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Abstract

An accurate threshold voltage extraction scheme for MOS tran-
sistors is presented. The scheme differs from alternative meth-
ods recently reported in the literature in that it does not require
matched replica of the transistor under test and thus can be ap-
plied more effectively and accurately to real-time on-chip applica-
tions where threshold voltage measurements are required for many
transistors with various geometries and bias conditions. The pro-
posed scheme is 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 are investigated.

Introduction

Numerous numerical techniques exist for accurately extracting
device model parameters from measured data [1],[2]. One example
of such a technique is the MOS transistor threshold voltage (V1)
extraction using a linear regression on measurements of Ipg at
many Vi g values. Some applications require real-time on-chip pa-
rameter extraction for implementing useful circuit functions. The
numerical techniques discussed above are computationally intense
and not well-suited for real-time on-chip applications.

Recently, several real-time Vi extraction methods based on cir-
cuit implementations have been proposed for overcoming the above
disadvantages [3]-[6]. These methods are very fast and have ample
applications although the accuracy is degraded compared to that
attainable by the numerical methods. Most methods [3]-[5] require
matched devices to extract Vi for one test device of a fixed geom-
etry. Their accuracy thus depends on the matching between the

devices under test. These methods are inefficient when extraction
of Vr is required for many transistors with various geometries in-

cluding 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 cur-
rent mirror transistors and resistors. Their mismatches will also
degrade the accuracy of the extracted Vr values. Moreover, the

methods [3],{4] are not applicable for transistors with different bias
conditions, i.e., nonzero substrate-to-source voltages (Vgs # 0)
since they need a cascode configuration of matched test-transistors
or transistor arrays. The method discussed in [6] uses only one test
device and thus does not require device matching. The method is
very simple but produces relatively large errors (about 100mV) due
to the uncertainty of 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 un-
der test and applicable for transistors with different geometries and
different substrate bias conditions. The features of the proposed
scheme is comparatively summarized in Table 1 with other extrac-
tion schemes mentioned above.

Principle of the Matching-Free Vr Extractor

Basic Scheme

A conceptual schematic of the proposed Vp extraction scheme
is depicted in Fig.1. Applying the outputs of a current mirror
Ipy (with S1 closed and S2 open) and Ipy (with S1 open and S2
closed) to a test transistor which operates in the saturation region

and assuming that the transistor has square-law characteristics, we
obtain respectively

K(Vgs: — Vr)? Ip; (1)
K(Vgs2—Vr)? = |Ipy (2)
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Equation (1) and (2) have the same K and Vr because only one

test transistor is used as contrasted with other extraction schemes.
Solving these equations we readily obtain the threshold voltage V

Vr = —nl:—l(\/f_lvcm — Vasa) (3)
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Assume S1 and S2 are driven by a complimentary nonoverlap-
ping clock. When S1 is closed, Vs; is sampled and multiplied
by p. When S2 is closed, Vs, is sampled and subtracted from
pVgsi. The result is then multiplied by q. The output voltage
Vout of Fig.1 is then

Vout = q(pVas1 — Vasz) (4)

Comparing (3) with (4), it can be seen that the output voltage will
be
Vout = mVp

if p and q are given by

p=vn, g=m/(Vn-1)

Thus, an integer multiple of V7 can be readily obtained by choosing
an integer m. The easiest way to obtain Vr is to choose n = 4 and
m = 1 resulting in p = 2 and ¢ = 1 and thus,

Vour = 2Vgs1 — Vgs2 = Vr

where Vg1 and Vg, are the gate-to-source voltages of the test-
transistor when the drain currents are I and 41, respectively.

Most common implementations of the current mirror and the
switched-capacitor amplifier require device and capacitor match-
ing 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 imple-
mented without requiring any matching of devices or capacitors.
The implementation of the blocks will be discussed.

Model Error Consideration

As are most other methods [3]-[5], the proposed Vp extraction
scheme is also based on the assumption that MOS transistors oper-
ating in the saturation region obey the square-law. The character-
istics of real MOS transistors, however, deviate from the square-law
due to the nonideal effects such as channel-length modulation and
mobility degradation, resulting in a discrepancy between the ex-
tracted V7 and a real Vp. Including the nonideal effects, the drain
current can be described by

= [ o=
T 1+ 6(Vaes— Vo)l LL(1 - AVps)

CoxW

Ips ] 2 (Vas - Vr)?
A . i (5)
where A is the channel-length modulation parameter, @ is the mo-
bility degradation parameter, and po is the zero-field mobility of
carriers.

