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Efficient Spatial Variation Modeling for Nanoscale Integrated Circuits 
Jun Tao 
ASIC and System State Key Lab., Fudan University, Shanghai, China 

Abstract – This letter briefly summarizes the spatial variation modeling methods based on general-purpose basis 
functions and dictionary learning for nanoscale integrated circuit. With the continuous scaling down of CMOS technique, 
process variations has become the major roadblock for circuit designs, and accurate modeling and analyzing the spatial 
variations has been considered as the critical foundation to improve the parametric yield of today’s IC design. To reduce 
the overhead in silicon area, testing time and chip reliability of the conventional methods, Virtual probe (VP) exploits the 
sparse structure of process variation in the frequency domain after discrete cosine transform (DCT). As a result, the 
required measurement data can be minimized through compressive sensing. By further exploiting the correlations among 
different DCT coefficients in the frequency domain, we introduce Hidden Markov Tree (HMT) to model the DCT 
coefficients and further improve the modeling accuracy. Next, we develop a robust dictionary learning method to learn a 
specific dictionary from a set of historical data. Compared to the general-purpose DCT basis, this dictionary carries the 
unique information of a particular manufacturing process and, as a result, can be used to improve the accuracy of wafer-
level spatial variation modeling with extremely low measurement cost 

1. Introduction 
As integrated circuit (IC) technology scales down to nanoscale region, process variation has become the major 

roadblock for the circuit design [1]. These variations result in increasing device-level uncertainties and, consequently, 
significant performance fluctuations and substantial yield loss. To enhance the parametric yield, various techniques have 
been proposed in the literature, e.g., statistical timing analysis [2], design centering, post-silicon tuning [3], etc. The 
critical foundation to guarantee the efficiency of these techniques is the accurate modeling and analysis of process 
variations. However, spatial variation modeling is not trivial. To characterize the variations over silicon wafers and chips, 
we have to deploy multiple test structures (e.g., ring oscillators) within scribe lines and/or product chips [4]. Conventional 
modeling methods often require a large number of such test structures to monitor the spatial variations and result in large 
silicon area overhead. Furthermore, physically measuring all these test structures through a limited number of I/O pins is 
extremely time-consuming, and probe test may even physically damage the wafer/chip due to mechanical stress [5]. 

To address the significant overhead issues in silicon area, testing time and chip reliability of the conventional 
methods, a variety of statistical methods have been proposed in the literature. For instance, by taking into account that the 
variations of two neighboring dies on the same wafer are usually highly correlated, the Gaussian process (GP) method [6] 
introduces a Gaussian process model to reduce the required number of measurement samples. VP [7]-[8], another 
statistical modeling method, exploits the sparse structure of process variation in the frequency domain based on DCT and, 
then, minimize the required measurement data based on compressive sensing. To further reduce the required measurement 
cost without surrendering the accuracy, VP-HMT [9] introduces HMT to model the correlations among different DCT 
coefficients in the frequency domain. Note that the DCT basis functions used by the aforementioned methods are generic. 
In practice, a number of historical wafers are often available, and these wafers carry unique information for a particular 
manufacturing process. Based on the measurement results over these historical wafer, a set of specific basis functions 
(also known as dictionary) can be learned [10], and they are expected to model the spatial variations more accurately than 
the general-purpose DCT basis functions. This letter presents a brief summary for the spatial variation modeling methods 
based on genetic basis functions and dictionary learning. 

2. Spatial Variation Modeling based on Genetic Basis Functions 
To characterize wafer-level spatial variations, we can express a performance of interest (e.g., the frequency of a ring 

oscillator) as a 2-D function g(x, y), where x and y represent the coordinates of the spatial location on a wafer. After 
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discretization, x and y can be denoted as the integers x � {1, 2, ���, P} and y � {1, 2, ���, Q}. g(x, y) can be mapped to the 
frequency domain by a 2-D linear transform, e.g., DCT [7]-[9]: 
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where {G(u, v); u = 1, 2, ���, P; v = 1, 2, ���, Q} denotes a set of DCT coefficients and 
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The performance value g(x, y) can equivalently be expressed as a linear combination of {G(u, v); u = 1, 2, ���, P; v = 1, 2, 
���, Q} by using the inverse discrete cosine transform (IDCT): 
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                         (a)                                                                                        (b) 

Figure 1: (a) Normalized power values of ROs are shown for different spatial locations on a single wafer, and (b) the 
histogram of DCT coefficients calculated from all measurement power values on the wafer shown in (a). 

A. VP 
Figure 1 (a) shows the measured power values of ring oscillators (ROs) on a single wafer fabricated by an advanced 

technology. On this wafer, we have 112 ROs in total distributed over different spatial locations (x, y), where x � {1, 2, ���, 
13} and y � {1, 2, ���, 13}. Figure 1 (b) gives the histogram of DCT coefficients (i.e., {G(u, v); u = 1, 2, ���, P; v = 1, 2, ���, 
Q}) calculated from all power values shown in Figure 1 (a). From Figure 1 (b), we find that the values of most 
coefficients are close to zero, i.e., the power variation represents sparse structure in the frequency domain. Based on this 
observation, VP was proposed to accurately calculate the DCT coefficients {G(u, v); u = 1, 2, ���, P; v = 1, 2, ���, Q} from a 
very small number of samples and, next, recover all performance values {g(x, y); x = 1, 2, ���, P; y = 1, 2, ���, Q} based on 
(4). Suppose that the number of available samples on a wafer is MS where MS �� PQ. Based on the measurement data {bi; 
i = 1, 2, ���, MS} at the locations {(xi, yi); i = 1, 2, ���, MS}, we can formulate the following linear equation: 
5 *D D�  A η b , (5) 

where 
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Since MS << PQ and the linear equation in (5) is underdetermined, solving (5) to calculate the DCT coefficients ηD is 
not trivial. By exploiting the frequency-domain sparsity of DCT coefficients, VP assumes that most elements in ηD are 
close to zero and formulates an l1-norm regularization problem to solve (5): 
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where ||•||1 denotes the l1-norm of a vector, i.e., the summation of the absolute values of all elements in the vector. The 
optimization in (10) can be efficiently solved by using a linear programming algorithm and, finally, the performance 
values at all locations on the wafer can be recovered based on (4). 

B. VP Combined with HMT 
By re-studying the magnitude distribution of DCT coefficients, we find out that another important property for the 

process variations besides sparse structure, i.e., the strong correlations among DCT coefficients with different frequencies. 
In other words, along the similar orientation in the frequency domain, if the magnitude of low-frequency coefficients are 
very small, we can expect that the high-frequency coefficients are close to zero a large probability [9]. 

     
                         (a)                                                             (b)                                                                  (c) 

Figure 2: (a), (b) and (c) show the hierarchical decomposition in 2-D (i.e., u-dimension and v-dimension) DCT frequency 
domain and the arrows point from parent to children. The lowest frequency sub-band is at the bottom left, and the highest 
frequency sub-band is at the top right. 

To convey such correlations among different DCT coefficients, VP-HMT [9] hierarchically decomposes the 
frequency domain into sub-bands that sharing the similar frequency orientation. First, as shown in Figure 2 (a), we assume 
that a 2-D frequency domain can be vertically and horizontally divided by using “low” and “high” frequency filters. At 
this scale, “low” frequency means 0 ≤ |ω| < π/2 (where ω denotes the angular frequency), and “high” frequency means π/2 
≤ |ω| < π. As a result, we obtain totally four sub-bands labeled by LL1, HL1, LH1 and HH1, where HH1 represents the sub-
band with the highest frequency. Next, we further decompose the sub-band LL1 at a coarse scale as shown in Figure 2 (b), 
where “low” frequency at this scale means 0 ≤ |ω| < π/4, and “high” frequency means π/4 ≤ |ω| < π/2. We can repeat the 
aforementioned decomposition until the required scale is approached [12]. Let ωu denote the angular frequency at u-
dimension and ωv denote the angular the frequency at v-dimension. From Figure 2 (a)-(b), we find that HH2 and HH1 can 
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be regarded to share a similar frequency orientation since they are both selected out by “high” frequency filters. The 
corresponding frequencies of HH2 are π/4 ≤ ωu < π/2 and π/4 ≤ ωv < π/2, and that of HH1 are π/2 ≤ ωu < π and π/2 ≤ ωv < 
π. Hence, the frequencies of HH1 are around twice as much as those of HH2 in each dimension.  

Based on the aforementioned decomposition procedure, we can construct a tree by connecting the sub-bands sharing 
a similar frequency orientation at successive scales as shown in Figure 2 (c). The coefficients located in the sub-bands 
with low frequencies are referred to as parents, and that located in the sub-bands with high frequencies are referred to as 
children. From Figure 1 (b), we have observed that if the spatial variation components at the low frequency sub-band are 
sufficiently small, the DCT coefficients located in the high frequency sub-band will be close to zero with much high 
probability. Therefore, the vertexes (i.e., DCT coefficients) of several sub-trees in the constructed tree may all be close to 
zero and, as a result, this tree is referred to as the embedded zero tree (EZT) [11]. EZT has been widely adopted in image 
processing and signal processing society.  

Next, we introduce a hidden state variable for each DCT coefficient and use the Markovian dependencies among 
these state variables to explicitly represent correlations among DCT coefficients with different frequencies. Then, we can 
set up an HMT based on EZT to model the coefficients of spatial variations. 

Let {Gi; i = 0, 1, ���, PQ � 1} denote the DCT coefficients {G(u, v); u = 1, 2, ���, P; v = 1, 2, ���, Q} and Si denote the 
state of Gi. For simplicity, we assume that the value of Si can only be set to 1 or 2. 

y Si = 1 represents the “low” state where Gi follows a zero-mean Gaussian distribution with a small variance σi,L
2. 

It implies that given Si = 1, the coefficients are close to zero with much high probabilities. 
y Si = 2 represents the “high” state where Gi follows a zero-mean Gaussian distribution with a large variance σi,H

2. 
It implies that given Si = 2, the model coefficients have much high probabilities to take large magnitudes. 

The probability distribution function (PDF) of Gi can be modeled by a prior mixture Gaussian distribution: 
11 � � � �2 2
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where PS(Si = 1) denotes the probability massive function (PMF) of Si = 1, PS(Si = 2) denote the PMF of Si = 2, and PS(Si = 
1) + PS(Si = 2) = 1. σi,L and σi,H are hyper-parameters required to be fixed. 

                  
                (a)                                                                 (b) 

Figure 3: A simple example with P = Q = 4 is adopted to construct and EZT and HMT for DCT coefficients. In (a), all 
DCT coefficients are denoted by {Gi; i = 0, 1, ���, 15} and the 2-D frequency domain is decomposed similar to Figure 2 in 
order to construct EZT. G0 is the parent of {G1, G2, G3}, G1 is the parent of {G4, G5, G6, G7}, G2 is the parent of {G8, G9, 
G10, G11} and G3 is the parent of {G12, G13, G14, G15}. (b) shows the corresponding HMT. 

