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ABSTRACT M10 are SOl nMOSFETs, M3, M4, M5 and M6

) o o are SOl pMOSFETSs, and, @ the capacitive load

Analog integrated circuits design is a complex [9]. More specifically, M1 and M2 transistors are
task due to the large number of optimization efined as the differential pair, whereas the pairs
parameters involved. In this work, we propose M3-5, M4—6, M7—8 and M9—10 are defined as
the idea of using Genetic Algorithms (GA) 0 ihe current mirrors. The pair M9-10 is

map and understand the multivariate and multi- regponsible for the current bias of the differdntia
objective inherent optimization behavior of the pair. Also, \lq is the voltage supply,.vand v.
SOl CMOS single-end single-stage OTA.  OUr 4re the differential inputs,d is the current bias,
work uses GA not only to determine the best | is the current output of the current mirror
parameters for a specific OTA’s design target, but composed of M9 and M10, angs| and bs, are
also to track the changes of the W and L {he cyrrent drain of the differential pair.

dimensions of all the OTA's transistors and Vs

investigate how these changes affect the OTA'’s e Mﬁ bm e
optimization process when operating on distinct }—’—{ avo }—I—{
specific design targets. Our experimental results V'/T

have been compared to the literature and SPICE
simulations have been carried out to validate our
GA approach.

v,
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1. INTRODUCTION MH %M“
Analog integrated circuits design is a complex \ T
task due to the large number of optimization Gnd
parameters involved, such as the transistor Figure 1. SOl CMOS OTA schematics.

dimensions, given by the channel width (W) and e current mirror gain of M4 and M6 is
length (L), the values of transconductance over given by the following equation [6]:

drain current ratio (glps) and Early voltage We
(Vea) of each transistor, as well as different B= 16 1)
design objectives, such as DC bias conditions, W4L4

open-loop voltage gain (&), unit voltage gain \ here | 4 and L6 are the channel lengths and W4
frequency (f), phgse margin and slew rate. There and W6 are the channel widths for M4 and M6,
are several possible solutions based, for 'nStance’respectively. The open-loop voltage gain of the

on transistors d'meF‘.S'O”S combinations and 5o c\oS OTA can be calculated as [6]:
inversion regime conditions that can be proposed

to achieve specific design targets (DT). In Ayo = B.[FT“J[WJ (2)
practice, the solution of a DT depends essentially - \'DS/\YEAG T VEAS _
on the experience of the designer [1,2]. where @/lps is the transconductance over drain

In this work, we propose the idea of using GA Ccurrent ratio of M1 or M2, and &4 and \eas are
[10] to map and understand the multivariate and the Early voltages for M6 and M8, respectively.
multi-objective inherent optimization behavior of The unit voltage gain frequency is then given by :
the SOI CMOS OTA, a well-known analog szB_[ng Ips j 3)
integrated circuit. We are particularly interested Ips )\ 2TC|.
in tracking the changes of the W and L Equations (1)—(3) form the basis of our GA
dimensions of all the OTA’'s transistors and approach described in the next section.
investigate how these changes a_\ffect th(_e OTA_s 3. OUR GA APPROACH
optimization process when operating on high-gain
(HG), high-frequency (HF) and Micropower
specific design targets. The following three
OTA's operational values have been evaluated

simultaneously in the GA optimization process: . A N
y b P analog integrated circuits optimization [2-5,12].

Avo, frand t mi in (B). ; ) . .
vo, frand current mirror gain (8) For instance, the work described in [3] applies
2. S0l CMOSOTA BASIC EQUATIONS GA for complex filters designing, such as

Figure 1 shows the SOI CMOS OTA used in asymmetric filters, using frequency response
this work. In Figure 1, M1, M2, M7, M8, M9 and  analysis to evaluate the circuit. In [4], a simila

GA is a well-known Atrtificial Intelligence
optimization technique based on the principles of
natural selection and evolution [10].

There are a number of works that apply GA in



work to ours is presented where the authors applyreceive higher evaluations in the optimization
GA in an operational transconductance amplifier process.

design, but with different evaluation function and 3.3 GA Optimization Process

schematic. In [12], the authors have proposed @ rjrgty  the algorithm generates an initial
multi-objective genetic optimization based on 5 jation with random values for W and L.
Pareto-optimal design points for analog integrated once an initial population has been created, each
circuits. However, to the best of our knowledge, i,jvigual is evaluated taking into account the

this is the first study that uses GA not only 10 yegion targets specified. The best evaluated
determine the best W/L parameters for a specific jgjyigual is saved in memory to be used further,

