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Abstract. Layout has strong influence on matching properties of a circuit. Current matching models, which
characterize both local random non-uniformities and global systematic non-uniformities stochastically, are not
adequate for the matching analysis taking the effect of layout realization into account. In order to consider
topological information of layout into matching analysis, we propose a matching model which treats the random
and systematic components separately. Also, we characterize the micro-loading effect, which modulates
fabricated line-width according to the local density of layout patterns, into matching analysis. With these two

techniques, we can perform matching analysis of CMOS circuits taking layout information into account.
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1. Introduction

The minimum feature size of MOSFETs is con-
tinuously reducing due to the steady improvement of
fabrication technologies. It has contributed to the
remarkable growth of integration scale and the
increase in operating speed. On the other hand, it
casts many design challenges. One of serious
challenges is the increased effect of process variation
(non-uniformities) on circuit performances.

It is known that electrical properties of identically
designed transistors have a certain amount of
differences due to the non-uniformities of fabrication
process and operating environment such as operating
temperature [1]. With the decrease of transistor sizes,
matching properties of a pair of devices become
degrading [2]. In many analog signal processing
circuits, the accuracy of their functions relies on the
matching properties of certain devices. It is therefore
important to design layout for better matching
performances because layout has strong influence
on matching [3]. Also, it is important to develop a
method for matching analysis that can predict
matching properties quantitatively based on the
layout information of the devices under considera-
tion. The purpose of this paper is to present such an
method for matching analysis of MOSFET circuits.

For matching analysis, several mismatch models
of MOSFETs have been proposed [1,3]. Among
them, Pelgrom model is most widely accepted [2].
The model characterizes two sources of process non-
uniformities: local random fluctuation and global
systematic fluctuation. The global fluctuation is
modeled as a stochastic process with a long
correlation distance. This model works well for the
matching analysis of a pair of transistors. It, however,
is not adequate for the matching analysis of a circuit
with dedicated layout that is designed for canceling
out the deterministic fluctuation. We show a
mismatch model which characterizes the local
fluctuation as a random process according to the
Pelgrom model but treats the deterministic fluctuation
as such.

Another important source of mismatch is a
deterministic deviation of fabricated (actual) line-
width from designed width due to the micro-loading
effect [4]. The amount of the deviation depends on
the local density of layout patterns. The width of a
tightly spaced line after fabrication is different from
that of loosely spaced line with the same designed
width. The channel length of a MOSFET has a
dominant effect on its electrical property and hence
the micro-loading effect should be taken into account
in the mismatch analysis. In this paper we propose a
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model of the micro-loading effect for poly-gate line-
width. A method for model-parameter extraction is
also presented.

With the micro-loading model and the mismatch
model, we can perform mismatch analysis of a
MOSFET circuit considering its layout realization.
We show two methods for the application of our
models. The first one is a Monte Carlo mismatch
analysis which is applicable to a circuit in general
with layout. The second one is a mismatch-model
building for a circuit with specific layout such as the
common-centroid [5]. Simulation examples with
those two methods are explained.

This paper is organized as follows. Section 2
explains our mismatch model of MOSFETs and a
model for the micro-loading effect on poly-silicon
line-width. Section 3 discusses the parameter-extrac-
tion method for the micro-loading effect and
experimental results. Section 4 shows two methods
for the application of our models. Section 5 reports
the simulation examples with those two methods.
Finally, Section 6 concludes our discussion.

2. Characterization of Process Non-uniformities

MOSFET characteristics vary due to process non-
uniformities. In this section we explain two models
that are necessary for the mismatch analysis con-
sidering layout realization. They are a mismatch
model of MOSFETSs which can consider local random
fluctuation and global systematic fluctuation of
MOSFET’s characteristics, and a model for determi-
nistic variation of a line-width due to the micro-
loading effect [4].