By replacing each vertex of the aforementioned EZT with the introduced hidden state, we can simply transform EZT 
to the corresponding HMT. Figure 3 shows an HMT for a simple example with P = Q = 4. HMT shares the identical 
topology with the original EZT. The link between two adjacent vertexes represents the correlations between the 
corresponding parent and child states/coefficients. HMT models the dependency between the parent and child state 
variables as the first order Markov process, and the states of all children only depends on the value of their parent. For 
example, in Figure 3, the state variables S4, S5, S6 and S7 are the children of S1, so their values only depend on that of S1. 
The correlations between the parents and children are characterized by state transition probabilities. According to the 
experiment results, a high state transition probability often appears when both a child and its parent are in “low” state, 
while a low probability appears when the parent is in “low” state but the child is in “high” state.  

To identify the aforementioned 2-state HMT, the unknown hyper-parameters include: 
y PS(S0), the PMF of the root S0 (where S0 can take value 1 or 2); 
y Ti,p(i) = P(Si | Sp(i)), the state transition probability of Si given Sp(i), where Sp(i) denotes the parent of Si and Si and 

Sp(i) can take value 1 or 2; 
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y σi,L
2 and σi,H

2, the variance for the DCT coefficient Gi given that Si is equal to 1 and 2. 
All hyper-parameters can be identified by adopting Expectation Maximization (EM) algorithm and, next, we can 

calculate all model coefficients {Gi; i = 0, 1, ���, PQ � 1} via Maximum-a-Posteriori (MAP) estimation. Figure 4 (a) shows 
the power values predicted from 40 measured samples for the wafer in Figure 2 (a) by using VP-HMT method, and Figure 
4 (b) shows the magnitude distribution of the calculated DCT coefficients in the spectral domain. From Figure 4 (b), we 
can easily find the sparse structure and the correlations among DCT coefficients with different frequencies. Compared to 
the existing methods (e.g., orthogonal matching pursuit, VP and re-weighted l1-norm regularization), VP-HMT can 
achieve up to 40% accuracy improvement without increasing the measurement cost. 

            
                         (a)                                                                                            (b) 

Figure 4: (a) shows the power values predicted from 40 measured samples for the wafer in Figure 2 (a) by using VP-HMT 
method, and (b) shows the magnitude distribution of the DCT coefficients in the spectral domain calculated by using VP-
HMT. 

3. Spatial Variation Modeling based on Dictionary Learning 
The aforementioned VP and VP-HMT methods adopt general-purpose DCT basis functions to model the spatial 

variations. These basis functions can be applied to different wafers without knowing their spatial variations in advance. 
However, a number of historical wafers are often available in practice. To extract the unique information from these 
historical wafers for a particular process, we adopt dictionary learning technique from the statistics community [13] in this 
section. The key idea is to learn a set of specific basis functions (also known as dictionary) based on the historical data, 
instead of relying on the general-purpose DCT basis functions. These specific basis functions are expected to model the 
spatial variations more accurately than the general-purpose DCT basis functions for a particular process. 

Suppose that we have obtained L historical wafers and the maximum number of test structures over each wafer is 
Mmax. We assume that the locations of these test structure over different wafers are the same, and the performances of 
almost all test structures over all wafers have been measured. Let Bl,m = gl (xm, ym) (where l � {1, 2, ���, L} and m � {1, 2, 
���, Mmax}) denote the measured performance value at the m-th location (xm, ym) and Bl = [Bl,1 Bl,2 ��� B,l,Mmax]T denote the 
performances of all test structure on the l-th wafer. All measurement data over all historical wafers can be represented by 
BG = [B1 B2 ��� BL]. Note that due to the unavoidable missing data and outliers during the physical measurement, some 
elements in BG are unavailable or distant from the reasonable values (i.e., have large measurement errors). Hence, most 
conventional dictionary learning methods (e.g., K-SVD) cannot be directly applied. 

Let NaN denote the missing data in BG. The positions and numbers of missing data may vary from wafer to wafer. To 
avoid the effect of missing data over variation modeling, we introduce a weight matrix Wl for the l-th wafer: 
12 � �max,1 ,2 ,l l l l Mdiag w w w ª º¬ ¼W , (12) 

where 

13 ,
,

,

1
0

l i
l m

l i

B NaN
w

B NaN
z

 ®  ¯
. (13) 

and m � {1, 2, ���, Mmax}. Let A = [a1 a2 ��� aK] � �Mmax×K denote the unknown dictionary, where K is the number of 
columns (i.e., basis vectors) in the dictionary matrix A. For the l-th historical wafer, we can formulate the following linear 
equation: 
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14 � �l l l l� �  �W A η W B . (14) 
where Kl denotes the model coefficients for the l-th wafer. To model the variations over different wafers fabricated from 
an identified manufactory process, we adopt a unique dictionary A with different model coefficients. Furthermore, to 
solve (14) and find the optimal dictionary A, we apply the l1-norm for the minimization of the modeling error, rather than 
outlier-sensitive l2-norm minimization: 
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where ||ηl||0 means the number of non-zero elements in the vector ηl, and T0 is a given threshold that controls the sparsity 
of model coefficients. 

The optimization problem in (15) can be solved by using a robust dictionary learning method [10] as shown in Figure 
4. To learn the optimal dictionary A, we start from an initialized A and, next, iteratively repeat (i) sparse coding stage and 
(ii) dictionary update stage until the convergence is reached. 

Let Aold denote the dictionary obtained from the previous iteration. In the sparse coding stage, we update each model 
coefficient ηl (where l � {1, 2, ���, L}) by using conventional sparse regression method (e.g., orthogonal matching pursuit, 
OMP) to solve the following optimization problem: 
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Next, in the dictionary update stage, we fix ηl =ηl
new and update A by using coordinate descent optimization method to 

minimize the objective function in (15). Figure 5 summarizes the major flow of the robust dictionary learning method. As 
demonstrated by some industrial examples, robust dictionary learning method can achieve up to 70% error reduction over 
the conventional methods based on DCT basis functions. More details can be found from [10]. 

 
Figure 5: The major flow of the robust dictionary learning method. 

4. Conclusions 
In this letter, we briefly summarizes the spatial variation modeling methods based on general-purpose DCT basis 

functions (e.g., VP and VP-HMT) and dictionary learning (e.g., robust dictionary learning) for nanoscale integrated 
circuit. VP takes advantages of the sparse structure of process variation in the frequency domain to reduce the required 
measurement cost, while VP-HMT further exploits the correlation among different DCT coefficients. On the contrary, 
robust dictionary learning method attempts to learn a specific dictionary from historical wafers fabricated by a particular 
manufacturing process. 
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Two Phase Drive Adiabatic Logic for Ultra Low power Computing 
 
Samik Samanta,  Rajat.Mahapatra,  Ashis Kumar.Mal 
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Abstract –In this paper we propose a noble adiabatic dynamic CMOS logic circuit known as two phase adiabatic dynamic 
logic. The proposed two phase ADCL uses two complementary sinusoidal power supply clocks known as power clock. As 
a result, the propagation delay of the 2PADCL is smaller than that of the conventional ADCL circuits and conventional 
CMOS circuits. The simulation results also show that the energy consumption of the 2PADCL circuit is lower than those 
of other conventional adiabatic logic circuits and conventional CMOS circuits. The novelty of this work is that we have 
shown the current adiabatic logic has better power and speed performance over other adiabatic logics and for that reason, 
they are applicable to low power high speed computing. Use of PADCL results non-overlapping clock signal. This can 
avoid circuit delays, clock period misalignment, and asymmetric clock width for the correct operation of the circuit. TPCS 
also avoid multi-stepping or race condition in the circuit. By  using  two  phase  clock  signal  the  circuit  will  be  clocked  
circuit  or  synchronized  circuit.  Pipeline technique enhances the two phase system. 
1. Introduction 
In conventional CMOS circuits, power dissipation primarily occurs during circuit node switching. Zimmermann et al. had 
shown the dynamic power of digital circuits depends on supply voltage, clock frequency and node switching activities. A 
sudden flow of current through channel resistive elements results in half of the supplied energy being dissipated as heat at 
each transition. Low-power based systems are designed by implementing the concept of adiabatic switching and energy 
recovery principle have been applied to  various circuits with adiabatic circuitry for ultra-low power portable applications. 
In the circuit-level adiabatic technique, charge transfer occurs without the generation of heat. During adiabatic switching, 
all the nodes are charged or discharged at a constant current to minimize power dissipation. This is achieved by using a 
ramped-step voltage or an AC power supply. This is used to to initially charge the circuit during specific adiabatic phases 
and then discharging the circuit to recover the supplied charge of the operation in the next phase.  
In many earlier research papers, use of four phase clocking schemes for adiabatic logic circuits or systems can be found.4-
phase clocking suffers from various drawbacks or hazards. These are complexity of the hardware. Pipelining or serial 
operations cannot be done in these circuits. This results lower propagation delay which means delayed response and less 
throughput. Moreover the clock driver is very difficult to design and implement in case of 4-phase clocking circuits.  
ADCL design is also very complex and cumbersome. They also have higher propagation delays and an extra hardware is 
required to store or hold the output in these circuits. 
 Many researchers have already presented 2PADCL circuits. PADCL is one type of quasi adiabatic circuit. Dickinson et 
al. and Ye et al. have presented 2PADCL circuits earlier but these systems were needed complex circuitry and complex 
power clock hardware requirements. PADCL circuits have improved delay characteristics and less hardware requirements 
over ADCL circuits. Moreover they have less power dissipation over ADCL circuits. Here in this paper we have presented 
the design and power dissipation of 2PADCL circuit and compare the simulation results with other adiabatic circuits and 
conventional CMOS circuit. From the simulation results it can be clearly shown that 2PADCL have better performance 
over other adiabatic circuits. These circuits realize the advantage of energy efficiency through the use of gate over drive 
and reduced switching power. 
 

2. Two phase adiabatic dynamic CMOS logic 
The output of conventianal ADCL circuit is properly synchronized with the power supply voltage. The frequency of the 
power clock determines the operating speed of ADCL circuits. As the size of the gates or stages of the gate increase lower 
will be the speed of the circuit. The circuit diagram of ADCL can be shown in fig1. In 2PADCL, the circuit is operated 
with complementary phases of power supply signals. The power supply signal consists of evaluation and hold mode. 
Generally adiabatic circuit has power clocks with evaluation, hold, and recovery and wait phases. In 2PADCL, we are 
using only two phases namely evaluation and hold. The 2PADCL inverter having output transition 0 to 1or 1 to 0 has only 
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shown in the simulation. The inverter is compatible with adiabatic mode under the condition of the phase difference 
between 0 radian and π/2 radian. The minimum energy consumption in a single inverter is reached when the phase 
difference between the power supply and the input data is π/2 radian so that the data is lacking the power supply. 
Generally, 2PADCL achieves ultra low energy dissipation by restricting current to flow across devices with low voltage 
drop and by recycling the energy stored in internal capacitors. 

 

 
 

Fig 1:Circuit diagram of ADCL 

 

 

Fig 2:Circuit diagram of 2PADCL 

Fig.2.shows the circuit diagram of 2PADCL.When Vp and complement of Vp are in evaluation mode there will be a 
conducting path in NMOS devices or PMOS devices and the output may change from low to high or vice versa. The 
output can also be remained unchanged. No extra circuit is required to hold the output at every phase.When Vp and 
complement of Vp are in hold phase, output will hold its value. In every clock cycle circuit nodes need not change its 
value. This mean in every clock cycle it will not charge or discharge. There the switching activity will be reduced. This 
will improve the speed of 2PADCL circuit. These circuits can maintain the output without load capacitor or extra 
capacitance. This results simplification of hardware complexity. 

