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Abstract
CMOS technology has been developed into the sub-100 nm range. 
It is expected that the nano-CMOS technology will governed 
the IC manufacturing for at least another couple of decades. In 
mixed-signal circuit design, optimization and simulation are 
still important issues as they make the design cycle longer. This 
paper presents a new approach to reduce design optimization 
time.  The approach relies on the fact that optimization carried 
out over a  Metamodel (which is an abstracted representation 
of the circuit model) Instead of the actual circuit will allow fast 
design space exploration and reduce the design cycle time. In 
this paper three different optimization algorithms are compared: 
exhaustive search, tabu search and simulated annealing algorithms 
are analyzed to determine their suitability for metamodeling-based 
optimization
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I. Introduction 
Modern consumer electronic systems are essentially built as 
heterogeneous components which consist of diverse analog 
and digital circuits and their interfaces on a single board or die. 
Typically, they are Analog/Mixed-Signal Systems-On- Chip 
(AMS-SoC) where analog, digital and RF portions are integrated 
on the same die for cost-performance tradeoffs [1-3]. Present day 
AMS-SoCs are of gigascale complexity and consist of CMOS 
transistors of nanoscale process technologies. To compound the 
problem for such highly complex systems,  the time-to-market 
has been reduced significantly and specifications have been 
tightened, especially for products related to an already crowded 
wireless market. In such a situation, efficient design approaches 
are more important than ever in order to produce error free 
AMS-SoCs on time. This paper introduces an approach called 
metamodeling based optimization to acquire accurate physical 
design (layout) with minimal simulation time. The creation of 
an accurate metamodel provides designers with a simple and less 
computationally expensive model which is accurate enough to 
produce a close optimized result for the given parametric problem. 
The contributions of this paper are as follows:

This paper proposes a metamodeling-based design flow • 
for fast and accurate optimization of nano-CMOS complex 
mixed-signal circuits.
The different phases of the design flow are identified which • 
will be undertaken for future research, such as statistical 
sampling for metamodeling, mixed-signal optimization 
algorithms, and optimization of metamodels.
As a step towards optimization, three distinct optimization • 
algorithms are discussed. They include exhaustive search, 
tabu search and simulated annealing, and are applied to nano-
CMOS technology.
A 4 5nm Ring Oscillator (RO) is designed and characterized, • 
including the layout, and used as a case study. The oscillator 
is characterized for frequency, and power.
The full RLCK (resistance, capacitance, and self and mutual • 

inductance) parasitic extraction is performed and compared to 
the schematic of the oscillator. The metamodel is generated 
on the parasitic netlist.
The use of optimization techniques with and without • 
metamodeling are compared.

II. Design Methodology in the Nano-Cmos Era
As process technology scales beyond 100-nm feature sizes, 
for functional and high-yielding silicon the traditional design 
approach needs to be modified to cope with the increased process 
variation, interconnect processing difficulties, and other newly 
exacerbated physical effects. The scaling of gate oxide (Fig. 1) 
in the nano-CMOS regime results in a significant increase in gate 
direct tunneling current. Sub threshold leakage and gate direct 
tunneling current (Fig. 1) are no longer second-order effects [1, 
5]. The effect of Gate-Induced Drain Leakage (GIDL) will be 
felt in designs, such as DRAM and low-power SRAM, where the 
gate voltage is driven negative with respect to the source. If these 
effects are not taken care of, the result will be a nonfunctional 
SRAM, DRAM, or any other circuit that uses this technique to 
reduce sub threshold leakage. 

