Analogue Circuit Optimization through a
Hybrid Approach

Mourad Fakhfakh, Amin Sallem, Mariam Boughariou, Sameh Bennour,
Eya Bradai, Emna Gaddour, and Mourad Loulou

Abstract. Optimal analogue circuit sizing is investigated in this chapter. It is
shown that hybridization of a global optimization approach with a local one leads
to better results in optimization of such circuits, than using classical approaches.
The case of merging Genetic Algorithms with the Simulated Annealing technique
is considered. The hybrid algorithm is detailed and is evaluated using test func-
tions. It is shown through three application examples, i.e. optimization of per-
formances of a current conveyor, an operational transconductance amplifier and a
low noise amplifier, that such hybrid algorithms yield optimal solutions in a much
shorter time, when compared to conventional meta-heuristics.

1 Introduction

Advances in very low scale integration (VLSI) technology nowadays allow the re-
alization of complex integrated electronic circuits and systems [1]. Design auto-
mation of digital circuits has already been widely explored and many CAD tools
are available [1-3]. However, the automated design of analogue circuits is far to be
mature. It still lags behind that of digital circuits. Optimal synthesis, design and
sizing of analogue components/circuits are very often a bottleneck in the design
flow [1-5].

Many analogue circuit optimization techniques are proposed in the literature
with the trend to the use of statistic-based approaches, see for instance [3,6-9].
These approaches generally start with finding a “good” DC operating point, and
then a simulation-based tuning procedure takes place. However, these approaches
are time consuming and do not guarantee the convergence to the ‘global’ optimum
solution. Actually, analogue circuit optimization problems simultaneously deal
with different types of variables, objective functions and constraints. Therefore,
classical optimization techniques as well as statistic-based approaches are
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generally not adequate. Meta-heuristics are used to solve such hard constrained
problems [10,11]. They offer the advantages to be ‘easily’ modified and adapted
to suit specific problem requirements [10-13]. Even though they don’t guarantee
to find exactly the optimal solution, a fact due to their stochastic nature, they give,
within an acceptable computing time, a good approximation of it. Meta-heuristics
can be classified into two categories [13]:

* Population based approaches. This category mainly comprises:

* Evolutionary Algorithms (EA) [14,15]: Genetic Algorithms (GA) [16-
18], the Evolutionary Programming (EP) [14,15,19], etc.,
and

Swarm Intelligence Techniques (SI) [20]: Particle Swarm Optimization
(PSO) [21,22], Ant Colony Optimization (ACO) [23], Bacterial Forag-
ing Optimization (FBO) [24], etc.
and
* Single solution based approaches, such as Simulated Annealing (SA)
[25-28], Tabu Search (TS) [29,30]...

Some among the aforementioned optimization techniques were used in optimizing
analogue circuits, see for instance [16-18,27,28,31-36]. These approaches are part
of the so called global optimization (i.e. a global search approaches (GS)). On the
other hand, SA is sometimes referred in the literature as a local search (LS)
approach, since it is basically based on a LS one, namely the Metropolis algorithm
[37].

Both EA and SI techniques are robust global optimization techniques for solv-
ing problems having many local optima; nonetheless, they require long computa-
tion time. Further, they suffer from poor convergence performances [38]. On the
other hand, local search algorithms can converge in a few iterations but are defi-
cient in a global outlook; they rely on a suitable starting point: It is the major hur-
dle that can meet LS approaches. Combining a global search procedure and a local
one should offer the advantages of both, while offsetting their drawbacks.

Some hybrid algorithms [38,39] are proposed in the literature, such as genetic
annealing [40]. The latter was used in many optimisation applications, but in the
circuit design field it was applied only to solve problems related to floorplanning
and circuit placement [41,44]. According to the knowledge of the authors, such
hybrid techniques have not been used to the optimal sizing of analog circuits.

This chapter presents a hybrid optimization technique that merges a genetic al-
gorithm with a local search technique, namely the SA. Fig. 1 depicts the proposed
idea. The efficiency of this hybrid approach is first shown through a constrained
mathematical test-case. The hybrid algorithm, called hybrid GA/SA, is then used
for the optimal sizing of different aspect analogue circuits.

