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Abstract: - In the design and optimization phase of analoggnatied circuit conception, a topology is
obtained and a value is affected to each paranoéténe system yielding the best performance.
However, during the manufacturing process the vahles of these parameters will deviate in a more
or less important way from the computed valuesciviwill produce fluctuations of the performance.
Tolerance analysis is needed to estimate the mamipassible fluctuations of the performance, but
most of tolerance analysis methods are only appbexystems defined by their electrical parameters,
while designers have access only to technologieaampeters. An efficient and original approach
consists in performing the analysis by taking iatzount tolerances of the technological parameters
instead of electrical parameters. This paper ptsstierance analysis method applied to analog
integrated circuit realized in CMOS technology, vehthe maximum fluctuations of the performance
are established with respect to tolerances of tolgical parameters, like dimensions or oxide
capacitance
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1 Introduction won't be outside a pre-established interval of
o _ acceptability, before manufacturing samples.

The precision of electronic systems needs to be  gtatistical methods have been developed for
the more exact as possible and a small deviati@n of  estimating the circuit performance spread and hence
circuit performance from its theoretical optimized the parametric yield prior to fabrication [1 - 3].
value may have dramatic consequences on itS There are methods based on Monte Carlo analysis
behawour. In analog mtegrgted circuits conception 4] put time consuming since an important amount
during the phase of design and optimization a of simulation is necessary to produce useful result
topology and a set of component parameters are putpyrthermore, statistical methods need also more
in evidence in order to get the best system gata like the statistic distribution of each citcui
performance. Unfortunately, there is no guarantee parameter. This is not useful in case of computing
that the real values of the circuit parameters lell the maximum deviations of a performance, which is
the same as the optimized values. Indeed, with the g, goal. Worst-case tolerance analysis may
continuous down scaling of circuits, accurate produce interesting results [5 - 6] but presumimg t

control of every step of the fabrication process monotonicity between circuit response and circuit
becomes more and more difficult and provides parameters it is not appropriate in case of non-

differences between computed values and fabricated monotonicity and therefore deficient.

values. That may affect the performance of the  The major problem is that these methods
circuit in an unpredictable way. For a device or a consider only tolerances of component parameters
circuit manufacturers indicate for each performance (resistances, capacitances, etc), which often are
in the best case, the nominal value and the upper elements of equivalent models in which the designer
and the lower bonds of an acceptability interval. nas no direct access. Indeed, he only knows
Generally these vaIue; are obtained after perf@min tglerances of the technological ~parameters
measurement of an important number of samples (dimensions, charge carriers concentration, etc.)
and not previously computed. _ ~ while tolerances of electrical parameters can bely
Tolerance analysis is necessary to estimate in estimated. For a better accuracy of the tolerance
which way the fluctuations of the parameters can analysis, the best way is to consider the
modify the systems performances. The goal is, technological parameters fluctuations. The idea of

considering tolerances on each device parameter intaking into account the transistors dimensions in a
the circuit, to ensure that the circuit performance
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sensitivity analysis has few been considered [uf, b
never applied to tolerance analysis.

2 Senditivity Analysis

An important part of tolerance analysis methods
begins with sensitivities computation. Sensitidtie
are well known for their usefulness in tolerance
analysis [1, 6, 8]. Furthermore with sensitivities
possible to estimate the degree of influence oheac
parameter in a circuit [9].

2.1 First-Order sensitivity

Consider a circuit having n parameters denoted
h;, h, and so on to f and a performance F (for
example the gain of a voltage amplifier).

The first-order normalized sensitivity of F with

respect to the parametsr, ItdenotedSh IS :
I

h oF

=, 1
> F oh, @)
Generally, a parameter; s considered as an

influent parameter if the sensitivit)Sh has a

magnitude greater than 0.5. If the magnitude of
Sh

as a few or not influent parameter.

However, the value of the first-order relative
sensitivity may be not sufficient to estimate the
degree of influence of a parameter éspecially
when the evolution of the performance leads to an
extremum (maximum or minimum) value of F. This
case occurs especially after an optimization

procedure of the performances. Consequently, the

first-order sensitivity is very small but it dodsn'
mean that the parameter is not influent. Small
fluctuations of the parameter around its optimized
theoretical value could produce important changes
in the performances values.

2.2 Second- and Higher-Order sensitivities

To complete with accuracy the sensitivity
analysis,
sensitivity of F with respect to the parametgr h

noted Sﬁi and given by (2).

