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Abstract

An accurate threshold voltage extraction scheme for MOS transistors is presented. In
contrast to alternative methods recently reported in the literature, this scheme does not need
matched replica of the transistor under test, and thus can be applied more effectively and
accurately to real-time on-chip applications where threshold voltage measurements are
required for many transistors with various geometries and bias conditions. The proposed
scheme 1is accurately implemented in a matching-free way using a ratio-independent
switched-capacitor subtracting amplifier and a dynamic current mirror. Nonideal effects
associated with these circuits have been investigated and compensated.

I. Introduction

*IEEAR, VEGE, [DIBR BT8R
(Dept. of Electronic Eng., Univ. of Inchon)
BEHT - 1994# 4R 12H

Numerous nurmerical techniques exist for
accurately extracting device model parameters

J [ .
from measured data''''*'  One example of

(166)
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such a technique is the MOS transistor
threshold voltage (V3 extraction using a

linear regression on measurements of Ips at

many Vg values. Some applications require
extraction for
The

are

real-time on-chip parameter
implementing useful circuit functions.

numerical techniques discussed above

computationally intense and not well-suited
for real~time on—chip applications.

Recently, Vr

based
have been proposed for overcoming the above

several real-time extraction

methods on circuit implementations
disadvantagesm‘:’m. Although the accuracy is
degraded compared to that attainable by the
numerical methods, these methods are very

fast and can have an extracted Vi, available

in an electric quantity and thus have ample

applications such as temperature compen-
sation and temperature measurement as well
as automatic MOS transistor characterization'
‘I Most methods'?'1® matched

devices to extract V; for one test device of a

require

fixed geometry. Their accuracy thus depends
on the matching between the devices under

test. These methods are inefficient when
extraction of V; is required for many tran-
sistors with various geometries including
small sizes since the matching of small-size
transistors is poorer than that of large
transistors. These methods also require other
component matching in their extraction
circuits such as current mirror transistors
and resistors. Their mismatches will also

degrade the accuracy of the extracted Vi
"% are not

applicable for transistors with different bias

values. Moreover, the methods'®'

conditions, 1i.e., nonzero substrate-to-source

voltages (Vg *= 0) since they need a cascode

matched test-transistors or
]

configuration of
transistor arrays. The method discussed in'®
uses only one test device and thus does not
require device matching. The method is very
large errors

simple but produces relatively

(about 100mV) due to the uncertainty of

£ 32% A % 1R
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choosing the proper threshold current which is
used to measure Vr.

In this paper an accurate matching-free V»

extraction scheme is presented which does not
require any replica of the device under test
and applicable for transistors with different
geometries and different substrate bias
conditions. The features of the
scheme is comparatively summarized in Table
1 with other extraction schemes mentioned
above.

proposed

Table 1. Feature comparison of V; extracion
schemes.
. —
i Require | Applicability {
equlire
L ia.r | Reauired  Applicability at
Scheme matched at different, different. Comments
i matched
component geometries SU[)S[I’BL(‘,
test tes ¢ .
i bias condition
L N e
Numerical Accurate but
2F 1L
0 None None Efficient Yes not suitable
A for real time
i Using a
Wang4:& N ‘ Current Inefficient No Lransister
Johnson{3. i i mirror trs array
- e e
Using a
Tstvidis (5 3 Current. Inefficient No transister
: mirror trs string
- TTBICMGS
Resistor & . MO
e . Inefficient Yes
Alini [6: 2 Current L .
A implementation
mirror trs
I | o Simple but
- - {  Efficient {es
lee (7 None None teten Yes Poor accuracy
Dynamn"““
Proposed None ‘ None Efficient Yes
. implementation

HO. Principle of the Matching-Free
vr Extractor

1. Basic Scheme

A conceptual schematic of the proposed Vi
depicted in Fig.l.
Applying the outputs of a current mirror I
(with S1 closed and S2 open) and I, (with S1
open and S2 closed) to a test transistor which
operates the region
assuming that the transistor has square-law
characteristics. we obtain respectively

extraction scheme is

in saturation and

K(Vig—Vo)? Iin
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K(Veg—V?: = I (2)
where
Ip = nlp (3
- #Cox W
K = S5% 7 (4)

Equation (1) and (2) have the same K and
Vr because only one test transistor is used as
other
Solving these equations we readily obtain the
threshold voltage V¢

contrasted with extraction schemes.

