 + VA )
=
Vds exp (
)
Leff
Vds 1 + R ds Idso
Idseff

(11)

Vds = Vds − Vdseff

(12)

Where Isub is the current at substrate, Leff is the effective length of the channel, Vds is the drain source voltage, and Idso is
the initial value of drain to source voltage
B
Ai
(− i )
Isub = ( ) ∗ Em ∗ Lc ∗ Id ∗ exp Em
Bi

(13)

The flow of the hot charge carriers in the MOSFET from drain to source are trapped in the gate terminal then the gate
current of the device is also affected. In the SECTRE model and SPICE model there are change in the gate current which
are compared below in equation (14)-(15)

Igate = C3 Ids exp (

−∅b
)
qλe Em

(14)

Here, φb is referred to as the barrier energy at the Si-SiO2 interface.
∇l

Igate = Isub ∫ 0.25 ∗
0

Eλ
−∅b
dx
exp (
) p(Eox )
∅b
Eλ
λr

(15)

Due to the change in the gate current and the substrate current there is a change in the threshold voltage which responsible
for degradation in lifetime. The time required to reach the fixed amount of interface trap density is known as the hot
carrier lifetime of the device this is denoted as tf. Lifetime of the SPICE model for PMOS is given in equation (16) which
is compared with the lifetime of the SPECTRE model for PMOS which is given in equation (17).

Lifetime(t f ) = Ap (

Igate −m
W

)

exp

Ea,p
KT

(16)

Here, Ea,p is the activation energy within -0.1 to -0.2 and W is the width of the channel, m and Ap constants related to the
technology.

Ig mg
1
t f = [ ∗ ( ) ∗ t]
Hg W

n

(17)

B. Comparing NBTI Aging and lifetime models
NBTI allows the increase in trans-conductance and drain current of a MOSFET. It hampers the device operating in Pchannel as NBTI operates with negative gate to source voltage [23].The effect of NBTI refers to that imposing PMOS
with gate voltage (negative) and high temperature, the PMOS transistor experiences a new Si-SiO2 interface, and the
interface is enriched with the electric potential, Because the threshold voltage is negative and states of interface and hole
causes a positive fixed charge. Here the both SPECE and the SPECTRE models are compare. This issue takes place
because of stressing the transistor with negation in gate voltage at prominent temperature. The effects due to NBTI, the
stress situations are to be in the range of temperature from 100˚C to 25˚C and the electric field of oxide is to be below
than 6 MV/cm. It is lesser than those which are able to commence HCI effects. By this it can be understood that NBTI is
more likely to be considered as compare to HCI at less electric field for very thin oxides. The effect of degradation can be
induced through the combination of prominent temperature and negation in gate voltages also both can induce NBTI. The
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damage due to NBTI, physical mechanism is not perfectly clear but to relevant to the dissociation of Si-H bonds at the
relationship and diffusion of Hydrogen in oxide. The threshold voltage shift of NBTI for SPICE model and SPECTRE
model are compared with equation (14) and (15).

∆Vt = q (∆Nit + ∆Nf )⁄Cox

(18)

∆Vt is the shift in threshold voltage, ∆Nf (t) is the positive fixed charge ∆Nit (t) is the gereration of donor type interface
traps. Cox is termed as the oxide capacitance.

∆Vt (t) ∝

q
(∆Nf (t) + ∆Nit (t))
Cox

(19)

IV. RELIABILITY OF 8T HYBRID ADDER
Hybrid adder can be implemented by two different combinations XOR, XNOR and one multiplexer. In this proposed
adder we optimized the transistors with the reduced values. This adder has three inputs A, B, and C with two outputs sum
and Cout shown in figure 2. The delay in the circuit is reduced and the stress is applied to the hybrid adder. Hybrid full
adder there are three stages in which the first and second stage is represents the sum operation and gives an output of the
sum and the third stage generates the carry signal (Cout).
Different type of transistor arrangements has been implemented with 6T and 4T but here we implemented the same 6T
transistors with the different type of arrangement as explained by C.H.chang et al [19].
Cout

B

A

C
A

C

Sum

Figure 2: Impact of stress on the Hybrid added
V. SIMULATION RESULTS
A. Effect of stress on Hybrid adder
To get the reliability of a Hybrid adder, NBTI degradation is the important factor that affects the transistors and thereby
reducing the lifetime of the MOSFET. When a semiconductor device is exposed to a stress under some applied
temperature and voltage then electrons and holes will get excited.
Free electrons will excite after a certain threshold voltage and forms the traps in the silicon layer these traps are
responsible for the leakage current and leads for high temperature [20]. Due to the high temperature MOSFET will be
degraded and lifetime of the device is reduced. Here the hybrid adder is applied for a stress of 10 years the NBTI
degradation of the device is calculated in the transient analysis and DC analysis.
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B. calculating the NBTI degradation
In the NBTI degradation due to the applied stress in hybrid adder, Each and every transistor is degraded. In NBTI the
effect will happens in the PMOS transistors there is no effect on the NMOS transistor because we already explained that
NBTI occurs in the PMOS transistors.

Table 1: Lifetime and degradation of NBTI
Transistor

Max (Vg) v

Max (Vd) v

Ltime (year)

Degradation

PM0
PM1
PM2

1.10e-01
1.52e-01
1.77e-01

2.78e-01
3.86e-01
4.48e-01

3.63e-02
1.16e-02
1.29e-02

1.22e-10
2.70e-10
4.53e-10

Hybrid adder there are 8 transistors that under goes for a stress of 10 years the threshold voltage will shift due to the effect
on the gate (Vg) and drain voltages (Vd) degradation happens and the age of the transistor is calculated and tabulated in
values in table (1).
The shift in the threshold voltage is happens in PM0 is due to the change in the voltage of gate as 1.10e-10 and drain as
2.78e-01. Degradation of the transistors is occurs, in PM0 1.22e-10 is the degradation rate in the life time of 3.63e-02
years. In the PM1 and PM2 the voltage change happens and the lifetime and degradation is 1.16e-02, 1.29e-02, 2.70e-10
and 4.53e-10 respectively are explained in the figure 3.
5
4.5
4
3.5
3
2.5
2
1.5
1
0.5
0

Max (Vg)
e^-1
Max (Vd)
e^-1
Ltime
(yrs) e^-2
Degr e^10

PM0

PM1

PM2

Figure 3: Graphical representation of the NBTI values
C. Degradation of device in HCI and NBTI
Hybrid adder is applied with a stress of 10 years then the change in the gate current occurs and the degradation of the
device happens.

Table 2: HCI and NBTI degradation values with lifetime
Transistor

Max (Ig) A

Avg (Ig) A

Ltime (yrs)

Degradation

PM0

6.93e-13

6.54e-13

9.33e4

9.88e-3

PM1

1.54e-13

1.05e-13

4.21e4

1.16e-2

VLSI Circuits and Systems Letter

Volume 3 – Issue 3

October 2017

23
PM2

4.27e-13

1.68e-13

2.51e4

1.29e-2

Maximum current in the gate changes in the lifetime and the degradation of the device. In HCI and NBTI these effects in
the transistors are varies with different transistors. Here in the PM0 the lifetime is 9.33e4 and the degradation is 9.88e-3
and the lifetime and degradation of the transistors PM1 and PM2 are 4.21e4, 2.51e4, 1.16e-2 and 1.29e-2 respectively.
14
12
10
8
Years 6
4
2
0

Ltime (1)
e-2
Ltime (2)
e4

(1) - NBTI
(2) - HCI & NBTI

PM0

PM1

PM2

Transistors

Figure 4: Ltime of transistors in both NBTI and HCI
D. Aging of the device
a. Transistor aging in HCI
Hybrid adder is applied to a stress of 10 years then the degradation in the HCI and NBTI occurs. Due to the applied stress
in HCI the degradation of the NMOS transistors occurs and the PMOS will degrade in the NBTI process.

Table 3: Age degradation of the NMOS in HCI
Transistors

Age (0 yrs)

Age(3 yrs)

Age(7 yrs)

Age(10 yrs)

NM2

3.1536e+8

1.6040-56

1.6040-56

1.604e-56

3.1536e+8

1.9206e-46

1.9206-46

1.9206e-46

3.1536e+8

00000e+0

00000e+0

00000e+0

NM4
NM0,NM1,NM3

The degraded NMOS transistors values with the actual values are explained in the table 3. The actual value of the NMOS
is 3.1536e+8 and the degradation happens in NM2 and NM4 and the degraded values are 1.604e-56 and 1.9206e-46
respectively.
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7yrs

2
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1
0

NM0,NM1,NM3

NM2

NM4

Figure 5: Age of NMOS after 10 years
b. Transistor aging in NBTI
In NBTI the degradation of the PMOS occurs and this effects the age of the transistors. When 10 years of stress is applied
then the age of the PMOS transistors occurs, in table 4 these degraded age values are explained.

Table 4: Age degradation of the PMOS in NBTI
Transistors

Age(0yrs)

Age(3yrs)

Age(4yrs)

DegAge (10yrs)

PM0
PM1
PM2

3.153e+8
3.153e+8
3.153e+8

1.327e-12
1.030e-12
0000e+0

1.387e-12
1.384e-12
1.031e-12

1.414e-12
1.651e-12
1.031e-12

The Age of the PMOS is 3.1536e+8 but when the stress is applied transistor values are degraded as in 3 years of stress
Age is reduced to 1.327e-12, 1.030e-12, 0000e+0 these are explained in figure 6. Age of the transistors in 4 years 1.387e12, 1.384e-12, 1.031e-12 and the degraded age at 10 years is 1.414e-12, 1.651e-12 and 1.031e-12.