The rest of the chapter is structured as follows. In section 2, the analogue cir-
cuit optimization problem is detailed. In sections 3 and 4, GA and SA algorithms
are presented. Section 5 highlights the hybrid GA/SA algorithm. In sections 6, 7
and 8 three application examples of optimizing the sizing of analogue circuits are
presented: Section 6 deals with the optimal sizing of a positive second generation
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current conveyor. Section 7 focuses on the optimal design of a fully differential
folded cascode transconductance amplifier. Section 8 highlights optimization of an
ultra wide band low noise amplifier through its symbolic scattering parameters.
Finally, concluding remarks are given in section 9.

'Y
- o— -
e ~N v e 2-
\ / \\ d
. y . .
\ /
5 . y AN
kst \‘ 7/
S \\0 ¢ Solution found ¢
¢ \ by a global A local minimum
2 (] approach
] k ®
2
8 \
° \ Local Approach Effect
Ly
The global \ Solution found by an
minimum Hybrid Approach
>

Fig. 1 Effect of combining a LS approach to a GS one.

2 The Analogue Optimization Problem Formulation

A general optimization problem can be defined in the following format:

Minimize f(x); f(x)e R

such that :
(1) <0; dMeRr (1)
and h(x) =0; h(eR

‘where X, Sx, <Xy, 1€ L p]

m, n and p are numbers of inequality constraints to satisfy, equality constraints to
assure and parameters to manage, respectively. 55L and )?U are lower and upper
boundary vectors of the parameters.

Classical meta-heuristics cannot handle inequality constraints, so the con-

strained optimization problem is transformed into an unconstrained one by mini-
mizing the following function:

() = f(x)+¥(d(x, Fr)) @)

where d(x, Fr) is a distance metric of the infeasible point to the feasible region
Fr. It may simply be zero if no constraint violation occurs and is a positive scalar,
otherwise [15]. The definition of this distance metric includes the penalty
coefficients that are used to stress the importance of a particular constraint
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violation over others. ¥ is a weight coefficient to set a global importance of the
constraints with respect to the objective function [15].

Optimal design/sizing of analogue circuits consists of finding a variable set
X ={x;, x5, ..., x,} that optimizes a performance function(s), such as gain, offset,
signal to noise ratio, maximum operating frequency etc., while meeting imposed
specifications and/or inherent constraints, for example, saturation conditions of
transistors, technology limits, impedance matching, etc. Vector X may encompass
biases, lengths and widths of MOS transistors, component values etc.

Fig. 2 gives a pictorial view of design optimization approach.

Selection of
candidate
parameters

Computing
objective
functions

Optimized

parameters

Fig. 2 Pictorial view of a design optimization approach.

Most of analogue optimization problems require different types of variables,
objective and constraint functions simultaneously in their formulation. Therefore,
classical optimization procedures are generally not adequate, as it was highlighted
in section 1. Meta-heuristics allow solving multi-criterion large size problems.
They can be adapted to specific problem requirements. Even though they don’t
guarantee finding the ‘exact’ optimal solution, they give a ‘good’ approximation
of it within a tolerable CPU computing time.

In this chapter we focus on two meta-heuristics: a Genetic Algorithm and the
Simulated Annealing technique, and the hybridization of both.

3 The Genetic Algorithms

Genetic algorithms (GAs) [45,46] are inspired by Darwin's theory of evolution;
they mimic natural evolution processes to evolve a solution to a problem:
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Fig. 3 The basic cycle of evolutionary algorithms.

combination of selection, recombination and mutation. They form a subclass of
evolutionary algorithms. Fig. 3 illustrates its basic principle.
where Evaluation consists of computing the objective values of the solution
candidates. Fitness Assignment uses the objective values to determine fitness val-
ues. Selection chooses the fittest individuals for reproduction, and Reproduction
creates new individuals from the mating pool by crossover and mutation [15,46].
The pseudo code of a basic GA is given in Fig. 4.

Setup the GA.
Main ()
InitPopulation () // random initialization of the population
max_fitness := 0
for each member chromosome
fitness := Fitness_Evaluation (chromosome)
if fitness > max_fitness
max_fitness := fitness
fittest_solution = chromosome
end if
end for
while generation < max_generations
offspring := Selection&Recombination (parents) // Fig. 5
fitness := Fitness_Evaluation (offspring)
if fitness > max_fitness
max_fitness := fitness
fittest_solution = offspring
end if
save fittest_solution
end

Fig. 4 The pseudo-code of a GA.
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Selection&Recombination ( )
while num of programs < max_prog/2 Do
parent_1 := Roulette-Wheel_Selection ()
parent_2 := Roulette-Wheel_Selection ()
randomly choose x-over point
child_1 := parent_1 [head] * parent_2 [tail]
child_2 := parent_2 [head] ” parent_1 [tail]
for each child
mutation_pt := Random_Mutation_Point (child)
new_instr := Random_New_Instruction ()
Instruction (mutation_pt, new_instr)
end for
end

Fig. 5 The pseudo-code Selection & Recombination routine.