2.1. Characterization of MOS Transistors

Two identically designed MOSFETs have a certain
level of differences in their electrical behaviors.
Those differences are expressed as the mismatch in
the parameters which represent their electrical
behavior. The mismatch arises from two sources of
process non-uniformity: random local variation and
global systematic variation [S5]. The first component
is a white noise caused by a stochastic nature of
fabrication processes. The second component repre-
sents a systematic parameter-value distribution over
chip surface which is caused by, for example, non-

uniform thermal distribution during fabrication pro-
cesses. Another example of the second component is
a non-uniform temperature distribution created by hot
spots during circuit operation.

Pelgrom proposed a mismatch model for a pair of
transistors [2]. The model characterizes both sources of
mismatch as the random variation of the difference in
the parameter values which model MOSFET behavior:

A%P

o*(AP) = ﬁ + SapD: (1)
Parameter AP represents the difference in parameter
P, W and L are the gate-width and gate-length of the
transistors spaced by distance D. Parameters A%, and
Sap are process-dependent constant. The first term
represents the local random variation, and the second
term represents the systematic global variation which
is modeled as an additional stochastic process with a
long correlation distance.

This model is widely used for recent studies on the
matching analysis [2,3,5-7] and works well for the
analysis of a pair of transistors. However, if we want
to perform matching analysis for a circuit with more
than three transistors, we need to consider the
correlation of mismatch behavior among transistors
caused by the systematic variation. This means that
the systematic component, in this case, should not be
treated as a stochastic process. We therefore treat two
components separately. The random local variation is
expressed as the Pelgrom model. Each parameter
varies around a mean value randomly with a normal
distribution. The mean value, on the other hand,
changes its value according to the position of the
transistor deterministically.

We characterize the random variation of the
threshold voltage Vro, the gain factor Kp(= uC,y),
the deviation of the gate-width AW and the deviation
of the gate-length AL of the ith transistor as follows:

(Vi) = @)
WiL,

o Kp) = ik o)

oH(aw) = @)

(L) — 2 5
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Parameters Ay,,, Ak,, Aaw, and Ap; are process-
dependent constant. This model indicates that the
decrease in a transistor size leads to the increase in
the standard deviation which results in the degrada-
tion of matching characteristics. Fig. 1 explains this
feature. The horizontal axis and the vertical axis
represent the transistor area WL and the threshold
voltage of the transistor respectively. The center line
corresponds to the mean value which varies
according to the systematic mismatch model
described next.

In order to evaluate the effect of systematic
variation precisely, we treat the systematic mismatch
separately from the local random mismatch. The
systematic mismatch is resulted from a global non-
uniformity of process or operation condition. It
causes the deterministic variation of the mean value
of each parameter. The variation over a chip surface
is expected to be small, so we assume linear
relationship of the mean value with respect to the
position of the transistor. The mean values of the
threshold voltage, the gain factor, the gate-width
variation and the gate-length variation (Vyo,, KT),.,
AW;, AL;, respectively) of the ith transistor located at
(x;, y;) are expressed as follows:

Vio, = Vo + GV x, + GY)y, (6)
Kp, =Kp + Gl + Gy (7)
AW, = AW} + GV x, + GV, (8)
AL; = AL; + zexi + G<AyL)yi )
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Fig. 1. The randon variation of the threshold voltage.

Parameters Vyq and Kp represent the mean values
of the threshold voltage and the gain factor at the
coordinate origin. The systematic mismatch is
characterlzed by the model parameters (Gg,g0 GKZ
GAW , GAL) (GVT() GKP GAW , GAL) as a linear
gradient. AW} and AL} represent systematic devia-
tion introduced by the micro-loading effect which is
explained later.

With the above two models (the random mismatch
model and the systematic mismatch model), we can
evaluate the model parameters of the ith transistor.
The random mismatch model provides a variance of
each parameter from the size of the transistor. The
systematic mismatch model provides a mean value of
each parameter from the location of the transistor.
They are summed up to reproduce the overall
parameters as follows.