)

This sensitivity is called single second-order
relative sensitivity, because computed with respect
to a single parameter. In order to get the degfee o

influence of the parameter, lthe sensitivitiesSh‘
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it is necessary to get the second order
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and Sﬁi are compared. If the magnitude Sﬁi is

very greater than the magnitude Sf]_, it is this
second-order sensitivity which has to be considered
to establish the degree of influence of the paramet

h;.

Expression (3) is the cross second-order relative
sensitivity with respect to two different parameter
hi and k(i # j):

h;.h 0°F
" F ‘oh oh

With these second-order sensitivitie?.fihj after

®3)

comparisons with the other first and single second-
order single sensitivities, it should be possibl@at

in evidence the more important correlations between
different parameters of the circuit under study.

2.3 Polynomial approximations of the
performances

Knowing the values of the sensitivities allows to
build a polynomial approximation of the
performance F by the use of the Taylor series

development. With fluctuations of the parameters

is smaller than 0.1 the parameter is considered weaker than 20%, one can consider that the second-

order Taylor series is a good approximation of the
performance behavior around its theoretical value.
The expression of the relative fluctuations of the
performance F, with respect to the relative
variations of the n parameters of the circuit, is
obtained from expression (4.a):

F(h+Ah,...h+Ah E FA |

N oF 1 0%F
=F+ Ah, +
Za Z2 oh?
oF OF
F An A 4
zah oh i (42)

i=1
j=1
1%]

and introducing the sensibilities, we have:

SRS e

3 Tolerance Analysis

3.1 Definition

Let us consider an analog integrated MOSFET
circuit. This circuit has a target performance dote
F.
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Each MOSFET is described by its geometrical
and technological parameters. The circuit has n
parameters (h h, and so on to J. Each parameter
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Each monome of this expression has a minimum
and a maximum value. By adding, in one hand, the
minimum values and, on the other hand, the

hi has a nominal value obtained in the design and maximum values of all the monomes, it's possible to

optimization phase and noteg.hrhe actual value
of h; resulting after manufacturing ig+PAh;, where
Ah; is a positive or negative deviation.

If the nominal value of the performance
established during the design and optimization
phase is notedyFits effective value is JFAF, AF
being a positive or negative value.

Tolerance analysis consists, given the maximum
deviations [Ah . for all the n parameters, to

establish the upper- and lower-bond of F, denoted and,

respectively ki, and K. Consequently, it will be
possible to ensure thaty,fF < F < R If the
acceptability interval of the performance remains
inside this domain, the circuit robustness is
guarantee.

3.2 Method
The analysis starts with the computation of all
the first- and second-order sensitivities of the

performance F with respect to all the parameters.

With these results a polynomial approximation of F
around its nominal value is available.
The core of the method is an optimization

procedure, based on the gradient method [10] and,

therefore, an iterative method. If the number of
parameters is important, the number of iterations
may become important.

In order to reduce the number of iterations we
have considered that for an important number of
parameters, the monotonic variation of the
parameter from r0OAh . to h +0ANK D may
produce a monotonic evolution of the performance,

increasing or decreasing. These parameters are

called monotonic parameters and, if a part of them
are previously put in evidence, they won't neebeto
considered in the gradient method procedure [15].
A parameter his monotonic if the sign of the
derivative with respect to it doesn't change. A
positive sign of the derivative makes the
performance F increasing with respect to A

negative sign makes the opposite. If we consider

expression (4.b), we can establish its derivatiith w
respect toAh/hp, which is also a polynomial

expression given by:
9(AF/R) " [Ahj
()

i=1 i=

3an 7hy) & T2 S
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get two values: Dﬂ?i”and Dy, such as
- J0(AF/F ,
min u<DQ,W. Finally, if D™ and
! a(Ahi /hio) ! '

D[I‘i""x have the same sign,; Hs considered

monotonic [15].

The phase of optimization with gradient method
is run only on the set of non-monotonic parameters
consequently, the computation time is
significantly shortened. Finally, the values aofi.\F
and R are provided.

In summary, there are three steps:

- computation of first- and second-order relative
sensitivities of the performance with respect to
all parameters.

- search of monotonic parameters.

- application of iterative gradient method with the
remaining parameters.

The MOSFET and its parameters

Fig.1 represents a simple 3-D view of the NMOS
transistor structure. The PMOS transistor structure
is the complementary of Fig.1, N+ region being
replaced with P+ region and N zone being replaced
with P zone [14].

Source

4

w

Fig.1 3-D view of the NMOS transistor structure.

