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Abstract—This paper presents a compact model for MOS tran-
sistor mismatch. The mismatch model uses the carrier number
fluctuation theory to account for the effects of local doping fluc-
tuations along with an accurate and compact dc MOSFET model.
The resulting matching model is valid for any operation condition,
from weak to strong inversion, from the linear to the saturation
region, and allows the assessment of mismatch from process and
geometric parameters. Experimental results from a set of transis-
tors integrated on a 0.35 m technology confirm the accuracy of
our mismatch model under various bias conditions.

Index Terms—MOSFET, analog design, matching, mismatch,
compact models.

I. INTRODUCTION

I T IS widely recognized that the performance of most analog
or even digital circuits is limited by MOS transistor mis-

match [1]–[4]. In analog circuits, the spread in the dc charac-
teristics due to doping statistics in the MOSFET channel re-
sults in inaccurate or even anomalous circuit behavior [5]. Also,
for digital circuits, transistor mismatch leads to propagation de-
lays whose spread can be of the order of several gate delays for
deep-submicron technologies [5]. As predicted by Meindl [6],
“variations will set the ultimate limits on scaling of MOSFETs.”
The shrinkage of the MOSFET dimensions and the reduction in
the supply voltage make matching limitations even more impor-
tant, to such an extent that several new studies have been pub-
lished in recent years [7]–[10]. Existing mismatch models use
either simple drain current models limited to a specific operating
region [1], [2], [4], [9]–[11] or use complex expressions [8] like
those of BSIM.

In general, however, the applicability of dc models to char-
acterize mismatch is not questioned. It is widely accepted
that matching can be modeled by the random variations in
geometric, process, and/or device parameters, and the effect
of these random parameters on the drain current is quantified
using the transistor dc model. As pointed out in [9] and [10] and
more recently in [12], there is a fundamental flaw in the current
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use of dc models for mismatch that results in inconsistent
formulas. In effect, mismatch models implicitly assume that the
actual values of the lumped model parameters can be obtained
by integration of the position-dependent parameters distributed
over the channel region of the device, e.g., for the threshold
voltage

(1)

where and are the width and length of the transistor, re-
spectively.

As analyzed in [9], [10], and [12], the application of (1) to se-
ries or parallel association of transistors leads to an inconsistent
model of matching owing to the nonlinear nature of MOSFETs.
Consequently, the simple consideration of random fluctuations
in the lumped parameters of the dc current model is not appro-
priate for developing matching models, and new formulas need
to be derived from the device physics.

The impact of local impurity fluctuation on MOSFET
threshold voltage, which was first recognized in 1975 [13], is
one of the main sources of mismatch in current MOS devices
[12]–[16]. As MOSFETs are scaled down to the deep-sub-
micron regime, the number of dopants in the depletion layer
decreases, being on the order of only hundreds for min-
imum-size devices [17]. As an example, a minimum transistor
in a 0.25- m process contains about 1100 dopant atoms in the
depletion layer while in a 0.1- m process this number is only
around 200 [5]. The relative spread in the number of dopant
atoms in the depletion layer causes a spread in the threshold
voltage, which increases with each new process generation
[17]. Even though lightly doped double-gate MOSFETs [17],
[18] avoid dopants and, consequently, the number fluctuation
effects, single-gate doped MOSFETs are still the prevailing
devices and will be for the coming years. Therefore, predicting
the effects of random dopant number on MOSFET mismatch is
of prime importance.

This paper deals mainly with the effects of random number
of carriers due to impurity fluctuations. The conventional ap-
proach takes into account the dopant fluctuations over the entire
channel, but here we consider explicitly the effects of local fluc-
tuations. We integrate the contribution of the local fluctuations
along the channel considering the main MOSFET nonlineari-
ties. Fortunately, the formalism needed to include local fluc-
tuations is already available in flicker or noise modeling,
namely, carrier number fluctuation theory [19].
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Device mismatch and internal noise are accuracy-limiting
factors for electronic circuits. Parallelism between their effects
in electronic circuits has been previously reported [20] through
a comparison between the limits on minimum power consump-
tion, for a given speed and accuracy, imposed by mismatch and
noise.

Mismatch (spatial fluctuation) and noise (temporal fluctua-
tion) are similar phenomena, both depending on process, device
dimensions, and bias. Put simply, mismatch can be seen as a “dc
noise.”

In this paper, we will show that the carrier number fluctuation
theory, employed to derive transistor noise, can also be ap-
plied to model current matching in MOSFETs. In this way, we
show the parallelism between noise and mismatch effects at the
circuit level.

To obtain general results for all bias regions of the transistor,
we have used the advanced compact MOSFET (ACM) model,
a physics-based one-equation all-region model [21], [22]. The
model presented here does not include the effects of mobility
degradation, velocity saturation, and series resistances. The in-
clusion of such effects is certainly essential for a computer-im-
plemented version of the model, but it leads to complicated ex-
pressions that are not suitable for discussion in this paper.

Section II reviews briefly the ACM MOSFET model. In Sec-
tion III, we calculate the contribution of local fluctuation cur-
rent to the total current mismatch. The effect of local fluctua-
tions in impurities on the drain current mismatch is determined
in Section IV. In Section V, we derive a compact expression that
allows one to calculate current mismatch in terms of inversion
level. In particular, very simple formulas are provided for analog
designers to predict mismatch for any bias condition. In Sec-
tion VI, we show experimental results that corroborate the com-
pact mismatch model presented in previous sections. Finally, the
conclusion is given in Section VII.

II. ACM MODEL

The fundamental approximation of the ACM model [21], [22]
is the linear dependence of the inversion charge density on
the surface potential , which encompasses the weak, mod-
erate, and strong inversion regions

(2)

Here, is the slope factor, slightly dependent on the gate
voltage, and are the depletion and oxide capacitances
per unit area. The drain current in a long-channel transistor is
calculated with the aid of (2) and the charge-sheet approxima-
tion [23] and is given by

(3)

where is the effective mobility, is the channel width,
is the thermal voltage, and is the position along the channel
length.