4 The Simulated Annealing Technique

The simulated annealing technique [26] is inspired by the natural annealing proc-
ess used in metallurgy. The annealing technique is used to create a solid state by
slowly cooling a melted metal. The gradual decrease of the metal temperature
produces the crystalline lattice, which minimizes its energy probability
distribution.

In fact, when the temperature of a metal is high, the particles within the metal
are able to move around, changing the structure of the metal, freely. As the tem-
perature is lowered, the particles are limited in the movements they can make as
many movements have a high energy cost and are increasingly limited to only
those configurations with lower energy than the previous state.

From an algorithmic point of view, this can be modeled as a random explora-
tion on a search graph. Each vertex of the substance represents a solution (or a
state) with a certain fitness value, and the adjacent vertices represent other similar
solutions (in the sense that their fitness value is not expected to be significantly
different). At each step, the algorithm selects randomly an adjacent vertex. It tran-
sits to the new state if the current solution improves the actual state. Worse solu-
tions are not radically rejected, but they may be considered and the algorithm may
use the new ‘worse’ state with a probability determined by the global ‘tempera-
ture’ parameter. This behaviour allows escaping from local minima. As the tem-
perature drops, this becomes less likely and the search drops into a nearby local
minimum [26-28].

The pseudo code of the SA technique is given in Fig. 6.
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Setup the SA.
Main ()
Choose a random solution x which takes the minimum solution x,,;,
(x=xmin)
Evaluate the fitness function f{x)
Initialize the temperature 7
Repeat
Repeat
Generate a neighbor X' perturbing the solution X.
Acceptance with the criterion of ‘Metropolis’// Fig. 7
Until thermodynamic equilibrium reaches
Decrease temperature
Until maximum iterations or minimum error criteria is attained
end

Fig. 6 The pseudo-code of a SA.

If Af<0
Update the current solution (x’¢ x)
If not
Compute P=exp(-A4f/T)
Generate a random number Re [0,1] (using an uniform distribution)
If R<P
Accept the new solution x” and update x
If not reject the new solution x’
end if
end if

Fig. 7 The Metropolis pseudo-code.

Table 1 Advantages of GA and SA

GA SA

timizes with continuous or discrete .
Op Very simple to be set up

variables
Does not require memory (past) in or-
Deals with a large number of variables der to find spaces to seek local follow-
ing (future)
Optimizes variables with extremely com- Can deal with arbitrary systems and

plex —cost surfaces cost functions
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Table 2 Drawbacks of GA and SA

GA SA

No guaranteed optimal solution in a fin-  Important choice of the beginning solu-
ished time, tion: Knowledge of the problem

It is necessary to determinate the pa-
Initialization of several parameters, impor-  rameters by hand: initial temperature,
tant choice of the methods, elementary modification... by testing
various values

5 The Hybrid GA/SA

Merging a local search technique and an evolutionary approach is a very fertile
area [39]. Indeed, the idea consists of taking maximum benefits from the robust-
ness of the search technique of a LS method, and those of the recombination proc-
ess of an evolutionary algorithm (such hybrid algorithms are also known as me-
metic algorithms). At each n iterations (n is a prefixed number), the algorithm
applies the LS method to the elements of the (current) population, and then recalls
the recombination mechanism in order to generate new elements. In other words,
the approach consists of injecting each n iterations a potential solution, obtained
using SA techniques, in the GA population, in order to refine the whole solution.
It is also to be noticed that accordingly, the algorithm is capable to overcome the
premature convergence of the GA algorithm and escape from local optimal
solutions.

Tables 1 and 2 summarize main advantages and drawbacks of both GA and SA,
respectively [47,48], and Fig. 8 presents the GA/SA flowchart.

In order to show the viability of the proposed approach, the hybrid GA/SA was
evaluated using the following test functions [47]. Test functions are given by (3),
(4) and (5). Their plots are given in Fig. 9, Fig. 11 and Fig. 13. Corresponding
algorithm parameters are given in Table 3.

