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Abstract— Conventionally the integrated circuit designer first
carries out the design to achieve the required performance
specifications and observes the worst case performance through
simulations. If the worst case performance falls well inside the
acceptable range then that design is designated as a process
variation tolerant design. In such case the design is not truly
robust against actual process variations. The randomness of
process variations is hardly included in the design phase to
minimize their effects on the performance of the fabricated chips.
In the present work a novel approach is proposed in which
minimizes the process corner performance variation (PCPV) so
that the performances of the extreme corner case chips are very
close the nominal fabrication case. The nominal case design is
also subjected to performance optimization along with the
process corner variability. Evolutionary algorithm is suitably
employed for simultaneous optimization of all the objectives. The
proposed design technique is applied to a CSVCO circuit as a
case study and the performance improvement results of Cadence
simulation are reported.

Index Terms— Process Corner Performance Variation (PCPV), Low
Power Analog Integrated Circuits, Current Starved Voltage
Controlled Oscillator, Infeasibility Driven Evolutionary Algorithm
(IDEA).

I. INTRODUCTION

The random fluctuation of the parameters of the
semiconductor fabrication process influences strongly the
performance of integrated circuits. In traditional techniques
the designers carry out a performance driven design and
subject it to worst case process variations. In this method
circuit tolerance to the variation in process are estimated using
simulation analysis and the design is said to be process
variation tolerant when the performances are found within the
acceptable range. This worst case modeling is highly
unrealistic in many of the high performance integrated circuits
whose performance acceptability range is very narrow.
Moreover if in a specified design, the worst case performance
does not fall in the acceptable range then the designer has no
control over it even if the design offers good performance in
nominal process. In such a case designer has to reject that
design option. In [1] the worst case modeling is made more
realistic by assigning probability to the process corners. A
more practical approach to maximize the yield is to minimize
the performance variations due to process and environmental
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fluctuations. The worst case value of the circuit performance
variability is minimized and specifications on the nominal
value of the performance measures are handled simultaneously
in [2]. In the worst case variability minimization technique the
standard deviation of the performance is estimated from the
Monte Carlo sampling of the noise parameters and the
performance optimization is done by gradient techniques like
Simplex method and Quadratic Programming method. One
novel practical approach of performance optimization of
integrated circuits is proposed in this work. It is well known
that the probability of having chip being manufactured under
normal process environment is higher than the other corner
process environments since it follows a Gaussian distribution.
In our proposed approach we minimize the process corner
performance variability (PCPV) simultaneously  with
performance optimization. In PCPV the statistical
performance deviations of the corner cases from the nominal
case is minimized by considering the actual SPICE parameters
of different process corners for evaluation of performances.
The design proposed here is made true process corner
variation robust by optimizing the circuit performance in the
nominal case and minimizing the difference between chip
performances in normal and worst case corner environments.

Optimization methods have been developed [3] for process
dependent fluctuation in different circuit performance
parameters. In [3] fuzzy set theory is used to construct a single
objective function for a weighted combination of different
objectives and applied gradient based technique. The choice of
weights for competing objectives makes the formulation of
such an objective function somewhat ambiguous. In [2] it was
single objective gradient based optimization and in [3] though
there is a mention regarding multiple objective optimizations
but effectively the problem has been solved in a single
objective gradient approach. Considering the spirit of [3] and
our proposed formulation, a more appropriate way is to use the
multiobjective multicriteria optimization techniques. Besides
this the use of gradient based optimization approach is
inefficient in handling multimodal objective functions for
which evolutionary approaches are suitable. In this paper a
multiobjective evolutionary technique is used for the
optimization of multiple statistically formulated performance
process variability objective functions along with the nominal
performance objectives simultaneously.



The remaining part of the paper is organized as follows. In
Section 11 we present the proposed robust design methodology
along with the formulation of the optimization objectives. The
performance analysis of the proposed design technique for a
demonstrative example is carried out in Section IlI.
Concluding remarks and suggestions for future research work
are provided in Section 1V.

Il. FABRICATION PROCESS VARIATION TOLERANT DESIGN
TECHNIQUE

A. Overview of the Technique

The design methodology proposed here makes the
integrated circuit robust due to (i) the optimization of the
performance measures like power consumption and frequency
oscillation under the nominal fabrication conditions and (ii)
minimization of the random variability of extreme process
performances from the nominal case. The above processes are
carried out simultaneously using a multiobjective evolutionary
technique. Circuit performance parameters of the nominal
(NN) process are subjected to optimization using
multiobjective evolutionary algorithm by integrating the
SPICE model parameters of the process in the optimization
engine. The performance measures like frequency and power
of other process corners FF, SF, FS and SS, are computed
using respective SPICE model parameters. Their statistical
deviations from the NN process circuit model as obtained
above form another set of objectives are injected into the same
multiobjective evolutionary algorithm in an iterative manner.
After the statistical deviations are minimized to meet the
specified tolerance limits, the robustified optimal circuit
design parameters are extracted for final design. These final
design parameters are used for design and verification of the
circuit performances in the circuit level. The extensive
simulations are carried out using ADE GXL and Assura tools
from Cadence.