Fig. 1. Splitting of a transistor into three series elements: (a) transistor
equivalent circuit and (b) small-signal equivalent circuit.

The other specificity of the ACM model is the use of the uni-
fied charge control model (UCCM) [24], which links the carrier
charge density to the applied voltages according to

(4)

where is the pinch-off
voltage, and is the channel potential at position . As shown
in [25], the use of (3) in conjunction with (4) gives

(5)

Consequently, the ACM model is fully consistent with the
quasi-Fermi potential formulation for the drain current [23]. As
will be shown next, (5) is essential for finding the relationship
between current fluctuation and carrier fluctuation.

III. CONSISTENT MODEL FOR DRAIN CURRENT FLUCTUATION

The fluctuations of the drain current around its nominal value
result from the sum of all the contributions from local fluctua-
tions along the channel, whatever their origin. To calculate the
effect of these fluctuations, we split the transistor into three se-
ries elements as shown in Fig. 1(a): an upper transistor, a lower
transistor, and a small channel element of length and area

. In Fig. 1(a), is the distance from the channel
element to the source.

The local current fluctuation is assumed to be a zero-
mean stationary random process on the variable . Small-signal
analysis allows one to calculate the effect of on the drain
current deviation , as shown in Fig. 1(b). Noting that [21]

and , the cur-
rent division between the channel element and the equivalent
small-signal resistance of the rest of the channel gives

. This very simple result for the current division,
proportional to a geometric ratio, is a consequence of the quasi-
Fermi potential formulation for the drain current, i.e., the con-
ductance of the channel element and the transconductances of
the upper and lower transistors are proportional to the local
charge density [21]–[23]. Thus, the mean square of the total
drain current fluctuation is

(6)
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Fig. 2. Capacitive model of the MOSFET channel for matching analysis.
Terminal voltages are constant.

since local current fluctuations along the channel are uncorre-
lated. Local current fluctuations arise from three independent
physical origins, namely, fluctuations of channel doping, surface
state density, and gate oxide thickness [14]. Note that, since
is related to local fluctuation in the area , its variance must
be proportional to . As in [14], we have assumed that
fluctuation of channel doping is the main factor that determines
local current fluctuations.

IV. NUMBER FLUCTUATION MISMATCH MODEL

The local current fluctuation that results from local fluctua-
tions in the inversion charge density is calculated from (5) as in
[28], [46], and [48], yielding

(7)

where is the fluctuation of the inversion charge density in a
channel element of area . For the sake of simplicity, we will
consider only the fluctuations in the number of carriers, but the
analysis can also be extended to include mobility fluctuation, as
done in [28] for noise.

As in [14], we assume that fluctuations in the number of im-
purities is solely responsible for fluctuations in the number of
carriers. To derive the fluctuation of the inversion charge den-
sity, we have used the capacitive MOS model of Fig. 2. Charge
conservation in the structure of Fig. 2 requires that

(8a)

where and . The vari-
ation in the depletion charge is the sum of two components,
the first equal to , associated with the fluctuation in
the surface potential, and the second, designated by ,
and associated with the fluctuation in the number of ionized
impurities. Therefore, the variation in the depletion charge is

.
The definitions of capacitances along with (8a) result in

(8b)

Recalling [21], [26] that and
under any bias condition, (8b) can be rewritten as

(8c)

The local fluctuation in the number of impurities in an ele-
mentary slab of the depletion layer is calculated assuming it to
be a random variable with Poisson distribution [11], [14]. The
average number of dopants in the elementary volume of a
depletion layer of length [14] and depth is

(9a)

where is the net concentration of dopants (acceptors and
donors) in the elementary volume of the depletion layer.

The square of the standard deviation of a random variable
with Poisson distribution is equal to its average value, thus,

(9b)

Now, to calculate the standard deviation of , we pro-
ceed as in [16] and [47], which assume the individual contri-
butions of the local deviations in the number of impurities to

to be uncorrelated, thus yielding

(9c)

where is the electron charge, is the distance to the semicon-
ductor–oxide interface, and is the depletion depth.

Using (7), (8c), and (9c), can be calculated and, in-
serting the resulting value into (6), we obtain the expression for

. With the aid of (3), the integration over the channel length
in (6) is changed to the integration over the channel charge den-
sity given by

(10)

where and are the channel charge densities at the
source and drain ends of the channel, respectively. Equation (10)
allows computing current mismatch in terms of both the doping
concentration along the depletion region and bias, which in this
case is represented by the inversion charge densities at source
and drain. The main difficulty in calculating the integral in (10)
arises from the nonuniform doping profile and from the variation
in the depletion depth along the channel. For a constant doping
profile, we have verified that the introduction of a variable de-
pletion depth along the channel is generally not relevant, except
for very high inversion levels (under saturation, the impact of a
variable depletion depth is less than 6% for an inversion level of
1000 in TSMC 0.35- m technology).
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In order to simplify the notation and derive simple expres-
sions for mismatch, let us assume the integral in (9c) to be con-
stant. From now on, we will use the notation

(11)

where takes into account the influence of the vertical
impurity profile on fluctuations in the depletion charge. We
quote here the remarkable conclusion concerning (11) given by
the authors of [47]. “Since the weight function in
(11) takes a steep maximum at , the removal of impurity
near the surface should be effective for reducing the devia-
tion.” Thus, by adjusting the impurity distribution, mismatch
reduction should be possible while keeping the target threshold
voltage.

Finally, using (11) and integrating (10) from source to drain
results in

(12)

The result in (12) is essentially the same as that derived
for flicker noise in MOS transistors in [25]. This is because
mismatch behaves as a “dc noise” and the physical origin of
both matching and noise is related to fluctuations in either fixed
charges or localized states along the channel.