OTA's DT, but also to map and understand the ;, ihe elitism process. Next, the selection preces
multivariate and multi-objective behaviors of s .arried out. This process selects pairs of
such optimization process using these parameter§ygiviquals used in the reproduction process.
exc!uswely. . . Individuals have been selected using the well-
Since our GA evaluation process is based onynown roulette method [2,10]. In the roulette
the gi/los x Ipg/(W/L) methodology of analog  method, solutions with better evaluations have
integrated circuits design [7], it is necessary 10 more chance to be selected for reproduction than
determine firstly the dissipation power (P) and he others. In this step of the algorithm, the W
Vga in order to define the transistors inversion ;o4 | glleles of the selected individuals are

regimes and DC bias c_onditions. _Bes_ides thoseswapped using the one-point crossover [10]. The
parameters, the analog integrated circuits designer.zia of this reproduction process (crossover rate)

needs to specify theeMxL and gy/lpsX Iog/(W/L) is an input parameter of the algorithm and has to
curves of the te_chnology to be optimized, as well g et by the designer. Then, the mutation of
as the OTA design targets foud\fr and B. some individuals occurs.  In our binary

3.1. Chromosome Repr esentation chromosome representation, this mutation step

Figure 2 shows the chromosome representationessentially flips some bits that compose the W
of our GA approach. All the W and L alleles are and L alleles. Analogously to the crossover rate,
binary numbers composed of 11 bits. Each the mutation rate is an input parameter and has to
chromosome (or individual) is evaluated using the be set by the designer as well. After selection,
Avo, fr and B functions described previously in reproduction, mutation and elitism, a new
the basis-equations (1)—(3). Since M1=M2, generation is created [11]. GA keeps processing
M3=M4, M5=M6 and M7=M8, it is important to the new generations until reaching the total
note that the M8 channel width @Vis not number of individuals defined by the designer.
represented in our chromosome because all theThe total number of individuals is an input
basis-equations do not take this parameter intoparameter and represents the total of individuals
account in their respective formulas. In factg W that has to be generated by the algorithm,
determines the output node DC bias condition and considering that each generation creates new
will be considered during the SPICE simulation individuals. A new run means starting the GA
only. process of evolution again with a new randomly

W, [W, [We L L |L [L | generated population. The designer has to choose

Figure 2. Chromosome representation. the number of runs and, as_larger is this number
i , of runs, more possible solutions are presented at
3.2. Fitness Function the end of GA optimization process.

To allow a symmetric and monotonically 4. GA EXPERIMENTSAND RESULTS

de‘?rfjﬁs_'(;‘g Ievz;luatlon of all thle |_nd|V|d|uaIesh,E;chat The GA process was applied for three different
IS, individuals that represent solutions closen® t - 5 gperational modes or design targets, that is,

AVIO' fr ahnd Bhspeci;‘ic IfDTS srrzouldf have hi_gherd HG, HF and Micropower applications, following
values than those far from the aforementioned y,q reference [6], as indicated in Table I.

DTs, we have adopted the Gaussian evaluation
functions described in our previous work [11] for _Table I: OTAs specific design targets.

the open-loop gain, unit voltage gain frequency| orapeignTarget | Voo V) | Pa W) | Aw@B) | & (MH2)
and current mirror gain for each GA individual,
considering the respective targets specified by thd
designer before the optimization. The fitness
function of our GA optimization process is very | HighFrequency (HF) & 3010 & 2o

simple and defined as an arithmetic mean of all The L parameter was considered equal to
these evaluations.  Therefore, all the three 10pF. The range values of W and L were 1 to

?bjectivfes have trd1ehsa_m§ _\(/jveig?ht hon f_thbe GA 100Qum and 1 to 2Am, respectively, in order to
itness function and the individuals that fit bette limit the GA searching space of solutions and

all the three objectives simultaneously will ,qiq unpractical solutions (i.e., dimensions
smaller than minimal dimensions of the