The N channel MOSFET is mainly characterized

by five technological parameters which are:

the length of the gate
the width of the gateV

- the overlap lengthq
- the oxide capacitance of the gé&lg
- the mobility of charge carriers in the chanpgl

(or i, for a P channel MOSFET)

As the access to the mobility of the carriers m th
channel is extremely complex, we have chosen to
consider this parameter as a constant value. The
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influence of the substrate and the effects of the
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computation software developed in our university

source-substrate voltage have been neglected.[13]. From now on, after having computed the value

Therefore, the threshold voltage of the transigtor
given as a constant value.

The choice of the transistor or circuit model is
depending on its role [11] and also on the wanted
precision which can induce resistive, capacitivé an
inductive elements [12]. We have decided to
consider, for the moment, only the case of MOSFET
being an active linear component for analog
applications, working in the saturation mode.

The drain current of the NMOS transistor is
given by expression (6), wheresk= u,.Cox, V1 iS
the threshold voltage, 3 and \ps are respectively
the gate-source and drain-source voltage, Janmsl
the channel-length modulation parameter.

1w
2L

The employed small signal equivalent model is

the most simple [14]. It is presented in Fig.2 &d

characterized by four electrical parameters which

are:

- the gate-drain capacitanCgy

- the gate-source capacitartg

- the output conductance

- the transconductancg,

Ko (VGS_V Tn)z' (1 + )\-VDS) (6)

Ip

Gate G | | ng Drain D
O
'|' I
Y T Om-Vgs
gs r
T CQS °
O
Source S

Fig.2 MOSFET small-signal equivalent model.

The links between electrical and technological
parameters of the transistor are given by exprassio
(7) to (20).

2

Cgs=§-W-(L_2'Ld)'C0X+ W.L,.C,, (7)

Cgq = W.Lg.Cox (8)
1 1

r,==. (9)
A1l W 2

E.T-Kpn'(VGS_VTn)

W

O :T'Kpn'(VGS_VTn) (10)

The simplified equivalent circuit of the MOSFET
has been implemented in SAMI, a sensitivities
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of the target performance F, it can compute
sensitivities with respect to the four electrical
parameters of each MOS transistor in the circuit.

In order to take into account the influence of the
technological parameters, we have added a module
in SAMI. Given the sensitivities with respect teeth
four electrical parameters of each transistor, it
computes sensitivities with respect to the four
technological parameters of each transistor.

For example, consider the gate length L of a
MOSFET (see Fig.1), we deduce from expressions
(7) to (10) the first-order derivatives ofLCyq, 1o
and g, with respect to L.

oC
% =Z.W. ox (12)
oL 3
oC,,
=0 12
m (12)
oL A1 2
E.W.K,,n.(vGS—VTn)
dg, -W
agL = L2 'KPn'(VGS_VTn) (14)

Then, using the relative sensitivities of the
performance F with respect to the four electrical
parameters $cgs'scgd'sro' and S, ) given by

expression (1), one can deduce (introducing
equations (11) to (14)) the expression of the inedat
sensitivity of F with respect to L:

Ssz.d_F_% .L_a&+% L&
FoL ™C, dL “ Cy OL
L or, L dg
°r, oL .t g, OL (13)

It's necessary to apply an identical method in
order to get the other first-order sensitiviti€g, ,

S, andS. , and the second-order sensitivities.

5 Applications

In order to validate our method, we have chosen
to apply it to elementary CMOS analog circuits [16
-17].

5.1 Common Source Amplifier

The first circuit is the common-source amplifier
cell shown in Fig.3 and realized ipuh technology.
It is a NMOS transistor, @ biased with a PMOS
transistor, Q. Both transistors are biased with
respectively a DC gate potential of 1.05V fox Q
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and 3.85V for Q. The technological parameters are are due to the 1kHz frequency being very smaller
given in Fig.3. Index n/N is for QQand index p/P is than the cut-off frequency. Note also that theneads
for Qp; gate lengths are the same for both transistors. second-order sensitivity very greater than the most
In Table 1 are given characteristics (bias drain important first-order sensitivities.

current p, oxide capacitance & threshold voltage
V1, Gy and G capacitances, output conductange r
and transconductancg,)gof Qy and Q. The input

Parameter;h SensitivitySh_
|

resistance Ris 100K2. The frequency is 1kHz. Cysn -0,70 1@
_ Cyan -0,32 1¢
E=5V fon 043
gmn 1

Cgsp O

VBIAS
—_ e Cado -0,58 10°
} lop 0,54
0

o I | I} Tv =

R Table 2 First-order sensitivities with respect to
Vs S electrical parameters.
With the previews results the sensitivities with
Wy, = 10um respect to the technological parameters have been
Wp = 30um established. They are given in Table 3.
L =2um
Lo = 0.125um Parameter;h| Sensitivity S,
I
Fig.3 Common-Source amplifier cell. Wi 0,56
Ln -0,56
Qn Qp Lan -3,2 10"
I (MA) 19.3 19.3 Coxn 0,56
Cox (FF/pm?) 1.75 1.75 We -0,54
Vr (V) 0.8 -0.9 Le 0,54 i
Ces (FF) 22.6 67.8 Lop 5,710
Cyi (fF) 2.19 6.56 Corp -0,54
ro(MQ) 5.33 4.27 Table 3 First-order sensitivities with respect to
Om (MA/V) 150 150 technological parameters.