2
1.5

3 yrs

yrs 1

7 yrs

0.5

10
yrs

0
PM0

PM1

PM2

Transistor
s

Figure 6: Age of PMOS after 10 years
VI. CONCLUSION
Thus the reliability and performance analysis of hybrid adder under the HCI and NBTI degradation is analyzed. To
increasing performance one should consider that the decrease in the influence of HCI, NBTI, and PBTI. The Age of the
transistors is analysis the shift in the threshold voltage in both HCI and NBTI. In NBTI the degradation of transistors by
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the introduction of traps and the shift in the threshold voltage (V th) are explained. Effect of NBTI and HCI in the
performance of hybrid adder and the degradation in the age has also been discussed. In pm0 due to the change in the gate
(vg) 6.54e-13 the transistors lifetime is reduced by 9.33e+4 and each of the transistors has degraded by some degradation
rate. The age of the different transistors is calculated as 10414e-12, 1.651e-12, 1.031e-12, etc. The age of the transistor at
which rate the degradation happens are measured. Therefore we calculated the reliability of the hybrid adder.
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Abstract – The Figure of Merit (FoM) of analog circuits is significantly influenced by the analog performance of the
device technology. Considering the nanometer FinFET device technology, here an attempt is made to enhance the analog
performance parameters of FinFET device such as transconductance, parasitic gate capacitance, intrinsic gain and output
resistance. These parameters are optimized by engineering the geometrical structure of FinFET device using Visual
TCAD. The device structure is a three dimensional (3-D) architecture of Silicon on Insulator (SOI) 30nm FinFET with a
high-k hafnium oxide as gate electrode. To test the influence of the proposed device on circuit performance, it is
integrated within two stage operational transconductance amplifier (OTA). Berkeley Short-channel IGFET Common
Multi-gate (BSIM-CMG) model 30nm SOI FinFET has been used for circuit simulations. It is observed that FoM of OTA
is significantly enhanced by increase in gain by 18%, CMRR by 34%, phase margin of 64.20 degrees and unity gain
bandwidth of 475.39 MHz

1.

Introduction

System on Chip (SoC) integrates digital, analog, mixed signal and radio-frequency (RF) applications all on a single
chip substrate. The trend in the VLSI design is nowadays towards the miniaturization further in deep sub-micron
technologies and identifying the methodologies such that Moore’s law continue further [1]. Analog domain presents
unique set of challenges in the designing of circuits. The Figure of Merit (FoM) of analog circuits like DC gain (ADM),
Common mode gain (ACM), Unity Gain-Bandwidth and Common mode rejection ratio (CMRR) largely depends upon the
analog performance of devices. The analog performance parameter of the device include such as Transconductance (g m),
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Intrinsic voltage gain (Av) and Output resistance (ro). However these performance parameters values vary according to
geometrical dimensions of the device. Therefore it is essential to explore design parameters effectively and have better
insight to device/circuit design.
The signal input of any mixed signal processing system is analog in nature and the signal conditioning chain mostly
consists of a high gain OTA. Therefore for successful scaling of the mixed signal circuits, the amplifiers should be scaled
to nanometre regime. Scaling conventional CMOS processes poses challenges and structural limits on their performance
in nanometre regimes. Scaling limitations of standard planar bulk technologies (e.g. CMOS) such as short channel effects,
quantum mechanical effects, reduction in doping and gate control leads to new device concepts like Silicon-on-Insulator
(SOI) and multigate transistors [1]. SOI technology has a low capacitance, due to which low voltage, high speed operation
and low power consumption can be achieved as compared to bulk technology [2]. Currently FinFET seems to be
promising device technology to overcome such limitations through nanometre dimensions. However the primary focus of
this paper is to target analog circuit having deep submicron devices. Moreover FinFET device technology seems to be
promising for designing mixed signal analog circuits. Considering these aspects, this paper attempts to show the design of
two stage operational transconductance amplifier based on FinFET.
In this paper we demonstrate the improved performance of FinFET based two stage operational transconductance
amplifier (OTA) designed by optimising the SOI 30nm high-k FinFET device for the analog performance. The OTA
circuit was chosen, as it is the backbone of the analog signal processing and also a building block of further complex
circuit. The OTA circuit has input differential stage followed by a high gain stage and, hence can be used in analog
domain further. The various applications include variable frequency oscillators, variable gain amplifiers and currentcontrolled filters. This paper presents the simulation work of 30nm SOI FinFET device using high-k gate dielectric HfO2
for improved analog performance parameter. The impact of this enhanced analog performance parameter on Operational
transconductance amplifier circuit is analyzed. The paper is organized as follows: Section 2 deals with device structure,
simulation methodology and analog performance parameter of the device. Section 3 gives the insight into the OTA circuit.
FinFET based two stage OTA circuit is analyzed using some of the performance equations in Section 4. Section 5 presents
simulation results of OTA circuit and highlights the comparison of OTA performances to some of the reported works.
Finally, Section 6 concludes the various results.

2.

Device Structure and Simulation setup

A. FinFET Device Structure
A 3-dimensional SOI FinFET device, a self-aligning process [3, 4] shown in Figure 1 is the promising candidate for
replacement of conventional CMOS devices in nanometre technology. SOI FinFET with a shorted-gate (SG) controls the
electrostatics of conducting channel which forms the body of the device [3, 4]. Scaling down the gate oxide thickness is
limited by gate tunnelling leakage, hot electron effect and DIBL. To overcome these limitations silicon dioxide (SiO 2) is
replaced with a high-κ dielectric such as hafnium oxide (HfO2). This HfO2 is placed below the top gate and sidewalls of
the fin as shown in Figure 1. In the fin, the current flows parallel to the device surface, hence the dimensions of the fin
determine the effective channel length and the gate width of the device. As the channel is wrapped around the surface of
the single fin as shown in Figure 1, the gate width of a FinFET is commonly given as W FIN=2*HFIN +TFIN in strong
inversion mode [3, 4, 5]. Usually many fins are made in parallel to increase the ON current. Hence the total transistor
width will be WFIN = [(2*HFIN +TFIN) x n], where n is the number of fins. Furthermore improving the analog performance
of device technology and integrating such device in analog circuit directly influences the Figure of Merit of the circuit.
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B.

Figure 1: 3-D Schematic of high-k FinFET device.
Simulation Methodology
The technology parameters and supply voltages used for 30 nm node devices simulations are as per International
Technology Roadmap for Semiconductors (ITRS 2013). Figure 2 shows a simulated 3-D structure of 30nm n-channel
Fully Depleted Silicon on Insulator (FDSOI) FinFET device with shorted gate in Visual TCAD. The process parameters
used are: channel doping (Na) = 1017 cm-3, peak of the doping profile (Nsd) =3 x 1020 cm-3, gate length (Lg) =30nm,
Thickness of fin (Tfin) =20nm, Height of the fin (Hfin) =50nm, Fin Width (Wfin) =120nm, Metal (Tungsten) work
function

Figure 2: 3-D Schematic view of high-k 30nm FinFET device structure considered for numerical simulation using Visual
TCAD.
(Φ) =4.7eV, SOI layer thickness = 400nm. The hafnium oxide (HfO2) high-κ dielectric (k=22) gate wraps around the ntype body. The high-κ gate dielectric increases the barrier width between the gate and the channel without increasing the
gate capacitance and yielding the same threshold voltage. The value of Equivalent Gate oxide thickness (EOT) =1nm is
calculated using the following formula [5]
EOT = (KSiO2* thigh-κ ) / Khigh-κ
(1)
where KSiO2 is the dielectric constant of silicon dioxide,
thigh-κ is the thickness of high-κ dielectric,
Khigh-κ is the dielectric constant of hafnium oxide.
To achieve self-consistency the Visual TCAD device simulator solves Poisson equation along with Schrodinger
equation continuously. The band structure is modelled by including bandgap (E g), effective density of states in the
conduction band (Nc), valance band (Nv) and the intrinsic carrier concentration (ni). Quantum effects are included in the
simulation by adding Schenk’s Bandgap and Kane’s model, which exhibits band gap narrowing and band to band
tunnelling effect respectively. Gds2mesh generates the meshing for solving diffusion and transport equations through
validation of various physical models (like bandgap narrowing, Fermi–Dirac, band-to-band tunnelling, drift-diffusion,
carrier mobility and velocity saturation) to properly estimate the device performance [6]. The device structure is optimized
and designed for 30 nm gate length to get Ioff as one nanoampere as per ITRS requirements.
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C.

Analog Performance Parameters
The simulated structure has the n-channel and p-channel SOI FinFET built on a p-type and n-type substrate
respectively with a uniform doping concentration in the channel and source/drain region [7]. As the gate voltage is
increased the midgap energy level at the surface is pulled below the Fermi level, causing the surface potential positive and
to invert the surface, an n type conducting channel forms between the source and drain, which is capable of carrying the
drain current. The transfer characteristics shows [Figure 3] the drain current (Ids) as a function of gate voltage (Vgs) [varied
from 0 to 1V/-1V] for constant voltage drain voltage (Vds=0.05V/-0.05V and Vds=1/-1V) at room temperature for n-type
and p-type FinFETs. The threshold voltage was calculated by constant current method. The analog device properties can
be significantly influenced by the introduction of gate stack materials (e.g. metal gate, high-k dielectric) and modified
device architectures (e.g. fully depleted, undoped fins). The small signal parameters, noise and matching behavior are the
most important analog device figures-of-merit which determine circuit performance. In analog design the linear behavior
of SOI FinFET device with a certain bias point is modeled by linear sources, resistors and capacitances [8, 9, 10, 11]. The
transconductance (gm), the output resistance (ro) and the intrinsic voltage gain (Av) are the basic DC transistor properties
that determine the performance of analog circuits as shown in Table I. These parameters are optimized by engineering the
geometrical structure of FinFET device using Visual TCAD. Eventually the two stage operational transconductance
amplifier circuit has been designed using 30nm SOI FinFET which is discussed below.
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Figure 3: Transfer Characteristics of 30nm SOI FinFET device with HfO2 gate dielectric in linear and saturation regimes.

3.

OTA Description and Theory

In operational amplifiers (opamp) the closed loop transfer function becomes practically independent of the gain of the
opamp when negative feedback is applied since these amplifiers have sufficiently high forward gain. Many useful analog
circuits and systems have been developed by exploiting this principle. This operational amplifier is the most versatile and
important building block of analog circuit design. In this letter our goal is to use 30nm SOI FinFET and explore the
benefits of nanometer technology in analog circuit design. Figure 4 shows proposed 30nm SOI FinFET device based two
stage operational transconductance amplifier at a supply voltage of ±1V. The first stage of this opamp consist of M1-M5
and M8 transistors, the second stage consist of M6-M7 transistors and miller compensation capacitor C1 is used between
the output and input of the second stage. The differential signal is applied into the gate terminals of the transistor M1 and
M2 respectively. These transistors M1 and M2 are two n-type FinFET driver transistor used to convert the differential
voltage to differential current, these differential currents are given to the current mirrored load transistor M3 and M4. The
transistor M5 and M8 are used to provide the biasing current to the differential stage. The output of the differential stage
is a single ended output signal and it gives the difference of the input signals with a constant gain. The second stage is a
common source gain stage, the output of the first stage is applied to the gate of the M6, the transistor M7 provides the bias
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current to the second stage and the output is taken from the drain terminal of M6. Since the output resistance of the
amplifier is high it is normally referred to as “unbuffered operational amplifier”. However for a low-resistance load the
amplifier is followed by a buffer which helps in reducing the output resistance and also maintains a large signal swing
[12].
TABLE 1
ANALOG PERFORMANCE PARAMETERS FOR N AND P-TYPE 30NM SOI FINFET DEVICE.