Table 3 The algorithm parameters

Population size 100
Mutation rate 0.01
Crossover rate 0.9
Initial temperature 1
Stopping temperature 10

Cooling schedule 0.9
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Fig. 8 Flowchart of a hybrid GA/SA approach.
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Test function #1:
Minimize f(x,y)=y sin(4x)+1.1 y sin(2y)

subjectto xe [0,10], ye [0,10] )

The goal is to find the global minimum of f{x,y) among the large number of lo-
cal minima.

SA, GA and GA/SA algorithms were applied to f{x,y). Fig. 10 shows a
comparison between results obtained using GA/SA and GA, where the rapid conver-
gence of the hybrid algorithm can be noticed. Optimal parameters are
(x,¥)=(0.9039,0.866), and the optimal fitness is f{x,y)=-18.554. Both GA/SA and SA
give (x,)=(0.9040,8.664) and f(x,y)=18.559, in 0.9 sec and 14 sec®, respectively.

(X,Y)

- —— Hybrid GA/SA
\ ———GA
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Fig. 10 Optimizing f{x,y) (function #1): A comparison between GA and GA/SA results.

*a (2 GHz, 2 Go RAM) core 2 DUO PC was used for this purpose. The same conditions
are respected for the three test functions.
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Test function #2:

sin2 {\lxz + yz\ -0.5

Minimize f(x, y) =0.5+ 5

4)
1+0.1( x +y2)

subjectto x € [—10,10], ye [—10,10]

Fig. 11 Plot of the test function #2.

Fig. 12 shows a comparison between results obtained using GA/SA and
GA. The rapid convergence of the hybrid algorithm is to be noticed. Optimal pa-
rameters are (x,y)=(1.897,1.006). The optimal fitness is f(x,y)=-0.523. Obtained
‘optimal’ parameters are (2.107,0.362) and (1.754,1.487) for GA/SA and SA, re-
spectively. Reached fitnesses are respectively -0.522 and -0.374. Convergence
times are 1.2 sec (GA/SA) and 20 sec (SA).

Objective Function

i i i i i
0 2 4 6 8 10 12 14 16 18 20
Number of generations

i i i i

Fig. 12 Optimizing f{x,y) (function #2): A comparison between GA and GA/SA results.
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Test function #3:

Minimize  f (x,y)==x.sin(\[|x—(y+9 ) —( y+9).sin(/|y+0.5.x+9)| )

subjectto xe [—20, 20], ye [—20, 20]

Fig. 14 shows a comparison between results obtained using GA/SA and GA,
where the rapid convergence of SA/GA algorithm can be easily noticed. For the
test function #3, the optimal parameters are (-14.580,-20.000) and the fitness is -
23.806. GA/SA gives (-17.007,-20.730) and -25.230 in 0.7 sec, whereas SA gives
(-15.356,20.475) and a fitness of -24.646 in 12 sec.

-23 T T T T T T T T T

Objective Function

8 10 12 14 16 18 20
Number generations

Fig. 14 Optimizing f{x,y) (function #3): A comparison between GA and GA/SA results.
6 Application of GA/SA to the Optimization Current
Conveyors

Current conveyors are the most well known current mode circuits. They can per-
form many analogue signal processing functions. Besides, they simplify in many
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ways the design of analogue circuits in comparison to their voltage mode counter-
parts, i.e. operational amplifiers [3]. Current conveyors (CC) can be represented as
shown in Fig. 15.

X

o——| 2
CC S

|

Y

Fig. 15 General representation of current conveyor.

The electric behaviour of a positive second generation current conveyor
(CCII+) [3,49] is described as follows:

Vi =Vy
I, =0 ©)
I,=1y

Fig. 16 presents a translinear loop based CMOS CCII+ [3], where transistors M-
M, instantiate the translinear loop and insure Vx=Vy. I is the bias current and
transistors My-M;, are current mirrors. Transistors Ms-Mg reproduce the current
applied to pole X, at pole Z.
} Voo
ﬁ M

-

; )
} Vss

Fig. 16 A CMOS positive second generation current conveyor.

It has been confirmed that current bandwidth limits the frequency application
range of a current conveyor, since the voltage frequency range is intrinsically
higher than the current one [3]. Thus, in this example we focus on maximizing the
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current high cut off frequency (f;) of the CCII+.The symbolic expression of f; is
not given due to their large number of terms.