Micropower 1.2 5.10° 44 0.35

High Gain (HG) 2 100.1¢ 65 1.8




technology investigated or too much large). The rather than to the differential pair in order to
GA mutation and crossover rates were defined asattain the desired B and f values [6]. In
9% and 65%, respectively. Moreover, the GA addition, for Micropower OTA, the differential
optimization process was set to perform 20 runs pair must be biased in moderate inversion regime
with a maximum of 100,000 total individuals. in contrast to pMOSFETs current mirrors, which
The B value was defined equal to 1 for all design must be biased in weak inversion regime,
targets in our GA optimization process. according to the reference [6]. Therefore, when
To map and understand the GA convergencewe have to design an HF OTA, the pMOSFETs
behavior, Figure 3 presents the tracking of the current mirrors must be biased more in the strong
changes on the OTA’s parameters L (Figure 3.ainversion regime than in the differential pair, in
and 3.b), W (Figure 3.c and 3.d), W/L (Figure 3.e contrast to HG and Micropower OTAs, regarding
and 3.f), and J¢/(W/L) (Figure 3.g) during the desired & and f values considered. Since
optimization, for all the operational modes B=1, to achieve the desired,Aand f values of
considered, as a function of the number of the studied OTAs, the behaviors of pMOSFET
individuals. current mirrors have been optimized generating
Analyzing these results in details, the following approximately the same relative values (Figures
observations can be made. Singg #8epends on  3.e and 3.f).
the product over sum ratio of M6 and M8 Early 16
voltages, the GA optimization process in the HG
OTA has defined its channel lengths
(approximately 20um for both transistors) with
the largest values, in comparison to HF and
Micropower, maximizing the M6 and M8 Early
voltages. It is important to note that the M8 L of —
HF is larger than M8 L in the Micropower, 0 iiof 20’ a0’ axio’
because the HF differential pair (M1 and M2) is Numberofindividuals
in the strong inversion regime (Figure 3.h) and,
consequently, it presents a lowey/lgs than the
M1 and M2 of the Micropower OTA, which are
in the weak inversion regime (largg/ps values
in relation to HG OTA). For OTAs with high
voltage gain approach (HG and Micropower), the
pPMOSFETSs current mirrors (M3/M5 and M4/M6)
must present larger W/L values than the
differential pair, in contrast to HF OTAs, as . oW~
indicated in Figures 3.e and 3.f. We believe that 0 1x10* 2x10° a0’ 10"
this is important design information, but not Number of individuals
reported in the literature yet. The W and L values (b)
are found by GA optimization process
considering the design target that B=1. The W
range values are approximately from 250 to 7°°’W
800um, according to [6]. It is important to Sl E&E
emphasize that the W values obtained with our ]
GA optimization process cannot be compared
with the W values of reference [6], because our
GA approach has not implemented the source by

Micropower OTA
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(

Channel Length (L) (um)

Channel Width (W) (um)

W) (um)

Channel Width

Y 1x10* 2x10* 3x10" 4x10°

transistors dimensions regarding smallest OTA Number of individuals
die area. Analyzing Figure 3.g, and given thg A

and % conditions shown in Table I, the (©
differential pair of HF OTA must be biased in the 700

end of moderate inversion regime, near to strong
inversion regime, in contrast to pMOSFETs

Micropower
—— WL, —e—

current mirrors  (M3-M6). In fact, the = oo oo
pPMOSFETSs current mirrors must be biased in the 200

strong inversion, in order to reach high frequency 100

response [6]. On the other hand, for HG OTA, the o e —= — =
differential pair of the pMOSFETs current Number of individuals

mirrors must be biased in the moderate inversion (d)

regime, but pMOSFETSs current mirrors must be
biased nearest to the strong inversion regime



to be used to predict all transistor dimensions at
once and performing a few others iterations with
SPICE simulator, we believe that it is possible to
generate automatically better solutions, reducing
significantly the design time and cost of analog
integrated circuits.

Table II: SPICE simulations regarding¢fand f targets.

0 1x10* 2x10" 3x10° 4x10*

Number of individuals Avo Avo
. . frtarget fr SPICE
OTA Specific Designs ! target SPICE
(e) (MH2) (MH2) (dB) (dB)
Micropower 0.35 0.3 44 64
10% 5 —=—Differential pair (M,,M,) High Gain (HG) 1.8 1.1 65 82
I T s High Frequency (HF) | 03 150 £ 53
10° P reb—oh oA g 4 o 4 A A o
z 1 e, S 6. CONCLUSION
= 10°3" . .
§ T e He g This paper proposed the use of Genetic
S ; g8 Algorithms to automate the analog integrated
L S e circuits design, a complex optimization task
10° : : : : Inversion dependent mostly on the expertise of the analog
0.0 2.0x10*  4.0x10*  6.0x10*  8.0x10®  1.0x10° . . .
Number of individuals designer. More importantly, this work focused on
mapping and understanding the transistors
® dimensions and inversion regimes conditions for
Figure 3. HF, HG and Micropower GA optimization niges. different OTA design targets, highlighting

5 SPICE Simulations important design information. W_e p(_aheve that
) ) . . this proposed tool can reduce significantly the

In order to validate the transistors dimensions (ime and cost of analog integrated circuits design,
obtained by the GA optimization, SPICE 4 iding relevant information about the inherent

simulations were performed. Figure 4 illustrates ,tivariate and multi-objective OTA behavior.
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