Parameters
Drive Current (Ion @Vds=1V)
Leakage Current (Ioff@Vds=1V)
On-Off current ratio (Ion/Ioff@Vds=1V)
Transconductance (gm @Vds=1V)
Threshold Voltage (Vth @Vds=0.05V)
Subthreshold Slope (SS@Vds=1V)
Output Resistance (ro@Vgs=1V/-1V)
Voltage gain (Av @Vds=1V,Vgs=1V/-1V)
Parasitic source/drain resistance (Rsd)
Electric Field (E@Vgs=1V)
Saturation velocity (vd@ Vgs=1V)
Parasitic capacitance from gate to gate
(Cgg@1MHz,Vds=1V)
Cut-off frequency (fT@ Vds=1V)

N-FinFET
11.13 x 10-5A
1.33 x 10-11A
83.68 x 105
208.2 µS
264.19 mV
70.68 mV/decade
1.92 x 105 Ω
32.04 dB
1.141 KΩ
4.43 x 105 V/cm
37.92 x 106 cm/s
5.91 x 10-17 F

P-FinFET
6.79 x 10-5A
1.09 x 10-12A
62.29 x 106
149.55 µS
-277.35 mV
71.08 mV/decade
1.32 x 105 Ω
25.91 dB
1.524 KΩ
3.11 x 105 V/cm
21.16 x 106 cm/s
5.6 x 10-17 F

560.96 GHz

425.24 GHz

Figure 4: 30nm SOI FinFET device based unbuffered two stage operational transconductance amplifier

4.

Design of OTA

Design specifications are given in Table 2. The supply voltage of ±1V and a bias current I1 of 30uA is used. The
simulation of this opamp is done in circuit simulator. Berkeley Short-channel IGFET Common Multi-gate (BSIM-CMG)
model 30nm SOI FinFET has been used for circuit simulations. We calibrate the relevant parameters in BSIM-CMG
model from our Visual TCAD simulation using Table 1. Again the device characteristics are matched. The 30nm SOI
FinFET device is used throughout the two stage operational transconductance amplifier circuit. For proposed 30nm SOI
FinFET device we have defined the notation Si = (W/L)i, where Si is the ratio of W and L of the ith transistor and is equal
to 4 for single fin. As the number of fins increases the drain current and the transconductance increases. Hence the impact
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of the sizing ensures that the device is in saturation. The current flowing through the input differential pair must be large
enough to prevent output slewing before the slew rate limitation is reached [13-14].
(2)
I 5  SR  C1
The current mirror of the active load should be designed in such a way that even at maximum ICMR the input differential
pair transistor must remain in saturation, this constraint leads to following equation which determines the aspect ratio of
M3 and M4. Choose the aspect ratio such that the gate capacitance adding a mirror pole may cause degradation in phase
margin.
S3 

2  I3
2
K 'p VDD  Vin max   Vth,p (max) + Vth,n (min) 





(3)

I5=2I3=2I1
(4)
Hence the current in M1 and M3 transistors are equal. The input transconductance of the differential pair is given by the
following equation arising from the location of first pole of the two stage OTA.
gm1=GBxC1
(5)
The aspect ratio of M1 is found by assuming that the device is in saturation and using the saturation region equation we
get
S1 

g 2m1
2K 'n I1

(6)

Based on the assumption that the location of the output pole is 2.2 times the GB to obtain a phase margin of 60 degree the
transconductance gm6 can be determined using the following equation
gm6 ≥10gm1
(7)
The transconductance gm4 is calculated using the following equation
(8)
gm4  2 K 'p I3S3
To achieve proper mirroring of the first stage current mirror load VGS4 should be equal to VGS6. Using the formula for gm
the aspect ratio of M6 can be calculated as follows
S6  S4

g m6
gm4

(9)

Knowing gm6 and S6 the dc current I6 will be defined using the following equation
I6 

g m6
2K 'pS6

(10)

The minimum value of ICMR determines the saturation voltage of the M5 current sink, hence the goal of the design is to
ensure that the M5 is in saturation in the entire operation region from V(min) to V(max).The danger of transistor
switching to linear region arises in when input common mode voltage is minimum.
VDS5 (sat )  Vin (min)  Vss 

I5
 Vth,n (max)
1

(11)

TABLE 2
CIRCUIT DESIGN SPECIFICATIONS

Parameters
Gain (Av) dB
Unity Gain Bandwidth (MHz)
Phase Margin (degree)
ICMR (V)
Slew Rate (V/µs)
Power dissipation (uW)

Values
60
500
60
-0.2 to 0.7
500
≤ 300

TABLE 3
SIZING OF TWO STAGE OTA

Transistor
M1
M2
M3
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M4
M5
M6
M7
M8

2
1
16
4
1

The M5 aspect ratio can be calculated by using the condition that Vdsat = (Vgs -Vth) is the minimum condition of saturation
for the device.
S5 

2I 5
K 'n (VDS5 (sat ))2

(12)

The gate and source of M5 and M7 are shorted in the topology therefore aspect ratio of M7 will be the ratio of the
transistor currents multiplied by the aspect ratio of M5.
S7 

I7
S5
I5

(13)

The gain of the two stage OTA can be calculated by multiplying the gain of first stage with the gain of second stage and
results in the following equation
Av 

2g m 2g m 7
I 7 I 5 ( n   p ) 2

(14)

The theoretical power dissipation of the two stage OTA can be calculated by multiplying the sum of the first stage and
second stage current with the total voltage available in circuit.
Pdiss  (I5  I7 )(VDD  VSS )
(15)
The above equations are used for designing the circuit. As the 30nm gate length of FinFET device is constant, hence only
the width of the channel is changed. Multi-fin is introduced to increase the total channel width. The number of fins
(NFINs) of the different transistors are calculated from the above analysis and shown in Table 3.

5.

Simulation Results and Comparison
The proposed 30nm SOI FinFET device based two stage operational transconductance amplifier have been
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Figure 5: Open Loop transfer characteristic of proposed 30nm SOI FinFET device based two stage operational
transconductance amplifier.
simulated in circuit simulator using 30nm technology BSIMCMG model at 300 K temperature. The dual supply biasing
has been used to set common mode voltage to zero volts. Figure 5 shows the Open Loop transfer characteristic of
proposed 30nm SOI FinFET device based two stage operational transconductance amplifier. The input offset voltage is
the voltage necessary to make the output voltage zero if both the inputs of the opamp are grounded. The input offset
voltage is 16mV.
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Fig. 6 (a) and (b) shows the simulated open loop gain and phase margin of the designed OTA respectively. It has
used load capacitor, CL of 0.2 pF and compensation capacitor of C1 of 0.05pF and total DC bias supply of ±1V. The two
stage OTA circuit achieves a DC gain of 61.7 dB, unity gain bandwidth is 475.39 MHz and a phase margin of 62.20
degree respectively. The gain, phase margin and unity gain bandwidth are in excellent agreement with the designed
specifications of two stage OTA. High unity gain bandwidth is possible due to quite low parasitic capacitance of SOI
FinFET as compared to MOSFET. The power consumption of the opamp found out from the transient analysis is
225.8uW.
Common Mode Rejection Ratio (CMRR) is defined as the ratio of differential gain to common mode gain. It tells us about
the level of suppression of common mode noise achieved as compared to the differential gain, hence it should be as high
as possible. Figure 7 (a) and (b) shows the CMRR and its phase of proposed 30nm SOI FinFET device based two stage
operational transconductance amplifier. The CMRR for the simulated circuit is 64.2 dB which is higher than the
differential gain of the OTA which indicates that the common mode signal is attenuated not amplified and, hence can be
used in practice.
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Figure 6: (a) Gain and (b) Phase Margin of proposed 30nm SOI FinFET device based two stage operational
transconductance amplifier.
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Figure 7: (a) CMRR and (b) phase of proposed 30nm SOI FinFET device based two stage operational transconductance
amplifier.
Common-mode input range (ICMR) is defined as the maximum common mode signal range over which the
differential voltage gain of the op amp remains constant. The ICMR reflects the range of input common mode range
operation in which circuit performance is optimal. For the two stage OTA circuit to perform in linear range it is quite
imperative that transistor M5 should remain in saturation as shown in Figure 8 (a). This linear range is from -0.2 to 0.7 V.
Figure 8 (b) shows us that output follows the input in unity gain configuration.
The Power supply Rejection Ratio (PSSR) reflects ability of the amplifier to reject ripples in the power supply line of
the circuit and it is defined as change in output characteristic for a given variation in power line voltage. The higher the
PSRR value indicates the ability of the circuit to resist changes in output voltages due to power line variation. Figure 9 (a)
and (b) shows the positive PSSR of 67.32 dB and its phase and Figure 10 (a) and (b) shows the negative PSSR of 72.4 dB
and its phase for proposed 30nm SOI FinFET device based two stage transconductance amplifier circuit respectively. This
shows that the circuit can bear quite negative supply variation comparatively well as expected from topology.
Slew Rate is the ability of the output voltage of two stage OTA circuit to follow the input voltage variation. Figure 11
indicates the Slew rate of proposed 30nm SOI FinFET device based two stage operational transconductance amplifier.
The simulated value of slew rate is 252.66 V/µs.
Table 4 shows the comparative analysis of the proposed work with the reported data [15, 16]. Considering DC gain
of two stage OTA, ON current, transconductance and output resistance parameters of the device plays a very important
role. The references papers [14,15,16] considers DC gain without placing focus on drive current, transconductance and
output resistance parameters of the device. So the proposed work already indicates the high DC gain and Unity GainBandwidth compared to these two references. The homogeneous geometrical dimension and high output resistance of the
transistors in the proposed design already shows high CMRR value, eventually reducing the noise. In proposed design
power dissipation is more due to increase in drive current of the device. The significance of the proposed design already
shows considerable improvement in terms of DC gain and
40
CMRR at the cost of high power dissipation.
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Figure 8: (a) Drain current of transistor M5 vs Input Voltage showing ICMR range and (b) Unity gain configuration for
measuring ICMR of proposed 30nm SOI FinFET device based two stage operational transconductance amplifier.