B. Obijective Functions for Current Starved VCO

In the performance optimization, the objective functions are
precisely the performance indices of current starve VCO
whose schematic is shown in figure 1. The performance
measures are the, power consumption and target frequency
precision.
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Fig. 1. Circuit Schematic of CSVCO
The frequency of oscillation of an N stage CSVCO [5] is
given by

fosc = d (1)

NVqq Ceot

where C,,; is the total effective parasitic capacitance which is
estimated using the design and SPICE parameters.

The current starved circuit dissipates a power [5] which can be
expressed as

PZPavg +PSC (2)

Where P, is the average power dissipated by the CSVCO and
Psc is the short circuit power dissipation [6].

Mathematically for convenience we can have a
representation for NN, FF, FS, SF and SS as j=0,1,2,3 and 4
respectively. In the nominal case for optimal performance the
CSVCO objectives are

F, =P = P(0) ©))
F, = |fosc(0) - fosc| (4)

Where f,,. is the target frequency and f,..(0) estimated
frequency for the nominal case.

The second part of optimization is for process corner
performance variability (PCPV). The proposed work
formulates the objectives in such a manner that the effective
performance variation of corner cases from the nominal case is
subjected to minimization. This concept is depicted in figure 2
where the optimization engine is trained to orient the design
such that the worst case corners are pushed towards the
nominal case.

Since there are three performance measures for the CSVCO
circuit under consideration there are two variability objectives.
The power consumption and frequency of oscillation
variability objectives can be formulated as

k= [E PO - PDE) (5)

F, = \/{ ?:1|ﬁ)sc(j) _fosc|2} (6)

C. The Multiobjective Optimization
The optimization problem can be stated as
Minimize {F, F,, F;, ..., Fs}
fose = 2 GHz

Wmin <W< Wmax (7)
Lmin <L< Lmax

Subject to

where F; = F;(W, L, V,, toy, Vaa T)
In the above expression Wiin s Lmin s Winax a0 Ly
are lower and upper bounds of width and length respectively.



W is the width of the transistor, L is the length, V; is threshold
voltage, V4 supply voltage, t,, oxide thickness and T is the
absolute temperature.

One of the most efficient and recently developed
evolutionary algorithms, Infeasibility Driven Evolutionary
Algorithm (IDEA), [4] is deployed here for multiobjective
optimization due to its reported superior performance. A brief
outline of IDEA is as follows.

Infeasibility Driven Evolutionary Algorithm (IDEA) for
Robust IC Design

Set: N {Population Size}

Set: N¢ > 1 {Number of Generations}

Set: 0 < a < 1 {Proportion of infeasible solutions}

1:Ninf=a = N

2:Nf=N — Ninf

3: while Parameter Constraints C = [Wy;, <W <
Wmax 'Lmin <L < Lmax] do

: pop1 = Initialize () subject to C

:Evaluate [Fj(popv), Vj €{1,...,6}]

:for i = 2to Ng do

: childpop;_, = Evolve (pop;_,)

:Evaluate [Fj(childpop, ), Vj €{1,...,6}]

:Compute D = |fosc - ftarget|
10: if D < € then Sy
else Sinf
end if
11: (Sr, Sins) = Split (pop;_, + childpop;_,)
12: Rank(Sr)
13: Rank(Sins )
14:pop; = Sinf(1: Ninf) + Sr(1: Nf)
15: end for
16: end while
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In the above pseudo code Evolve is the procedure of
crossover, mutation and non-dominated sorting. Sy and Sinf

represent the feasible and infeasible sets of solutions and
Ny and Ny are their modulus respectively.