V. MISMATCH MODEL IN TERMS OF INVERSION LEVEL

An alternative expression for (12) which may be of great use
to circuit designers is obtained if the charge density, at source
and drain, is written in terms of the forward and reverse currents
[21], [22], [27]. In the ACM model [21], [22], the drain current
is expressed as the difference between the forward and
reverse components

(13)

where is the specific current,
which is proportional to the aspect ratio of the tran-
sistor. , and are the gate, source, and drain voltages,
with reference to the substrate. Parameters and are the
normalized forward and reverse currents, or inversion levels
at source and drain, respectively. Note that, in the satura-
tion region, the drain current is almost independent of ;
therefore, and . On the other hand, if
is low (linear region), then . Using the relationship
between inversion charge density and current [21], [22],

, and (13), (12) can be
rewritten as

(14)

where we define as in [25], [28]

(15)

where is the channel charge density at pinch-off.

As is well known, (14) indicates that the ratio of mismatch
power to dc power is inversely proportional to the gate area. In
strong inversion, considering , (14) reduces to [12, eq.
(12)]. Moreover, the ratio of mismatch power to dc power is
proportional to and to . Finally, the substrate voltage
also affects the factor through modulation of the depletion
depth. For fixed and , reverse substrate-to-source voltages
increase the depletion depth and, consequently, . As a result,
matching worsens for a reverse biased bulk-to-source junction.

Equation (14) can be simplified under specific conditions.
From weak to strong inversion in the linear region, and
(14) reduces to

(16a)

Equation (16a) can also be written as

(16b)

In weak inversion, ; thus, the first-order series expan-
sion of (14) leads to

(17)

for either saturation or nonsaturation.
In saturation, ; thus, expression (14) can be written as

(18a)

Equation (18a) can also be written as

(18b)

For the sake of completeness, one can include the random
errors due to the specific sheet current
as in [1], which results in a modification of (14), yielding

(19)

In (19), is a mismatch factor that, to a first order, is
a constant factor that accounts for variations in mobility, gate
oxide thickness, and slope factor. A more elaborate model would
consider as a bias-dependent term.

VI. MEASUREMENTS

Intradie current mismatch of a set of NMOS and PMOS
transistors was measured on a test circuit fabricated with
the TSMC 0.35- m 3.3-V CMOS n-well process. This
process presents a gate oxide thickness of 78 Å. In the test
circuit, transistors are arranged in arrays of 20 identical
functional devices terminated by dummy ones to ensure uni-
form boundary conditions for all the transistors. Matched
transistors have the same orientation. Transistor dimen-
sions of each array are 12 m 8 m (large),
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Fig. 3. Test circuit: M is the reference transistor while M and M are
the transistors under test. I (V ; V = V ) is a current (voltage) source.

3 m 2 m (medium), 0.75 m 8 m (narrow—minimum
width), 12 m 0.5 m (short—minimum length), and
0.75 m 0.5 m (small—minimum size). Wide metal con-
nections and multiple contact windows were employed in the
layout to lower ohmic drops [29]. All of the ten packaged dies
out of forty that were characterized showed similar mismatch
behavior.

The circuit shown in Fig. 3 was used for measuring cur-
rent mismatch. , and are voltage sources
and is the bias current for the reference transistor .
Source/monitor units (SMUs) of the semiconductor parameter
analyzer HP4145B were employed in the test setup. The same

was used for all measurements while the remaining 19
transistors were measured in pairs of adjacent devices, and

, for data acquisition. The differential
technique was applied [30] to each pair of adjacent devices, as
this test condition is used to highlight local, rather than global,
mismatch effects.

Transistor pairs and , were sequen-
tially characterized, with the currents of both transistors ( and

) being measured simultaneously for each bias condition with
the switches in either position 1 or 2. The dc current flowing in
each device, or , was taken as the average value
of the two currents measured for each transistor. This procedure
minimizes any error that may result from mismatch between the
two SMUs.

Normalized mismatch for each array is then calculated using
the following expression:

(20)

where is the total number of pairs in each group of identical
transistors ( for our test structures). The factor 2 in the
denominator of (20) was necessary to convert the variance of a
differentially measured parameter into the variance of a single
parameter [30], [31].

Figs. 4–7 present the mismatch power normalized to the dc
power for drain-to-source voltage ranging from 10 mV
(linear region) to V (saturation) for the NMOS (PMOS)
devices. Mismatch was measured for six different inversion
levels (0.01, 0.1, 1, 10, 100, and 1000), for the large and
medium device arrays. The bulk-source voltage was kept at
zero volts. Simulated (model) curves were determined from

Fig. 4. Normalized current mismatch power for the large NMOS transistor
array. Bulk-source voltage was kept at 0 V.

Fig. 5. Normalized current mismatch power for the medium NMOS transistor
array. Bulk-source voltage was kept at 0 V.

(19), with calculated through the long-channel ACM model
[21], [22].

In weak inversion ( and ), mismatch is almost
constant from the linear to saturation regions and independent
of the inversion level, as predicted by (17). Measured and sim-
ulated curves for weak inversion are almost coincident, being
hardly distinguishable.

From moderate ( and ) to strong ( inver-
sion, both the simulated and measured curves present similar
behavior, increasing from the linear region to saturation, where
a plateau is reached. Differences between measured and simu-
lated curves at saturation, which are more intense in the medium
than in the large devices, may be associated with statistical spa-
tial-nonuniformity concentration of dopant atoms [32].

Parameter was estimated from measurements in weak
inversion, using (17). Effective transistor width and length (
and ) were calculated [33] with the help of BSIM parameters
WINT and LINT (0.065 m and 0.075 m, respectively) [34].

was calculated based on parameters provided by MOSIS.
The same value of cm , for the NMOS devices,
and cm for the PMOS devices was obtained for both
the large and medium transistors.
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Fig. 6. Normalized current mismatch power for the large PMOS transistor
array. Bulk-source voltage was kept at 0 V.