VLSI Circuits and Systems Letter

Volume 3 – Issue 3

October 2017

35

100

60

Positive PSSR Phase [deg]

Positive Power Supply Rejection Ratio [dB]

PSRR+=67.32 dB

40

20

50

0

-50

-100

0
10

100

1k

10k

100k

1M

10M

100M

1G

100

1k

10k

10G

100k

1M

10M

100M

1G

10G

Frequency [Hz]

Frequency [Hz]

(a)
(b)
Figure 9: (a) Positive PSRR and its (b) Phase of proposed 30nm SOI FinFET device based two stage operational
transconductance amplifier.
TABLE 4
PERFORMANCE SUMMARY AND COMPARISON OF PROPOSED 30NM SOI FINFET DEVICE BASED TWO STAGE OTA

Parameter

Proposed 30nm
SOI FinFET
Two stage
30
±1
0.2
61.7
62.20
475.39

Design
Process (in nm)
Supply (V)
Load cap. (pF)
DC gain (dB)
Phase margin (deg)
Unity Gain-Bandwidth (MHz)
CMRR (dB)
PSSR + (dB)
PSSR - (dB)
Slew rate (V/µ sec)
Power dissipation (μW)

45nm Bulk
FinFET [14]
Two stage
45
1
1
79.65
61
695

64.2
67.32
72.4
252.66
125.8

32nm
MOSFET [15]
Two stage
32
±1V
15
46.27
44
161

273
103

32nm
CNTFET [15 ]
Two stage
32
±0.9
10
49.12
48
198

43.12
45.69
7613.4
45.91

32nm
FinFET [16 ]
Two stage
32
1
52
77
-

52.45
54.35
5841.2
13

47.9
42.5
32.4
58
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Figure 10: (a) Negative PSRR and its (b) phase of proposed 30nm SOI FinFET device based two stage operational
transconductance amplifier.
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Figure 11: (a) Input Voltage and (b) Output Voltage as a function of time for measuring Slew rate of proposed 30nm SOI
FinFET device based two stage operational transconductance amplifier.
6. Conclusion
It is imperative that the analog FoM like DC gain, Unity Gain-Bandwidth and CMRR of two stage OTA largely
depends upon the analog performance parameters of FinFET device. As the gate length is scaled in the nanometer regime,
the minor variations in analog FoM indicate a major concern to design any analog circuit. In this regard the benchmarked
30nm SOI FinFET device is used to improve FoM of analog circuit. The observed results show the significant
improvement over FoM of analog circuit. Simulated results indicate that there is an increase in DC gain by 18%, CMRR
by 34%, phase margin of 62.20 degrees and unity gain bandwidth of 475.39 MHz respectively. In future we attempt to test
similar design architecture for complex analog circuit chain.
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Abstract — The innovative field of Neuromorphic Engineering deals with the implementation of low power compact
analog VLSI circuits and systems that mimic the operational and organizational principles of biological nervous system. It
was first introduced by Carver Mead, at Caltec in mid 1980s, who suggested that subthreshold region of operation of
metal Field Effect Transistors can be utilized in implementation of these low power circuits.
The Silicon Neurons, which emulate the characteristics of the biological neurons, are the basic building blocks of any
Neuromorphic network. The Integrate and Fire Neurons are the simplest and most compact circuits of all the different
mathematical models suggested in literature for Silicon Neuron Implementation. It is thus advantageous to implement
large scale neural networks in Silicon with these circuits as an integral part. In the MOSFET based implementation of
these circuits with constant scaling of CMOS technology, the circuits become more compact making space for increased
integration density. Further, these compact circuits are benefitted by reduced power consumption which is one of the
major concerns when using these circuits in implants, prosthetics and large-scale networks.
It is evident that device non-idealities at nanoscale cause substantial difference in the MOSFETs current-voltage
characteristics thus offering challenges to sustain scaling of CMOS logic technology further. To continue with device
scaling in sub-nanometric range new device concepts are required. Carbon Nanotube Field Effect Transistor technology is
an emerging technology that offers advantage of continuing with transistor scalability while increasing its performance.
Owing to the superior electrical characteristics, lower power supply voltage and scalability the Carbon Nanotube Field
Effect Transistors are found to be suitable contenders to replace MOSFETs in implementation of more dense and low
power large scale neuromorphic systems.
In this work, we have ported the Integrate and Fire Silicon Neuron circuit, originally proposed by G. Indiveri, to Carbon
Nanotube Field Effect Transistor technology using HSPICE software and 180nm MOSFET technology, in Cadence
software. The functionality of the circuit in CNFET technology is verified and compared with the implementation at
180nm MOSFET technology in terms varying circuit parameters and the average power consumption in the circuits.

1.

Introduction

The field of Neuromorphic engineering deals with emulation and the hardware implementation of biological neurons,
synapses and their networks in silicon. These circuits can be digital, analog or mixed mode. Hardware emulation of neural
systems that use silicon neurons operate in real time. Carver Mead showed that analog neuromorphic circuits share many
common physical properties with protein channels in neurons [1]. As a consequence, the analog neuromorphic circuits
require far fewer transistors than digital approaches to emulate neural systems. These circuits thus will be very useful
when large scale neural computing is desired in real time under stringent power and space constraints as in
neuroprosthetics and implants.
In order to implement denser neuromorphic networks more sophisticated implementation technologies are required.
At this stage when CMOS process technology is reaching its physical limits probably leading to an end of Moore’s Law,
there are new technologies which are being applied to the construction of low power and denser neuromorphic systems.
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An emerging approach to large scale neuromorphic modeling employs nanotechnologies such as carbon Nanotubes
transistors, nanowires, memristors, etc. as the computational analog, either independently or in combination with CMOS
technology [2].

1.1 Neuromorphic Circuits
The neuromorphic circuit implementation using neuromorphic principles and analog VLSI result into very compact
and low power circuits. Analog circuit implementations of the biological neurons and synapses are very compact and
can also be tuned to real time processes [1]. Further, these circuits have very low power consumption as the
MOSFETs or CNFETs in these circuits work in sub threshold regime where the current levels are very low [3]. These
advantages of the analog neuromorphic circuits make them suitable for use in neural implants and prosthetics. The
pioneering work in this field has been done by Giacomo Indiveri, Institute of Neuroinformatics, Zurich.
The biological neurons are the basic signaling units of nervous system and the most difficult ones to be emulated
with comparable biological realism in silicon. The neuron cell has four parts namely: dendrites, the cell body or
soma, the axon and the presynaptic terminals. The dendrites receive the signals from various other neurons in the cell
body which is then integrated in the cell body. An action potential is generated if this signal crosses the resting
potential of the cell membrane. The generation of the action potential is an electrochemical process. The action
potential then traverses through the axon and is transmitted from the presynaptic terminals to the other neurons at the
sites called synapse.
There are several different mathematical models proposed in literature emulating the neuronal. The integrate and
fire model of the neuron is the simplest and the most compact model that emulates phenomenological behavior of
biological neuron. The Axon Hillock circuit proposed by Carver Mead [1] was the first integrate and fire model
neuron circuit. And since then there has been great advancement in this field with many proposed models
incorporating additional features of neurons.

1.2 Carbon Nanotube Field Effect Transistor (CNFET)
The Carbon Nanotube field effect Transistor is one of the promising new devices which avoids most of the
fundamental limitations of traditional MOSFETs. It provides ballistic or near ballistic transport under low voltage
bias as the carbon nanotube present in the channel region of the device have ultra-long (~1µm) mean free path for
elastic scattering. Owing to the one-dimensional carrier transport, it provides better electrostatic control over the
channel region as compared to the three-dimensional devices like bulk CMOS and two-dimensional devices such as
fully depleted Silicon-On- Insulator structures [4].

1.2.1

Device Structure

The unique electrical properties of carbon nanotubes are utilized in CNFET which makes this device a strong
contender to replace MOSFETs in the circuits in future.
The carbon nanotubes (CNTs) were discovered by Ijiima [5] in 1991. These are Graphene sheets rolled in the form
of tubes. The resulting CNT will exhibit metallic or semiconducting properties depends upon the angle at which it is
rolled. The rolling thus decides the arrangement of atoms in the tube and is referred to as Chirality vector. The
chirality vector is represented by the integer pair (m, n). The properties of CNT are decided by the indices (m, n). The
nanotube is metallic if n= m or n- m= 3i, where i is an integer, and otherwise it is semiconducting [6]. The diameter
of the CNT can be calculated with the following equation,

𝐷𝐶𝑁𝑇 =

√3 𝑎0
𝛱

√(𝑛2 + 𝑚2 + 𝑚𝑛)

(1)

Where, a0= 0.142 is the interatomic distance between each carbon atom and its neighbour.
The direction of the chiral vector is measured by chiral angle Ɵ which can be calculated as,

𝑐𝑜𝑠Ɵ =

(𝑛+𝑚)⁄2
√(𝑛2 +𝑚2 +𝑚𝑛)

(2)

The CNTs can be single walled (SWNT) or multiwalled (MWNT) depending upon the number of times the
grapheme sheet is rolled. The CNFET uses a semiconducting SWNT as the channel between source and drain in a
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conventional MOSFET structure (Figure 1). The threshold voltage of CNFET is the voltage required to switch on the
transistor and can be expressed as [7]

𝑉𝑡ℎ =

𝑎 (𝑉𝛱 )
( √3 𝑒 𝐷𝐶𝑁𝑇 )

(3)

Where, e= electronic charge, a= 2.49 A° is the lattice constant and VΠ = 3.033eV is the carbon Π to Π bond energy.
The CNFET model of HSPICE used in this work for simulations was proposed by Jie Deng in 2007 [4, 8]. The
model is based on the MOSFET like CNFETs with single walled CNTs which shows superior device performance
and fabrication feasibility. The complete CNFET model is implemented hierarchically in three levels (Figure1). The
first level model (Level 1) is circuit compatible compact model for the intrinsic channel region where as at the second
level (Level 2) it includes the capacitance and resistance of the doped S/D CNT region as well as the possible
resistances of S/D contacts. Level three (Level 3) model is a further improved model including non-idealities like the
quantum confinement effects on circumferential and axial directions, the acoustical/optical phonon scattering in the
channel region, the parasitic gate capacitance and the screening effect by parallel CNTs for CNFET with multiple
CNTs [4, 8].