Vi = \/;1771 (Vn Vea — Vi) (5)

Current Mirror
1 : i

Fig. 1. Conceptual schemetic of the proposed
V4 extraction scheme.

Assume Sl and S2 are driven by a compli-
mentary nonoverlapping clock. When S1 is
closed, Vag is sampled and multiplied by p.

When 82 is closed, Vig 1s sampled and subt-
racted from pVeq. The result is then mul-
tiplied by ¢. The output voltage V.. of Fig.1

is then
Voo = a(0Vea— Vis) (6)

Comparing (6) with (5), it can be seen that
the output voltage will be

Via = mVy (7

if p and ¢ are given by

5 A
p= Vn (8)
7 (9)

‘T -1

Thus, an integer multiple of VvV, can be

readily obtained by choosing an integer m.
The easiest way to obtain V: is to choose

n=4 and m =1 resulting in » =2 and
¢ = 1 and thus,

Vouw = 2Vea—Veg = Vr (10)

where Veq and Vee are the gate-to-source

voltages of the test-transistor when the drain
currents are I, and 4I,, respectively.

The simple analog arithmetic operation,

(2Ves—Ves), can be accurately implemented
using a switched-capacitor subtracting amp-
These kinds of switched-capacitor
circuits for basic arithmetic operations are
capable of providing high accuracy as indi-
cated in'®'. Most common implementations of

lifier.

the current mirror and the switched-capacitor
amplifier require device and capacitor mat-
ching respectively although matching with the
device under test is not required. Since both
the current mirror gain and the amplifier gain
are small and integral, both blocks can be
dynamically requiring
any matching of devices or capacitors. The
implementation of the blocks will be discuss-

ed.

implemented without

2. Model Error Consideration

other methods'®' " '%'  the
proposed V; extraction scheme is also based
MOS transistors
operating in the saturation region obey the
square-law. The characteristics of real MOS
transistors, however, deviate from the square-
law due to the nonideal effects such as cha-

As are most

on the assumption that

nnel-length modulation and mobility degra
dation, resulting in a discrepancy between the
extracted V,; and a real V;. Including the

nonideal effects. the drain current can be
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described by associated with the current mirror and the
arithmetic block was to
examine the pure model error.

analog assumed

Ine = M0
os 1L + 6(Vg — Vp

1
[ L1 - AVDS)] (11) 10 T —T T L T T T
W/L= -_
W) tezo0f4o —
Cox W 8r

5~ (Ves— Vp?

A
parameter,

is the channel-length modulation
6 the mobility degradation
parameter, and g, is the zero—field mobility of 2

where
is

carriers.

The error voltage due to the 4 and ¢ effects
can be readily derived using equation (11)
and neglecting the effects.
resulting in

second order

T T T
W/L=20/4 —
W/L=200/40 —

VTerr (A - 6') Vexl Veﬂ

1
2 (12) .
La-ovy

where V., for i = 1,2 is the excess voltage

Vesi—Vr. Small excess voltages will help red- 0

03 035 04 045 05

Verz (V)

055 06 065 07

ucing the error voltage, which is an expected
result because the A and ¢ effects increase

(b)

with Vps and Vg, respectively, and the test

device in our extractor is diode-connected to Fig. 2. Eror voltage of the extracted voltage

guarantee its saturation-region operation, res- Vi from the actual theshold voltage

ulting in Vps= Vs, It is interesting to note

Vry computed by SP.CE

that the two parameters in (12) are in a (a) as a function of the bias current
relation of canceling each other, and for- Ip

tunately, both parameters are inversely (b} as a function of the excess vol-
proportional to the channel length. Therefore, tage Vep.

the variance of i — # and thus the error

With assumption that the Vs computed by
SPICE is the actual thresheld voltage, the
Vierd View— V) 1s  plotted in
Fig.2(a) as a function of bias current I,. As

the voltages for the
long-channel device ( W/L=200m/40xm )

voltage will not increase substantially with
the channel length reduction. For example, if
the maximum difference value of the two

0.1V'Y, Vy,=0.8V,

error voltage

parameters is and Vo, =

0.4V, then the error voltage will be less than expected, error

0.5% .