The error voltage due to the A and @ effects can be readily derived
using equation (5) and neglecting the second order effects, resulting
in

1 1
Vrerr = 5’(’\ - 0)Ve::1 Vez2 = Z(A - 0)Ve21.2 (6)

where V., for i = 1,2 is the excess voltage Vgs; — Vr. Small
excess voltages will help reducing the error voltage, which is an
expected result because the A and ¢ effects increase with Vp g and
Vs, respectively, and the test device in our extractor is diode-
connected to guarantee its saturation-region operation, resulting
in Vpgs = Vggs. It is interesting to note that the two parameters



in (6) are in a relation of canceling each other, and fortunately,
both parameters are inversely proportional to the channel length.
Therefore, the variance of A — 6 and thus the error voltage will
not increase substantially with the channel length reduction. For
example, if the maximum difference value of the two parameters is
0.1V~1, Vr = 0.8V, and V42 = 0.4V, then the error voltage will
be less than 0.5%.

The proposed scheme has been simulated for two test devices
which have different geometries using SPICE with level 2 MOS
models (VT0=0.924V). In this simulation, no error associated with
the current mirror and the analog arithmetic block was assumed
to examine the pure model error. With assumption that the Vg
computed by SPICE is the actual threshold voltage, the error volt-
age Vr,.. (Vr,., — Vru) is plotted in Fig.2 as a function of the
excess voltage Vez2 (Vgs2 — Vo). As expected, the error volt-
ages increase with V.2, and the error for the long-channel device
(W/L=200um/40um) is smaller than that for the short-channel
device (W/L=20um/4um). The figure exhibits that the error vari-
ance of the proposed scheme to the excess voltage V2 is compa-

rable with the variance to the device size. It can be also seen that
the slope of the curves changes substantially at a small V., that

corresponds to the transition point between the strong inversion
region and the weak inversion region. Therefore, the bias current
Ip should be selected carefully such that the excess voltages Vs
and V,,2 are greater that the transition point but not too big for
small model error. It can be seen in Fig.2 that if V.., < 0.4V than
the error voltage due to the model error will be less than 5mV even
with the short-channel device (L=4pm).

The proposed scheme has also been compared with the linear re-
gression (LR) method [2] in Table 2. In the LR method, Ips values
are collected at 20 Vg values using SPICE, so no measurement
error is assumed. For consistency in excess voltages, the Vg g val-
ues are selected such that the highest sample value Vg gy, is Vg2,
and the lowest sample value Vg is Vgg1. Since threshold volt-
ages are functions of device terminal voltages, and their variance
increases as the device size decreases, the actual threshold voltage
Vru of the short-channel device (L=4um) computed by SPICE
varies with Vgg or Vpg as shown in the table. At Vg = 1.066V,
Vry = 0.889V, while at Vgg = 1.525V, Vg = 0.887V. Thus, the
Vry variation is about 2mV when the Vg change is 0.46V. This
variation will be significant for shorter-channel devices. The Vg
variation of the long-channel device (L=40um) is almost negligible.
In the proposed scheme the variation is due to the two different Vs
values, Vg1 and Vgga, and in the LR method the variation is also
due to the different Vg g values used to grab the Ip data. Thus,
the average values

v _ Vra(Vasi1) + Vru(Vasz))/2  for the proposed
THav = Vrg VGS!) + VTH( GSh /2 for the LR method

were used to calculate the error of extracted threshold voltages. It
can be seen from the table that the accuracy of the LR method is
similar to that of the proposed scheme, and the LR method also
gives large error when the samples are taken from large Vs values.

Ratio-Independent SC Subtracting Amplifier

The simple arithmetic (2Vgs; — Vgs2) needed in our Vi ex-
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tractor is realized using a SC circuit. Many circuit techniques and .

strategies [7]-[9] have been proposed to overcome the nonideal ef-
fects limiting the performance of SC circuits such as parasitic ca-
pacitances, nonzero offset voltage of op-amps, finite dc gain of op-
amps, capacitor mismatches, and charge injection of MOS switches.
To implement the SC circuit in a matching-free way and to relax
the op-amp gain requirement, Lee’s ratio-independent concept [8]
and Nagaraj’s gain-insensitive technique [9] are employed in our
SC subtracting amplifier.

The schematic of the proposed ratio-independent SC subtracting
amplifier is shown in Fig.3. The circuit performs the analog arith-
metic (2Vgs1 — Vigg2) and operates in six nonoverlapping clock
phases ¢; to ¢g. Since a single test device is used, Vggs; and Vo
can not be available at the same time. Thus, the input of the SC
circuit, Vg is

_ V for ¢1 and ¢
Vo = { Vass for ¢ and s

Of course, the current mirror in Fig.1 is dynamically implemented
such that it can supply the test device with Ip during ¢; and

¢4 and with 4/p during ¢ and ¢3. The capacitors C1 and C2
are used for main operations, and C3 and C4 are the correspond-
ing auxiliary capacitors for the preliminary operations required for
compensation of the finite op-amp gain. C3 and C4 are chosen such
that C3/C4=C1/C2. Capacitor Cc is used to store the finite gain
error voltage.

