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Abstract | Investigations were made on mismatch e�ects in a bit cell
for an analog-to-digital converter, fabricated in a 1.6�/45nm CMOS pro-
cess. The cell was designed to yield in a given bit resolution, considering
the mismatch e�ects described by the well known law of area. It could be
shown that large area MOS transistors are subject to a matching accu-
racy saturation e�ect, which makes it necessary to extend the mismatch
model. An enhanced mismatch model is presented, which allows statis-
tical simulation and prediction for both large area e�ects and for long
distance e�ects between devices. The model was successfully veri�ed by
measurements and implemented into the statistical simulator GAME1.

1 Introduction

As large area devices are frequently used in analogue MOS circuits, e.g. in current mirrors
with big transmission ratios, a modelling of large area and long distance mismatch is
necessary for the design of precision applications. As measurements show, the standard
mismatch law of area [1, 4] does not yield correct results for large devices and long
distances between devices. In fact, the predicted accuracy is not reached, instead it
becomes even worse when device areas increase over a speci�c amount. A similar e�ect
can be observed for the matching error over distances between devices, which was stated
to increase linearly for small distances in [2], but in fact does not grow beyond the global
tolerance for long distances.

The mentioned e�ects were studied during the development of an analog-to-digital
converter as described in the following sections.

1General Analysis of Mismatch E�ects, available from

http://luzi.e-technik.uni-dortmund.de/�grueneba



2 Analog-to-Digital

Converter with Bit Cells

A current mode analog-to-digital converter
was designed using a variation of the bit cell
principle introduced in [3] (�gure 1). The
converter consists of a chain with one cell
per bit. Each cell ampli�es the current for
its successor by a factor of two, and sub-
stracts the full range current from its output
when it detects a high bit.

The bit resolution of the converter is on
the whole determined by the �rst bit cell,
which has to take the MSB decision with
a precision of at least one half LSB. For a
given bit resolution and a given minimum
yield of fabricated circuits, the standard de-
viation �trans of the MSB cell's low-high-
transition is given by (1), where 1� leads to
a yield of � 68 percent, 2� to � 95 percent
and 3� to � 99 percent of usable circuits.

�trans �
Vmax

2ResBit
(1)

The tolerance behaviour and thus �trans
is mainly caused by local mismatch e�ects
in the di�erential input stages of the �rst
bit cell, which consists of �ve similar OTAs
(�gure 2). In order to achieve the given res-
olution, the areas of the input transistors
M8, M9 and the load transistors M3, M4
were calculated regarding the mismatch law
of area.

Two bit cells with di�erent precision
and thus di�erent device geometries were
designed and fabricated in an industrial
1.6�/45nm CMOS process. Table 1 shows
the transistor areas of the di�erent layouts.

Geometries M8, M9 M3, M4

Layout 1 35000 �m2 90000 �m2

Layout 2 5010 �m2 15000 �m2

Table 1: Device Geometries

3 Enhanced

Mismatch Modelling

The mismatch law of area stated in [1]
(eq. 2) describes the real device behaviour
correctly only for small device areas, as well
as the law of distance stated in [2] (eq. 3)
is valid only for relatively small distances,
with W and L given as the layout dimen-
sions and D as the distance between cor-
responding (matching) devices. Both equa-
tions give a share on the standard deviation
�P of a model parameter P .

�PArea =
APp
Area

(2)

�PDistance = SP �D (3)

The improved model (eq. 4), shows the
same behaviour for small geometries W , L
and D. For large areas W � L a slow tran-
sition is performed into a static �nal value,
given by �PWafer

. A similar transition hap-
pens for large distances D between corre-
sponding devices.

�P =
�

APp
WL

+ �PWafer

��
1 � e�

D+(W+L)�

D0

�
� � �

+ APp
WL

e
�D+(W+L)�

D0 (4)

�PWafer
is the standard deviation of P

over the entire wafer excluding the share
of local mismatching, D0 is a measure for
long distances, and � de�nes the ratio of the
value for large device dimensions relative to
D0. A typical value for � is 1=3.