MOS transistors forming the CCII+ have to operate in the saturation mode. Ex-
pressions (7) and (8) give these transistors’ saturation conditions for all the MOS
transistors:

B Vo | AR | i 7
#,C,| #,Co| = (
Cul 7 oCo 7
i )N i Jp
v 21 21
2 VT AN W (8)
1,Col - 1,Col
p~ox L n~"ox L
i )p i )N

where u,, u, and C,, are MOS technology parameters. V7, and V7, represent re-
spectively the threshold voltages of NMOS and PMOS transistors. I is the bias
current and Vpp is the supply voltage. W/L; is the aspect ratio of the corresponding
MOS transistor.

GA and GA/SA were applied to maximize f;. Fig. 17 depicts a comparison be-
tween obtained results, where the rapid convergence of the hybrid algorithm can
be clearly noticed. Fig. 18 presents SA results (f,; vs stages of temperature).
Table 4 gives the algorithm parameters.

—GA
——GASA

05

fci (GHz)

0 200 400 600 800 1000 1200
Generations

Fig. 17 Optimizing f,;: A comparison between GA and GA-SA results.

Fig. 19 shows SPICE simulation results of the CCII+ current transfer corre-
sponding to the optimal values of the CCII+ parameters.



Analogue Circuit Optimization through a Hybrid Approach 311

Table 4 The algorithm parameters of GA/SA

Population size 1000
Numbers of iteration 1000
Mutation rate 0.01
Crossover rate 0.8
Initial temperature 1
Stopping temperature 106
Cooling schedule 0.95
0s x10° ] { ( ] { ( ’
P S OO ST SO SUSANE VOSSR SR S i
25 0 i10 i20 i30 i40 i50 i60 i70 80

Stage of temperature

Fig. 18 Optimizing f,; using SA: f,; vs stage of temperature.

10
0 Y
o
2
X
X
10 1+
O 41| O B v I ] B ] A 1] R 11 BT
100Hz ~ 10KHz ~ 10KHz ~ 100KHz ~ 1.0MHz ~ 10MHz  100MHz  10GHz 10GHz

Frequency

Fig. 19 SPICE simulation results: f,,=931 MHz.

Table 5 presents the optimal device sizing and performances obtained by
GA/SA and SA.
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Table 5 Optimal device sizing and obtained performances: a comparison.

GA/SA SA
Technology 0.35 um AMS  0.35 pm AMS
Voltage supply (V) +2.5 +2.5
Wn(um)/Ln(um) 30.25/0.52 19.30/0.54
Wp(um)/Lp(um) 49.95/0.35 33.34/0.35
GBW (GHz) 1.1 0.924
Running Time (min) 0.68 1.25

Finally, and in order to highlight robustness of the proposed hybrid algorithm,
Fig. 20 presents results obtained for 100 runs of the hybrid algorithm. The mean
value of f,; is 0.956 GHz.

foi (GHz)

Fig. 20 Values of f,; for 100 runs.

7 Application of GA/SA to the Optimization of Operational
Transconductance Amplifiers

The operational transconductance amplifier (OTA), whose schematic symbol is
represented in Fig. 21, is an amplifier whose output current is proportional to the
differential input voltage. Expression (9) gives the linear function between the dif-
ferential input voltage and the output current.

I = (‘/irH - ‘/in—)gm (9)

out
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where V;,, and V;,_ are voltages at the non-inverting and the inverting inputs, re-
spectively. g, is the transconductance of the amplifier.
The amplifier's output voltage is expressed as follows:

Vour = Iour RL (10)

R; is the load of the OTA.
The voltage gain is then the output voltage divided by the differential input
voltage:

V

A — out :R . 11
W v v
Vin+
Vout
Vin Iout¢ R

Fig. 21 Schematic symbol for the OTA.

OTAs are generally used to drive small capacitive loads at high frequencies. An
OTA is basically an Op-Amp without any output buffer, preventing it from driv-
ing resistive or large capacitive loads. They are preferred over op-amps mainly
because of their smaller size and their simplicity [50]. Typically, OTAs can be
classified into two basic architectures, namely folded-cascode OTAs and tele-
scopic OTAs. The advent of deep submicron technologies enables increasingly
high speed circuits, but makes designing high DC gain OTAs more difficult [51].
In this application we deal with maximizing the voltage gain of a fully differential
folded cascode OTA (FDFC). Fig. 22 shows the CMOS implementation of a
FDFC.