The energy dissipation of inverter per cycle is  

Ed= 2 CGS (Vp – 2Vd) Vd + CGS (Vt – Vd) 2----------------(1) 

As diodes are constructed from MOSFETs, we can write 

Vt=Vd. 

Therefore, energy dissipation of inverter per cycle is 

Ed= 2 CGS (Vp – 2Vd) Vd -----------------------------------(2) 
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 CGS is gate source capacitance of next stage, Vp is peak value of power clock, Vd is  cut-in potential of the diode in use. 
Here, we have ignored the energy dissipation through ON resistance of MOSFET as this component is very negligible. 

 

3. Simulation Results 
The simulation results of 2PADCL can be shown in fig.3. Two phase clock has been taken into account for the circuit. 
Only evaluation and hold phases of the adiabatic power clock have been taken into account. This will modify and 
minimize the hardware complexity, reduce the energy dissipation and minimize the requirement of silicon area or die area. 
We have also implemented NOR gate using 2PADCL configuration and obtain the power dissipation and propagation 
delay parameters. As 2PADCL is quasi or partially adiabatic logic, all the energy cannot be recovers from the clock 
phases. 

 
Figure 3:Simulation waveforms of 2PADCL 

We have simulated CMOS, ADCL and 2PADCL inverters. The power dissipations and delays are calculated for the 
various inverters. Table1 shows the power dissipations and table 2 shows the delay variations of various inverters. 

TABLE I.   

POWER DISSIPATION OF VARIOUS INVERTERS 

Frequency 
Power Dissipation(µW) 

CMOS ADCL PADCL 

0.1MHz 13.00 1.21 0.25 

1.00MHz 15.23 2.61 1.48 

10MHZ 19.43 4.86 2.65 

100MHZ 22.53 5.01 3.11 
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TABLE II.   

                                                                                                                           PROPAGATION DELAY OF VARIOUS INVERTERS 

 

Frequency 
Power Dissipation(µS) 

CMOS ADCL PADCL 

0.1MHz 12.14 4.21 2.23 

1.00MHz 15.98 5.61 1.89 

10MHZ 16.09 7.22 2.05 

100MHZ 24.99 8.06 2.61 

 

4. Gate Implementation using ADCL & PADCL 
 

 

 
 

Figure 4:Circuit diagram of NOR gate based on ADCL 

 
 
 

Fig5 shows ADCL logic circuit. A very low energy dissipation is achieved by using one sinusoidal and triangular clock 
supply. Two rectifying diodes are used. They are used in charging path and discharging path. They control the charge 
flow. By using MOSFET as diode, gate and drain of MOSFET are shorted together. Threshold voltage of MOSFET or 
potential drop between drain and source in conducting MOSFET may cause energy dissipation. As the diode in this logic 
circuit are operated in cut in potential and thus energy is dissipated in the resistance of MOS devices. Moreover the use of 
slowly varying power clock provides small energy dissipation in the ON resistance of MOS devices. The output 
waveform of ADCL logic circuit is shown in fig 7. 
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Figure 5:Simulation diagram of NOR gate based on ADCL 

 
 

 
 
 

Figure 6:Circuit diagram of NOR gate based on 2PADCL 

 
 

 
2PADCL NOR circuit is presented in fig 4. It is operated with complementary phases of power clock signals. Supply 
waveform have two modes as discussed previously namely evaluation and .hold. The  assumption made for adiabatic 
mode in which clk and complementary clk signals are in evaluation mode, then there is conducting path(s) in either 
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PMOS devices or NMOS devices. Evaluation of output node made from low to high or from high to low or remain 
unchanged, which resembles to the conventional CMOS circuit. Thus, there is no need to restore the node voltage to 0 (or 
Vdd) every cycle. On the other side When clk and complementary clk signals are in hold mode, output node holds its value 
in spite of the fact that clk and complementary clk signals are changing their values. By observing the function of diodes 
and the fact that the inputs of a gate have a different phase with the output we can find the above mentioned operations. 
The reduction in node switching activities subsequently takes place due to not necessarily charging and discharging of 
circuit nodes with every clock cycle. This phenomenon decreases the energy dissipation and increases the speed of 
operation. 

 
 

 
 

Figure 7:Simulation diagram of NOR gate based on 2PADCL 

 
 
 

TABLE III.   

                                                                                                                         POWER DISSIPATION OF VARIOUS NOR GATES 

 

Frequency 
Power Dissipation(µW) 

ADCL PADCL 

0.1MHz 5.25 0.25 

1.00MHz 6.61 1.48 

10MHZ 7.86 2.65 

100MHZ 8.01 3.11 
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TABLE IV.   

                                                                                                                  DELAY CALCULATION OF VARIOUS NOR GATES 

 

 

 

 

Frequency 
Power Dissipation(µW) 

ADCL PADCL 

0.1MHz 5.25 0.25 

1.00MHz 6.61 0.48 

10MHZ 8.86 0.65 

100MHZ 9.01 1.11 

 
 
 

5. Conclusion 
 
From the above simulation results it is clearly found the 2PADCL logic has better performance over conventional CMOS 
and conventional ADCL logic. WE have observed the power dissipation and propagation delay parameters of various 
adiabatic logics, based on the results it is found that 2PADCL logic has approximately 86% better power performance and 
88% better speed performance over conventional CMOS inverter in 100MHz.  Moreover, results show that 2PADCL has 
approximately 40% better power performance and 75% better speed performance over conventional ADCL inverters in 
100MHZ. Therefore, in high frequencies, we can use 2PADCL for ultra low power applications and a s the hardware 
requirement is decreased for 2 phase simpler clock network, the area overhead is minimum. This logic will be very much 
beneficial in nano computing as it has less  power and area overhead. 
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Abstract—In this letter, performance and signal integrity of Lithium (Li), Arsenic Penta-Fluoride (AsF5) and Ferric Chloride (FeCl3)
intercalated Multi-Layer Graphene Nano-Ribbon (ML-GNR) interconnects are estimated and compared with copper interconnects.
These analysis have proved that Li intercalation doped ML-GNRs have outperformed copper and other doped interconnect
alternatives in terms of delay, noise and power dissipation. Li doped ML-GNR has least crosstalk delay, lower peak noise voltage with
least NDP (Noise Delay Product) and least PDP (Power Delay Product) among all other alternative interconnects. Further, we have
also performed frequency response analysis for all the interconnect configurations. All these evaluations and comparisons have proved
that Li intercalation doped ML-GNR to be the most stable and preferable future VLSI interconnect.

Index Terms—Multilayer Graphene Nano-Ribbons (ML-GNRs), Interconnects, Intercalation, Crosstalk, Delay, Noise, Stability, Nyquist,
Bode, Frequency.

✦

1 INTRODUCTION

WITH technology evolving, scaling is mandatory to
sustain VLSI industry. As a result, copper based

interconnects suffer from major demerits like scattering,
noise, delay etc. [1]–[3]. In today’s scenario, graphene due
to its high current carrying capability (5-20*108 A/m2)
and its amazing physical properties [4], [5] offers smaller
resistance than copper interconnects. Although, Graphene
Nano-Ribbons (GNRs) and Carbon Nano-Tubes (CNTs) are
two prominent candidates for VLSI industry but GNRs are
preferable due to its easier fabrication process. GNRs are of
two types- Single layer GNR and ML-GNRs. Single layer
GNR has large intrinsic resistance and hence is not applica-
ble to be the on-chip interconnect. On the contrary, interca-
lation doped ML-GNR offer multiple conduction channels
and can be a potential solution. They are categorized as
top contact ML-GNRs (TC-ML-GNRs) and side contact ML-
GNRs (SC-ML-GNRs). The overall resistance of SC-ML-

Fig. 1. Comparison of resistivity of Li doped ML-GNRs and copper
interconnects for global level interconnects by varying width.

GNRs is comparatively lesser than TC-ML-GNRs as de-
picted in Fig. 1. This is because all the layers are physically
connected to the contacts in SC-ML-GNR. Therefore, we
have chosen SC-ML-GNR for our evaluations.

Naeemi and Meindl [6] have introduced a theoretical
model for GNR interconnects. They showed that edge
roughness can increase GNR resistance by more than
an order of magnitude depending on the level of edge
roughness. Xu et.al in [7] derived the conductance model
of GNR and found out that there is remarkable improve-
ment in Mean Free Path (MFP) and fermi level due to
intercalation doping. Bhattacharya et. al. [8] have shown
that the copper-based interconnects have higher stability
due to its high gain margin and phase margin as com-
pared to the TC-ML-GNR and SC-ML-GNR interconnect
systems. Kumar et. al. in [9] have presented an effective
numerical model for the crosstalk analysis of coupled
single wall carbon nanotube bundle interconnects using
finite-difference time-domain method. Maity et. al. in [10]
have presented crosstalk delay analysis effect of bending
on delay occurring in single wall and multi wall carbon
nanotubes. Bagherie et. al [11] has extracted that stability
of ML-GNRs has a major dependency on crosstalk. Jiang
et. al. in [14] have analysed that there is a doping effect
dependency on width because of the FeCl3 diffusion in
ML-GNRs, hence proving that copper interconnects can
be replaced by doped ML-GNRs.

1.1 Principal contributions of this work
• Performance and Signal integrity has been analyzed

and compared at 8 nm technology node among dif-
ferent intercalation doped SC-ML-GNRs and copper
interconnects at global level.
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Fig. 2. Structure of an isolated ML-GNR interconnects.

• Investigation has been done on stability of various
intercalated (i.e. Li, AsF5 and FeCl3 etc.) SC-ML-
GNRs and copper interconnects.

The paper is divided in four sections. Section 1 intro-
duces the motivation behind this work. Section 2 deals
with equivalent circuit modelling of ML-GNR intercon-
nects. Section 3 focusses on results and discussions. Lastly,
section 4 summarizes the paper with future implications.

2 EQUIVALENT CIRCUIT MODELLING OF ML-GNR
INTERCONNECT

The block diagram of ML-GNR interconnect system is
shown in Fig. 2. In this figure, T i stands for the thickness of
the system, Wi stands for width, ht stands for the height of
the interconnect system lying above the ground plane. The
distance that separates two layers of ML-GNR interconnect
is called as Van der waal’s gap and is represented by δ. Each
layer in ML-GNR does not have any impact on each other as
they are stacked over each other with an intercalation layer
in between. Therefore, each individual layer in a ML-GNR
is assumed as an isolated single layer GNR. So, ML-GNR
can be represented by monolayer GNR interconnect model
[12].

Fig. 3 represents the equivalent circuit model of ML-
GNR interconnect. In this figure, Rsw and Cd represents
the switching resistance and diffusion capacitance of the
driver while Cg represents the gate capacitance of the load.
The RC parameters essential for this model are obtained
from the standard ITRS 2015 roadmap [1] for global level
of interconnects at 8 nm technology node. For copper inter-
connects, RLC parameters are evaluated using the compact
model discussed in detail in [13].