Vo, = Vo, + 0;(Vro) X (rand;) (10)

Kp = Kp, + 0;(Kp) x (rand,) (11)
(12)

(13)

AW = AW, + 6,(AW) x (rand)

AL = AL; + 6,(AL) x (rand,)

Parameter rand; is a random number with a normal
distribution whose mean value and dispersion are 0
and 1, respectively.

As explained before, our model treats random
mismatch and systematic mismatch separately so that
it can consider the correlation of mismatch behavior
caused by the systematic mismatch among more than
two transistors. For mismatch analysis of a single pair
of transistors, we can show that our model can be
reduced to the Pelgrom model under proper assump-
tion. Let us consider the matching properties,
parameters P, and P,, of a pair of transistors.
These parameters are expressed as follows in our
model:

P, =P, +0,(P) (rand,) (14)
P, =P, + 6,(P) x (rand,) (15)

We assume that the transistors have an equal gate-
length and gate-width and are spaced by distance D,
where only the dependency in the spaced-direction is
assumed for simplicity. Parameters (rand,) and
(rand,) are independent random variables and
o4(P) and o,(P) have the same value of o(P).
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Then, the difference of the parameters, AP, is
expressed as

AP =P,—P, (16)
— P, — P, +V2o(P)(rand,)  (17)
P,~P,=G,D (18)

where G, is the assumed gradient of parameter P in
the spaced-direction and (rand,) is a random number
with a normal distribution whose mean value and
dispersion are 0 and 1, respectively.

In our model, G, has a deterministic value inside a
chip. However, if we want to model matching
behavior of a pair of transistors statistically over a
large number of chips, it is reasonable to assume that
G, fluctuates with a normal distribution whose mean
value and dispersion are 0 and S, as shown below:

Gp = Spp(rand,) (19)

where (rand;) is a random number similar to (rand,).
With this assumption, the difference of the
parameters, AP, is expressed as follows:

AP = S)pD(rand,) + \/EG(P)(mnd‘,,) (20)

We can therefore derive the dispersion of the
difference of the parameters, ¢*(AP):

a*(AP) = (AP — AP)? (21)

=202 (P)(mndp)2

+2V20(P)SspD(rand, ) (rand,)

+ SiP(randstz (22)

=20%(P) + S3pD? (23)
242

= W—z’ + $3,D? (24)
AiP 2 2

- W + SAPD (25)

Equation (24) is essentially the same as equation
(1) of the Pelgrom model. The factor of 2 at the first
term comes from the fact that equation (1) is defined
as the variance of the difference of the parameters of

two transistors whereas equations (2) and (3) are
those of the absolute parameters of a single transistor.

2.2. Characterization of the Micro-Loading
Effect

The gate-length of a transistor has a direct effect on
the MOSFET electrical behavior. The fluctuation of
the gate-length becomes serious in submicron
processes, and therefore it is crucial to precisely
characterize the fluctuation of the MOSFET gate-
length. It is known that a line-width after fabrication
differs from a design line-width depending on the
value of its line-width (size effect) and the distance to
its adjacent pattern (proximity effect) [4]. It is called
the micro-loading effect [11]. The effect is caused by
the optical interference in the photolithographic
process and the non-uniformity in the etching process
modulated by the local pattern density. The micro-
loading effect produces a systematic deviation of the
gate-length of a transistor, and hence it should be
considered in the matching analysis with layout
information.'

Lieneweg proposed a model of the micro-loading
effect for a paired metal line [11]. The model predicts
the fabricated width W;; as

W? s2
W =W, + AW + sgn(W,) W + sgn(S,) 3 (26)
. p

1

W; = design line-width,

S;j = design spacing from single adjacent line,
AW = constant line-width aberration,

W. = characteristic width of size effect,

S. = characteristic spacing of proximity effect,

and
sgn(X) = X/|X]|.

This model characterizes the effect of a single
adjacent line.