Sensitivity to nonideal effects

The error voltage associated with the finite op-amp gain, par-
asitic capacitances at internal nodes, capacitor ratio mismatches,
and op-amp offset are analytically derived. To reduce complexity
only two parasitic capacitances Cp; and Cp at two critical nodes
(1) and (2) are considered. The derived output voltage during ¢g

18
Vout(6) = (2Vgs1 — Vs2) = Verr,
and the error voltage Ve, is

Verr = €gain + €mis + €of f

where

1 '

€gain A_2[{y (z - 1) +z(y - 2)}(Vas1 — Vasz)
+ 'y (2Vas1 - Vasa)]

1 20
Temis = 7l(z=9)(Vos1 - Vas2)l Cc

17, 04) ( c2\ C2

~ - 24 —— - =)=

€of f A[y ( ta3 +(y—=2) 1+CI)CI]VOS

where z, y, z, 2/, and y’ are functions of the circuit capacitances,
C1, C2, C3, C4, C., -and the parasitic capacitances, Cp1, Cp2.

As expected, the error due to finite op-amp gain, €gqin, is in-
versely proportional to A2 where A is the op-amp dc gain. The
effects of parasitic capacitances Cp; and Cp; are also divided by
A2, The standard deviation of the error term due to capacitor
ratio mismatches, o¢,,,, , which has been derived using the similar
procedure as in [10}, is 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, €, ¢ ¢, the op-amp offset Vo5 is divided by A.
The derived equations were verified in step-by-step through SWIT-
CAP simulations. The proposed SC subtracting amplifier has been
simulated with SWITCAP. The simulated output error at different
op-amp gains with Vos 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 Vos = —20mV. In this simulation para-
sitic capacitances (10% as before) associated with all other internal
nodes are also considered.

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 computing terminal currents. The
simulated error voltage due to charge injection effects is around
10mV. This is somewhat large and thus, should also be compen-
sated to keep the accuracy high. Although many charge injection
compensation schemes have been reported, 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 1mV.

Since the operating speed is not critical in our circuit, small-
sized switches (W/L=4um/2um) 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 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 can compensate it. The gate
voltage falling rate should be selected carefully. If the falling 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 selected
because no significant charge pumping effects was experimentally
observed down to 5nsec in [11], and SPICE simulations showed
that with the switch-off fall time of 5nsec the deviation from 1:1
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partition is less than 5% for most practical conditions such as node
impedances. By using this the overall error voltage due to charge
injection is expected to be greatly reduced although no perfect
equipartition of the channel charge is possible, and the mismatches
bet‘ween the main and the dummy switches degrade the compen-
sation accuracy.

The simulated overall output error voltage is 0.6mV which is a
greatly reduced value compared with 10mV obtained without com-
pensation. This accuracy well satisfies our targeted accuracy of
1mV. The 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 erroneous due to the offset voltage and the finite op-amp
gain, and the compensated main operations can be easily distin-
guished. The accuracy can be degraded by the nonideal factors
associated the dummy switch compensation such as mismatches
between the main and dummy switches and clock skews. However,

it has been shown from SPICE simulations that these effects are
not significant.

Dynamic Current Mirror

The current mirror block shown in Fig.1 is implemented dynam-
ically to supply accurate currents Ip and 4Ip 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 [12] is used in our circuit. The schematic of the 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;q, (¢=1,2,...0r6),
a storage capacitor C;, and a PMOS transistor. Switches S;; and
Sicfort=1,2,...,6, are used to periodically connect the cells with
the input I for refreshing the stored information and with the out-
put for supplying the mirrored currents. The stacked common-gate
transistors which are employed to increase the output impedance
are connected such that one cell is always connected with node (1)
to deliver current I; (ideally Ip), four cells are always connected
with node (2) to deliver current I, (ideally 41p), and remaining
one cell is connected to the input bias current Iy for refreshing.

When switches S;, and S, are closed to memorize the input
current Ip, 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;q 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 Ip. When S;; is opened,
and S;. or Sy4 is closed, the memorized current is available at the
output. The transients occurred when S;; and S;. are switched
can be a significant error source for continuous-time applications
as investigated in [12]. 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 is suitable for
our Vp extractor.