Fig. 3 comprises of two major blocks, distributed and
lumped. The lumped block consists of parameters, Rlump

and Rq . Here, Rlump is theoretically obtained by the sum-
mation of contact resistance (Rc) that is neglected in this
model and quantum resistance (Rq) is obtained as,

Rq =

!
h

2q2

"
/ (Nch ∗Nl) (1)

The total conductance per unit length for an individual layer
is obtained by,

Fig. 3. Circuit model of a ML-GNR interconnects

Fig. 4. Electrical model of a 3 parallel-conductor ML-GNR interconnects.
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h
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π
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0

#
1

lD
+

sin θ (1− P )

w

$−1

cos2 θdθ (3)

where, h is the Planck’s constant, q is the equivalent
electronic charge, vf is the fermi velocity, T is the absolute
temperature, kB is the Boltzmann constant, EF is the fermi
energy, w is the width considered, and lD is the mean
free path. Hence, the total resistance in ML-GNR can be
calculated as,

Rtotal =
1

Gtotal ∗Nl
(4)

where, Nl is the total number of GNR layers in ML-GNR
interconnects. The total number of conducting channels for
an individual layer of ML-GNR can be calculated as,

Nch =
nC&

j=1

#
1 + e

(Ej,n−EF )

kBT

$−1

+
nV&

j=1

#
1 + e

(Ej,p+EF )

kBT

$−1

(5)
where, j (̸=0) is a positive integer constant, nC and nV

being the number of conduction and valence sub-bands,
respectively. Ej,n and Ej,p are the energies of jth sub-band
for electrons and holes. rpl is the per unit length distributed
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Fig. 5. Resistivity of intercalation doped GNRs at different specularity
Index

Fig. 6. Crosstalk delay comparison in three different intercalation for
length varying from 100 µm to 1 mm.

resistance calculated in [14]. And, the number of layers in a
ML-GNR system is given as,

Nl = 1 + ⌊T i
δ
⌋ (6)

Cqu is the quantum capacitance calculated per unit
length and is given as,

Cqu = NchNl.
4q2

hνf
(7)

The total per unit length inductance (lpl) consist of
summation of per unit length of kinetic inductance (Lki)
along with self-inductance (Lsi).

The magnetic inductance, kinetic inductance per unit
length and electrostatic capacitance (Ces) of GNR are ob-
tained from [15] and [16].

3 RESULTS AND DISCUSSION

The simulation for delay calculation and frequency re-
sponse in the parallel 3-conductor interconnect system is
shown in Figure 4. The simulations have been performed
in standard desktop environment in Virtuoso, version
IC6.1.6-64B.5004. The distributed elements in Figure 4 are
modelled with the help of 200 consecutive lumped ele-
ments. The resistance, capacitance and inductance values
are calculated in MATLAB using the physical parameters
of MLGNR and Copper interconnects. Crosstalk induced
noise is calculated by an ABCD matrix based approach

Fig. 7. Crosstalk delay comparison for three different intercalation
dopants with length varying from 100 µm to 1 mm. Repeaters are
inserted in the interconnect lines to reduce delay and improve the
performance of interconnects.

Fig. 8. Peak noise voltage comparison for three different intercalation
dopants with length varying from 100 µm to 1 mm.

explained in detail in [17]. All the parameters are taken from
ITRS-2015 standards for 8 nm technology node. The length
of interconnects in this work is considered to be in a range
of 100 µm to 1 mm. Width has been taken as 120 nm (i.e 5
times the Wmin specified in ITRS) to improve delay, power
and bandwidth characteristics [18].

Nearly specular edge (with specularity index, P=0.8) is
considered for all the doped MLGNRs as they have lower re-
sistivity than copper only above (P=0.8) as evident from Fig.
5. Nearly specular edges are recommended for intercalation
doped ML-GNRs in [13]. In this work, the parameters like
mean free path, fermi energy and Van der waal gap varies
from one intercalation doping to another as mentioned in

Fig. 9. Noise delay product comparison in three different intercalation for
length varying from 100 µm to 1 mm.



4

TABLE 1
Properties of various intercalated ML-GNR interconnect materials

Properties AsF5 FeCl3 Lithium

Van der Wall gap
(nm)

0.575 [21] 0.47 [20] 0.37 [21]

Fermi energy (eV) 0.6 [21] 0.68 [11] 1.5 [21]
Mean free path (µm) 1.03 [22] 1 [11] 1.76 [17]

Fig. 10. Power delay product comparison for three different intercalation
dopants with length varying from 100 µm to 1 mm.

table 1.

3.1 Crosstalk effects
Crosstalk occurs when two or more wires, running in par-
allel to each other induces some effects on one another. The
two nets responsible for crosstalk are aggressor net which
causes crosstalk and victim net which is affected by it. As
shown in Figure 4, Net1 and Net3 denotes the aggressor
nets and Net2 denotes the victim net. Crosstalk delay occurs
due to switching of the nets either in the same direction or in
the opposite direction concurrently. The prime reason is the
coupling capacitance connected between these nets. In this
work, crosstalk delay is calculated for SC-ML-GNR when
intercalated with Li, AsF5 and FeCl3 dopants.

3.1.1 Crosstalk delay comparison of intercalated ML-GNRs
The comparison of crosstalk delay induced in different inter-
connects is shown in Figs. 6 and 7. Repeaters are inserted in
the interconnect lines as shown in Fig. 7 to reduce delay and
improve the performance of interconnects. Due to repeater
insertion method explained in detail in [19], delay has been
reduced five times as compared to Fig. 6. As evident from
the graph, it has been observed that Li intercalation doped
ML-GNR experienced least crosstalk delay as compared to
FeCl3 doped, AsF5 doped GNRs and copper interconnects.
The reason is that Li intercalated ML-GNRs has least re-
sistance in comparison to FeCl3 and AsF5 intercalation
doped interconnects. The effective resistance of Li doped
ML-GNR being less is mainly due to the larger number of
layers that is inversely related to average layer of spacing
for intercalated graphite which is least in Li as compared
to FeCl3 and AsF5 doped ML-GNRs. The Van der waal
gap is also less in Li intercalated ML-GNR. Therefore, Li

Fig. 11. Frequency response plot of copper interconnects for length
varying from 100 µm to 1 mm.

intercalation doped interconnect has shown least crosstalk
delay. Copper interconnects experienced highest delay as it
has largest effective resistance.

3.1.2 Peak noise voltage comparison of intercalated ML-
GNRs
The Peak noise voltage of intercalated ML-GNRs is com-
pared with copper interconnects and is shown in Fig. 8.
Copper interconnects have shown the maximum peak noise
voltage due to larger value of coupling capacitance. The
intercalation doped ML-GNRs (Li, AsF5 and FeCl3) all
have comparable peak noise voltages.

3.1.3 Noise Delay Product (NDP)
As far as NDP is considered in Fig. 9, Li intercalated ML-
GNR has the least value of NDP due to least delay and
correspondingly lesser peak noise voltage. Although, AsF5

and FeCl3 doped ML-GNRs are comparable to each other
due to a little variation of delay among these intercalation
dopants. The NDP for Li intercalation doped ML-GNR is
lowest making it most suitable for high speed and low noise
circuit applications.

3.1.4 Power Delay Product (PDP)
As it is observed from Fig. 10, Li intercalated ML-GNR
has least PDP . This is because of the power dissipation
that depends on the number of repeaters [19] and effective
RLC values. Li doped ML-GNR has the least number of
repeaters among different intercalation doped ML-GNRs
and copper interconnects. The capacitance and inductance
values are also comparatively smaller. Other intercalation
doped (AsF5,FeCl3) MK-GNRs and copper interconnects
have almost same number of repeaters and approximately
equivalent capacitance and inductance values. As a result,
the PDP of doped (AsF5,FeCl3) ML-GNRs behave simi-
larly to that of copper interconnects.

3.2 Frequency response analysis

The frequency response plots of copper, AsF5, FeCl3 and
Li are shown in Fig. 11, Fig. 12, Fig. 13 and Fig. 14 respec-
tively. It is observed that longer interconnects have larger
damping factor, hence, the step response of the system will
be sluggish. So, stability of the system will increase with
increase in the length of interconnects.
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Fig. 12. Frequency response plot of AsF5 doped ML-GNR interconnects
for length varying from 100 µm to 1 mm.

Fig. 13. Frequency response plot of FeCl3 doped ML-GNR intercon-
nects for length varying from 100 µm to 1 mm.

3.2.1 Frequency Response analysis of different interca-
lated ML-GNR interconnects
In this section, we have done the comparative analysis of
frequency response of different intercalation doped ML-
GNRs and copper interconnects as shown in Fig. 15. It
is evident that copper interconnects have larger damp-
ing factor and lower bandwidth than other intercalation
doped ML-GNRs. AsF5 and FeCl3 doped ML-GNRs are
comparable to each other in terms of bandwidth. But Li
intercalation doped ML-GNRs have the highest bandwidth
and least damping factor among all intercalation doped ML-
GNRs. Also Li doped ML-GNR has highest and copper
interconnect has lowest bandwidth among all other alterna-
tives. Hence, Li doped ML-GNR interconnect shows better
performance in high frequency applications when compared
to copper.

3.2.2 Comparative Stability analysis of different interca-
lated ML-GNR interconnects
The gain and phase margin of various intercalation doped
ML-GNR and copper interconnects is shown in Fig. 16.
This figure shows copper interconnects with highest gain
and phase margin. Li intercalation doped ML-GNRs have
comparable phase margin to Cu interconnects but they have
lesser gain margin. AsF5 and FeCl3 doped interconnects
are comparable to copper interconnects in terms of phase
margin but the maximum gain margin is achieved in copper
interconnects. Fig. 17 shows that the Nyquist plots of copper
interconnect and other different intercalation doped ML-
GNRs are very similar to each other. This shows that there
is not much difference in stability among these intercalation
doped ML-GNRs and Cu interconnects. Although being a

Fig. 14. Frequency response plot of Li doped ML-GNR interconnects
for length varying from 100 µm to 1 mm.

Fig. 15. Frequency response comparison of Copper with different inter-
calation doped ML-GNRs for 500 µm long interconnects.

favourable candidate, copper is not recommended due to
a lot of scattering effects and other demerits mentioned
earlier. The time response analysis of different intercalated
ML-GNRs is shown in Fig. 18. For this analysis, we apply
a step input (switching from 0 to 1 V ) in Net 2 (Figure
4) in presence of crosstalk effects from Net1 and Net3
and obtain the time response at output of Net2. This plot
shows copper interconnects have sluggish behaviour and
undershoot voltage. Therefore despite of copper having the
highest gain and phase margin among others, it can not
be preferred because of its time domain behaviour. While
the Li intercalation doped ML-GNRs have sharpest and

Fig. 16. (a) Gain Margin and (b) Phase Margin plots for various intercon-
nect configurations (Interconnect length is considered as 1 mm).
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Fig. 17. (a) Nyquist plots (b) Zoomed image of Copper with different
intercalation doped ML-GNRs for 1 mm long interconnects.