For making use of the proposed mis-
match model, no new measurements are
needed. AP is the parameter for local mis-
matching of P , which is identical to the
parameter in (2) and (3). D0 can be cal-
culated from the old SP parameter (D0 =



�PWafer
=SP ), and PWafer is obtained from

wafer statistics of the parameter P .
Figure 4 shows the statistics of the

NMOS threshold voltage mismatch ex-
tracted from 60 measured samples increas-
ing with the distance. The W=L device di-
mensions of the measured test structures are
25=16, 12:5=8, 5:5=8, and 4=4 �m. The test
structures were fabricated in another indus-
trial 1.6�/40nm CMOS process. Predic-
tions made with the improved model (dot-
ted lines) correspond well with the measure-
ment results. Similar behaviour was found
for the MOS parameters KP and 
, too.

Figure 5 depicts the threshold voltage
statistics for NMOS transistors dependent
on the device area only. For small area de-
vices with dimensions < 20�m the simple
statistical law of area corresponds with the
proposed model. However, for devices with
dimensions much larger than 20�m the dif-
ference becomes signi�cant. The originally
expected matching improvements by enlarg-
ing the device area (W , L > 1000�m) do
not take place, instead the parameter mis-
matching increases.

4 Results

Table 2 shows the measurements of 45 sam-
ples compared with statistical simulations
using the old mismatch model from [1] and
the enhanced model for large area devices
given by (4). The cells were designed for an
input current range of 0{255�A.

Layout 1 �trans Resolution
Measurement 1:76�A 7.2 bit
Old model 0:41�A 9.3 bit
New model 1:76�A 7.2 bit

Layout 2 �trans Resolution
Measurement 1:07�A 7.9 bit
Old model 0:89�A 8.2 bit
New model 1:19�A 7.7 bit

Table 2: Comparison between Measure-
ments and Simulation

It is obvious that the new model gives

a much more realistic prediction of the mis-
match behaviour, especially for the larger
devices in layout 1 where the mismatch ac-
curacy saturation can clearly be seen.

5 Conclusion

It could be shown that mismatch in large
area MOS devices di�ers signi�cantly from
the law of area given in [1, 2]. An enhanced
model was proposed which can be used with
existing matching parameters. An accurate
matching parameter extraction method is
available [7]. The new model achieves a
good correspondence between simulation re-
sults and measurements.

References

[1] K. R. Lakshmikumar, R. A. Hadaway,

M. A. Copeland: Characterization and Model-

ing of Mismatch in MOS Transistors for Precision

Analog Design, IEEE Journal of Solid State Circuits,

Vol. sc-21, No. 6, Dec. 1986

[2] M. J. Pelgrom, A. C. Duinmaijer, A. P. G. Welbers:

Matching Properties of MOS Transistors, IEEE Jour-

nal of Solid State Circuits, Vol. 24, No. 5, Oct. 1989

[3] D. G. Narin, A. S. Salama, Current-ModeAlgorithmic

Analog-to-Digital Converters, IEEE Journal of Solid

State Circuits, Vol. 22, No. 6, Dec. 1987

[4] J. Oehm: Rechnergest�utzer, ausbeuteorienterter Ent-

wurf analoger VLSI-Komponenten, Dissertation, Uni-

versit�at Dortmund, 1992

[5] U. Berg, J. Oehm, K. Schumacher, Simulation statist-

ischer Schaltungseigenschaften beim Entwurf mono-

lithischer Schaltkreise, Proceedings of 4. GMM/ITG-

Diskussionssitzung, VDE-Verlag 1996

[6] E. Brass: Untersuchung der lokalen und glob-

alen Herstellgenauigkeit integrierter Halbleiterbauele-

mente, Dissertation, Universit�at Dortmund, 1996

[7] E. Brass, J. Oehm, K. Schumacher, Produktionsbe-

gleitende Erfassung des Matchingverhaltens integrier-

ter MOS-Transistoren, Proceedings of 3. GME/ITG-

Diskussionssitzung, Entwicklung von Analogschalt-

ungen mit CAE-Methoden, Bremen, Sept. 1994



Iin

MSB

Iin Iout

Cell 1

Iref

LSB

Iin

Cell N

Iref

Bit N-1

Iin Iout

Cell 2

Iref

Figure 1: Current Mode A/D Converter
with Bit Cells
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Figure 2: Di�erential OTA Circuit for Bit
Cell

Figure 3: Chip Photograph of the Bit Cell,
Layout 1
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Figure 4: Long Distance Mismatch of
NMOS Parameter VT0
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Figure 5: Short Distance Mismatch of
NMOS Parameter VT0