This OTA uses cascoding in the output stage combined with an unusual imple-
mentation of the differential amplifier to achieve good input common-mode range.
Thus, the folded cascode OTA offers self-compensation, good input common-
mode range, and the gain of a two-stage OTA [52].

The open-loop voltage gain (A,) and the unity-gain frequency (F,) of the FDFC
are given respectively by equations (12) and (13):

Av: gm9Rom (12)

Fy= gno/ 22C, (13)

where Roy = Ra/ (gmstosR1), Ry =191/ 190 and Ry = gnarostor. gms and gy are respec-
tively the transconductances of transistors Mz and M. g, T3, Ios, To7 and roe are
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Fig. 22 Folded cascade OTA.

respectively the drain-source resistances of transistors M;, M3, Ms, M; and My Cp
is the load capacitance.

The problem consists in maximizing the voltage gain A, while satisfying a set
of inherent constraints, i.e. MOS saturation conditions, whose expressions are
given by Eqns. (14)-(18).

31, 21,
VDD _‘/()utMAX 2 biasl + bias1
K (W‘j K {WBJ (14)
P L P L
1 3
I, I
‘/Outmin _VSS > bias1 + bias1
= (15)
K| —
L5

VDD - VinMAX + VTN 6

Vi =Vy 2

inmin

(17)
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1.
Slew Rate=% (18)

L

where, I,;,; 1S the bias current, W; and L; are respectively widths and lengths of the
corresponding transistors, Vpp and Vgg are the supply voltages, Ky and Kp are
technology parameters. Vyy is the NMOS threshold voltage.

The static and dynamic performances of the OTA are set according to the speci-
fications of high gain, wide band applications given in Table 6 [53]. The optimiza-
tion problem consists of maximizing the voltage gain A, while satisfying a set of
constraints, namely the saturation conditions of MOS transistors and the frequency
bandwidth.

Table 6 OTA circuit specifications

Technology CMOS AMS 0.35um
F, (MHz) >200MHz

Co (pF) 0.1

Voo/Vss (V) -1.8/+1.8

Slew Rate (V/usec) >200

Table 7 gives optimal device sizing obtained thanks to GA/SA and GA, the cir-
cuit’s performance, and comparison with two published works. I;,s; equals 60pA.
This value gives a slew rate that equals 300V/usec. Iy, directly depends on the
ratio between aspect ratios of the current mirrors.

Table 7 Optimal device sizing of the FDFC OTA

GA/SA SA [54] Gnv/Id [55]
Voltage supply (V) +1.8 +1.8 +1.8 +2
W1(um)/L1(um) 50/1 44.03/1 34.85/1 10.8/1
W3(um)/L3(um) 33/1 29.06/1 23/1 5.4/1
W5(um)/L5(um) 50/1 47.15/1 47.15/1 2/1
W9(um)/L9(um) 50/1 49.9/1 49.9/1 14/1
DC Gain (dB) 84.42 83.89 82.89 77.53

Running Time (min) 0.086 0.47 - -
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Fig. 23 shows a comparison between results obtained using GA and hybrid
GA/SA when maximizing the open-loop voltage gain (A,), where the rapid con-
vergence of the hybrid algorithm can be clearly noticed. Fig. 24 presents SA re-
sults: Av vs. stages of temperature.

Table 8 gives the GA/SA algorithm parameters.

Table 8 The algorithm parameters of GA/SA

Population size 2000
Numbers of iteration 2000
Mutation rate 0.01
Crossover rate 0.8
Initial temperature 1
Stopping temperature 106
Cooling schedule 0.95
17 1d'
/\
1.6! | [
J d \/,/’
m r i
<
§ iy
€ s ] 1830 I §
S r | Y: 1.6646+004 |
g I |
o 1 | | i
2 | X: 1830 |
< | Y: 1.66e+004 |
o 1.4 1 -
I
| |
14 I I |
"I —— Hybrid GA/SA - _____1
—GA
13 0 200 400 600 800 1000 1200 1400 1600 1800 2000

Generations

Fig. 23 Optimizing the FDFC OTA Gain: A comparison between GA and GA-SA
algorithms.

0 20 40 60 80 100 120 140 160 180
Stage of temperature

Fig. 24 Optimizing the OTA gain using SA: Av vs stage of temperature.
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Table 9 gives a comparison between theoretical (hybrid GA/SA) and SPICE
simulation results.