Fig. 18. Comparative time response plot of copper with different interca-
lation doped ML-GNRs for 1 mm long interconnects.

well behaved time response. So, it can be inferred that Li
intercalation doped ML-GNRs are a suitable alternative to
copper interconnects in terms of stability.
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4 CONCLUSIONS

With the help of all the simulation results, the impact of
intercalation doping on performance and signal integrity
of ML-GNR interconnects has been studied and compared
with copper interconnects. We can see that the results in-
dicate Li doped ML-GNRs as the favourable interconnect
for future VLSI applications. As evaluated and analyzed,
Li intercalated ML-GNRs have least crosstalk delay, peak
noise voltage, NDP and PDP as well as it has sufficient
gain margin and phase margin. Even the time response
analysis and Nyquist plots have further strengthened our
claim that Li intercalation doped ML-GNRs can become
the potential interconnect solution replacing copper inter-
connect and other intercalation doped ML-GNRs for future
VLSI technology generations.
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https://nsf.gov/publications/pub_summ.jsp?org=NSF&ods_key=nsf18573
https://nsf.gov/funding/pgm_summ.jsp?pims_id=505584&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=505584&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=505584&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/publications/pub_summ.jsp?org=NSF&ods_key=nsf19501
https://nsf.gov/funding/pgm_summ.jsp?pims_id=504813&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=504813&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=5383&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=5383&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=5383&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/publications/pub_summ.jsp?org=NSF&ods_key=nsf19552
https://nsf.gov/funding/pgm_summ.jsp?pims_id=504813&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=504813&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=505505&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/publications/pub_summ.jsp?org=NSF&ods_key=nsf19548


Funding Opportunities 

Title  

Program 
Guidelines  

Due Dates 

Innovation (CSSI): CCrosscutting 

Advanced Computing Systems & Services: 
Adapting to the Rapid Evolution of Science 
and Engineering Research 

19-587 Full Proposal:November 5, 2019 

CISE Community Research Infrastructure 
(CCRI) 

19-512 Letter of Intent:November 12, 2019 

Computer and Information Science and 
Engineering (CISE): Core Programs 

19-589 Full Proposal:November 14, 2019 

Computational and Data-Enabled Science 
and Engineering (CDS&E) 

 Full Proposal:November 15, 2019 

Historically Black Colleges and Universities 
Undergraduate Program (HBCU-UP) 

18-522 Full Proposal:November 19, 2019 

Collaborative Research in Computational 
Neuroscience (CRCNS) 

18-591 Full Proposal:November 25, 2019 

Historically Black Colleges and Universities 
Undergraduate Program (HBCU-UP) 

18-522 Full Proposal:November 26, 2019 

Computational and Data-Enabled Science 
and Engineering (CDS&E) 

 Full Proposal:December 5, 2019 

National Science Foundation Research 
Traineeship (NRT) ProgramNNSF-wide 

19-522 Letter of Intent:December 6, 2019 

Smart and Connected Health (SCH) 18-541 Full Proposal:December 11, 2019 

Small Business Innovation Research 
Program Phase I (SBIR) NNSF-wide 

19-554 Full Proposal:December 12, 2019 

https://nsf.gov/funding/pgm_list.jsp?ord=title_asc&org=NSF&sel_org=CISE&status=1
https://nsf.gov/funding/pgm_list.jsp?ord=nsf_num_asc&org=NSF&sel_org=CISE&status=1
https://nsf.gov/funding/pgm_list.jsp?ord=nsf_num_asc&org=NSF&sel_org=CISE&status=1
https://nsf.gov/funding/pgm_list.jsp?ord=date_desc&org=NSF&sel_org=CISE&status=1
https://nsf.gov/funding/pgm_summ.jsp?pims_id=505505&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=503148&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=503148&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=503148&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/publications/pub_summ.jsp?org=NSF&ods_key=nsf19587
https://nsf.gov/funding/pgm_summ.jsp?pims_id=12810&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=12810&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/publications/pub_summ.jsp?org=NSF&ods_key=nsf19512
https://nsf.gov/funding/pgm_summ.jsp?pims_id=505667&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=505667&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/publications/pub_summ.jsp?org=NSF&ods_key=nsf19589
https://nsf.gov/funding/pgm_summ.jsp?pims_id=504813&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=504813&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=5481&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=5481&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/publications/pub_summ.jsp?org=NSF&ods_key=nsf18522
https://nsf.gov/funding/pgm_summ.jsp?pims_id=5147&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=5147&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/publications/pub_summ.jsp?org=NSF&ods_key=nsf18591
https://nsf.gov/funding/pgm_summ.jsp?pims_id=5481&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=5481&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/publications/pub_summ.jsp?org=NSF&ods_key=nsf18522
https://nsf.gov/funding/pgm_summ.jsp?pims_id=504813&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=504813&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=505015&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=505015&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/publications/pub_summ.jsp?org=NSF&ods_key=nsf19522
https://nsf.gov/funding/pgm_summ.jsp?pims_id=504739&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/publications/pub_summ.jsp?org=NSF&ods_key=nsf18541
https://nsf.gov/funding/pgm_summ.jsp?pims_id=505233&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=505233&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/publications/pub_summ.jsp?org=NSF&ods_key=nsf19554


Funding Opportunities 

Title  

Program 
Guidelines  

Due Dates 

Small Business Technology Transfer 
Program Phase I (STTR) NNSF-wide 

19-555 Full Proposal:December 12, 2019 

Industry-University Cooperative Research 
Centers Program (IUCRC) NNSF-wi de 

17-516 Full Proposal:December 18, 2019 

Quantum Leap Challenge Institutes 
(QLCI) NNSF-wide 

19-559 Full Proposal:January 2, 2020 

Integrative Strategies for Understanding 
Neural and Cognitive Systems (NCS) CCrosscutti ng 

18-533 Letter of Intent:January 8, 2020 

Partnerships for Innovation (PFI) NNSF-wide 19-506 Full Proposal:January 8, 2020 

CISE Community Research Infrastructure 
(CCRI) 

19-512 Full Proposal:January 9, 2020 

Cyberlearning for Work at the Human-
Technology Frontier 

17-598 Full Proposal:January 13, 2020 

ADVANCE: Organizational Change for 
Gender Equity in STEM Academic 
Professions (ADVANCE) NNSF-wide 

19-552 Full Proposal:January 15, 2020 

Training-based Workforce Development for 
Advanced Cyberinfrastructure 
(CyberTraining) CCrosscutting 

19-524 Full Proposal:January 15, 2020 

Major Research Instrumentation Program: 
(MRI) NNSF-wide 

18-513 Full Proposal:January 21, 2020 

National Robotics Initiative 2.0: Ubiquitous 
Collaborative Robots (NRI-2.0) 

19-536 Full Proposal:January 22, 2020 

Science and Technology Centers: 19-567 Full Proposal:January 27, 2020 

https://nsf.gov/funding/pgm_list.jsp?ord=title_asc&org=NSF&sel_org=CISE&status=1
https://nsf.gov/funding/pgm_list.jsp?ord=nsf_num_asc&org=NSF&sel_org=CISE&status=1
https://nsf.gov/funding/pgm_list.jsp?ord=nsf_num_asc&org=NSF&sel_org=CISE&status=1
https://nsf.gov/funding/pgm_list.jsp?ord=date_desc&org=NSF&sel_org=CISE&status=1
https://nsf.gov/funding/pgm_summ.jsp?pims_id=505362&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=505362&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/publications/pub_summ.jsp?org=NSF&ods_key=nsf19555
https://nsf.gov/funding/pgm_summ.jsp?pims_id=5501&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=5501&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/publications/pub_summ.jsp?org=NSF&ods_key=nsf17516
https://nsf.gov/funding/pgm_summ.jsp?pims_id=505634&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=505634&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/publications/pub_summ.jsp?org=NSF&ods_key=nsf19559
https://nsf.gov/funding/pgm_summ.jsp?pims_id=505132&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=505132&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/publications/pub_summ.jsp?org=NSF&ods_key=nsf18533
https://nsf.gov/funding/pgm_summ.jsp?pims_id=504790&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/publications/pub_summ.jsp?org=NSF&ods_key=nsf19506
https://nsf.gov/funding/pgm_summ.jsp?pims_id=12810&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=12810&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/publications/pub_summ.jsp?org=NSF&ods_key=nsf19512
https://nsf.gov/funding/pgm_summ.jsp?pims_id=504984&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=504984&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/publications/pub_summ.jsp?org=NSF&ods_key=nsf17598
https://nsf.gov/funding/pgm_summ.jsp?pims_id=5383&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=5383&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=5383&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/publications/pub_summ.jsp?org=NSF&ods_key=nsf19552
https://nsf.gov/funding/pgm_summ.jsp?pims_id=505342&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=505342&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=505342&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/publications/pub_summ.jsp?org=NSF&ods_key=nsf19524
https://nsf.gov/funding/pgm_summ.jsp?pims_id=5260&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=5260&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/publications/pub_summ.jsp?org=NSF&ods_key=nsf18513
https://nsf.gov/funding/pgm_summ.jsp?pims_id=503641&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=503641&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/publications/pub_summ.jsp?org=NSF&ods_key=nsf19536
https://nsf.gov/funding/pgm_summ.jsp?pims_id=5541&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/publications/pub_summ.jsp?org=NSF&ods_key=nsf19567


Funding Opportunities 

Title  

Program 
Guidelines  

Due Dates 

Integrative Partnerships NNSF-wide 

Accelerating Research through 
International Network-to-Network 
Collaborations (AccelNet) NNSF-wide 

19-501 Full Proposal:January 31, 2020 

GROWING CONVERGENCE RESEARCH 
(GCR) NNSF-wide 

19-551 Full Proposal:February 3, 2020 

National Science Foundation Research 
Traineeship (NRT) ProgramNNSF-wide 

19-522 Full Proposal:February 6, 2020 

Computer Science for All (CSforAll:RPP) 18-537 Full Proposal:February 11, 2020 

Cultivating Cultures for Ethical STEM 
(CCE STEM) 

18-532 Full Proposal:February 24, 2020 

Integrative Strategies for Understanding 
Neural and Cognitive Systems (NCS) CCrosscutti ng 

18-533 Supplement:February 26, 2020                          
Full Proposal:February 26, 2020 

ADVANCE: Organizational Change for 
Gender Equity in STEM Academic 
Professions (ADVANCE) NNSF-wide 

19-552 Full Proposal:March 2, 2020 

EPSCoR Research Infrastructure 
Improvement Track 4: EPSCoR Research 
Fellows (RII Track-4) NNSF-wide 

18-526 Full Proposal:March 10, 2020 

Industry-University Cooperative Research 
Centers Program (IUCRC) NNSF-wi de 

17-516 Preliminary Proposal:April 15, 2020 

Expeditions in Computing 18-528 Preliminary Proposal:April 22, 2020                   
Full Proposal:April 23, 2020 