The proposed scheme has been simulated for
two test devices which have different geo-
metries using SPICE with level 2 MOS models

(VT0=0.924V). In this simulation. no error

(169)

are smaller at all 1, values than those for the
( W/L=20pum/4pm ).
It can be seen that the error increases with

short-channel device

1, since large I, increases the excess voltage



170 MezE Jrles o8

Table 2. Accuracy comparison between the proposcd

23 Y Mactching-Free MOSFET #

SR DEL

FE

scheme and the limear regression method.

Test device Number of Extracted Error
Vost/ Vs Vasn/Vre
size (W/L) samples 63/ Vs asn/ Vi Vext Vioxe Vittay
20um 1.066V/0.888V  1.2541V/0.888V 0.8919V 3.43mV
N = 20 - - - e
Linear 4um L.211V/0.888V  1.525V/0.887V 0.8971V 9.58mV
Regression - ] Lev/0921v L309v/0.921V 0.9230v 2.03mV
. AVH 3 309V /0. 9: . A / z.Usmy
Method (2) 200um 20 SreoNEIe S

40um 1.275V/0.921V  1.623V/0.921V 0.9281V 7 09mV

Test device Bias Curr. Extracted Error

Tove T IPYAYS

size (W/L) D Vasa/ Vi Vose/ Vi Ve Vst Vittlay

20um 1.066V/0.888V  1.2541V/0.883V 0.8921V 3.61mV

T JuA - e e e e ]
The 4um 1L211V/0.888V  1.525V/0.887V 0.8961V 8.58mV
Proposed - cT I T T e - S e -
Seheme 200 um 1L116V/0.921V  1.300V/0.921V 0.9233V 2.26mV
; Ty 10uA - - e Ep—

40um L 1275V/0.921V  1.623V/0.921V 0.9275V 6.47mV

as shown in Fig.2(b), where the error voltages

are plotted as a function of the excess

voltage Vu(Vee — V). The figure exhibits
that the error variance of the proposed
scheme to the excess voltage Ve IS

comparable with the variance to the device
size. It can be also seen that the slope of the
in Fig.2 changes substantially at a
V.. that corresponds to

curves
small 7, or a small
the between the
inversion the weak
region. Therefore, the bias current I, should

strong
inversion

point
and

transition
region

be selected carefully such that the excess

voltages V., and V., are greater than the

transition point but not too big for small
model error. It can be seen in Fig.2(b) that if

Vee = 0.4V then the error voltage due to the
model error will be less than 5mV even with
the short-channel device (L=4xm).

The proposed scheme has also been com-
pared with the linear regression (LR) method
'"in Table 2. In the LR method, Ips values
are collected at 20V values using SPICE, so

no measurement error is assumed.
For consistency in excess voltages, the

selected such that the highest

7
V GS

values are

sample value Vi 1Is Vee. and the lowest
sample value Vo is Vea. Since threshold
voltages are functions of device terminal

voltages. and their variance increases as the
device size decrcases, the actual threshold
Vi of the short-channel device (L=4
with
Vis

voltage
V(,;g or
1.066V,

1,525V,

w#m) computed by SPICE varies

as shown in the table. At

at
Viu

Vs
0.889V, while =
Ve = 0.87V. Thus, the
about 2mV when the V. change is 0.46V.

This be
shorter-channel devices. The

Vi Ves

= variation is

variation  will significant  for

Ve variation of
the long-channel device (L=40xm) is almost
negligible. the scheme the
variation 1s due to the two different Ve val-

In proposed

ues, Veq and Vg, and in the LR method the
variation is also due to the different Vg
values used to grab the 17, data. Thus, the

average values

(Vou(Ven) + Vgl Veg))/2 for the proposed scheme

(Venl Vesd + Vil Ves))i2

Vit =

for the LR method

error of extracted
be seen from the
the LR method
similar to that of the proposed scheme, and

were used to calculate the
threshold voltages.
table that the accuracy of

It can
is

the LR method also gives large error when

the samples are taken from large V. values.

M. Ratio-Independent SC Subtracting
Amplifier
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Fig.3. Schemetic of the proposed ratio-independent SC subtracting amplifier
and clock sequence.
The simple arithmetic (2Veq —Veg) needed in Thus, the input of the SC circuit, Ve is
our Vy extractor is realized using a SC cir-
cuit. Many circuit techniques and strategies'® Ve — Ves:  for ¢y and ¢, (13)
= H ¢ =
28 have been proposed to overcome the Ve for ¢, and ¢,
nonideal effects limiting the performance of
SC circuits such as parasitic capacitances, Of course, the current mirror in Fig.l is
nonzero offset voltage of op-amps, finite dc dynamically implemented such that it can

gain of op-amps, capacitor mismatches., and
charge injection of MOS switches. To impl-
ement the SC circuit in a matching-free way
and to relax the op-amp gain requirement,
Lee’s ratio-independent concept'm and Nag-
araj’s gain-insensitive technique''®’ are empl-
oyed in our SC subtracting amplifier.