Fig. 7. Normalized current mismatch power for the medium PMOS transistor
array. Bulk-source voltage was kept at 0 V.

It should be noted that includes both the acceptor and
donor impurities [31]. As a consequence, is usually higher
than the product of the net ion concentration and the depletion
layer depth.

At a sufficiently high inversion level, the mismatch compo-
nent of (19) associated with is of the same order of the con-
tribution associated with , a mismatch parameter that ac-
counts for variations of mobility, gate oxide thickness, and slope
factor. Therefore, for higher inversion levels, mismatch remains
constant at a minimum determined by , as can be noted,
for example, in Fig. 8, which shows current mismatch for the
linear region. As can be observed from the measurements, the
ratio of the minimum mismatch at high inversion levels to the
maximum mismatch measured in weak inversion, is the same
for both the medium and large arrays.

Parameter was estimated from measurements in strong
inversion and linear region, using (19). of the order of
0.89%- m and 0.71%- m resulted for NMOS and PMOS de-
vices, respectively, for both the large and the medium devices.
Simulated curves presented in Figs. 4–7 are based on the values
extracted for both and , for either NMOS or PMOS
transistors.

Fig. 8. Dependence of current matching on inversion level in the linear region
for the large, medium, and small NMOS transistor arrays at two bulk bias
voltages.

Fig. 9. Dependence of current matching on inversion level in saturation for the
large, medium, and small NMOS transistor arrays at two bulk bias voltages.

Some authors [8] suggest that PMOS devices show better
matching than NMOS devices or vice versa [3]. Our results,
however, indicate that matching depends on process details,
such as doping patterns (e.g., halo implant, twin-well, surface
implant adjustment, and retrograde implant). As can be seen
from the results, for NMOS and PMOS devices with the
same geometry, inversion level, and drain voltage, PMOS (in
compensated N-well) present higher mismatch than NMOS
transistors. Other authors have found that PMOS show greater
mismatch than NMOS devices [35], [36], while some have
found the contrary [12]. We conclude that there is not a simple
“rule of thumb” regarding which type of MOS transistor is
better matched.

Figs. 8 and 9 show the measured and simulated dependence
of current matching on inversion level for the linear and satu-
ration regions, for three sizes of NMOS transistors, at two bulk
bias voltages . From these figures, one can see that larger
transistors follow the “area rule”, as shown in our model. For
a particular bulk bias, we used the same for modeling the
matching of both the large and medium transistors, in the linear
and saturation regions. We also used the same value for
modeling the matching of both the large and medium devices
under any bulk bias. The small transistors do not follow this rule,
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Fig. 10. Dependence of current matching on inversion level in the linear and
saturation regions for the short and narrow NMOS transistor arrays at two bulk
bias voltages.

presenting a mismatch 55% lower than the model estimates (at
zero volt bulk bias) using the same . At V, the
mismatch measured for the small transistors is in good agree-
ment with the value estimated by our model. However, values
of for the small transistors different from those measured
for the large transistors were chosen in order to obtain better fit-
ting of the curves. For the dies we characterized, small transis-
tors presented an unpredictable , as previously observed in
[37] and [38]. Indeed, electrical characteristics of short-channel
devices are very sensitive to fluctuations due to a greater de-
pendence on edge effects. This high sensitivity of short-channel
devices is one of the main reasons for the difficulties found
in modeling mismatch, mainly in today’s very complex sub-
micron technologies. Also, for minimum length devices, drain
and source doped regions are very close to each other, affecting
strongly the shape of the depletion layer below the channel.
For the small transistors was calculated in the same pro-
portion that results from the used for this transistor to the

of the medium/large sizes. As experimental data demon-
strated, the model we developed for mismatch can also be used
for short-channel transistors, even though fitting of both and

is required. A good approach for modeling mismatch in
short-channel transistors would be to define a range of “max-
imum–minimum” values for [39]. In a conservative design,
the maximum value of would be chosen to predict the worst
case mismatch.

From Figs. 8–12, one can also see that current mismatch in-
creases for reverse bulk bias. The reason for this behavior is that,
compared to the zero bulk bias, a reverse bulk voltage deepens
the depletion layer, resulting in a higher [4], [40]–[42].
Owing to the difficulty in developing a model for the modula-
tion of with bulk bias, we decided to choose values of
that fit the measured data for each bulk bias condition.

Fig. 10 shows current mismatch for the narrow and for the
short NMOS transistor arrays. We observed that our mismatch
model is applicable to both minimum length and minimum
width devices, showing good agreement with measured data.

Figs. 11 and 12 present a comparison of the results from the
measurements and the model for PMOS devices. For these de-
vices, bulk bias has a lesser impact on mismatch than for NMOS

Fig. 11. Dependence of current matching on inversion level in the linear and
saturation regions for the large, medium, and small PMOS transistor arrays at
two bulk bias voltages.

Fig. 12. Dependence of current matching on inversion level in the linear and
saturation regions for the short and narrow PMOS transistor arrays at two bulk
bias voltages.

devices. The measured data show good agreement with the “area
rule,” except, again, for the small devices. The used for the
fitting of the curve for small devices is 80% higher than the
value estimated for larger PMOS devices. From the measure-
ments taken on devices fabricated in the 0.35- m technology,
we can observe that, for equivalent size and bias, PMOS exhibit
higher mismatch than NMOS devices.

Besides fluctuation of dopant atoms in the channel, gate
dopant fluctuation and geometrical variations are also relevant
mismatch factors [2], [15], [16], [42], [43]. Many authors have
shown from experiments that the first factor is the dominant
factor for threshold voltage mismatch (resulting in current
mismatch), the second being also very relevant for submicron
processes, and the third being the least relevant in general. As
can be seen, other sources of mismatch can be included in our
model to improve its accuracy but, for the moment, we have
tried to keep it as simple as possible.