Industry-University Cooperative Research 17-516 Full Proposal:June 17, 2020 

https://nsf.gov/funding/pgm_list.jsp?ord=title_asc&org=NSF&sel_org=CISE&status=1
https://nsf.gov/funding/pgm_list.jsp?ord=nsf_num_asc&org=NSF&sel_org=CISE&status=1
https://nsf.gov/funding/pgm_list.jsp?ord=nsf_num_asc&org=NSF&sel_org=CISE&status=1
https://nsf.gov/funding/pgm_list.jsp?ord=date_desc&org=NSF&sel_org=CISE&status=1
https://nsf.gov/funding/pgm_summ.jsp?pims_id=5541&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=505584&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=505584&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=505584&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/publications/pub_summ.jsp?org=NSF&ods_key=nsf19501
https://nsf.gov/funding/pgm_summ.jsp?pims_id=505637&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=505637&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/publications/pub_summ.jsp?org=NSF&ods_key=nsf19551
https://nsf.gov/funding/pgm_summ.jsp?pims_id=505015&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=505015&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/publications/pub_summ.jsp?org=NSF&ods_key=nsf19522
https://nsf.gov/funding/pgm_summ.jsp?pims_id=505359&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/publications/pub_summ.jsp?org=NSF&ods_key=nsf18537
https://nsf.gov/funding/pgm_summ.jsp?pims_id=505027&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=505027&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/publications/pub_summ.jsp?org=NSF&ods_key=nsf18532
https://nsf.gov/funding/pgm_summ.jsp?pims_id=505132&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=505132&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/publications/pub_summ.jsp?org=NSF&ods_key=nsf18533
https://nsf.gov/funding/pgm_summ.jsp?pims_id=5383&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=5383&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=5383&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/publications/pub_summ.jsp?org=NSF&ods_key=nsf19552
https://nsf.gov/funding/pgm_summ.jsp?pims_id=504901&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=504901&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=504901&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/publications/pub_summ.jsp?org=NSF&ods_key=nsf18526
https://nsf.gov/funding/pgm_summ.jsp?pims_id=5501&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=5501&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/publications/pub_summ.jsp?org=NSF&ods_key=nsf17516
https://nsf.gov/funding/pgm_summ.jsp?pims_id=503169&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/publications/pub_summ.jsp?org=NSF&ods_key=nsf18528
https://nsf.gov/funding/pgm_summ.jsp?pims_id=5501&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/publications/pub_summ.jsp?org=NSF&ods_key=nsf17516


Funding Opportunities 

Title  

Program 
Guidelines  

Due Dates 

Centers Program (IUCRC) NNSF-wi de 

Cyberinfrastructure for Emerging Science 
and Engineering Research (CESER) 

 Full Proposal:Accepted Anytime 

Established Program to Stimulate 
Competitive Research: Workshop 
Opportunities (EPS-WO) (EPS-WO) NNSF-wide 

19-588 Full Proposal:Accepted Anytime 

Facilitating Research at Primarily 
Undergraduate Institutions: NNSF-wi de 

14-579 Full Proposal:Accepted Anytime 

Innovation Corps - National Innovation 
Network Teams Program (I-CorpsTM 
Teams) NNSF-wide 

18-515 Full Proposal:Accepted Anytime 

NSF/FDA SCHOLAR-IN-RESIDENCE AT 
FDA 

18-556 Full Proposal:Accepted Anytime 

Research Coordination Networks CCrosscutti ng 17-594 Full Proposal:Accepted Anytime 

Secure and Trustworthy Cyberspace 
(SaTC) 

18-572 Full Proposal:Accepted Anytime 

 

 

 

 

 

 

 

 

https://nsf.gov/funding/pgm_list.jsp?ord=title_asc&org=NSF&sel_org=CISE&status=1
https://nsf.gov/funding/pgm_list.jsp?ord=nsf_num_asc&org=NSF&sel_org=CISE&status=1
https://nsf.gov/funding/pgm_list.jsp?ord=nsf_num_asc&org=NSF&sel_org=CISE&status=1
https://nsf.gov/funding/pgm_list.jsp?ord=date_desc&org=NSF&sel_org=CISE&status=1
https://nsf.gov/funding/pgm_summ.jsp?pims_id=5501&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=505385&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=505385&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=503341&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=503341&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=503341&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/publications/pub_summ.jsp?org=NSF&ods_key=nsf19588
https://nsf.gov/funding/pgm_summ.jsp?pims_id=5518&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=5518&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/publications/pub_summ.jsp?org=NSF&ods_key=nsf14579
https://nsf.gov/funding/pgm_summ.jsp?pims_id=504672&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=504672&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=504672&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/publications/pub_summ.jsp?org=NSF&ods_key=nsf18515
https://nsf.gov/funding/pgm_summ.jsp?pims_id=505455&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=505455&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/publications/pub_summ.jsp?org=NSF&ods_key=nsf18556
https://nsf.gov/funding/pgm_summ.jsp?pims_id=11691&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/publications/pub_summ.jsp?org=NSF&ods_key=nsf17594
https://nsf.gov/funding/pgm_summ.jsp?pims_id=504709&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/funding/pgm_summ.jsp?pims_id=504709&org=NSF&sel_org=CISE&from=fund
https://nsf.gov/publications/pub_summ.jsp?org=NSF&ods_key=nsf18572


 Announcements for Academic, Postdoctoral and PhD Positions 
AcademicKeys 
 

http://www.academickeys.com/ 

HigherEdJobs 
 

https://www.higheredjobs.com/ 

IEEE Job Site 
 

http://jobs.ieee.org/ 

IEEE Computer Society | Jobs 
 

https://www.computer.org/web/jobs 

Computing Job Announcements – CRA 
 

https://cra.org/ads/ 

PolytechnicPositions www.polytechnicpositions.com/ 
 

 

 

 

 

 

 

 

 

http://www.academickeys.com/
https://www.higheredjobs.com/
http://jobs.ieee.org/
https://www.computer.org/web/jobs


 
 
 
 
 
 
 

9 IEEE International Conference on Application-specific Systems, 
Architectures and Processors (ASAP), Cornell Tech, New York, USA, 
July 15-17, 2019; web: https://asap2019.csl.cornell.edu/  
 

9 IEEE Computer Society Annual Symposium on VLSI (ISVLSI), Miami, 
Florida, USA, July 15-17, 2019; web: http://www.isvlsi.org  
 

9 European Solid-State Circuits Conference (ESSCIRC) / European 
Solid-State Device Research Conference (ESSDERC), Krakow, Poland, 
September 23-26, 2019; web: https://esscirc-essderc2019.org 
 

9 IFIP/IEEE International Conference on Very Large Scale Integration 
(VLSI-SoC), Cuzco, Peru, October 6-9, 2019; web: https://vlsi-soc.pe  
 

9 The 52nd IEEE/ACM International Symposium on Microarchitecture 
(MICRO), Columbus, Ohio, USA, October 12-16, 2019; web: 
https://www.microarch.org/micro52/  
 

9 Embedded Systems Week (ESWEEK), New York, USA, October 13-18, 
2019; web: https://www.esweek.org/ 
 

9 IEEE Asian Solid-State Circuits Conference (A-SSCC), Macao, China, 
November 4-6, 2019; web: http://www.a-sscc2019.org/  
 

9 International Conference on Computer Aided Design (ICCAD), 
Westminster, CO, USA, November 4-7, 2019; web: https://iccad.com/  
 

9 IEEE International Conference on Computer Design (ICCD), Abu 
Dhabi, United Arab Emirates, November 17-20, 2019; web: 
https://www.iccd-conf.com/Home.html  
 

9 IEEE Asia Pacific Conference on Circuits and Systems (APCCAS), 
Bangkok, Thailand, November 25-28, 2019; web: 
http://www.apccas2019.org  
 

https://asap2019.csl.cornell.edu/
http://www.isvlsi.org/
https://esscirc-essderc2019.org/
https://vlsi-soc.pe/
https://www.microarch.org/micro52/
https://www.esweek.org/
http://www.a-sscc2019.org/
https://iccad.com/
https://www.iccd-conf.com/Home.html
http://www.apccas2019.org/


 
1. IEEE Symposium on Computer Arithmetic (ARITH), June 10-12, 2019, Kyoto, 

Japan: 
 
IEEE ARITH 2019 hosted 3 keynote talks, i.e., (1) “Error bounds for computer 
arithmetics” given by Siegfried M. Rump from Hamburg University of Technology, 
Germany, (2) “Big numbers for a big universe” given by Andrew Ensor from Auckland 
University of Technology, New Zealand, and (3) “Computer arithmetic research to 
accelerate privacy-protecting encrypted computing such as homomorphic encryption” 
given by Kurt R. Rohloff from New Jersey Institute of Technology, USA and 
“Privacy-preserving deep learning via additively homomorphic encryption” given by 
Shiho Moriai from National Institute of Information and Communications Technology, 
Japan. It organized 2 special sessions (i.e., (1) Industrial arithmetic, and (2) Automatic 
datapath generators), 6 regular sessions (i.e., (1) Numerical computation and 
floating-point arithmetic, (2) Arithmetic for cryptography I, (3) Arithmetic for machine 
learning and graphics, (4) Arithmetic for cryptography II, (5) Adders and multipliers, (6) 
Error analysis and verification) and 1 short-paper session (i.e., short papers and student 
session). 
 
The General Chair of ARITH 2019 was Naofumi Takagi from Kyoto University, Japan. 
The Program Chairs were Sylvie Boldo from Inria, France and Martin Langhammer 
from Intel. 
 

2. IEEE International Symposium on Asynchronous Circuits and Systems (ASYNC), 
May 12-15 2019, Hirosaki, Japan: 
 
VLSID 2019 hosted 3 keynote talks, i.e., (1) “Machine learning at the edge” given by 
Warren J. Gross from McGill University, Canada, (2) “Asynchronous superconducting 
digital circuits” given by Nobuyuki Yoshikawa from Yokohama National University, 
Japan, and (3) “Design and Architecture for Quantum Information Systems” given by 
Kae Nemoto from National Institute of Informatics, Japan. It organized 1 special session, 
i.e., Impact of Nonvolatile, approximate and asynchronous technologies towards 
brain-inspired computing, and 10 sessions, i.e., (1) Tools for design exploration I, (2) 
Tools for design exploration II, (3) Networks and systems on chip, (4) Asynchronous 
circuits conquering the world, (5) Demos and posters, (6) General synthesis, (7) Timing 
analysis and validation, (8) verification, (9) Cycle and arbitration timing, and (10) 
Resilience to attacks and errors. 
 
The General Chairs of VLSID 2019 were Tomohiro Yoneda from National Institute of 
Informatics, Japan and Masashi Imai from Hirosaki University, Japan. The Technical 
Program Chairs were Marly Roncken from Portland State University, USA and Andrey 
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Mokhov from Newcastle University, UK. 
 

3. International Workshop on Logic & Synthesis (IWLS), June 21-23, 2019, EPFL, 
Lausanne, Switzerland: 
 
IWLS 2019 hosted 3 keynote talks, i.e., (1) “Logic synthesis challenges in EDA industry” 
given by Patrick Vuillod from Synopsys, France, (2) “How designing machine learning 
hardware can go wrong, and what to do about it” given by Bryan Bowyer, from Mentor, 
a Siemens Business, USA, and (3) “Algebra, proofs and multipliers” given by Armin 
Biere from Johannes Kepler University, Austria. It organized 7 sessions, i.e., (1) New 
Bounds and minimum circuits for logic optimization, (2) Specialized optimization: QBF 
and IIG Functions, (3) Synthesis for quantum and approximate computing, (4) Advances 
in majority and threshold logic synthesis, (5) Circuit and design considerations in 
synthesis, (6) More multipliers, and (7) Dataflow optimization and CNN based synthesis. 
It also organized 2 poster sessions and a programming contest for legal AIGs.  
 
The General Chair of IWLS 2019 was Mathias Soeken  from EPFL, Switzerland. The 
Program Committee Chair & Contest Chair was Luca Amaru from Synopsys, USA. 
 