The schematic of the proposed ratic-inde-
pendent SC subtracting amplifier is shown in
Fig.3. The performs the
arithmetic and operates

circuit
(2Ves — Vi)

analog
in six
nonoverlapping clock phases ¢, to ¢.

Since a single test device is used, Vus and

Vee can not be available at the same time.

a7

supply the test device with I, during ¢4, and
4, and with 471, The

capacitors Cl1 and C2 are used for main
operations, and C3 C4 the
corresponding auxiliary capacitors the
compe~
nsation of the finite op-amp gain. C3 and C4
are chosen such that C3/C4=C1/C2. Capacitor
Cc
voltage.

During phase ¢,

during ¢, and ;.

and are
for
preliminary operations required for

is used to store the finite gain error

the input signal Vg is

sampled onto both the sampling capacitors Cl
and C3. During phase ¢,

Via— Ve 18 transferred onto C4

the charge cor-

responding to
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from C3.
(ideally zero) at the inverting input terminal
of the op-amp which is caused by the finite
gain and the offset voltage of the op-amp is

At this time the error voltage

stored in Cc. The error voltage is denoted as
V,(2) where the subscript denotes the node

number and the number inside the par-
enthesis denotes the phase. The error voltage
Vi(2) is subtracted from Vy(3) during ¢; such

that the virtual ground voltage level V.(3)

becomes as small as Vi(3)-V,(2), while the

main charge transfer is performed from C1
onto C2. The difference voltage Vi(3)—Vi(2)

will be very small. If the difference voltage is
assumed zero, then the amount of charge
stored in C2 will be exactly Cl (Veq— Vew).

During ¢, the input signal Vg is sampled
again onto C1 and C3. During ¢s the charge

stored in C4 is transferred back onto C3. The
error voltage associated with this operation is
also stored in Cc. During the last clock phase
#;. the charge stored in C2 is transferred

back onto Cl and added to the charge stored
already during ¢;. During this phase the

virtual ground voltage V,(6) also becomes as

small as Vi(6)—Vi(5). Assume again Vi(6)=

Vi(5), then the amount of charge stored in C1
is Cl{(2Vea—Vse). hence the output voltage is

2Vea—Vee independently of the capacitor

ratios. In reality the difference voltages
Vi(3)~-Vi(2) and Vi(6)—V(5), however, are not

exactly zero because of the nonideal effects.
In the following the effects of the non-
idealities on the error voltage are investigated
analytically.

1. Sensitivity to nonideal effects

The error voltage associated with the finite
op-amp gain, parasitic capacitances at int-
ernal nodes, capacitor ratio mismatches, and
op—amp offset are analytically derived. To
parasitic

reduce complexity only two

capacitances C, and C, at two critical nodes

(1) and (2) are considered. The derived

z B4R A
output voltage during ¢s is
Vod8) = (2Ves~Vies) = Vern (14)
and the error voltage V., is
Verr = EgaintEmist €osr (15)

where

o ® Azl 15 (0D H A=) (Vs — Vos)
(16)
+x'y 2Vea— Ves) ]

Ge® b 1 a9 Vas — Ves) | 2 an

W

cw = 4| Y@+ Er+o-a0+E1E] v (18)

where x, vy, 2z, x, and y¥ are functions of
the circuit capacitances, C1, C2, C3, C4, Cc,

and the parasitic capacitances, C,, Cp. More
20

detailed derivation process can be found in'
I

As expected, the error due to finite op-amp
gain, e, is inversely proportional to A°
where A is the op-amp dc gain. The effects of
parasitic capacitances C, and C. are also
divided by A?. The standard deviation of the
error term due to capacitor ratioc mismatches,

which has been derived using the similar
(131

Oc

procedure as in , i1s also small because the
mismatch component is divided by the op-amp
gain A. It can be seen that the circuit is also
relatively insensitive to the op-amp offset
voltage since in the offset error term, eipa.
the op—amp offset Vy is divided by A. The
derived equations were verified in step-
by-step through SWITCAP simulations. The
proposed SC subtracting amplifier has been
simulated with SWITCAP. The simulated
output error at different op-amp gains with
Ve as a parameter is shown in Fig.4. It is
seen that with op-amp gains greater than
500, the error becomes less than 0.05% even
with Vee=-20mV. In this simulation parasitic

capacitances (10%) associated with all other
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internal nodes have also been considered.