Table 9 Theoretical and simulation results of hybrid GA/SA

Theoretical values  Simulation values
Performances

(MATLAB) (SPICE)
A(dB) 84.42 84.33
F, (MHz) 534 517

These values show the good agreement between the SPICE simulation results
and the theoretical ones obtained by applying hybrid GA/SA.
Fig. 25 shows SPICE simulation results of the FDFC OTA.

100

o
=]

Gain (dB)

o

o
t=]

180d

Phase (deg)
o]
g

1kHz 10 kHz 100 kHz 1 MHz 10 MHz 100 MHz 1GHz

Frequency

Fig. 25 Spice simulation results for Gain and Phase curve

The folded cascode OTA presents a high gain (84.33 dB), a large unity-gain
frequency (517.030 MHz) and a good linearity depicted by its phase margin
(51.34°).

Finally, Fig. 26 presents results obtained for 100 runs of the GA/SA algorithm.
The mean value of Av is 1503.
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Av

Fig. 26 Values of Av for 100 runs.

8 Application of GA/SA to the Optimization of a RF Circuit

Low Noise Amplifiers (LNA) form an important block in any Radio Frequency
chain [56]. The LNA is responsible of amplifying the signal and minimizing the
noise [57]. Scattering parameters allow characterizing a LNA circuit [56]. In fact,
these parameters reflect the power gain, the input matching and the output match-
ing of the LNA. It has been shown that the symbolic expressions of the scattering
parameters can deducted from the symbolic expressions of the Impedance parame-
ters (Z-parameters) [59].

The definition of the scattering parameters, noticed S-Parameters, is based on
the theory of the incident and reflected waves [59,60]. Thus, S-parameters de-
scribe the relationship between the different waves of a system. Fig. 27 represents
a network with two ports including the incident and reflected microwaves [61].

b, <2
«— F— o

v =4 A two-port 4 = v

1 2
- b, Network by —»
-~ F—o

Fig. 27 A two-port network with incident and reflected waves.

a; and a, represent the electric field of the microwave signal entering the network
input and output respectively. b; and b, represent the electric field of the micro-
wave signal leaving the network input and output respectively.

Consequently, the S-parameters are defined by the following expressions [61]:
b b
Sn:* '521:*2 'Slzzil

q

b
* Sy =—%

;=0 a,

19)

a
a,=0 a4 a,=0 2 =0
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S11, S21, Si2, S22 are the input reflection coefficient, the forward transmission coef-
ficient, the reverse transmission coefficient, and the output reflection coefficient,
respectively.

Vb
Rp
Lp
L
4{ M,
Vi
Lc b.%i[ M
Vbias1 M1 VOUT
Cc
_—
Vin Ls

Fig. 28 UWB Common Gate Low Noise Amplifier.

Fig. 28 shows a Common Gate Low Noise Amplifier [62]. This structure is
dedicated to the Ultra Wide Band (UWB) standard. The frequency band of this
standard is defined from 3 GHz to 10 GHz. The input impedance of this structure
is formed essentially by the inductance Lg and the equivalent impedance of the
transistor M, The transistor M, increases low frequency gain and improves isola-
tion. However, the parasitic capacitances of the transistor M, decrease the gain at
high frequency. Therefore, the role of the inductance L is to balance this degrada-
tion. Transistors M; and My improve the output matching of the structure. The in-
ductance Lp and the resistance Rp permit to obtain a flat gain along the frequency
band [3, 10] GHz. Due to the large number of terms of the S-parameters, their
symbolic expressions are not given; they were generated using the symbolic ana-
lyser CASCADES.1 [63,64].

The hybrid GA/SA approach was used to compute the optimal sizing of the
transistors forming the common gate LNA and the optimal values of the biases.
The objective is to maximize the voltage gain (S,;). Design and inherent con-
straints (maximum acceptable noise figure value, MOS saturation conditions,
minimum transition frequency fr, and impedance matching) are given by expres-
sions (20)-(27).

(Noise _ Figure) . <1dB (20)

where
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2
Noise _ Figure =1+ 4 + i [a)J + R,

ag, R, 5g,.R \w :
8 mi 1Y 8 mi 1%, T Q)ZLDZ""RDZ)Rnglz[Z Z:R ]
11 s

¥, tand O are process dependant parameters, g, is the transconductance of
transistor M, Ry is the terminal (load) resistance which is equal to 50Q, @ and

@)y are the pulsation and the transit pulsation, respectively. 1Z;,| is the input im-
pedance of the LNA.