For the matching analysis of MOSFET circuits, we
need to extend the model suitable for the calculation
of the effective width of a poly-silicon line
surrounded by multiple transistors. We thus propose
the following model that accommodates the effect of
multiple adjacent poly-silicon (gate) lines and the
width of the adjacent line.
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Fig. 2. Parameters of micro-loading effect model.
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L; = fabricated gate-length,

L; = design gate-length,

W; = design gate-width,

ALy = constant gate-length aberration,

m = number of transistors around it,

D, = design spacing from adjacent transistors,
L, = design length of their gate,

= overlap length,

K; = characteristic length of size effect,

Kp = characteristic spacing of proximity effect.

QS
=
\

Fig. 2 explains each parameter graphically.
Parameters ALy, K;, Kp are process-dependent
constants to be extracted experimentally. Next
section discusses an extraction method for the
parameters.

Parameters AW; and AL} in equations (8) and (9)
are calculated as follows:

AL} =L; — L, (29)

3. Measurement Methodology

This section explains an extracting method for the
parameters in our micro-loading model. Experimental
results in a 1.2 um process are also shown.

We designed a TEG (Test Element Group) similar
to the Cross-Quad-Bridge Resistor [11] which is able

E:;ll ;-;juu-
i

5:|. | 4
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Fig. 3. The conceptual structure of the micro-loading effect TEG.

to measure the fluctuation of line-width electrically.
Fig. 3 conceptually explains the structure of the TEG.
The TEG has a line of poly-silicon with/without
dummy lines around. The width of the center line is
partially changed by the dummy lines. The para-
meters of the model are calculated from the change.
We apply a DC voltage between the both ends (VDD,
GND) of the TEG. The current flows through the
center line is /. The bridge voltages V;; is measured
between adjacent points (1, 2, 3, 4, 5, 6). The
resistance (R;;) between the measured points is
calculated as

Rij = Vij/I (30)

The width of the fabricated line (L;) is calculated
by dividing the resistance R;; by the sheet resistance
Rxheet as

L) ="l <Raa(@/0) 31

1

According to the result of measurement, the sheet
resistance depends on the width of a fabricated line.
We thus model the relationship between the sheet
resistance and the line-width by

K
Rsheet = Rbase - L:R (32)

We have designed two circuits having the structure
of Fig. 3, each with 10 bridge segments, for a 1.2 um
process and sent them for fabrication.
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The micro-loading effect produces a systematic
(deterministic) deviation of fabricated line-width
depending on the local density of layout patterns.
Thus the fluctuation of measured line-width from this
TEG has systematic components modeled by equa-
tion (27) and random components modeled by
equation (5). We may extract the model parameters
of equations (5) and (27). However, a wide variety of
line-widths and line-lengths are required for statisti-
cally meaningful extraction of the model parameter
of equation (5) [7], whereas only two line-widths (1.2
and 3.0 um) with the same length are available in this
TEG. We therefore extract only the parameters of
equation (27) from the mean values of measured
widths from 20 fabricated chips. Parameter extraction
of equation (5) (random component) may require
dedicated TEGs such as proposed in [7] and our
future work includes the characterization of the
random component.

Fig. 4 explains the proximity effect. The measured
line-width and the calculated line-width by the model
for a line with 1.2 um design width are presented. The
horizontal axis represents the distance to adjacent
lines. The vertical axis represents the fabricated line-
width. In this case, the maximum deviation of the
fabricated width is about 4% when the adjacent line
comes to the closest position.

The size effect is characterized by the width
measurement of lines with different design widths.
They are not surrounded by dummy patterns. Fig. 5
shows the measured values and the calculated line by
the model. The horizontal axis represents the design
line-width, and the vertical axis represents the
fabricated line-width. In this process, the size effect
is not remarkable than the proximity effect.
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Fig. 5. Size effect.