1000 (v v T

T

Vos = —20mV ©—

800 - Vos =0mV =+ |
600 Vos =10mV 8- 4
400 | -
(pPm) o0 | 4

-200 }- p
-400

1. 1

1000 10000
A (op-amp gain)

100

Fig. 4. SWITCAP  simulated output error
voltage V., at various op—amp gains
with Vue as a parameter.

2. Charge Injection Reduction Schemes

The SC amplifier has been simulated with
SPICE using a charge controlled MOS model
(XQC=0.5), where charge conservation is
guaranteed by the method of
terminal currents. The simulated error voltage
injection effects 1is
large and thus,

computing
due to charge around
10mV. This
should also be
accuracy high. Although many charge injection

somewhat
compensated to Kkeep the

is

compensation schemes have been reported'™’
{71 there dose not exist any single scheme
that can provide full compensation and can be
applicable for all situations. Thus, it may be
desirable to use a combination of several
schemes. For the proposed circuit. several
schemes are incorporated to obtain a charge
injection error voltage less than ImV.

Since the operating speed is not critical in
our circuit, small-sized switches(W/L=4.m/2
g¢m) are used to reduce the amount of charge
to be taken care of. The capacitor values have
been selected such that C1=C2=C3=C4=4pF
and Cc=8pF. The scheme using half-sized
dummy switches can be generally applied for
any types of SC circuits if the equipartition of
channel charge is possible.

Thus. half-sized dummy switches are used
in our circuit along with a fast falling gate
clock which ensures almost equipartition of

channel charge such that the dummy switches

F32H AR B 1K
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can compensate it. The gate voltage falling
rate should beselected carefully. If the falling

15

rate is too fast., the charge pumping effects
]

will be significant. If the falling rate is
slow, then the deviation from the
equipartition will increase. A gate clock

falling rate of 5V/5nsec has been sel- ected
because no significant charge pumping effects
was experimentally observed down to 5Snsec in
14" and SPICE simulations showed that with
the switch-off fall time of 5nsec the deviation
from 1:1 partition is less than 5% for most
practical conditions ({(e.g. practical node
impedances).

By using this the overall error voltage duc
to charge injection is expected to be greatly
reduced although no perfect equipartition of
the channel charge is possible and although

the mismatches between the main and the

dummy switches can degrade the comp-
ensation accuracy.
3
25 I A1 J A
2 v
Vour (V)
15
1 )
0.5
0 5 10 15 20 25 30
Time (psec)
Fig. b. Simulated op-amp output voltage of
the SC substracting amplifier when
V(;5'1=1.4V, V(;$=1.8V, Vgg=3()mV,
and A=2800.

The simulated overall output error voltage
is 0.6mV which is a greatly reduced wvalue
compared with 10mV obtained without com-
pensation. satisfies our
targeted accuracy of 1mV. The

This accuracy well
simulated
output waveform is shown in Fig.5 where a
30mV offset voltage source is inserted at the
noninverting input terminal of the op-amp. In
the figure the preliminary operations which

are crroneous due to the offset voltage and



174 Mze& 3zres of88 14U Mactching-Free MOSFET 2 AYG 2

Cl C2 C3

24 X x

Sla S2a S3a
XM X X X X X

B

C4 C5 Cé
X X X
S4da S5a S6a

X X X X X X

myn 2) Y12
CD D S1b+S4b S2b+S3b
\v VG
f Sla \ [ S2a ‘ ’ S3a S4a SSa Séa Sla
X Sib X S2b X S3b X S4b S5b Séb S1b

S1c=83b+S4b+S5b+86b, S1d=82b

Sic = Sib for i=2,3.4,5.6

Fig. 6. Schemetic of dynamic current mirror and required clock phases.

the finite op-amp gain. and the compensated
main operations can be easily distinguished.
The accuracy can be degraded by the nonideal
factors associated the dummy switch com-
pensation such as mismatches between the
main and dummy switches and clock skews.
from SPICE
effects are not

However. it has been shown

simulations that these

. . syl
significant ="'

IV. Dynamic Current Mirror

The current mirror block shown in Fig.l is
implemented dynamically to supply accurate
currents /7, and 47, to test devices. To reduce

the finite output conductance effects of the
current mirror, the self-biased stacked mirror
concept proposed by Wegmann and Vittoz '

1s used In our circuit. The schematic of the
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dynamic current mirror and the required clock
phases are shown in Fig.6.