Experimental results from another CMOS technology that
were recently published [44], [45] also corroborate the mis-
match model developed in this work.
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VII. SUMMARY AND CONCLUSION

In this paper, we developed a mismatch model for the MOS
transistor, continuous in all operating regions and consistent
with the series-parallel association of devices. The approach we
proposed for mismatch modeling is based on the integration of
the random number of carriers along the channel. This approach
along with the description of the ACM dc model resulted in a
compact easy-to-use formula for mismatch that covers all oper-
ating regions. The results we obtained for mismatch are closely
related to those derived in [25] for noise, since the phys-
ical mechanisms at the origin of both phenomena are similar.
We conclude from our model that fluctuations in lumped pa-
rameters such as the threshold voltage are not appropriate for
describing mismatch owing to the nonlinear distribution of car-
riers along the transistor channel. We have shown how to include
the random fluctuations of both dopant atoms and sheet specific
current in the mismatch model. A set of arrays of identical tran-
sistors was manufactured in a 0.35- m CMOS technology from
TSMC to assess the influence of bias and geometry on current
mismatch. Experimental results confirmed the accuracy of our
model under a wide range of geometries and bias conditions,
including different bulk bias voltages. For the technology under
analysis, we concluded that the dominant factor for mismatch is

, the average number of dopants per unit area in the deple-
tion layer below the channel. We expect this work to shed new
light on mismatch modeling and help circuit designers predict
transistor mismatch accurately from a pair of parameters (
and ).

APPENDIX

Using Pelgrom’s mismatch model [2] together with the ACM
model [21], [22], the expression derived for the normalized mis-
match power is

(21)

where the dependence of the normalized mismatch power on
is the same as that of on . Both expressions (14)
and (21) tend to (17) in weak inversion , both being
almost insensitive to the current. But in strong inversion and
saturation they diverge. For example, when

and , (14) predicts a value 80% greater than
(21). The explanation for this difference is the distributed nature
of the MOSFET. While Pelgrom’s model assumes a lumped
for the MOSFET, our model assumes a distributed along the
channel. As a consequence, for strong inversion and saturation,
the part of the channel closer to the drain plays a less important
role in the charge fluctuation along the channel than the part of
the channel closer to the source. Figs. 4 and 6 present plots of
(21) for comparison between Pelgrom’s model and ours.

Even though Pelgrom’s model used in conjunction with the
ACM expression for gives a good estimation of mis-
match in saturation for not too high inversion levels, it is not
consistent for modeling the series associations of transistors, as
pointed out in [9], [10], and [12].

ACKNOWLEDGMENT

The authors are grateful to the MOSIS MEP program for fab-
ricating the test circuits.

REFERENCES

[1] J.-B. Shyu, G. C. Temes, and F. Krummenacher, “Random error effects
in matched MOS capacitors and current sources,” IEEE J. Solid-State
Circuits, vol. SSC-19, no. 6, pp. 948–955, Dec. 1984.

[2] M. J. M. Pelgrom, A. C. J. Duinmaijer, and A. P. G. Welbers, “Matching
properties of MOS transistors,” IEEE J. Solid-State Circuits, vol. 24, no.
5, pp. 1433–1440, Oct. 1989.

[3] F. Forti and M. E. Wright, “Measurements of MOS current mismatch in
the weak inversion region,” IEEE J. Solid-State Circuits, vol. 29, no. 2,
pp. 138–142, Feb. 1994.

[4] M. J. Chen, J. S. Ho, and T. H. Huang, “Dependence of current match
on back-gate bias in weakly inverted MOS transistor and its modeling,”
IEEE J. Solid-State Circuits, vol. 31, no. 2, pp. 259–262, Feb. 1996.

[5] H. Veendrick, Deep-Submicron CMOS ICs, 2nd ed. Dordrecht, The
Netherlands: Kluwer, 2000.

[6] R. Wilson, “The dirty little secret: Engineers at design forum vexed by
rise in process variations at the die level,” EE Times, p. 1, Mar. 25, 2002.

[7] J. A. Croon, H. P. Tuinhout, R. Difrenza, J. Knol, A. J. Moonen, S. De-
coutere, H. E. Maes, and W. Sansen, “A comparison of extraction tech-
niques for threshold voltage mismatch,” in Proc. IEEE Int. Conf. Micro-
electronic Test Structures, 2002, pp. 235–240.

[8] P. G. Drennan and C. C. McAndrew, “Understanding MOSFET mis-
match for analog design,” IEEE J. Solid-State Circuits, vol. 38, no. 3,
pp. 450–456, Mar. 2003.

[9] M.-F. Lan and R. Geiger, “Impact of model errors on predicting perfor-
mance of matching-critical circuits,” in Proc. 43rd IEEE Midwest Symp.
Circuits and Systems, 2000, pp. 1324–1328.

[10] , “Modeling of random channel parameter variations in MOS tran-
sistors,” in Proc. IEEE Int. Symp. Circuits and Systems (ISCAS), vol. I,
2001, pp. 85–88.

[11] K. R. Lakshmikumar, R. A. Hadaway, and M. A. Copeland, “Charac-
terization and modeling of mismatch in MOS transistors for precision
analog design,” IEEE J. Solid-State Circuits, vol. SSC-21, no. 6, pp.
1057–1066, Dec. 1986.

[12] H. Yang, V. Macary, J. L. Huber, W.-G. Min, B. Baird, and J.
Zuoet, “Current mismatch due to local dopant fluctuations in MOSFET
channel,” IEEE Trans. Electron Devices, vol. 50, no. 11, pp. 2248–2254,
Nov. 2003.