Figure 1. Complete CNFET device model [4, 8]
In this work, the analog integrate and fire neuron circuit has been implemented and simulated in Cadence software in
180nm technology and then transferred to CNFET technology and simulated in HSPICE software. A comparison of the
characteristic response is carried out with varying circuit parameters both in 180nm MOSFET and CNFET technology to
verify the feasibility of implementation of these circuits in CNFET technology. The simulation results suggest that a
comparable performance can be achieved. Therefore, the use of modern process technologies is helpful in successful
realization of more compact and low power large scale neuromorphic hardware systems [9]. The paper is organized as
follows: Section 2 deals with the circuit design and theoretical model. Section 3 and Section 4 present the circuit
simulation results and analysis in CNFET and 180nm technologies respectively. A comparison of the circuit response at
the output with varying circuit parameters in CNFET technology and 180nm technology is done in Section 5. Finally,
Section 6 concludes the results obtained from simulations and comparisons.

2.

Circuit design
The schematic diagram of Integrate and fire neuron circuit implemented in this work using CNFET technology is
shown in Figure 2. The topology of the circuit is same as the one originally proposed by G. Indiveri [10] but the devices
used in the circuit are CNFETs instead of MOSFETs. It comprises of thirteen transistors and three capacitors.
The current Iinj in Figure 2 represents the constant input current to the neuron which charges the membrane
capacitance Cm to a membrane voltage Vmem linearly with time. As the membrane voltage reaches the threshold voltage
Vthr of the comparator formed by transistors XCNT1 to XCNT5 the output of comparator goes high. With this the
output of the neuron circuit Vout, through two inverters, goes high and an action potential is generated. The output
voltage Vout is fed back to the input stage via a feedback capacitor, Cfb. This activates a positive feedback through the
capacitor divider formed by the Cm and Cfb which increases Vmem by an amount proportional to
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𝛥𝑉𝑚𝑒𝑚 =

𝐶𝑓𝑏

𝑉
(𝐶𝑓𝑏 +𝐶𝑚𝑒𝑚 ) 𝑑𝑑

(4)

The positive feedback thus ensures that Vmem remains above Vthr when an action potential is generated even in case of
any voltage fluctuations at the respective node.
The output voltage Vout is also fed to the gate terminal of the discharge transistor XCNT10 which switches on when an
action potential is fired. This provides a discharge path to the membrane capacitor C m which discharges at a rate set by
voltage Vpw given as input to transistor XCNT11 connected in the discharge path. Therefore, Vpw decides the pulse width
of the output voltage. The rate of discharge increases with the increasing value of V pw thus leading to a decrease in the
output pulse width. Further, when Vmem goes below Vthr output of comparator also goes low and the output of first inverter
goes high. This switches on the n-transistor XCNT9 thus providing a discharge path to the discharge capacitor Cr which
was charged to Vdd when the action potential was fired. The rate of discharge of the capacitor C r and hence the output
voltage Vout depends upon the gate voltage Vrfr of the refractory transistor XCNT13. The voltage Vrfr thus controls the
refractory period of the output in which no other action potential can be fired. At this point the output voltage V out swings
back to zero and Vmem undergoes the same change of ΔVmem but in the opposite direction.
The duration of the pulse and the inter pulse duration can be computed mathematically. The methodology followed is
same as that used by Carver Mead [1]. The inter spike interval, i.e. tlow is inversely proportional to the input current,

Iinj. It is the time it takes for Iinj to charge Vmem by ΔVmem, i.e.
𝛥𝑉𝑚𝑒𝑚
𝑑𝑉𝑚𝑒𝑚
𝑑𝑡

𝑡𝑙𝑜𝑤 =

(5)

But, the total charge stored by the capacitor and hence the charging current Iinj flowing through it in this case is
given as,

𝑄 = 𝐶𝑉𝑚𝑒𝑚

(6)

𝑑𝑄

𝐼𝑖𝑛𝑗 =

(7)

𝑑𝑡

Or, from Equation (6) and Equation (7) we get,

𝐼𝑖𝑛𝑗 =
Substituting for

𝑑𝑉𝑚𝑒𝑚
𝑑𝑡

𝐶𝑑𝑉𝑚𝑒𝑚
𝑑𝑡

𝑎𝑛𝑑

𝑑𝑉𝑚𝑒𝑚
𝑑𝑡

=

𝐼𝑖𝑛𝑗
𝐶

(8)

from Equation (8) in Equation (5) we get the low time, tlow, as,

𝑡𝑙𝑜𝑤 =
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Figure 2. Circuit diagram of the integrate and fire neuron using CNFETs
But when Vout is low, Cfb and Cmem are in parallel in the circuit (Figure 2). Therefore, the total capacitance C =

(𝐶𝑓𝑏 + 𝐶𝑚 ). Hence,
𝑡𝑙𝑜𝑤 =

(𝐶𝑓𝑏 +𝐶𝑚 )𝛥𝑉𝑚𝑒𝑚

(10)

𝐼𝑖𝑛𝑗

Substituting for 𝛥𝑉𝑚𝑒𝑚 from Equation (4) in Equation (10), we get

𝑡𝑙𝑜𝑤 =

𝐶𝑓𝑏
𝑉
𝐼𝑖𝑛𝑗 𝑑𝑑

(11)

The pulse duration period or high time, thigh,is the time it takes to discharge Vmem by ΔVmem and is given as,

𝑡ℎ𝑖𝑔ℎ =

𝛥𝑉𝑚𝑒𝑚

(12)

𝑑𝑉𝑚𝑒𝑚
𝑑𝑡

−

The high time thigh depends on both the input and the reset currents, Iinj and Ir respectively as,
𝑑𝑉𝑚𝑒𝑚
𝑑𝑡

Substituting for

𝑑𝑉𝑚𝑒𝑚
𝑑𝑡

=

𝐼𝑖𝑛𝑗 −𝐼𝑟

(13)

(𝐶𝑓𝑏 +𝐶𝑚𝑒𝑚 )

and ΔVmem from Equation (13) and Equation (4) respectively in Equation (12) we get,

𝑡ℎ𝑖𝑔ℎ =

𝐶𝑓𝑏
𝑉
–(𝐼𝑖𝑛𝑗 −𝐼𝑟 ) 𝑑𝑑

(14)

The above equations show that the inter spike interval tlow depends upon the input injection current Iinj whereas the
pulse duration period thigh depends upon both the current Iinj as well as the discharge current Ir.

3.

Circuit Implementation and Simulation results in CNFET Technology
The silicon neuron circuit of Figure 2 is implemented using a circuit compatible CNFET model proposed by Jie Deng
[4, 8] which includes the practical device non- idealities in HSPICE software. This CNFET HSPICE model used in the
work contains many CNTs between the source and the drain of the device which are all assumed to be semiconducting
with chirality (19, 0). However, the CNFETs in the circuit were considered to be containing a single semiconducting
SWNT with chirality (19, 0) between source and drain of the device. The diameter of the CNT with chirality (19, 0) is
1.488nm (from Equation 1) and the threshold voltage of this CNFET results to be equal to 0.29V as calculated from
Equation 3.
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The parameter values in the circuit like the Vthr, Vpw and Vrfr were adjusted below the threshold voltage of CNFETs
(i.e. 0.29V) which ensured the sub threshold operation of the circuit. The circuit was implemented with a supply voltage
of 0.9V maintaining the capacitive feedback fraction

Cfb
Cmem + Cfb

of 0.1. The simulations show that when an action

potential is fired Vout increases from zero to 900mV and Vmem increases by ΔVmem= 90mV as calculated from Equation
4. And, when the action potential ends Vmem decreases approximately by the same amount i.e. 90mV in this case. The
output voltage, Vout, waveforms and corresponding changes in membrane potential Vmem are shown in Figure 3.
The circuit was simulated for different values of the pulse width control voltage, V pw (= 0.219V, 0.2196V, and
0.22V), with an input current Iinj= 5nA keeping all other circuit parameter values fixed. The corresponding output
waveforms are shown in Figure 3(a), 3(b) and 3(c). These outputs show that the high time t high and hence the pulse
width decreases with the increasing values of Vpw. This happens because the rate of discharge of the membrane
capacitance Cmem and hence the discharge current, Ir, through the discharge CNFET (XCNT11 in Figure 2) decrease
with the decreasing values of the gate voltage Vpw. Thus, it takes longer time for Vmem, for a smaller value of Vpw, to go
below Vthr and Vout remains high for all this time leading to increase in the pulse width, thigh, of the output. On the other
hand, tlow depends only upon the input current Iinj thus remains constant for different values of Vpw but the same input
current Iinj in Figure 3(a), 3(b) and 3(c). Table 1 summarizes the effect of change in the values of V pw on the output
pulse for an input injection current of 5nA.
TABLE 1
Output voltage pulse measurements for Input current Iinj= 5nA in CNFET technology with for Vb= 0.245V, Vrfr=
0.26V, Vthr= 0.26V
Output
voltage pulse
measurements
Pulse duration
period,
thigh(ms)
Inter spike
interval
tlow(ms)

(a) Vpw= 0.219V
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Value of the parameter Vpw
(V)
0.219
0.2196
0.22
0.212
0.205
0.187

0.204

0.204

(b) Vpw= 0.2196V
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Figure 3. Output voltage waveform and membrane voltage with varying Vpw values in Integrate and Fire Neuron circuit in
CNFET technology (for Iinj= 5nA, Vb= 0.245V, Vrfr= 0.26V, Vthr= 0.26V)

(a) Iinj= 1nA

(b) Iinj= 4nA

(c ) Iinj= 8nA

Figure 4. Output voltage waveform and membrane voltage with varying input current Iinj in Integrate and Fire Neuron
circuit in CNFET technology (for Vb= 0.25V, Vrfr= 0.26V, Vthr= 0.26V)
The circuit was then simulated for different values of input injection currents with fixed values of the other circuit
parameters. The output waveforms for the input currents of 1nA, 4nA and 8nA are shown in Figure 4(a), Figure 4(b)
and Figure 4(c) respectively. A comparison of the output pulses in Figure 4(a), Figure 4(b) and Figure 4(c) shows that
the frequency of the output voltage Vout is highest for the input injection current of 8nA followed by 4nA and is lowest
for 1nA. It thus indicates that the frequency of the output voltage Vout increases with the increasing value of the input
injection current also reported in Table 2. This is because the rate of charging and discharging of the membrane
capacitance Cmem increases with the increasing value of the dc input injection current that leads to decrease in the thigh
and tlow values of the output voltage. This results into a decrease in the time period of the output voltage V out and hence
an increase in the frequency of the output. Table 2 also shows the respective average power consumption of the circuits.
The simulation results thus validate the theoretical model, and the Equations 11 and 14 for t low and thigh,
demonstrating that an increase in the pulse width control voltage results into decrease in the pulse width of the output
and the increased input current Iinj leads to an increase in the frequency of the output voltage.
TABLE 2
Output voltage frequency measurements for different values of Input current Iinj in CNFET technology for Vb=
0.25V, Vrfr= 0.26V, Vthr= 0.26V
input current
Iinj (nA)

1
4
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Output voltage pulse measurements
Pulse duration
Inter spike
Frequency
Time
period,
interval tlow(ms)
Period
(KHz)
thigh(ms)
T (ms)
190
1020
1210
0.826
256

260

Volume 3 – Issue 3

516

1.94

Average
Power
Consumption
(µW)
0.0846
0.0698
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8

4.