I1l. PERFORMANCE ANALYSIS OF THE PROPOSED
METHODOLOGY

The robust design targets the performance objectives target
frequency precision, power consumption as described earlier
through equations (4), (5) and (6). The design targets to
achieve a frequency of 2 GHz. The five design parameters
(Wn, Wp, Wncs, Wpcs, L) obtained from the proposed IDEA
based robust methodology are used to design the CSVCO in
the Cadence Analog Virtuoso Design environment [10]. The
circuit is simulated at schematic level and then in the physical
layout level which is depicted in figure 3. Simulation is carried
out 90nm CMOS Salicide 1.2V/2.5V 1P 9M technology with a
supply voltage of 1.2V at room temperature. The BSIM model
library [11] is used in the process. The robust circuit is
subjected to process corner variations. The frequency of
oscillations and power consumption performances are
estimated at different process corners. Their values for a
conventional optimized design and robust design are
summarized in Table I.
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Fig. 2. The Physical Layout of Robust CSVVCO

TABLE |

Design Parameter of Optimized Nano-CMOS CSVCO

Process Oscillation Frequency in GHz Power in mW
Corners Conventional Robust Conventional Robust
Design Design Design Design
NN 2.305 2.048 1.589 1.0625
FF 3.15 2.596 2.226 1.875
FS 2.14 2.114 1.745 1.275
SF 2.11 1.997 0.8 0.7842
SS 14 1.972 0.575 0.7453
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Fig. 3. The Tuning range plot of Robust CSVCO

Figure 3 depicts the tuning range plot of the robust CSVCO
circuit. The estimated tuning range is about 22 MHz which is
11 % of the center frequency.

Figure 4 shows the comparative plot of the frequency of
oscillations obtained using the robust design and that using the
conventional one. In each corner case the proposed robust
design achieves frequency which is more close to the target
frequency. In the FF case of the robust design there is more
deviation from the target value which is very much expected.
However in other corner cases the observed frequency shows a
better trend of matching with the expected frequency. In the
nominal case there is 13% change in frequency in the expected
dimension.
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Fig. 4. Oscillation Frequency of CSVCO for Conventional and
Robust Designs

It is clear from the histogram shown in figure 5 that in
general the average power consumption of the robust CSVCO
is less than the conventional one. The robust design achieves a
33% power reduction as compared to the conventional case. In
robust NN case there is a considerable power reduction as
compared to the reduction in other corner cases except SS case
where there is a very little increase in power.
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Fig.5. Average Power Consumption of CSVCO for
Conventional and Robust Designs

IV. CONCLUSION AND SCOPE FOR FUTURE WORK

A novel design methodology for a robust current starve
VCO is proposed. The technique optimizes the performance of
the VCO circuit in nominal case and also guides the design in
such a way that the other corner cases tend to behave closer to
the nominal case. The power consumption along with
frequency of oscillation for CSVCO is considered here. This
method of design helps in maximizing the yield of integrated
circuits. This work can be extended to include other process
corners and performance indices like phase noise and area.

REFERENCES

[1]. Nardi, A. Neviani, E. Zanoni, M. Quarantelli, and C. Guardani,"Impact
of unrealistic worst case modeling on the performance of VLSI circuits
on deep submicron CMOS technologies,” I|EEE Trans. On
Semiconductor Manufacturing, Vol. 12, No. 4, pp. 396-402, Nov. 1999.

[2]. A. Dharchoudhury and S. M. Kang, “Performance-Constrained Worst-
Case Variability Minimization of VLSI Circuits” Proc. 30th ACM/IEEE
Design Automation Conference 1993, pp. 154-158.

[3]. Ayhan A. Mutlu, Charles Kwong, Abir Mukherjee, and Mahmud
Rahman “Statistical Circuit Performance Variability Minimization under
Manufacturing Variations” Proceedings of ISCAS 2006, pp.3025-3028

[4]. T. Ray, H. K. Singh, A. Isaacs, and W. Smith, “Infeasibility Driven
Evolutionary Algorithm for Constrained Optimization, Constraint-
Handling in Evolutionary Optimization”, Studies in Computational
Intelligence Series 198, Eds, Efrén Mezura-Montes, Springer. pp 145-
165, 2009.

[5]. R.J.Baker, H. W. Li, and D. E. Boyce, CMOS Circuit Design, Layout
and Simulation, IEEE Press, 2002

[6]. S. R. Vemuru and N. Scheinberg, “Short-circuit power dissipation
estimation for CMOS logic gates” IEEE Trans. on Circuits and Systems-
I: Fundamental Theory and Applications, Vol.41, No.11, pp.762-765,
Nov. 1994.

[7]. A.A.Abidi, "Phase Noise and Jitter in CMOS Ring Oscillators," IEEE
Journal of Solid-State Circuits, Vol.41, No.8, pp. 1803-1816, Aug. 2006.

[8]. A. Abidi, "High frequency noise measurement on FET's with small
dimensions," |EEE Trans. Electron Devices, vol.-33, pp. 1801-1805,
1986.

[9]. Hajimiri, S. Limotyrakis, and T. H. Lee, "Jitter and Phase Noise in Ring
Oscillators,” IEEE Journal of Solid-State Circuits, Vol.34, No.6, pp.790-
804, Jun. 1999.

[10]. www.cadence.com

[11]. www-device.eecs.berkeley.edu/bsim/