[13] R. W. Keyes, “Effect of randomness in the distribution of impurity ions
on FET thresholds in integrated electronics,” IEEE J. Solid-State Cir-
cuits, vol. SSC-10, no. 4, pp. 245–247, Aug. 1975.

[14] T. Mizuno, J. Okumtura, and A. Toriumi, “Experimental study of
threshold voltage fluctuation due to statistical variation of channel
dopant number in MOSFETs,” IEEE Trans. Electron Devices, vol. 41,
no. 11, pp. 2216–2221, Nov. 1994.

[15] R. Difrenza, J. C. Vildeuil, P. Llinares, and G. Ghibaudo, “Impact of
grain number fluctuations in the MOS transistor gate on matching perfor-
mance,” in Proc. IEEE Int. Conf. Microelectronic Test Structures, 2003,
pp. 244–249.

[16] P. A. Stolk and D. B. M. Klaassen, “The effect of statistical dopant fluc-
tuations on MOS device performance,” in Int. Electron Devices Meeting
Tech. Dig., 1996, pp. 627–630.

[17] Y. Taur, D. A. Buchanan, W. Chen, D. J. Frank, K. E. Ismail, S.-H. Lo,
G. A. Sai-Halasz, R. G. Viswanathan, H.-J. C. Wann, S. J. Wind, and
H.-S. Wong, “CMOS scaling into the nanometer regime,” Proc. IEEE,
vol. 85, no. 4, pp. 486–504, Apr. 1997.

[18] Y. Taur, “An analytical solution to a double-gate MOSFET with undoped
body,” IEEE Electron Device Lett., vol. 21, no. 5, pp. 245–247, May
2000.

[19] S. Cristensson, I. Lundstrom, and C. Svensson, “Low frequency noise
in MOS transistors,” Solid-State Electron., vol. 11, pp. 797–812, 1968.

[20] P. Kinget and M. Steyaert, “Impact of transistor mismatch on the
speed-accuracy-power trade-off of analog CMOS circuits,” in Proc.
IEEE Custom Integrated Circuit Conf., 1996, pp. 333–336.

[21] A. I. A. Cunha, M. C. Schneider, and C. Galup-Montoro, “An MOS
transistor model for analog circuit design,” IEEE J. Solid-State Circuits,
vol. 33, no. 10, pp. 1510–1519, Oct. 1998.



GALUP-MONTORO et al.: COMPACT MODEL OF MOSFET MISMATCH FOR CIRCUIT DESIGN 1657

[22] C. Galup-Montoro, M. C. Schneider, and A. I. A. Cunha, “A
current-based MOSFET model for integrated circuit design,”
in Low-Voltage/Low-Power Integrated Circuits and Systems, E.
Sánchez-Sinencio and A. Andreou, Eds. Piscataway, NJ: IEEE Press,
1998, ch. 2.

[23] Y. P. Tsividis, Operation and Modeling of the MOS Transistor. New
York: McGraw-Hill, 1999.

[24] Y. Byun, K. Lee, and M. Shur, “Unified charge control model and sub-
threshold current in heterostructure field effect transistors,” IEEE Elec-
tron Device Lett., vol. 11, no. 1, pp. 50–53, Jan. 1990.

[25] A. Arnaud and C. Galup-Montoro, “A compact model for flicker noise
in MOS transistors for analog circuit design,” IEEE Trans. Electron De-
vices, vol. 50, no. 8, pp. 1815–1818, Aug. 2003.

[26] A. I. A. Cunha, M. C. Schneider, and C. Galup-Montoro, “Derivation of
the unified charge control model and parameter extraction procedure,”
Solid-State Electron., vol. 43, no. 03, pp. 481–485, Mar. 1999.

[27] C. C. Enz, F. Krummenacher, and E. A. Vittoz, “An analytical MOS
transistor model valid in all regions of operation and dedicated to low-
voltage and low-current applications,” Analog Integrated Circuits Signal
Process., vol. 8, pp. 83–114, 1995.

[28] K. K. Hung, P. K. Ko, C. Hu, and Y. C. Cheng, “A physics-based
MOSFET noise model for circuit simulators,” IEEE Trans. Electron
Devices, vol. 37, no. 5, pp. 1323–1333, May 1990.

[29] H. P. Tuinhout, “Design of matching test structures,” in Proc. IEEE Int.
Conf. Microelectronic Test Structures, 1994, pp. 21–27.

[30] M. Quarantelli, S. Saxena, N. Dragone, J. A. Babcock, C. Hess, S. Mine-
hane, S. Winters, J. Chen, H. Karbasi, and C. Guardiani, “Characteriza-
tion and modeling of MOSFET mismatch of a deep submicron tech-
nology,” in Proc. IEEE Int. Conf. Microelectronic Test Structures, 2003,
pp. 238–243.

[31] M. J. M. Pelgrom, “Low-power CMOS data conversion,” in
Low-Voltage/Low-Power Intergrated Circuits and Systems, E.
Sánchez-Sinencio and A. G. Andreou, Eds. Piscataway, NJ: IEEE
Press, 1999, ch. 14.

[32] T. Mizuno, “Influence of statistical spacial-nonuniformity of dopant
atoms on threshold voltage in a system of many MOSFETs,” Jpn. J.
Appl. Phys., vol. 35, pp. 842–848, 1996.

[33] S. J. Lovett, L. Wall, M. Welten, A. Mathewson, and B. Mason, “Sen-
sitivity of MOS transistor mismatch to device dimensions and sugges-
tions on how to improve matching performance,” in Proc. IEEE Colloq.
Improving the Efficiency of IC Manufacturing Technology, 1995, pp.
11/1–11/5.

[34] D. Foty, MOSFET Modeling with SPICE. Upper Saddle River, NJ:
Prentice-Hall, 1997.