70

133

203

4.93

0.0468

Circuit Implementation and Simulation Results in 180nm MOSFET Technology

The Silicon neuron circuit of Figure 2 was then ported to 180nm MOSFET technology and simulated using Cadence
Software tool set. All the devices in Figure 2 were replaced by MOSFETs and the aspect ratio of the transistors in the
circuit was kept at minimum. The circuit has been simulated with the value of the capacitive divider feedback fraction
of 0.1 and the power supply voltage of 1.8V. Figure 5 and Figure 6 show the outputs of the circuit simulations. Figure 5
verifies that for different values of the pulse width control voltage Vpw (260mV, 280mV, 300mV), a constant current
(Iinj= 5nA) and all other circuit parameters fixed, the pulse width of the output voltage, thigh, increases with the
decreasing value of the pulse width control voltage Vpw whereas tlow remains same. Table 3 shows the values of thigh and
tlow for these simulations which again validate the theoretical model described in section 2.
Figure 6 show variation in the frequency of the output voltage for different values of the input injection current I inj in
the circuit. The simulation results in Figure 6 show that the frequency of the output voltage increase with the increasing
value of the input current, Iinj. Table 4 shows the output frequency and average power consumption measurements for
different values of Iinj.
The results of the simulations carried out in Cadence software are similar to the reported results of the same circuit in
HSPICE software [11].

(a) Vpw= 0.26V
(b) Vpw= 0.28V
(c) Vpw= 0.30V
Figure 5. Output voltage waveform and membrane voltage with varying Vpw values in Integrate and Fire Neuron circuit in
180nm MOSFET technology (for Iinj= 5nA, Vb= 0.29V, Vrfr= 0.4V, Vthr= 0.3V)
TABLE 3
Output voltage pulse measurements for Input current Iinj= 5nA 180nm MOSFET technology (Cadence software)
with for Vb= 0.29V, Vrfr= 0.4V, Vthr= 0.3V
Output voltage pulse
measurements
Pulse duration period,
thigh(ms)
Inter spike interval
tlow(ms)
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Value of the parameter Vpw (V)
0.26
0.646

0.28
0.326

0.30
0.178

0.465

0.462

0.463
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(a)

Iinj= 1nA

(b) Iinj= 4nA

(c) Iinj= 8nA

Frequency of output spike
pulses (KHz)

Figure 6. Output voltage waveform and membrane voltage with varying input current I inj in Integrate and Fire Neuron
circuit in 180nm MOSFET technology (for Vb= 0.29V, Vrfr= 0.4V, Vthr= 0.3V)

Input Injection Current Vs Frequency of
output voltage
10
5
0
4

5

6

7

8

Input Injection current Iinj (nA)
Series1

Series2

Figure 7. Frequency of the output voltage with varying input injection currents in Integrate and fire neuron circuit
implementation in CNFET and 180nm MOSFET technology

5. Result Analysis and Comparison
The Integrate and fire neuron circuit [10] has been ported to 180nm MOSFET technology as well as CNFET
technology and simulated using Cadence tools software and HSPICE software respectively for circuit analysis and
response. The simulation results show a comparable performance which also validates the theoretical model of the
circuit. Table 1 and Table 3 show the decrease in the pulse width with increasing pulse width control voltage Vpw in
CNFET and 180nm MOSFET technologies respectively. Figure 7 shows the trend of increasing output voltage
frequency with the increase in the value of the input injection current Iinj in the circuit in both 180nm MOSFET and
CNFET technologies.
The average power consumption of the circuits implemented in CNFET technology as well as 180nm MOSFET
technology has been measured for different values of the input currents and reported in Table 2 and Table 4
respectively. The results show that the average power consumption of the CNFET technology based circuit is one order
of magnitude smaller than that in the 180nm MOSFET circuits for similar values of input injection current in these
circuits.
TABLE 4
Output voltage frequency measurements for different values of Input current Iinj in 180nm MOSFET (Cadence
software) for Vb= 0.29V, Vrfr= 0.4V, Vthr= 0.3V
input current
Iinj (nA)
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Output voltage pulse measurements
Pulse duration
Inter spike
Frequency
Time
period,
interval tlow(ms)
Period
(KHz)
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Power
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6.

1

thigh(ms)
0.162

2.05

T (ms)
2.212

0.452

(µW)
0.050

4

0.173

0.568

0.741

1.348

0.158

8

0.195

0.298

0.493

2.028

0.190

Conclusion
Neuromorphic circuits and systems emulate the functionality and organizational principles of real biological systems.
They are similar to their neurological counterparts in terms of compactness, power consumption and speed. Such
compact low power real time systems find their applications in implementation of body implants, neuroprosthetics etc.
where they need to interact with real biological circuits.
The basic building blocks of the real time compact neuromorphic systems are the Neurons and Synapses. These
circuits are implemented using principles of aVLSI and neuromorphic engineering. Carver Mead in 1980s demonstrated
that MOSFETs in subthreshold domain behave like ion channel proteins in the cell membrane and hence can be used to
mimic the action potentials in neurons. Another pioneer in the field of implementation of low power compact real time
neuromorphic circuits and systems, Giacomo Indiveri, utilized the subthreshold regime of MOSFETs to implement low
power integrate and fire silicon neuron circuits. Since then there have been many advancements in the original circuit to
include many more features of biological neuron.
The constant scaling at new generation of CMOS process technology has benefitted the neuromorphic circuits in
terms of both size and power consumption. Owing to the limitations possessed by the MOSFETs at further scaled down
nodes in CMOS technology, many novel devices are being explored to replace MOSFETs in these circuits. Carbon
nanotube field effect transistor (CNFET) is a serious contender in this regard as it is more compact, works with lower
power supply voltage and offers scalability.
To verify the suitability and advantages of CNFETs in implementation of low power neuromorphic circuits, the
existing Integrate and fire neuron circuit by G. Indiveri [9] has been transferred to CNFET technology in this work. The
dimensions of the device are adjusted as per the process technology and the variable parameters are tuned to achieve a
comparable performance of the circuit. The simulation results of the CNFET circuit are compared with the results of the
implementation of the same at 180nm MOSFET technology in Cadence Software and verified for the functionality. It is
observed that a comparable behaviour of the circuit is achieved in CNFET technology. Further, the use of low power
supply voltage in CNFET technology leads to decrease in the average power consumption of the circuit by atleast an
order of magnitude as compared to 180nm MOSFET technology. It implies that it is possible to implement more
compact large scale neuromorphic networks with very low power consumption in CNFET technology. The use of this
technology in implementation of neuromorphic circuits therefore may further be explored as it may be advantageous in
terms of increased integration densities, power efficiencies, robustness and degree of biological realism in large scale
neuromorphic systems.
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1.

Introduction

The emergence of container-based microservice has revolutionized the application design in the cloud environment.
By adopting the microservice architecture, developers can engineer applications that are composed of multiple
lightweight, self-contained and portable components deployed across heterogeneous cloud servers. This type of
architecture involves the interoperation of multiple microservices that can be deployed, updated and redeployed
independently without compromising the integrity of application's ecosystem [1-2]. Updating only one or few
microservices instead of the entire application increases application scalability and availability but at the cost of expensive
remote calls (instead of in-process calls) and increased overhead for the synchronization of components.
This approach is in contrast with the traditional monolithic architecture, where each application is a single
autonomous unit. Consider an example of standard web application using Java. For designing such application, we need
an HTTP listener and an authenticator for user access and validation, an accounting service for handling all the business
logic and an inventory service to access the underlying database system. Now, in order to run the entire application, we
will create either a WAR or an EAR package and deploy it on an application server e.g. Tomcat. Now, because we have
packaged everything as an EAR/WAR, it becomes monolithic, which means that, even though we have separate and
distinguishable components, everything is wrapped under one roof.
The problem with such monolithic architecture is that even a small modification of the application requires the
deployment of a new running version of the code base. Failure of one component leads to the breakdown of the entire
application. The adoption of microservice architecture is transforming the way to design future applications by providing
the flexibility to change and redeploy the modules without worrying about the rest of the components. Figure 1 shows
how the web application is decomposed into multiple independent microservice components.

Figure 1: Web application fragmented into independent microservice components.
Since the microservice architecture is lightweight and can easily be updated and scaled depending on the
requirements, it is ideal for engineering applications where we cannot fully anticipate functionalities in advance. A
microservice architecture is a part of the larger shift in IT department towards a DevOps culture, in which development
and operation teams work together to support an application over its lifecycle, and go through a rapid or even continuous
release cycle. Microservices communicate through a lightweight platform agnostic REST approach based on HTTP,
XMPP or JavaScript Object Notation (JSON) [3]. However, there is currently no standardized protocols or data formats
for communicating microservices. Advanced networking functionalities such as Software Defined Network (SDN) or
Network Function Virtualization (NFV) can be adopted for communication of microservices.

2.