The charge injection problem from the sampling switches is
also compensated by the same strategy as used in the SC sub-
tracting amplifier. The dynamic current mirror was simulated
when node (1) and (2) were connected with a NMOS transistor
(W/L=20um/4pm). The simulated output currents I; and I,
are depicted in Fig.7. The initial behaviors of the current copier
cells to produce output currents of ratio 1:4 can be observed until
t = 30usec. After the initial cycle, the current mirror can supply
the currents I) and I of which the ratio is ideally 1:4 to the test
device. The output current ratio accuracy is shown in Fig.8 as a
function of the input bias current I'p. Since the ratio error for one
Ip value varies slightly at different clock phases, the maximum val-
ues are selected and shown on the figure. The ratio errors in the
Ip range in interest are less than 700 ppm which produces approx-
imately 0.5mV error in the arithmetic operation of 2Vggs; — Vgsa.
Therefore, along with the SC subtracting amplifier discussed in the
previous sections the dynamic current mirror can perform the pro-
posed Vr extraction scheme accurately.

Conclusions

An accurate real-time Vp 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 de-
signed to perform the proposed scheme accurately in a matching-
free way. Model error associated with the proposed scheme has

been investigated and compared with the linear regression method.
Taking into account unexpected 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 various transistors which
has different geometries 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 V; mea-
surements are required. For example, the scheme can be well ap-
plied for implementation of low-voltage floating-gate MOSFET cir-
cuits where Vr measurement of many floating-gate MOSFETs with
different geometries are essential for Vr tuning [13].

References

[1] R.L.Geiger, P.E.Allen, and N.R.Strader, VLSI Design Tech-
niques for Analog and Digital Circuits, McGraw-Hill, 1990.

[2] P. E. Allen and D. R. Holberg, CMOS Analog Circuit Design,
Holt, Rinehard and Winston, pp. 153-160, 1987.

[3] Z. Wang, “Automatic Vp extractors based on an n x n? MOS
transistor array and their application,” IEEE JSSC, vol. 27,
pp. 1057-1066, Sep. 1992.

{4] Y. P. Tsividis and R. W. Ulmer, “Threshold voltage genera-
tion and supply-independent biasing in CMOS integrated cir-
cuits,” Electronic CAS, vol. 3, pp. 1-4, Jan. 1979.

[5] R. Alini, A. Baschirotto, R. Castello, and F. Montecchi, “Ac-
curate MOS threshold voltage detector for bias circuitry,” IS-
CAS, pp. 1280-1283, San Diego, May 1992.

[6] H. G. Lee, S. Y. Oh, and G. Fuller, “A simple and accurate
method to measure the threshold voltage of an enhancement-
mode MOSFET,” IEEE Trans. on Electron Devices, vol. ED-
92, pp. 346-348, Feb. 1982.

[7] R. Unbehauen and A. Cichocki, MOS Switched- Capacitor and
Continuous-Time Integrated Circuits and Systems, Springer-
Verlay, 1989.

[8] 'C.C.Lee, “A new switched-capacitor realization for cyclic
analog-to-digital converter,” ISCAS, pp. 1261-1265, 1983.

[9] K.Nagaraj, T.R.Viswanathan, K.Singhal, and J.Vlach,
“Switched-capacitor circuits with reduced sensitivity to am-
plifier gain,” IEEE Trans. on CAS, vol. CAS-34, pp. 571-574,
May 1987.

[10] C.G.Yu and R.L.Geiger, “Nonideality consideration for high-
precision amplifiers—Analysis of random common-mode rejec-
tion ratio,” IEEE Trans. on CAS:I, pp.1-12, Jan. 1993.

[11] C. Eichenberger and W. Guggenbuhl, “On charge injection in
analog MOS switches and dummy switch compensation tech-
niques,” IEEE Trans. on CAS, vol. 37, pp. 256-264, Feb. 1990.

[12] G. Wegmann and E. A. Vittoz, “Analysis and improvements
of accurate dynamic current mirrors,” IEEE JSSC, vol. 25,
no. 3, pp. 699-706, June 1990.

[13] C. G. Yu and R. L. Geiger, “Very low voltage operational
amplifiers using floating gate MOS transistors,” ISCAS , pp.
1152-1155, Chicago, May 1993.

Table 1: Feature comparison of Vi extraction schemes
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Table 2: Comparison between the proposed and the LR method

Tet device  Number of Exaged | Brar
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Fig.1: Conceptual schematic of the Vp extraction scheme
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Fig.3: Schematic of the proposed SC amplifier
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Fig.4: SWITCAP simulated output error voltage Verr
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Fig.6: Schematic of the dynamic current mirror
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Fig.7: Simulated output currents I; and I,
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