[35] M. Pelgrom and M. Vertregt, “CMOS technology for mixed signal ICs,”
Solid-State Electron., vol. 41, no. 7, pp. 967–974, Jul. 1997.

[36] T. Serrano-Gotarredona and B. Linares-Barranco, “CMOS transistor
mismatch model valid from weak to strong inversion,” in Proc. Eur.
Conf. Solid-State Circuits, 2003, pp. 627–630.

[37] M. J. M. Pelgrom, H. P. Tuinhout, and M. Vertregt, “Transistor matching
in analog CMOS applications,” in Int. Electron Devices Meeting Tech.
Dig., 1998, pp. 915–918.

[38] M. Steyaert, J. Bastos, R. Roovers, P. Kinget, W. Sansen, B. Grain-
dourze, A. Pergoot, and E. Janssens, “Threshold voltage mismatch in
short-channel MOS transistors,” Electron. Lett., vol. 30, no. 18, pp.
1546–1548, Sep. 1994.

[39] J. Pineda-Gyvez and H. P. Tuinhout, “Threshold voltage mismatch and
intra-die leakage current in digital CMOS circuits,” IEEE J. Solid-State
Circuits, vol. 39, no. 1, pp. 157–168, Jan. 2004.

[40] J. A. Croon, M. Rosmeulen, S. Decoutere, W. Sansen, and H. E. Maes,
“An easy-to-use mismatch model for the MOS transistor,” IEEE J. Solid-
State Circuits, vol. 37, no. 8, pp. 1056–1064, Aug. 2002.

[41] W. Shyh-Chyi, P. Kuo-Hua, and M. Dye-Jyun, “A CMOS mismatch
model and scaling effects,” IEEE Electron Device Lett., vol. 18, no. 6,
pp. 261–263, Jun. 1997.

[42] R. Difrenza, P. Llinares, E. Granger, H. Brut, and G. Ghibaudo, “Effect
of substrate voltage and oxide thickness on NMOSFET matching char-
acteristics for a 0.18 �m CMOS technology,” in Proc. Int. Conf. Micro-
electronic Test Structures, 2001, pp. 7–10.

[43] R. Difrenza, P. Llinares, S. Taupin, R. Palla, C. Garnier, and G.
Ghibaudo, “Comparison between matching parameters and fluctuations
at the wafer level,” in Proc. IEEE Int. Conf. Microelectronic Test
Structures, 2002, pp. 241–246.

[44] H. Klimach, A. Arnaud, M. C. Schneider, and C. Galup-Montoro, “Con-
sistent model for drain current mismatch in MOSFETs using the carrier
number fluctuation theory,” in Proc. IEEE Int. Symp. Circuits and Sys-
tems, vol. 5, 2004, pp. 113–116.

[45] C. Galup-Montoro, M. C. Schneider, A. Arnaud, and H. Klimach, “Self-
consistent models of DC, AC, noise and mismatch for the MOSFET,” in
Proc. Nanotechnology Conf. Trade Show, vol. 2, 2004, pp. 494–499.

[46] G. Reimbold, “Modified 1=f trapping noise theory and experiments in
MOS transistors biased from weak to strong inversion—Influence of in-
terface states,” IEEE Trans. Electron Devices, vol. ED–31, no. 9, pp.
1190–1198, Sep. 1984.

[47] K. Takeuchi, T. Tatsumi, and A. Furukawa, “Channel engineering for the
reduction of random-dopant-placement-induced threshold voltage fluc-
tuation,” in Int. Electron Devices Meeting Tech. Dig., 1997, pp. 841–844.

[48] F. Berz, “Theory of low frequency noise in Si MOSTs,” Solid-State Elec-
tron., vol. 13, pp. 631–647, 1970.

Carlos Galup-Montoro (M’89) studied engineering
sciences at the University of the Republic, Uruguay,
and received the Engineer degree in electronics
and the Doctor Engineer degree from the Institut
National Polytechnique de Grenoble, France, in
1979 and 1982, respectively.

From 1982 to 1989, he was with University of São
Paulo, São Paulo, Brazil, where he was involved in
bipolar and MOS analog design. Since 1990, he has
been with the Electrical Engineering Department,
Federal University of Santa Catarina, Florianopolis,

Brazil. His main research interests are device modeling and transistor-level
design.

Márcio C. Schneider (M’90) received the B.E. and
M.S. degrees from the Federal University of Santa
Catarina (UFSC), Florianopolis, Brazil, in 1975 and
1980, respectively, and the Ph.D. degree from Uni-
versity of São Paulo, São Paulo, Brazil, in 1984, all
in electrical engineering.

In 1976, he joined the Electrical Engineering
Department, UFSC, where he is now a Professor. In
1997 and 2001, he was a Visiting Associate Professor
with Texas A&M University, College Station. His
research is mainly focused on device modeling and

analog design.

Hamilton Klimach (S’04) received the B.E. and
M.S. degrees in electrical engineering from the
Federal University of Rio Grande do Sul (UFRGS),
Porto Alegre, Brazil, in 1988 and 1994, respectively,
and is currently working toward the doctoral degree
in electrical engineering at the Federal University of
Santa Catarina, Florianopolis, Brazil.

From 1989 to 1990, he was with EDISA/HP as a
Hardware Computer Engineer. In 1990, he joined the
Electrical Engineering Department, UFRGS, where
he is now a Professor. His research interests mainly

include device modeling, analog design, and electronic instrumentation.

Alfredo Arnaud received the M.S. and Ph.D.
degrees in electronics from the Universidad de la
República, Montevideo, Uruguay, in 2000 and 2004,
respectively.