4. Simulation Methodology

This section explains the methodology of matching
analysis using the models in the previous section. We
show two methods for the matching analysis that
considers layout realization. The first one is a Monte
Carlo matching simulation. Given a layout of the
circuit under study, a number of parameter sets,
whose statistical characteristics are determined by the
mismatch models, is generated and the -circuit
performance is simulated with the parameter sets.
The second one is a mismatch model building for a
circuit with a predetermined layout structure. The
resulting model can be used for the prediction of
matching characteristics during a circuit design
phase.

4.1. Monte Carlo Matching Simulation

This method is a Monte Carlo simulation. After
layout design, we can find the location of each
transistor. From this information we can predict the
amount of the micro-loading effect and the sys-
tematic mismatch which determines the mean value
of transistor parameters. The deviation of each
parameter is determined by the local mismatch
model and a number of parameter sets is generated.
The matching properties are examined by simulation
with the parameter sets.

The procedure is summarized as follows:
1. Extract the netlist and the position of transistors

from a layout pattern.
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2. Estimate the deviation (AW, ,AL;) between the
fabricated width and the designed width of gates
by the micro-loading effect. These values based on
the systematic mismatch model.

3. Calculate each mean value of transistor parameters
(Vro,Kp, etc.) from the position of the transistors
based on the systematic mismatch model (6)—(9).

4. Estimate the standard deviation of the transistor
parameters based on the random mismatch model
2)-5).

5. Calculate the transistor parameters (Vro,, Kp,, etc.)
with equations (10)—(13).

6. Simulate the circuit properties with the generated
parameters.

7. Extract the statistical distribution of the circuit
properties from a number of simulation runs.

4.2. Mismatch Model Building for a Circuit with
a Predetermined Layout Structure

After the designing of a layout pattern, we can
perform a Monte Carlo matching simulation. It
however requires a lot of computation costs and
cannot be done without complete layout. Before
getting a layout pattern, even in the circuit design
phase, we need to assess the matching properties of
the circuit under design. It can be done by building a
mismatch model beforehand for a circuit element,
such as a current mirror and differential pair, with a
predetermined layout structure. For the building of
mismatch models, we first obtain an analytical
equation for the circuit performance of interests.
We then derive a mismatch model of the performance
from the analytical equation. The process of
matching analysis using the mismatch model is
summarized as follows:
1. Derive an analytic equation that expresses the
circuit performance of interests.
2. Estimate the deviation of transistor dimension due
to the micro-loading effect.
3. Derive the mean values of the performance using
the systematic mismatch model.
4. Derive the dispersion of the performance using the
random mismatch model.
5. Calculate the fluctuation of the performance from
the mean and the dispersion.
For an example of this process, we show a
mismatch analysis of current mirrors. From the

analytic expression of output currents, the deviation
of output current is expressed as,

K W L

~D o 22 (33)
IDS KP VGS - VTO w

The dispersion of the output current is thus
expressed by

(d&m))zz (U(A_KP)>2+ 40%(AVy)
(

7 \2
KP VGS - VTO)

Ipg

L
2 2
_ (AKP A, > L
=== 2
Kp (Vgs — Vo)™ ) WL
Afw | Ak
4 hw |y DAL 35
W2L WL? (35)

If there is no source of systematic mismatch, the
output current mismatch is a normal distribution with
mean value equal to zero and dispersion being
calculated by equation (35). Otherwise, we need to
consider the effect of systematic mismatch which
produces the deviation of the mean value. First we
estimate the micro-loading effect. In this case, two
transistors in a current mirror are equally influenced
by the micro-loading effect, and hence the parameters
AW?, AL} are both zero. The deviation of the mean
value is thus expressed as

Alps _AKp 28V AW AL )
Ips Kp Ves = Vro 4
(%) (x) (x)
G G G
(x) Vo AW AL
( K Vee—Vyg W L ) <(37)

where only the dependency in the x-direction is
included for simplicity.