Table 1 Technological & electrical characteristics

i 0,
of the NMOS and the PMOS transistors. We have consideretb% tolerances on L, W,4L

and G,, which is lightly more than the typical value.
The second step of the tolerance analysis has

revealed that all the parameters are monotonic
computed by SAMI, is 347.3, which is about parameters andlwe_ha\./e gstabllshed tha_tthe vhlue.o

the voltage gain is inside the domain [-337.7;
50.8dB. ; . .
-356.3]. This represents a maximum voltage gain
deviation of 2.8% from the nominal value.

The magnitude of the voltage gain\%,

The first step of tolerance analysis is the
sensitivities computation. In Table 2, are givea th
first-order relative sensitivities of the voltagaimy 5.2 Differential Amplifier
with respect to the electrical parameters of the The second circuit is the differential amplifier
circuit. The most influent parameters are the shown in Fig.4; this amplifier is biased with a
transconductance of\Qro, and g, These results are  current mirror realized with two PMOS transistors
exactly what we expected since the voltage gain Q; and Q; the differential pair is formed with two
expression is about #g(rod//rop). Note that the NMOS transistors Qand Q. The frequency, the
weak values of the sensitivities with respect t® th dimensions and the bias current of the previous
internal capacitances (magnitude about i@ 10% example have been conserved. Consequently, the
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technological and the electrical parameters are the The values of the first-order sensitivities are
same as those given in Table }.@Dd Q are biased given in Table 4 (with respect to electrical
with 3.85V gate potential, and since the circug ha  parameters) and in Table 5 (with respect to
+5V/0V power supply, we consider the gate technological parameters).

potential of Q and Q equal to 2.5V. The load is

represented by an equivalent resistance R Parameter h| Sensitivity S,
E=5V :
W, 0,306
L, -0,306
o Q, Las -5,8710%
Coxt 0,306
VOUt
W, 0,259
L -0,259
Q1 Q- 2 :
VT{ \ }7 [ -7,0410%
Cox2 0,259
Wy, = 10um W, -0,306
Rl | Wep=30um Ls 0,306
L =2um Lgs -1,44 10°°
Lq=0.125um Coxs -0,306
W, -0,237
Fig.4 MOS Differential Pair. L4 0,237
: Vo, L -4,30 10'°
The magnitude of the voltage g% has Cors -0.237

the same value (347.3) as the previous example _ o _
since the expression of the voltage gain is almost Table 5 First-order sensitivities with respect to

identical. technological parameters.
Parameterh| SensitivityS We have still c_onsidereﬂiS% tolerances on L,
: h; W, Lg and G, During the second step most of the
Cye1 -0.94 1012 16 parameters were defined as monotonic
Cour 049102 parameters. Fina_lly, the voltage gain i§ supposed t
for 0.0012 vary m_the doma!n _[-377.8; -317.4]. This represent
' a maximum deviation of 8.8% from the nominal
Gm 0.31 value. Note that this value is greater than the
Cos2 0.19 10" tolerances of the parameters and not negligible.
Cyd2 -0.70 10°
o2 0.43 6 Conclusion
Im2 0.69 Tolerance analysis is efficient if it's performed
Cyss -0.14 10° by taking into account the parameters that the
Cyas 0 designer can control. We have proved that, by
lo3 0.47 10° giving the maximum possible fluctuations of
O3 031 technological parameters, we could evaluate the
C 014 10° tolerances of analog MOSFET integrated circuits
g . performances without an estimation of the stasstic
Cous 043 10 properties.
fos 0.54 In order to validate the method, two circuits
Oma 031 using a simple model of MOSFET have been

analyzed. The results are what we were expecting
Table 4 First-order sensitivities with respect to and validate our approach.
electrical parameters. The next step will be to consider a more precise
model by taking into account the effects of the

ISSN: 1109-9445 Issue 12, Volume 4, December 2007
282



WSEAS TRANSACTIONS on ELECTRONICS

substrate, notably the threshold voltage Y the
link with electrical parameters is clear, consither
impurity concentration or the carrier mobility as

another technological parameter could be possible

too.
It will be also necessary to study the influence of
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between elements.
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