4. ACM/IEEE System Level Interconnect Prediction (SLIP), June 2, 2019, Las Vegas 
Convention Center, Las Vegas, NV, USA: 
 
SLIP 2019 hosted 1 keynote talk (i.e., “Challenges for the next decade of SLIP” given by 
Andrew B. Kahng from CSE and ECE Departments, UC San Diego) and 1 invited talk 
(i.e., “Brain-inspired circuits and systems for ubiquitous intelligence” given by Arijit 
Raychowdhury from Georgia Institute of Technology, USA). It organized 2 technical 
Sessions (i.e., (1) Secure networks and circuits and (2) System design: on-chip and 
beyond) and 2 panels (i.e., (1) The future for interconnect planning and prediction and (2) 
Computer aided design for superconducting electronics). 
 
The General Chair of IWLS 2019 was Selcuk Kose from University of Rochester, USA. 
The Technical Program Chair was Inna Partin-Vaisband from University of Illinois at 
Chicago, USA. 
 

5. International Conference on Application of Concurrency to System Design (ACSD), 
June 27, 2019, Aachen, Germany: 
 
ACSD 2019 hosted 1 keynote talk (i.e., “Lock-free data sharing in concurrent software 
systems” given by Philippas Tsigas from University of Oxford) and 4 sessions (i.e., (1) 
Arbitration, (2) Synthesis and verification, (3) Dataflow and parallel computing, and (4) 
Dataflow and parallel computing). 
 
The General Chair of ACSD 2019 was Wil van der Aalst from RWTH Aachen 
University, Germany. The Technical Program Chairs were Jörg Keller from 
FernUniversität in Hagen, Germany and Wojciech Penczek from University of Natural 
Sciences and Humanities, Poland. 
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 IEEE Computer Society Technical Committee on VLSI
(A Quarterly Publication of IEEE-CS TC on VLSI, TCVLSI) 

Editor-in-Chief (EiC): 
Anirban Sengupta, Indian Institute of Technology 
Indore, India, asengupt@iiti.ac.in 
x  
Deputy Editor-in-Chief (EiC): 
Yiyu Shi, University of Notre Dame, USA 
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Submission details:  

Please visit the website and use standard 
VCAL template to prepare the manuscript 

 

The IEEE VLSI Circuits and Systems Letter (VCAL) 
is a quarterly publication which aims to provide 
timely updates on technologies, educations and 
opportunities related to VLSI circuits and systems. 
The letter is published four times a year and it 
contains the following sections: 

Features: selective research papers within the 
technical scope of TCVLSI. Goal is to report novel 
interesting topics related to TCVLSI, as well as 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.  

Have questions on submissions; contact EiC: Dr. 
Anirban Sengupta (asengupt@iiti.ac.in) 

Join TCVLSI for FREE to be a part 
of a global community, visit: 

http://www.ieee-tcvlsi.org 
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Journals
Call for Papers
IET Computers & 
Digital Techniques 

IET Computers & Digital Techniques publishes technical papers describing recent research and development 
work in all aspects of digital system-on-chip design and test of electronic and embedded systems, including the 
development of design automation tools (methodologies, algorithms and architectures). Papers based on the 
problems associated with the scaling down of CMOS technology are particularly welcome.

Find out more or submit your paper at:

www.ietdl.org/IET-CDT

Frequency: 6 issues
Impact Factor: 0.857

About the Editor-in-Chief 

Andy Tyrrell, is a Professor in the Department of 
Electronics at the University of York. He is Head 
of the Intelligent Systems Research Group, and 
his main research interests are in the design 
of biologically-inspired architectures, computer 
engineering, microelectronics, artificial immune 
systems, evolvable hardware, FPGA system 

design, and fault tolerant design. He has published over 300 
papers in these areas and is the co-founder of ngenics, which 
provides variation-aware cell library design, refinement & 
customisation services and solutions to foundries, IDMs and 
fabless designers.

Deputy Editor-in-Chief

Prof. Anirban Sengupta is an Associate Professor 
in Computer Science and Engineering at Indian 
Institute of Technology (I.I.T) Indore, where he 
directs the research lab on ‘CAD for Consumer 
Electronics Hardware Device Security & Reliability’. 
He holds a Ph.D. & M.A.Sc degree in Electrical 
& Computer Engineering and is a registered 

Professional Engineer of Ontario (P.Eng.). 

He is an elected Fellow of IET, Fellow of British Computer Society 
(FBCS), UK and IEEE Senior Member. He is a Distinguished Visitor 
of IEEE Computer Society and IEEE Distinguished Lecturer of 
IEEE Consumer Electronics Society. He is the Deputy EiC of IET 
Computers and Digital Techniques and has over 205 peer-reviewed 
publications, 3 books and several patents. He is also the Chair of 
IEEE Computer Society Technical Committee on VLSI and EiC of 
IEEE VLSI Circuits and Systems Letter of IEEE CS-TCVLSI. More 
details available at: http://www.anirban-sengupta.com/

Editor-in-Chief: Andy Tyrrell, University of York, UK
Deputy Editor-in-Chief: Anirban Sengupta, 
Indian Institute of Technology, Indore

n   Design methods and tools

n   Simulation, test and validation

n   Processor and system architectures

n   Configurable computing

n   Design for variability, power and aging

n   Case studies

Special Issues

Recently published: Defect and Fault Tolerance in VLSI and
Nanotechnology Systems

The Special Issue is aimed at continuing the discussion about the 
research activities and related findings carried out the 30th IEEE 
Defect and Fault Tolerance in VLSI and Nanotechnology Systems 
Symposium (DFT 2017) held in Cambridge, UK, October 23–25th 
2017. Therefore, this Special Issue focuses on fundamental issues 
related with all aspects of design, manufacturing, test, reliability, 
and availability that are affected by defects during manufacturing 
and by faults during system operation.

The key subject areas of interest are:
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Editorial Board

World-leading figures in computer and digital systems design and 
test sit on the Editorial Board, and their expertise will ensure that 
the journal publishes only the very best and most insightful 
research. For a full list of Editorial Board members, please visit: 
www.ietdl.org/IET-CDT.

https://digital-library.theiet.org/content/journals/iet-cdt/13/3
https://digital-library.theiet.org/content/journals/iet-cdt/13/3
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Worldwide readership and database coverage including; IET Inspec, 
SCI-E, Scopus, Google Scholar and Ei Compendex, allowing your research 
to be easily accessed.

Online submission and tracking for up-to-date progress of your paper.

Prompt and rigorous peer review provides authors with a quick decision 
about publication.

Open access options are available in all IET journals allowing authors to 
disseminate their research to a wider international audience, freely 
available online.

Easy, online access to IET Journals via the IET Digital Library and 
IEEE Xplore allows for easy sharing of your research.

eFirst publishing in advance of the printed publication ensures your 
research is available at the earliest opportunity.

Discounted pre-submission editing services, particularly useful if English 
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Promote your work, for FREE with Author URL upon publication which 
allow you to share free access to your paper for 6 months.

Why publish in IET Computers & Digital Techniques?

Recommend IET Computers & Digital Techniques to your librarian 
If you do not currently have access to this journal via your library or institution, you can send a recommendation to 
your librarian to subscribe by completing a short form at www.theiet.org/recommend.

Find out more or submit your paper at: www.ietdl.org/IET-CDT

Special Issues
This journal has an active programme of Special Issues publishing throughout the year and on a range of topics. 
For further information on calls for papers and published Special Issues, view www.ietdl.org/IET-CDT

Free to view Award Winning Papers
Each year the IET awards a prize to the authors of the best paper published within the last two years in each of the
IET’s journals. Award winning papers are free to access on the IET Digital Library.
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Highlighted Papers
Automatic management of software programmable memories in many-core architectures Aviral Shrivastava; Nikil Dutt; 
Jian Cai; Majid Shoushtari; Bryan Donyanavard and Hossein Tajik – DOI: 10.1049/iet-cdt.2016.0024

Brain-inspired computing
Steve B. Furber – DOI: 10.1049/iet-cdt.2015.0171

Inexact-aware architecture design for ultra-low power bio-signal analysis Soumya Basu; Pablo Garcia Del Valle; 
Georgios Karakonstantis; Giovanni Ansaloni; Laura Pozzi and David Atienza – DOI: 10.1049/iet-cdt.2015.0194

Predicting future complementary metal–oxide–semiconductor technology – challenges and approaches Robert Aitken; 
Vikas Chandra; Brian Cline; Shidhartha Das; David Pietromonaco; Lucian Shifren; Saurabh Sinha and Greg Yeric 
– DOI: 10.1049/iet-cdt.2015.0210



IEEE Transactions on Computer-Aided Design of Integrated Circuits and Systems 

Special Issue on 

Hardware Oriented Security and Trust: Threats, Countermeasures and Design Tools 

 

Call for Papers 

IEEE Transactions on Computer-Aided Design of Integrated Circuits and Systems 

(TCAD) is announcing a special issue on “Hardware Oriented Security and Trust: Threats, 

Countermeasures and Design Tools”, which invites top papers accepted to the 2019 Asian 

Hardware Oriented Security and Trust Symposium (AsianHOST 2019, 

http://asianhost.org/2019/) for extension and also calls for original research papers through 

public contributions. 

The purpose of this special issue is to provide the targeted readers with the new advances and 

challenges in hardware security research and development. Topics of interest include 

discoveries of emerging security threats that are encountered by the hardware design and 

supply chain, demonstration of the most recent hardware security attacks and mitigations, as 

well as new security protection techniques and design methodologies that help to thwart these 

threats. Relevant topics include, but are not limited to, the following: 

• Architectural and micro-architectural attacks and defenses 

• Secure system-on-chip (SoC) architectures 

• Side-channel attacks and countermeasures 

• Hardware Trojan attacks and detection techniques 

• IP core protection for consumer electronics systems and IoT 

• Security and trust of machine learning and artificial intelligence 

• Automobile, self-drive and autonomous vehicle security 

• 5G, physical layer and wireless security 

• Hardware-assisted cross-layer security 

• Cyber-physical system (CPS) security 

• Metrics, policies, and standards related to hardware security 

• Security verification at IP, IC, and system levels 

• Hardware IP trust (watermarking, fingerprinting, metering, trust verification) 

• Reverse engineering and hardware obfuscation 

• Supply chain risks mitigation including counterfeit detection & avoidance 

• Trusted manufacturing including split manufacturing, 2.5D, and 3D ICs 

• Emerging nanoscale technologies in hardware security applications 

• Emerging nanoscale technologies in hardware security applications 

http://asianhost.org/2019/


• Hardware-intrinsic security primitives (Physical unclonable functions, true random number 

generator, etc.) 