A. Innovations Needed to Continue Performance 
Scaling
The transistor figure of merit (FOM) is now deviating from the 
reciprocal of the gate length. This is due primarily to surface 
scattering and grain-size limitations in a narrow trench, resulting in 
carrier scattering and mobility degradation [4]. The gate dielectric 
thickness is approaching atomic dimensions and at 1.2 nm in the 
90-nm node  is about five atomic layers of oxide. Fig. 1 shows that 
gate oxide scaling is slowing as it approaches the limit, which is 
one atomic layer thick. Source–drain extension resistance (RSD) 
is getting to be a larger proportion of the transistor “on” resistance. 
Source–drain extension doping has been increased significantly 
for the 130-nm node, and the ability to reduce this resistance has 
to be traded off with other short-channel effects, such as Hot-
Carrier Injections (HCIs) and leakage current due to band-to-band 
tunneling. Source–drain diffusions are getting so thin that implants 
are at the saturation level and resistance can no longer be reduced 
unless additional dopants can be activated.

(a) 250 nm (b) 130 nm (c) 90 nm (d ) 65 nm 

 
50nm 

Fig. 1: Transistor TEM. [Parts (a), (b), and (d) courtesy of NEC 
and Trecenti/Hitachi; part (c) ∧ Advanced Micro Devices, Inc., 
reprinted with permission.

III. Related To Research
In the comparative analysis of multiple optimization methods 
is provided. The optimization is used for the calibration of 
TCAD simulators and is not used for optimization on a circuit. A 
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heuristic tabu search optimization algorithm is proposed in [8] and 
compared with simulated annealing for an operational amplifier. 
The optimization is not performed on an actual SPICE netlist and 
analytical formulas are used for characterizing the optimization. 
In [9], an automated analog circuit design was proposed and 
used to optimize a two stage CMOS op-amp for 2μm and 1.2μm 
CMOS processes. The general theory of metamodeling, sampling 
techniques and computer experiments can be found in [10], but 
do not address nano-CMOS technologies. Design characterization 
of ring oscillators including jitter, power and frequency can be 
found in [6-7] which cover the design of the ring oscillator but 
do not cover optimization or meta modeling.

Fig. 2: Challenging Issues Further Downsizing of MOS Transistor 
Below Sub-10 nm Range

IV. Fast and Accurate Physical Design Optimization In 
Nano-Cmos Mixed-Signal Circuits

A. Physical Design Optimization
The proposed parasitic-aware physical design optimization flow 
is shown in figure 3. An initial physical design is performed once 
the logical design is complete and meets the specifications. The 
physical design is then subjected to Design Rule Check (DRC), 
Layout vs. Schematic (LVS) and parasitic (RLCK) extraction. If 
the specifications are not met, a parasitic parameterized netlist is 
then created with the design variables as parameters. This netlist 
contains all the parasitic associated with the initial layout while 
the active devices are parameterized. The resulting netlist is then 
used by an automated process to conduct the optimization phase, 
which is outlined by the dashed line and is discussed in this paper. 
The final physical layout is then created by using the optimized 
parameters. The physical layout creation, which is a very time 
consuming process, needs to be only conducted at most two times 
using this proposed approach, provided that the perturbation 
introduced to the layout by the resizing process does not have a 
large impact on the design behavior. This approach is justified by 
the results presented below.
The most important phase of the design flow is the optimization 
algorithm. This paper analyzes three different optimization 
algorithms: exhaustive search, tabu search and simulated annealing. 
Each optimization problem uses two variables: Wn and Wp, for 
the width of NMOS and PMOS, respectively. The optimization is 
conducted to find a certain output, in the current case frequency (f), 
with 5% accuracy or better. The selected algorithms are analyzed 
and compared in terms of the following: (1) run and simulation 
time, (2) the amount of iterations each algorithm takes for each 
problem, and (3) accuracy. For the nano-CMOS based mixed-
signal circuit under consideration, the objective is to reduce power 
dissipation and increase oscillating frequency. The optimization 
algorithms should find the global minimum power and the global 