Overview of Virtualization Technologies

Virtualization is the key component of cloud computing as it partitions the physical resources (e.g. CPU, memory,
I/O, network) into multiple virtual resources that can easily be used by any processes or applications [4]. Multiple tenants
are isolated from each other using virtualization, which maintains the performance of each virtualized machine
guaranteeing the security and privacy requirements. It supports diverse applications to run on one physical environment
that is not otherwise possible.
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There are two common method of server virtualization namely, hypervisor virtualization (HVV) and container
virtualization (CVV). HVV is the most common method of virtualization that virtualizes the hardware and facilitates the
creation and management of virtual machines (VMs) with the help of virtual machine monitor (VMM) [5]. Each VM has
its own operating system that executes completely isolated from other VMs. Examples of HVV include Xen, KVM,
Virtual Box, etc. Based on the architecture, HVV can be categorized into two broad classes namely type 1 and type 2
hypervisor. There is a basic difference between type 1 and type 2 hypervisor, as type 1 hypervisor communicate directly
with the hardware of the host machine and controls the virtual machine hardware resources itself whereas, type 2
hypervisor runs on top of the host operating system and let the operating system handles the virtual hardware resource
configuration and management. The architectural difference between type 1 and type 2 hypervisor is shown in Figure 2.

Figure 2: Type 1 Hypervisor, Type 2 Hypervisor and Container.
A lightweight alternative to HVV is the container virtualization (CVV), which creates multiple isolated user-space
working instances. Unlike VMs, container engine parses down the equipment necessary to run the software inside it,
rather than packing multiple functions into the same VM, which makes the rapid development and testing of
microservices easier. While HVV provides an abstraction for the full guest OS (one per VM), the CVV works on the OS
level, and the Linux kernel attributes, namespaces and control groups (cgroups) provides isolation and abstraction to the
containers [6]. A namespace is generated for each new container by using a clone() system call that creates a separate
instance of existing namespaces, which abstracts a container in a multi-container environment. Namespace feature
restricts the visibility of a container so that it can only see the resources allocated to it and is not able to access the
resources outside its allocation range. Cgroups are kernel mechanisms that control the resource allocation and
consumption (CPU, memory, network, etc.) by each container. Moreover, it also determines the priority of the resource
allocation in a multi-container environment.
From the user's viewpoint, each container looks and executes exactly like a stand-alone operating system. In addition
to this, one can deploy a higher density of containers as compared to hypervisor managed VM on the same physical
hardware due to its lightweight nature. Linux container virtualization (LCV) is the most well-known CVV. Popular LCV
solutions include Docker, LXC and Rocket. These containers are considered to be more appropriate for the microservices
as they match the requirement specification of microservices regarding deployment and configuration and are also easy to
start and stop. Recent studies show that multiple microservices can be easily deployed inside a container [7].

3.

Research Problem and Challenges

As microservices are defined in terms of fine-grained resource requirements, deployment of multiple microservices
inside a container leads to a new resource provisioning problem. It is more problematic when we have to make run-time
decisions for deployment of microservices. To facilitate the performance-optimized deployment of containerized
microservices, it is necessary to resolve the following research challenges.
A.

Performance characterization of collocated microservices

As noted earlier, a single container can now host multiple and heterogeneous microservices, each having their own
specific requirements. Since microservices can co-exist within the same container host, it may lead to an unexpected
interference and contention. Considering the example discussed in earlier section, the web application is decomposed into
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four microservices each having their specific requirements, HTTP listener is network intensive, authenticator and
accounting services are CPU intensive while Inventory service is storage intensive. Running two authenticator
microservices together causes interference as they have similar resource requirements that leads to performance
degradation. Hence, it is important to consider which microservices should be combined together to minimize the
workload interference and contention. Balancing resource consumption and performance requirement satisfaction is
critical to decide in the deployment of microservices.
It is intricate to isolate and characterize the performance of individual microservice due to two-level contention one
at microservice level and other at container level. As shown in Figure 3, different microservices are hosted inside a
container whereas different containers can share the physical resources isolated by Linux namespace and cgroups.

Figure 3: Mapping of microservices and cgroups in container.
Numerous studies [7-10] exist that evaluates the system performance (CPU throughput and utilization, memory
utilization, etc.) of containers especially in comparison to hypervisor-based VMs. Most of these works consider individual
micro-benchmarks running inside VM and container. Although running multiple microservices inside a container
increases the performance on the cost of interference, none of the existing literature focuses on evaluating the features of
container running multiple microservices. Furthermore, there is a lack of research work that examines the performance of
multiple containers running together, where each one hosts multiple microservices.
B.

Configuration selection for deployment of microservices in the heterogeneous cloud environment

An application typically needs to combine multiple inter-dependent microservices that provide diverse functionalities
e.g. web application uses HTTP listener, authenticator, accounting service and inventory service as discussed earlier. With
the increase in microservice complexity types and the heterogeneities of container engines (e.g. LXC, Docker, Rocket,
Google Container Engine, and Amazon Container Services, etc.), the mapping of microservices to the datacenters
becomes very complicated. Different collocating microservices have different requirements, which need to be taken care
of during the deployment process as the requirement may be interfering and can cause performance degradation.
Moreover, these microservices have both control and data flow dependencies. Selecting deployment environment for
creating a multi-microservice application stack need to consider not only the microservice and container feature but also
the datacenter features as shown in the Figure 4.
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Figure 4: Microservice resource provisioning features.
Existing configuration selection techniques that aims to find a suitable VM configuration in cloud datacenter [11-13]
is not applicable for containerized microservice application. There are many reasons as, (i) resource allocation in container
involves more dimensions than VM as shown in Table I. (ii) Containers have different resource allocation policies e.g.
CPU sets and CPU shares. (iii) In addition to hard limits, containers prevalence soft limits on resources that allow
microservices to use resources beyond their allocated limit. It is important to address all these challenges to deploy the
complex performance requirements of the microservices in heterogeneous cloud environment.
TABLE I: CONTAINER CONFIGURATION ATTRIBUTES
Features
Container Provider
Container Engine
CPU Features
Memory Limits
Memory Properties
I/O Policies
Security Policy
Environment Variables
…

C.

Example Values
AWS, Google, IBM, …
Docker, LXC, Rocket, …
CPU Sets/CPU Shares
Hard Limit/Soft Limit
Swap State, Swap Size, Priorities, …
Read/Write Properties, Priorities, …
Privileges, Capabilities, …
Entry Scripts, Tags, …
-

Elastic performance modelling for microservice-based application

To determine how microservices achieve its performance objective while dynamically handling the run-time
uncertainties of data flow behaviour in the heterogeneous cloud environment is a challenge. The uncertainties are due to
following reasons. (i) It is difficult to estimate microservice workload behaviour in terms of request arrival rate, request
type, request processing time, I/O system behaviour, and a mix of microservices apriori. The main challenge in devising
workload models for microservice specific application is to accurately devise statistical functions to various workload
distributions (e.g. request rate, CPU usage patterns, I/O system behaviours, query processing time, etc.). (ii) In the absence
of the microservice workload information, it is difficult to make any decision about the datacenter resources to be
provisioned to microservices at any given time. (iii) The datacenter features e.g. availability, system load, throughput, etc.
can vary unpredictably due to various system conditions such as failure, congestion, overloading, etc.
Existing container management environment such as Kubernetes or Amazon Container Engine provides an autoscaling feature for run-time reconfiguration of microservices based on the CPU usage. It is not enough as many other runtime factors (e.g. current workload, request rate, congestion, etc.) are effecting the behaviour of microservices. In
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literature, many methods [14-16] build on theoretical models have been proposed to predict and handle the workload in
the cloud environment. However, these methods cannot be directly applied to model the performance of microservices as
they neither considers the diverse configuration parameters of containerized microservices nor the effect of data/control
flow behaviour on run-time performance objectives. They also not considers the effect of interference caused by the
collocated microservices. To the best our knowledge, no existing work considers workload and resource performance for
predicting deployment and run-time configuration of microservices on heterogeneous cloud environment while satisfying
microservice specific performance parameters.

4.

Conclusion

Microservices are an emerging paradigm that simplifies the DevOps architecture across heterogeneous cloud
environment. However, deployment of microservices is very involuted issue due to complex microservice control and data
flow along with the heterogeneous container configuration and datacenter resources. The problem becomes more
complicated when we have to make the deployment decision at runtime, as we have to model the runtime uncertainty in
the deployment of microservices. In this article, we covered many challenges in the deployment of containerized
microservices. We hope this will give a new direction to solve the deployment issues in containerized microservices.
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Updates
Upcoming Conferences/Workshops
















Design, Automation and Test in Europe (DATE), Dresden, Germany, March 19-23, 2018; web:
https://www.date-conference.com/
The 19th International Symposium on Quality Electronic Design (ISQED), Santa Clara, CA, USA, March 13-14,
2018; web: http://www.isqed.org/
The 26th ACM/SIGDA International Symposium on Field-Programmable Gate Arrays (FPGA), Monterey, CA,
USA, February 25-27, 2018; web: http://isfpga.org/
International Solid-State Circuits Conference (ISSCC), San Francisco, CA, USA, February 11-15, 2018; web:
http://isscc.org/
The 23rd Asia and South Pacific Design Automation Conference (ASP-DAC), Jeju Island, Korea, January 2225, 2018; web: http://aspdac.kaist.ac.kr/
The 31st International Conference on VLSI Design (VLSID) & the 17th International Conference on Embedded
Systems (ES), Pune, Maharashtra, India, January 6-10, 2018; web: http://embeddedandvlsidesignconference.org/
IEEE International Symposium on Nanoelectronic and Information Systems (iNIS), Bhopal, India, December
18-20, 2017; web: http://www.ieee-inis.org/
The 29th International Conference on Microelectronics (ICM), Beirut, Lebanon, December 10-13, 2017; web:
http://aul.edu.lb/icm2017/
International Conference on Computer Aided Design (ICCAD), Irvine Marriott, Irvine, CA, USA, November 1316, 2017; web: https://iccad.com/
IEEE Asian Solid-State Circuits Conference (A-SSCC), Seoul, South Korea, November 6-8, 2017; web:
http://www.a-sscc2017.org/
The 35th IEEE International Conference on Computer Design (ICCD), Boston, MA, USA, November 5-8, 2017;
web: http://www.iccd-conf.com/Home.html/
The 12th IEEE International Conference on ASIC (ASICON), Guiyang, China, October 25-28, 2017; web:
http://www.asicon.org/index.asp/
The 25th IFIP/IEEE International Conference on Very Large Scale Integration (VLSI-SoC), Abu Dhabi, UAE,
October 23-25, 2017; web: http://vlsisoc2017.ozyegin.edu.tr/
Embedded Systems Week (ESWEEK), Seoul, South Korea, October 15-20, 2017; web: http://www.esweek.org/
The 50th Annual IEEE/ACM International Symposium on Microarchitecture (MICRO), Boston, MA, USA,
October 14-18, 2017; web: https://www.microarch.org/micro50/