• Trusted platform modules and hardware virtualization 

 

Paper Submission 

All submissions must be made through the IEEE TCAD online paper submission system at 

https://mc.manuscriptcentral.com/tcad. Detailed submission instructions can be found at 

https://ieee-ceda.org/publication/tcad-publication/tcad-paper-submission 

Submission Deadline: March 1st, 2020 

 

Important Dates of AsianHOST 2019: 

Paper Registration: 06/28/2019 

Submission of Paper: 07/05/2019 

Notification of Acceptance: 09/15/2019 

Camera-ready Version: 10/15/2019 

 

Guest Editors 

Chip Hong Chang, School of Electrical & Electronic Engineering, Nanyang Technological 

University, Singapore (Email: ECHChang@ntu.edu.sg) 

Swarup Bhunia, Department of Electrical & Computer Engineering, University of Florida, 

USA (Email: swarup@ece.ufl.edu) 

Ryan Kastner, Department of Computer Science and Engineering, University of California 

San Diego, USA (Email: kastner@ucsd.edu) 

Hai Li, Electrical and Computer Engineering, Duke University, USA (Email: 

hai.li@duke.edu) 

Anirban Sengupta, Computer Science & Engineering, Indian Institute of Technology 

Indore, India (Email: asengupt@iiti.ac.in) 

Wei Hu, School of Automation, Northwestern Polytechnical University, China (Email: 

weihu@nwpu.edu.cn) 

 

Editor in Chief 

Rajesh Gupta, Department of Computer Science and Engineering, University of California 

San Diego, USA (Email: gupta@eng.ucsd.edu) 

Deputy Editor in Chief 

Xin Li, Electrical and Computer Engineering, Duke University, USA (Email: 

hai.li@duke.edu) (Email: xinli.ece@duke.edu) 
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Why Join

Today's consumer electronics industry goes beyond legacy audio and video to now draw upon every field of 
electronics, communications, and information technology.  We not only lead the state of the art in performance 
features and functions but our industry creates affordable products with the most advanced easy to use human 
factors.  CESoc and the technologies we showcase in our publications, conferences, and local chapter meetings is the 
place to be to stay up to date on today's key technologies and tomarrow's emerging technologies.
  
Who is CESoc?

The field of interest of the Consumer Electronics Society is engineering and research aspects of the theory, design, 
construction, manufacture or end use of mass market electronics, systems, software and services for consumers. The 
society sponsors multiple conferences annually including the International Conference on Consumer Electronics and 
the International Symposium on Consumer Electronics
.
CESoc Membership includes

Monthly Society newsletter (electronic), Bi-Monthly IEEE Consumer Electronics Magazine (electronic and print), 
Quarterly IEEE Transactions on Consumer Electronics (electronic), IEEE Electrification Magazine (digital), 
Discounts on Conference Registration, Reduced Prices on Affiliated Journals, IEEE Consumer Electronics Society 
Digital Library (electronic) and IEEE Consumer Electronics Society Resource Center (electronic).

IEEE Membership Includes

Subscription to IEEE Spectrum magazine, The Institute and other relevant newsletters, electronic access to IEEE 
Potentials, IEEE Collabratec, inclusion in the IEEE Member Directory, members-only IEEE.tv programming, an 
exclusive ieee.org email account, discounts on products and services, continuing education, philanthropic 
opportunities, and more. Plus, you are automatically a part of your local IEEE Section and will receive 
communications about local networking opportunities, meetings, and special events.

Entertainment, Communications, Information, 

                          Home Automation, Health Care, Education, Convenience 

                                       to name just a few focal points and growing each year 

Start your membership immediately: Join online www.ieee.org/join
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9thIEEE INTERNATIONAL CONFERENCE 
ON CONSUMER ELECTRONICS BERLIN 
(ICCE Berlin 2019)

September 08-11, 2019, Berlin, Germany.

DEAR FRIENDS! 
The IEEE Consumer Electronics (CE) Society is soliciting technical papers for oral and poster 
presentations at their 9th annual conference, IEEE International Conference on Consumer Electron-
ics (ICCE) in Berlin, Germany. ICCE-Berlin is established forum for innovations in all areas of 
consumer technologies, and is part of the  International Trade Show on Consumer Electronics (IFA).  

Boundaries between disciplines are breached and CE is a perfect example of multidisciplinary, interdis -
ciplinary, and cross-technology work in action. The seed starts in fundamental sciences, nurtured via 
tools, management, units and empowered by services and systems, tailored by needs and desires, until 
it matures to off the shelf products. In this light paper contributions are sought in, but are not limited to 
the following areas: 

        Security and Privacy of CE Hardware and Software Systems (SPC)

        Energy Management of CE Hardware and Software Systems (EMC) 

        Application-Specific CE for Smart Cities (SMC)

        RF, Wireless, and Network Technologies (WNT)

        Internet of Things and Internet of Everywhere (IoT)

        Entertainment, Gaming, and Virtual and Augmented Reality (EGV)

        AV Systems, Image and Video, and Cameras and Acquisition (AVS)

        Automotive CE Applications (CEA)

        CE Sensors and MEMS (CSM)

        Consumer Healthcare Systems (CHS)

        Enabling and HCI Technologies (HCI)

        Smartphone and Mobile Device Technologies (MDT)

        Artificial Intelligence (AI) and Deep Learning (DL) Applications in CE

In addition to regular oral and poster sessions, ICCE Berlin 2019 it will feature students and young profes-
sionals research forums as an integral part. The organizing committee invites proposals for special 
sessions, industry tracks, and expert panels on hot topics in Consumer Technologies . These proposals 
as well as the research forum papers can be submitted at the following EDAS link: 

https://edas.info/N25749.

Authors are invited to submit original, unpublished manuscripts of 2- to 6-page length. Authors may 
prepare original work of maximum 6 pages with a 200-word abstract using double-column IEEE confer-
ence-format template: 

http://www.ieee.org/conferences_events/conferences/publishing/templates.html. 

All accepted papers (including regular papers, special session papers and research forum papers) will be 
published in the ICCE Berlin 2019 Digest or Proceedings and submitted to IEEE Xplore. Instructions for 
authors and document templates are available on the conference website. A selected set of papers from 
ICCE Berlin 2019 program will be invited for re-submission to special issues of peer-reviewed journals 
(e.g. IEEE CE Magazine) based on reviewer’s feedback and quality of conference presentation.

http://www.icce-berlin.org/

ORGANIZING COMMITTEE CORE GROUP
General Conference Chair
Gordana Velikić (SRB)
Conference Co-Chairs 
Thomas Coughlin (USA)
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Benedikt Schmülling (DE), Chapter Chair 
Uwe Kraus (DE), Publications
Ivan Kastelan (SRB), Publications
Konstantin Glasman (RU), Film and Video 
Production
Alexander Huhn (DE)
Stefanie Trott (DE), Student Activities 
Shingo Yamaguchi (JP), Young Professionals
Lee Stogner (USA), Marketing and Social Media
Kousik Sankar, Asia Liaison
Tamara Peretyagina (DE), IFA Liason 

INTERNATIONAL ADVISORS
Hans L. Cycon (DE)
Dietmar Hepper (DE)
Peter Corcoran (IRL)
Tom G B Wilson (CAN)
Stefan Mozar (AUS)
Simon Sherratt (UK)
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IP Core Protection and Hardware-Assisted 
Security for Consumer Electronics

IP Core Protection and Hardware-Assisted Security for Consumer Electronics presents 
established and novel solutions for security and protection problems related to IP cores 
(especially those based on DSP/multimedia applications) in consumer electronics. The topic 
is important to researchers in various areas of specialization, encompassing overlapping 
topics such as EDA-CAD, hardware design security, VLSI design, IP core protection, 
optimization using evolutionary computing, system-on-chip design and application specific 
processor/hardware accelerator design.

The book begins by introducing the concepts of security, privacy and IP protection in 
information systems. Later chapters focus specifically on hardware-assisted IP security in 
consumer electronics, with coverage including essential topics such as hardware Trojan 
security, robust watermarking, fingerprinting, structural and functional obfuscation, 
encryption, IoT security, forensic engineering based protection, JPEG obfuscation design, 
hardware assisted media protection, PUF and side-channel attack resistance.

About the Authors

Anirban Sengupta is an Associate Professor in the Discipline of Computer Science and 
Engineering at Indian Institute of Technology (IIT) Indore. He has authored more than 182 
publications and patents. His is recipient of several awards/honors such as IEEE 
Distinguished Lecturer, Outstanding Editor Award, IEEE CESoc Best Research Award from 
CEM, Best Research paper Award in IEEE ICCE 2019, IEEE Computer Society TCVLSI 
Outstanding Editor Award in 2017 and IEEE TCVLSI Best Paper Award in IEEE iNIS 2017. He 
holds 12 Editorial positions in Journals. He is the Editor-in-Chief of IEEE VCAL (Computer 
Society TCVLSI), and General Chair of 37th IEEE Int’l Conference on Consumer Electronics 
(ICCE) 2019, Las Vegas.

Saraju P. Mohanty is a tenured full Professor at the University of North Texas (UNT) where he 
directs the “Smart Electronic Systems (SESL)”. He has authored 280 research articles, 3 
books, and invented 4 US patents. He has received various awards and honors, including 
IEEE-CS-TCVLSI Distinguished Leadership Award in 2018, IEEE Distinguished Lecturer by the 
Consumer Electronics Society (CESoc) in 2017, PROSE Award for best Textbook in Physical 
Sciences & Mathematics in 2016, and 2016-17 UNT Toulouse Scholars award. He is the 
Editor-in-Chief of the IEEE Consumer Electronics Magazine (CEM). He serves as the Chair of 
Technical Committee on VLSI, IEEE Computer Society. He has received 4 best paper awards 
and has delivered multiple keynote talks at various International Conferences. 
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IEEE VCAL – TCVLSI Newsletter: 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 quarterly a year (containing peer-
reviewed papers) and it contains the following sections: 
x Features: Selective short papers within the technical scope of TCVLSI. This section introduces interesting topics 

related to TCVLSI, and short review/survey papers on emerging topics in the areas of VLSI circuits and systems. 
x 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. 

x 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. 

x 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. 
 

We are soliciting contributions to all these four sections. Please directly contact the editors and/or associate editors. 

Submission Deadline: 
All contributions must be submitted by Sep 1, 2019 in order to be included in the November issue of the letter. 

Editor-in-Chief: 
x Anirban Sengupta, Indian Institute of Technology Indore, asengupt@iiti.ac.in 

Deputy Editor-in-Chief: 
x Yiyu Shi, University of Notre Dame, USA, yshi4@nd.edu 

Associate Editors: 
x Features: Hideharu Amano, Keio University, Japan, hunga@am.ics.keio.ac.jp 
x Features: Shiyan Hu, Michigan Technological University, USA, shiyan@mtu.edu 
x Features: Saket Srivastava, University of Lincoln, United Kingdom, ssrivastava@lincoln.ac.uk 
x Features: Qi Zhu, University of California, Riverside, USA, qzhu@ece.ucr.edu  
x Opinions: Michael Hübner, Ruhr-University of Bochum, Germany, Michael.Huebner@ruhr-uni-bochum.de 
x Opinions: Yasuhiro Takahashi, Gifu University, Japan, yasut@gifu-u.ac.jp 
x Opinions: Sergio Saponara, University of Pisa, sergio.saponara@iet.unipi.it 
x Updates: Helen Li, University of Pittsburg, USA, hal66@pitt.edu (featured member story) 
x Updates: Jun Tao, Fudan University, China, taojun@fudan.edu.cn (upcoming conferences, symposia, and 

workshops, and funding opportunities) 
x Updates: Himanshu Thapliyal, University of Kentucky, USA, hthapliyal@uky.edu (call for papers and proposals, 

job openings and Ph.D. fellowships) 
x Outreach and Community: Mike Borowczak, University of Wyoming, USA, mike.borowczak@uwyo.edu 

 
Emeritus Editor-in-Chief: 
x Saraju Mohanty, University of North Texas, USA, saraju.mohanty@unt.edu 
x Xin Li, Duke University, USA, xinli.ece@duke.edu 
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