The dynamic current mirror is composed of
six current copier cells. Each cell consists of a
sampling switch S,. (=1, 2,...0r 6). a stor-
C;, and a PMOS transistor.
Switches S, and S, for /=1,

age capacitor
2,....6, are used

to periodically connect the cells with the input
I, for refreshing the stored information and

with the output for supplying the mirrored
currents.

The stacked common-gate transistors which
arc employed to increase the output im-
pedance are connected such that one cell is
always connected with node (1) to deliver
current I, (ideally 1,), four cells are always

connected with node (2) to deliver current I

(ideally 47,). and remaining one cell is
connected to the input bias current 7, for
refreshing.
T T T T T
30t i .
0p N 1
HA) .o oE
0 oz 4
| f_E E E
IREEERE ﬂ
0 10 20 30 40 50 60

Time (pisec)

Fig. 7. Output currents 1, and I of the dyn-
amic current mirror of ratio 1:4.
and S; are closed to

When switches S,

memorize the input current I, the sampling
switch S, must be opened first as shown in

the clock phase diagram in Fig.6 in order not
to contaminate the stored information. Once
S, is open, the gate voltage is kept constant

if leakage current in the sampling switch is
ignored such that the drain current remains

equal to /,. When S, is opened. and S, or

Sw closed. the memorized current is

s

£32% AR B 1%

i

()
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at the output. The
occurred when S, and S, are switched can be

available transients

a significant error source for continuocus-time
applications as investigated in'®' In our
circuit the transient effects is not important
because the currents are required for only
specific time intervals, which indicates that
the dynamic current mirror is suitable for our

Vr extractor.

The charge injection the
sampling switches is also compensated by the
same strategy as used in the SC subtracting
amplifier.

problem from

The dynamic current mirror
simulated when mnode (1) and (2) were
connected with a NMOS transistor (W/L=204x
m/4 um).

was

RO0
700 /o
41, 600
I;':I /
(ppm)
500
el P~ /
400 \v
300
3 4 8 7 8 9 10
Ip (11A)
Fig. 8. Simulated current ratio error 22 of
the dynamic  current  mirror  as  a

function of the input current /Ip.

The simulated output currents I, and /, are

depicted in Fig.7. The initial behaviors of the

current cells to output
currents of ratio 1:4 can be observed until
t=30nsec. After the initial cycle, the current

mirror can supply the currents 4 and % of

which the ideally 1:4 to the test
device. The output current ratio accuracy is

copier produce

ratio is

shown in Fig.8 as a function of the input bias
current 1,.

Since the ratio error for one I, value varies

different the
maximum values are selected and shown on

slightly  at clock phases,

the figure. The ratio errors in the {, range in
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interest are less than 700 ppm which produces
approximately 0.5mV error in the arithmetic
operation of 2Veq—Vee. Therefore, along with

the SC subtracting amplifier discussed in the
previous sections the dynamic current mirror
can perform the proposed Vs, extraction

scheme accurately.

V. Conclusions

An accurate real-time Vi, extraction scheme

which dose not need matched replica of the
device under test has been proposed. A
ratio-independent and finite gain insensitive
switched-capacitor subtracting amplifier and a
dynamic current mirror have been designed to
perform the proposed scheme accurately in a
matching-free way. Model error associated
with the proposed scheme has been inv-
estigated and compared with the linear
regression method. Taking into account un-
expected process variations, the total error
voltages associated with the designed circuit
are in a few millivolt range. This error is
smaller compared with the model error. To
make the V, extractor be applicable for var-

ious transistors which has different geom-
etries and different bias conditions and to
achieve a high accuracy., the model error
should be always kept small. The scheme is
applicable to various applications where many
Vy measurements are required. For example,

the scheme can be well applied for impl-
ementation of low-voltage floating-gate MOS-
FET circuits where V; measurement of many

floating-gate MOSFETs with different geom-

. . . 19
etries are essential for Vi, tunmg[ b
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