21, L
(VDD _VTNZ - ﬁ - |S mMAX) > V VTNl (21)
(VgSZ =Ryl Vyimin — |S Vionax) > V Vo (22)

/ 21,,L,
(VTN3 - ,Ll gz W ds4mm) > V VTN3 (23)

f 21 ,.L
(VDD _VTN3 - ,U(?—3W3/ _|S21 VinMAx) > Vgs4 _VTN4 (24)
n~"ox""3
fr>5f (25)

aA1C,, 4L

ered band, i.e. 6.3 GHz. Vpy; is the threshold voltage, V;,ax is the input maximal
voltage and V; are gate to source voltages of the corresponding transistor (1<i<4).

where fr= 1 s, _ 34 V., =V fo is the central frequency of the consid-

17114 < -10dB (26)
1S5l4p < -10dB 27)

Fig. 29 presents a comparison between results obtained using GA and GA-SA.
Fig. 30 shows SA results: S,; vs. stages of temperature. Table 10 gives the GA/SA
algorithm parameters. Table 11 presents values of the optimized parameters and
the reached performances.



Analogue Circuit Optimization through a Hybrid Approach 321

20 T
10 —eeie
o
z
- 0 :
N
2 X::150
5 10 ‘ Y:.18
k3] X: 392
c | .
£ 20 ' AL
[
2 ;
_&i 30 :
e}
o
OF __ewsA
—GA
50 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400 450
Generations
Fig. 29 A comparison between GA and GA/SA results.
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Fig. 30 Optimizing the LNA scattering parameter S,  using SA:
S, vs stage of temperature.

Table 10 The GA/SA algorithm parameters

Population size 400
Numbers of iteration 400
Mutation rate 0.01
Crossover rate 0.8
Initial temperature 1
Stopping temperature 10

Cooling schedule 0.95
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Table 11 Optimal device sizing and reached performances for the LNA.

GA/SA SA
Technology 0.35 pm AMS 0.35 um AMS
Wi (um)/L; (um) 772/0.35 781/0.35
W (um)/L; (um) 772/0.35 781/0.35
W3 (um)/Ls (um) 34.07/0.35 31/0.35
W4 (um)/Ly (um) 34.07/0.35 31/0.35
Id; (mA) 5.23 5.18
Id> (pA) 6.23 6.23
Sa1 13.0dB 11.8 dB
Su -10.9 dB -11.6 dB
S2» -15.0dB -18.8 dB
R“?;‘]ii’r‘l’)g time 5.2 114

Table 12 gives a comparison between theoretical (GA/SA) and simulation (Ad-
vanced Design System :ADS) results.

Table 12 Theoretical and simulation results

Theoretical values Simulation values

(MATLAB) (ADS)

Sai 13.0 dB 12.5 dB
S -10.9 dB -12.8 dB
S -15.0dB -12.6 dB

Figs 31-33 show the good agreement between ADS simulation results and the
theoretical ones (MATLAB) obtained by applying hybrid GA/SA.
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Fig. 33 Sy,=f(frequency): (a) ADS, (b) MATLAB.

Finally, Fig. 34 presents results obtained for 100 runs of the GA/SA algorithm.
The mean value of S,; is 12.60 dB.

—_— ¢
I
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s21dB

Fig. 34 Values of S,; for 100 runs.
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9 Conclusion

In this chapter, the hybridization of a genetic algorithm and the simulated anneal-
ing technique, and its application to the optimal design of analogue circuits, are
proposed. The GA/SA algorithm was implemented in MATLAB. First, it was
evaluated using some test functions and advantages of such hybridization, when
compared to conventional meta-heuristics, were highlighted. The hybrid GA/SA
algorithm was used to optimize the sizing of three typical analogue circuits,
namely a positive second generation CMOS current conveyor, a fully differential
folded cascode operational transconductance amplifier, and a radio-frequency cir-
cuit, i.e. a low noise amplifier. Improvements obtained thanks to the use of
GA/SA, in terms of CPU computing time, were highlighted. Further, robustness of
the proposed hybrid approach was tested and simulation results (SPICE/ADS)
were given to show concordance with theoretical results.
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