maximum frequency. The conflicting objectives are combined to 
a single figure of merit, namely power to frequency ratio (PFR) 
which is defined as PFR = (Power/Frequency).
Algorithm1:
1: Determine the step size Step of each variable between
Wnmax, Wnmin and Wpmax, Wpmin for N simulations.
2: Initialize the result counter result counter = 0.
3: for (i = Wnmin to Wnmax with StepWn) do
4: for (j = Wpmin to Wpmax with StepWp) do
5: Sij = F(i, j)
6: Calculate and record minimum and maximum.
7: Calculate the figure of merit under consideration, i.e.
power to frequency ratio (PFR).
8: if (value is within the limit) then
9: result[result counter] = Sij .
10: result counter = resut counter + 1.
11: end if
12: end for
13: end for
14: return result: minimum power, maximum frequency,
and PFR.
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Fig. 2: Parasitic-aware Accurate Physical Design Optimization 
Flow. This Flow Performs the Mixed-Signal Design Optimization 
in One Layout Iteration in Which Only Two Manual Layouts 
are Needed Instead of Multiple Layouts as is the Case of the 
Traditional Mixed-Signal Designs
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Algorithm2:
1: Initialize iteration counter Counter = 0.
2: Perform design of experiments analysis for Wn and Wp.
3: Generate initial feasible solution Si.
4: while (Counter < Max Counter) do
5: Generate the next feasible solution S∗
i .
6: Counter = Counter + 1
7: if (Si is not visited in the previous iterations) then
8: if (S∗
i is better solution than Si) then
9: if (result is found) then
10: break while loop.
11: end if
12: Si = S∗
i .
13: else
14: Discard the Solution S∗
i .
15: end if
16: end if
17: end while
18: return Result or mid point of Si: minimum power, maximum 
frequency, and PFR.

B. Simulated Annealing Search Method
Simulated annealing optimization is an extension of the algorithm 
and simulates the annealing process [10]. Hence it has a random 
component; two successive runs will produce different results. 
The steps of simulated annealing based search are presented in 
algorithm 3.
Algorithm3:
1: Initialize iteration counter Counter = 0.
2: Initialize first feasible solution Si=F(mid(Wn),mid(Wp)).
3: Determine initial Costi for the solution Si.
4: Initialize temperature T as Ti.
5: while (Cost is varying) do
6: Counter =Maximum number of iterations.
7: while (Counter > 0) do
8: Generate random transition from Si to S∗
i .
9: if (S∗
i is acceptable solution) then
10: result = S∗
i
11: break both while loops.
12: else
13: Calculate change as: ΔCost = CostS − Cost
∗
i .
14: if (ΔCost < 0 random(0,1) < e
ΔCost
T ) then
15: Update the solution with new solution: S ← S∗
i .
16: end if
17: end if
18: Counter = Counter − 1.
19: end while
20: Decrease temperature as: T = T × Cooling Rate.
21: end while
22: return result: min. power, max. frequency, and PFR

The three algorithms explored in section IV are now compared 
in terms of their running time when they performed optimization 
with and without the metamodel. = The exhaustive search based 
optimization with metamodel is 2650× faster than without 
metamodel (on the actual circuit). The simulated-annealing 
based optimization with metamodel is 8900× faster than without 
metamodel. For the optimization without metamodels the tabu-
search based optimization is faster by 1077× than the exhaustive 
search and 3.8× faster than the simulated-annealing based 
optimization. For the optimization with metamodels the simulated 
annealing based optimization is faster by 951× than the exhaustive 
search and 6× faster than the tabusearch based optimization.

V. Conclusion and Future Research
A novel design flow using metamodels is proposed to minimize 
the amount of time of a circuit’s optimization. The fast analysis 
of three different optimization algorithms demonstrated that 
simulated annealing and tabu search compute the result with fewer 
iterations than exhaustive search, even though they both stop 
computing on the first available result within the search criteria, 
while the exhaustive search computes all available results. It is 
observed that the metamodeling approach is competitively close 
to the one time optimization in the number of iterations and 
the accuracy of the result. Optimization techniques that are not 
computationally tractable, such as exhaustive search can be used 
on a metamodel. If the designers need to optimize the circuit 
more than once or need to generate all the optimal solutions for 
the problem, the metamodeling approach dramatically reduces 
the design optimization time. Future research will include a more 
complex analog nano- CMOS circuit metamodel optimization, 
with a larger number of variables.
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