Funding Opportunities


DARPA invites proposals for the three-dimensional monolithic System-on-a-Chip (3DSoC) program to develop
3D monolithic technology that will enable >50X improvement in SOC digital performance at power. Proposals
are due November 6, 2017. More information regarding HR001117S0056 is available at:
https://www.fbo.gov/spg/ODA/DARPA/CMO/HR001117S0056/listing.html



DARPA invites proposals for design thrust of the Electronics Resurgence Initiative (ERI) to address today's
System-On-Chip (SoC) design complexity and cost barriers and create the environment needed for the next wave
of US semiconductor innovation. Proposals are due November 14, 2017. More information regarding
HR001117S0054 is available at: https://www.fbo.gov/spg/ODA/DARPA/CMO/HR001117S0054/listing.html
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DARPA invites proposals for its Young Faculty Award (YFA) program to identify and engage rising stars in
junior faculty positions in academia and equivalent positions at non-profit research institutions and to expose
them to Department of Defense (DoD) and National Security challenges and needs. Proposals are due December
4,
2017.
More
information
regarding
DARPA-RA-17-01
is
available
at:
https://www.fbo.gov/spg/ODA/DARPA/CMO/DARPA-RA-17-01/listing.html



DARPA invites innovative research proposals in the area of novel computing architectures, including the
proposals of the Software Defined Hardware (SDH) program and the Domain-specific System on Chip (DSSoC)
program. SDH will build runtime-reconfigurable hardware and software that enables near ASIC performance
without sacrificing programmability for data-intensive algorithms. DSSoC seeks to develop a heterogeneous SoC
comprised of many cores that mix general-purpose processors, special-purpose processors, hardware
accelerators, memory, and input/output (I/O). Proposals are due December 4, 2017. More information regarding
HR001117S0055 is available at: https://www.fbo.gov/spg/ODA/DARPA/CMO/HR001117S0055/listing.html



National Science Foundation: Semiconductor synthetic biology for information processing and storage
technologies
(SemiSynBio)
17-557,
Full
proposal
deadline
date:
October
30,
2017.
https://www.nsf.gov/pubs/2017/nsf17557/nsf17557.htm



National Science Foundation: National robotics initiative 2.0: ubiquitous collaborative robots (NRI-2.0) 17-518.
Full proposal deadline date: January 11, 2018. https://www.nsf.gov/pubs/2017/nsf17518/nsf17518.htm



National Science Foundation: Industry-university cooperative research centers program (IUCRC) 17-516.
Preliminary proposal due date: October 18, 2017. Full proposal target date: December 20, 2017.
https://www.nsf.gov/pubs/2017/nsf17516/nsf17516.htm



National Science Foundation: Communications, circuits, and sensing-systems (CCSS) PD 16-7564. Full
proposal window: October 1-November 1, 2017. Supplement deadline date: April 2, 2018.
https://www.nsf.gov/funding/pgm_summ.jsp?pims_id=505248&org=NSF&sel_org=ENG&from=fund



National Science Foundation: Electronics, photonics and magnetic devices (EPMD) PD 16-1517. Full proposal
window:
October
1-November
1,
2017.
Supplement
deadline
date:
April
2,
2018.
https://www.nsf.gov/funding/pgm_summ.jsp?pims_id=505250&org=NSF&sel_org=ENG&from=fund



National Science Foundation: Energy, power, control, and networks (EPCN) PD 16-7607. Full proposal window:
October
1-November
1,
2017.
Supplement
deadline
date:
April
2,
2018.
https://www.nsf.gov/funding/pgm_summ.jsp?pims_id=505249&org=NSF&sel_org=ENG&from=fund



National Science Foundation: Computational and data-enabled science and engineering (CDS&E) PD 12-8084.
Full proposal window for the engineering's division of electrical, communications and cyber systems: October 131, 2017. https://www.nsf.gov/funding/pgm_summ.jsp?pims_id=504813&org=NSF&sel_org=ENG&from=fund



Cross-strait, the Mainland and Macao joint R&D program. Proposal deadline date: October 25, 2017.
http://www.most.gov.cn/mostinfo/xinxifenlei/fgzc/gfxwj/gfxwj2017/201709/t20170914_134904.htm



The cooperation project between National Natural Science Foundation of China and the Royal Society. Proposal
deadline date: October 13, 2017. http://www.nsfc.gov.cn/publish/portal0/tab442/info70072.htm



Aerospace advanced manufacturing technology joint research fund. Proposal deadline date: September 29, 2017.
http://www.nsfc.gov.cn/publish/portal0/tab452/info70107.htm



Shanghai Technology Innovation Action Plan: International joint laboratory construction project. Proposal
deadline date: September 21, 2017. http://www.stcsm.gov.cn/gk/kxjgxm/ktsbzn/350607.htm

VLSI Circuits and Systems Letter

Volume 3 – Issue 3

October 2017

56


Shanghai Technology Innovation Action Plan: " the Belt and Road" Young scientist international cooperation
project. Proposal deadline date: September 21, 2017. http://www.stcsm.gov.cn/gk/kxjgxm/ktsbzn/350606.htm

Awards
ISVLSI 2017 AWARDS
Student travel awards:
1) Yimai Peng, pyimai@umich.edu, University of Michigan, USA
2) Keunyeol Park, kj170494@naver.com, Dongguk University, Seoul, KOREA
3) Dan Christian Turicu, turicudan@yahoo.com, Cluj-Napoca, Cluj, Romania
Amar Mukkherjee Award:
Johanna Sepulveda, Mathieu Gross, Andreas Zankl and Georg Sigl, Tu-Munich, johanna.sepulveda@tum.de
TCVLSI Best paper Award:
Farhana Parveen, Zhezhi He, Shaahin Angizi and Deliang Fan, but he presented: Deliang Fan, dfan@ucf.edu
Best Poster:
Eleonora Testa, Odysseas Zografos, Mathias Soeken, Adrien Vaysset, Mauricio Manfrini, Rudy Lauwereins and
Giovanni De Micheli, EPFL Lausanne, eleonora.testa@epfl.ch
Best student poster:
Yimai Peng, pyimai@umich.edu, University of Michigan, Address: 2805 Windwood Drive, Apt 7 , Ann Arbor,
Michigan, USA, 48105
IWLS 2017 AWARDS
Student travel award ($250 each for the 2 persons):
1) Utkarsh Gupta, utkarshgpt71@gmail.com, University of Utah
2) Winston Haaswijk, winston.haaswijk@epfl.ch, Swiss Federal Institute of Technology in Lausanne (EPFL)
TCVLSI Best paper ($150 for 1 paper):
Utkarsh Gupta, utkarshgpt71@gmail.com, University of Utah

Job Openings


None

Ph.D. Fellowships Available


None

TCVLSI Member News
 None.

VLSI Circuits and Systems Letter

Volume 3 – Issue 3

October 2017

57

Call for Contributions
The VLSI Circuits and Systems Letter aims to provide timely updates on technologies, educations and opportunities
related to VLSI circuits and systems for TCVLSI members. The letter will be published twice a year and it contains the
following sections:
 Features: selective short papers within the technical scope of TCVLSI, “What is” section to introduce interesting
topics related to TCVLSI, and short review/survey papers on emerging topics in the areas of VLSI circuits and
systems.
 Opinions: Discussions and book reviews on recent VLSI/nanoelectronic/emerging circuits and systems for nano
computing, and “Expert Talks” to include the interviews of eminent experts for their concerns and predictions on
cutting-edge technologies.
 Updates: Upcoming conferences/workshops of interest to TCVLSI members, call for papers of conferences and
journals for TCVLSI members, funding opportunities and job openings in academia or industry relevant to TCVLSI
members, and TCVLSI member news.
 Outreach and Community: The “Outreach K20” section highlights integrating VLSI computing concepts with
activities for K-4, 4-8, 9-12 and/or undergraduate students. It also features student fellowship information as well a
“Puzzle” section for our readership.
We are soliciting contributions to all these four sections. Please directly contact the editors and/or associate editors by
email to submit your contributions.

Submission Deadline:
All contributions must be submitted by December 7, 2017 in order to be included in the February 2018 issue of the letter.

Editors:



Saraju Mohanty, University of North Texas, USA, saraju.mohanty@unt.edu
Xin Li, Duke University, USA, xinli.ece@duke.edu

Associate Editors:
 Executive: Yiyu Shi, University of Notre Dame, USA, yshi4@nd.edu















Features: Hideharu Amano, Keio University, Japan, hunga@am.ics.keio.ac.jp
Features: Shiyan Hu, Michigan Technological University, USA, shiyan@mtu.edu
Features: Saket Srivastava, University of Lincoln, United Kingdom, ssrivastava@lincoln.ac.uk
Features: Qi Zhu, University of California, Riverside, USA, qzhu@ece.ucr.edu
Opinions: Prasun Ghosal, Indian Institute of Engineering Science and Technology, India, p_ghosal@it.iiests.ac.in
Opinions: Michael Hübner, Ruhr-University of Bochum, Germany, Michael.Huebner@ruhr-uni-bochum.de
Opinions: Jawar Singh, Indian Institute of Information Technology, Design and Manufacturing, Jabalpur, India,
jawar@iiitdmj.ac.in
Opinions: Yasuhiro Takahashi, Gifu University, Japan, yasut@gifu-u.ac.jp
Opinions: Sergio Saponara, University of Pisa, sergio.saponara@iet.unipi.it
Updates: Helen Li, University of Pittsburg, USA, hal66@pitt.edu (featured member story)
Updates: Anirban Sengupta, Indian Institute of Technology, Indore, India, asengupt@iiti.ac.in, (awards, member
news)
Updates: Jun Tao, Fudan University, China, taojun@fudan.edu.cn (upcoming conferences and workshops, funding
opportunities)
Updates: Himanshu Thapliyal, University of Kentucky, USA, hthapliyal@uky.edu (call for papers and proposals,
job openings and Ph.D. fellowships)
Outreach and Community: Mike Borowczak, University of Wyoming, USA, mike.borowczak@uwyo.edu
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