The layout structures of current mirrors are
classified into two groups. The first group is a
simple pair of transistors placed in parallel. The
layout is symmetric with respect to the center line.
On the other hand, the second group has a symmetric
layout with respect to the center point. Examples of
this group are the common-centroid (QUAD) layout
[5,8] and the waffle layout [8]. The structure of the
QUAD layout is diagonally arranged 2 pairs of
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transistors. The structure of the waffle layout is a lot
of divided transistors arranged in a mesh.

The output current mismatch for the first group is
the sum of the systematic mismatch and the random
mismatch as

Alpg = Al + o(Alpg) x rand (38)

On the other hand, the systematic error is canceled
out in the second group, and hence the systematic
mismatch term does not appear in the output current
mismatch as

Alhg = a(Alpg) X rand (39)

5. Example of Simulation

This section reports the result of matching simulation
for current mirrors with our technique. The matching
property is analyzed for circuits with common-
centroid layout structures and normal paired-tran-
sistor structures. Both of Monte Carlo matching
simulation and mismatch model analysis are per-
formed. The gradients of threshold voltage and the
gain factor, Gy,, and Gk, respectively, are fixed to
0.1%/um. The input current I; is 20 uA. The
horizontal axis represents the square root of gate
area. The vertical axis represents the worst case (30)
deviation of the output current. We execute the
Monte Carlo Matching simulation under five dif-
ferent sizes of transistors as (L, W)= (1.2, 4.8),
(2, 8),(3, 12), (5, 20) and (10, 40). W/L is fixed to 4
so that the operating condition of each pair of
transistors becomes the same under the same input
current. Fig. 6 shows the results.

The larger the size of transistors increases on each
layout, the better the matching property caused by the
random error improves. The increase of transistor
size, however, makes the pair transistors being placed
apart, which increases the amount of systematic error.
The effect of the systematic error do not appear in a
circuit with common-centroid structure, whereas it
does affect a circuit with normal paired-transistor
structure. Indeed, matching properties become worse
by increasing the size of the transistor beyond a
certain value. On the other hand, a circuit with the
common-centroid structure can further improve
matching properties by the increase of the size. The
layout of common centroid improves the matching
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Fig. 6. Result of matching simulation for current mirror.

property by 0.41% (=0.72-0.31%) over the normal
layout at the size of 400 um”. We can see that our
technique can analyze the matching property quanti-
tatively considering the effect of layout structure.

6. Conclusions

We have presented a method for matching analysis of
MOSFET circuits taking layout information into
account. In order to analyze the matching properties
of transistors, we consider local random fluctuations,
global systematic fluctuations and the micro-loading
effect.

In order to evaluate the effect of systematic
variation precisely, we treat the systematic mismatch
separately from the random mismatch. The random
mismatch model provides a variance of each para-
meter from the size of the transistor. The systematic
mismatch model provides a mean value of each
parameter from the location of the transistor. Those
models are summed up to reproduce overall para-
meters.

The channel length of a MOSFET has a dominant
effect on its electrical properties and hence the micro-
loading effect for the poly-silicon gate has been taken
into account. The micro-loading effect is character-
ized by the local density of layout patterns. We have
explained an extracting method for the parameters in
our micro-loading model. Our measured results in a
1.2 um CMOS process indicate that there exists the
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maximum deviation of 4% in line-width for a poly-
silicon line with a 1.2 um design width.

We have shown two methods for the application of
our models. The first one is a Monte Carlo mismatch
analysis, which is done after the completion of layout
design. It is applicable to a circuit in general with
layout, but it requires huge amount of computation
costs. The second one is a mismatch-model building
for a circuit with a predetermined layout structure.
Those two methods are used to simulate the matching
properties after/before getting of layout design
appropriately. As an example of the application,
we have simulated the matching properties of
current mirrors with a conventional structure and a
common-centroid structure, and confirmed the
amount of improvement provided by the latter
structure quantitatively.

Note

1. In some advanced fabrication process, this effect is intentionally
compensated by modifying layout pattern in the opposite
direction in the reticle preparation process. We assume that
this is not the case in the fabrication process under discussion.
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