Since 1997, he has been involved in several
research and industrial projects in the field of
CMOS analog design, and optoelectronics. In 2004,
he joined the Electrical Engineering Department,
Universidad Católica, Montevideo, Uruguay. His
current research interests include high-performance
circuits for implantable medical devices and analog

signal processing, and MOS transistor modeling.


	toc
	A Compact Model of MOSFET Mismatch for Circuit Design
	Carlos Galup-Montoro, Member, IEEE, Márcio C. Schneider, Member,
	I. I NTRODUCTION
	II. ACM M ODEL

	Fig.€1. Splitting of a transistor into three series elements: (a
	III. C ONSISTENT M ODEL FOR D RAIN C URRENT F LUCTUATION

	Fig.€2. Capacitive model of the MOSFET channel for matching anal
	IV. N UMBER F LUCTUATION M ISMATCH M ODEL
	V. M ISMATCH M ODEL IN T ERMS OF I NVERSION L EVEL
	VI. M EASUREMENTS

	Fig. 3. Test circuit: $M_{\rm REF}$ is the reference transistor 
	Fig.€4. Normalized current mismatch power for the large NMOS tra
	Fig.€5. Normalized current mismatch power for the medium NMOS tr
	Fig.€6. Normalized current mismatch power for the large PMOS tra
	Fig.€7. Normalized current mismatch power for the medium PMOS tr
	Fig.€8. Dependence of current matching on inversion level in the
	Fig.€9. Dependence of current matching on inversion level in sat
	Fig.€10. Dependence of current matching on inversion level in th
	Fig.€11. Dependence of current matching on inversion level in th
	Fig.€12. Dependence of current matching on inversion level in th
	VII. S UMMARY AND C ONCLUSION
	Using Pelgrom's mismatch model [ 2 ] together with the ACM model
	J.-B. Shyu, G. C. Temes, and F. Krummenacher, Random error effec
	M. J. M. Pelgrom, A. C. J. Duinmaijer, and A. P. G. Welbers, Mat
	F. Forti and M. E. Wright, Measurements of MOS current mismatch 
	M. J. Chen, J. S. Ho, and T. H. Huang, Dependence of current mat
	H. Veendrick, Deep-Submicron CMOS ICs, 2nd ed. Dordrecht, The Ne
	R. Wilson, The dirty little secret: Engineers at design forum ve
	J. A. Croon, H. P. Tuinhout, R. Difrenza, J. Knol, A. J. Moonen,
	P. G. Drennan and C. C. McAndrew, Understanding MOSFET mismatch 
	M.-F. Lan and R. Geiger, Impact of model errors on predicting pe
	K. R. Lakshmikumar, R. A. Hadaway, and M. A. Copeland, Character
	H. Yang, V. Macary, J. L. Huber, W.-G. Min, B. Baird, and J. Zuo
	R. W. Keyes, Effect of randomness in the distribution of impurit
	T. Mizuno, J. Okumtura, and A. Toriumi, Experimental study of th
	R. Difrenza, J. C. Vildeuil, P. Llinares, and G. Ghibaudo, Impac
	P. A. Stolk and D. B. M. Klaassen, The effect of statistical dop
	Y. Taur, D. A. Buchanan, W. Chen, D. J. Frank, K. E. Ismail, S.-
	Y. Taur, An analytical solution to a double-gate MOSFET with und
	S. Cristensson, I. Lundstrom, and C. Svensson, Low frequency noi
	P. Kinget and M. Steyaert, Impact of transistor mismatch on the 
	A. I. A. Cunha, M. C. Schneider, and C. Galup-Montoro, An MOS tr
	C. Galup-Montoro, M. C. Schneider, and A. I. A. Cunha, A current
	Y. P. Tsividis, Operation and Modeling of the MOS Transistor . N
	Y. Byun, K. Lee, and M. Shur, Unified charge control model and s
	A. Arnaud and C. Galup-Montoro, A compact model for flicker nois
	A. I. A. Cunha, M. C. Schneider, and C. Galup-Montoro, Derivatio
	C. C. Enz, F. Krummenacher, and E. A. Vittoz, An analytical MOS 
	K. K. Hung, P. K. Ko, C. Hu, and Y. C. Cheng, A physics-based MO
	H. P. Tuinhout, Design of matching test structures, in Proc. IEE
	M. Quarantelli, S. Saxena, N. Dragone, J. A. Babcock, C. Hess, S
	M. J. M. Pelgrom, Low-power CMOS data conversion, in Low-Voltage
	T. Mizuno, Influence of statistical spacial-nonuniformity of dop
	S. J. Lovett, L. Wall, M. Welten, A. Mathewson, and B. Mason, Se
	D. Foty, MOSFET Modeling with SPICE . Upper Saddle River, NJ: Pr
	M. Pelgrom and M. Vertregt, CMOS technology for mixed signal ICs
	T. Serrano-Gotarredona and B. Linares-Barranco, CMOS transistor 
	M. J. M. Pelgrom, H. P. Tuinhout, and M. Vertregt, Transistor ma
	M. Steyaert, J. Bastos, R. Roovers, P. Kinget, W. Sansen, B. Gra
	J. Pineda-Gyvez and H. P. Tuinhout, Threshold voltage mismatch a
	J. A. Croon, M. Rosmeulen, S. Decoutere, W. Sansen, and H. E. Ma
	W. Shyh-Chyi, P. Kuo-Hua, and M. Dye-Jyun, A CMOS mismatch model
	R. Difrenza, P. Llinares, E. Granger, H. Brut, and G. Ghibaudo, 
	R. Difrenza, P. Llinares, S. Taupin, R. Palla, C. Garnier, and G
	H. Klimach, A. Arnaud, M. C. Schneider, and C. Galup-Montoro, Co
	C. Galup-Montoro, M. C. Schneider, A. Arnaud, and H. Klimach, Se
	G. Reimbold, Modified $1/f$ trapping noise theory and experiment
	K. Takeuchi, T. Tatsumi, and A. Furukawa, Channel engineering fo
	F. Berz, Theory of low frequency noise in Si MOSTs, Solid-State 



