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Abstract—Manufacturing variability in IC fabrication pro-
cesses is gaining more and more attention as the technology
dimensions continue to shrink, the operation frequencies continue
to go up and the fabrication complexity keeps increasing. The
effects of the resulting process-induced variations can nolonger
be simply neglected in advanced design flows. For electrical
verification and simulation purposes after (or during) completion
of the physical design, designers usually employ models or
equivalent circuits. In view of the increasing variability in
general, the need arises to study their effects on integrated
passive components and eventually to develop parameterized
models so that the effect of the variability can be more effectively
analyzed. Such parameterized models can be represented in
various ways, one way is using polynomial expansions aroundthe
nominal value. Since the order of these expansions determines
the complexity and the accuracy of the model, it is necessary
to find a good balance between the efficiency and the accuracy,
which is a major task of this paper.

For that purpose, we have studied a system with two coupled
transmission lines using the 3D EM simulator Sonnet10.53,
as well as a variety of integrated planar inductors using the
compact model LSIM3.1 by Philips Electronics. A large amount
of simulation experiments has been conducted to study the effects
of process-induced variations in a statistical perspective. For
integrated inductors, we have shown which geometric parameters
can contribute most to the variability of their inductance L
and quality factor Q and also that the order of magnitude
of Q-variability can be around 10% for typical manufacturin g
tolerances with the variability of L being smaller. Furthermore,
we have also shown that the variability of L and Q can be
accurately and efficiently captured by first-order polynomial
expansions of the component values in a lumped equivalent
circuit model.

Index Terms—manufacturing variability, microstrips, inte-
grated inductors, lumped element models, polynomial expansion.

I. I NTRODUCTION

Manufacturing variations can be divided into two major
groups, the inter-die and the intra-die variations. We concen-
trate on studying the intra-die (also called within-die) variation
which is playing an important role and is gaining interest in
deep submicron technologies. As its name implies, intra-die
variations are deviations existing within a die.

The intra-die variations can be further categorized into de-
vice variations, dynamic variations and interconnect variations
[7]. Device variations mainly refer to the fluctuations in active
device parameters, including the threshold voltage, the gate
oxide, the thickness of the gate oxide and the drain/source
region parasitic resistance. Device variations are causedby
patterning (photo lithography), thin film deposition and etching
in the manufacturing process.

Dynamic variations are variations due to the operation
fluctuations of the system, such as supply voltage variations
due to loading of power supply grid and voltage drooping, and
temperature variations which vary with the location of highly
active blocks throughout the die.

Our study concentrates on interconnect variations. The
effects of manufacturing variabilities on interconnects and
integrated inductors have been studied in some papers [1] -
[6], but there still lack of a systematic method to study and
model the effects for passive components.

This paper will start with a general review of some primary
mechanisms of interconnect variations. In section III, we
analyse and present the effects of manufacturing variations
on coupled transmission lines based on a lumped element
model. An illustrative example of a parametric model is given
at the end. Section IV studies the manufacturing variability
of integrated inductors based on a compact model. A detailed
case study is presented to give a clear idea of a variation-
aware model, which is followed by a statistical analysis. Some
conclusions are given in Section V.

II. I NTERCONNECTVARIATIONS

In this section, we will introduce several major process
steps that contribute to interconnect variations; to what extent
can they influence the geometry and electrical parameters of
the interconnects and the current compensation approachesas
well.

Lithography Lithography-induced variations usually oc-
cur at the corners of interconnect structures and influencedby
surrounding geometries and the process environment. Varia-
tions in the metal width and the spacing between conductors
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can extend out to a few microns due to the lithography effects
[8]. Optical proximity correction (OPC) is a technique thatis
commonly used to compensate for such pattern transfer non-
idealities by making modifications to mask geometries.

Etching Besides lithography, the etching process can also
contribute to variations in the metal width. This is known as
etch biaswhich is mainly due to the isotropic property of the
chemical ingredient within the etching process.

Chemical Mechanical Polishing The chemical mechan-
ical polishing (CMP) process for meeting planarization re-
quirements in deep submicron technology has strong effects
on the thicknesses of metal layers and inter-layer dielectrics.
The CMP effect is highly layout dependent, which is due to
the difference in polishing rate of different materials, tobe
specific, the metal and the oxide. This effect can be greatly
reduced by metal-fill patterning [9].

Above, we have briefly discussed the causes of manufac-
turing variations in three main geometry parameters, namely
the width of conductors, the thickness of metal layers and
the thickness of inter-layer dielectrics. In our study, these
parameters are considered to vary independently from each
other. We should notice that the spacing between conductors
is not one of them because the pitch is usually well controlled
in fabrication process and assumed to be constant in our
simulation experiments.

III. C OUPLED TRANSMISSION L INES

Based on a lumped model, we analyze the effects of
manufacturing variations on coupled microstrips in terms of
the behaviors of relevant lumped elements in the model with
respect to random parameter variations. We then utilize0th,
1st and 2nd order polynomial expansion approximations to
model these behaviors and compare the results to the designed
values. Finally, an illustrative example is given.

A. Simulation Setup

Two coupled microstrips are utilized for our study as shown
in Fig.1. This is the schematic from Sonnet10.53 where the
microstrips are enclosed in a six-sided metal box which serves
as the electrical ground. The four ends of the two conductors
touch the box with four ports, meaning they are connected
to the ground with ports whose impedance are by definition
50Ω. Two conductors, above which locates the air layer, are
separated from the bottom ground plane by a dielectric layer.
The conductors are3µm in width and1µm in thickness. The
space between them is1µm. The dielectric layer is2µm thick
with a relative permittivity of3.9.

From the transmission line theory, we know that the electric
and magnetic fields behave like waves in the dielectric layer.
In order to generate a lumped element model, the transmission
line is divided into small pieces whose lengths are much
smaller than the wavelengthλ (less than1/20 of λ). Each
piece is treated as a lumped element sub-network, referred to
as alumped line segment. The whole transmission line can then
be obtained by cascading a integer number of these lumped
line segments. The length of the coupled microstrips shown

Fig. 1: Sonnet schematic: target coupled microtrips.

Fig. 2: Scheme of lumped element model of two coupled
microstrips.

in Fig.1 is 50µm, which is much smaller than wavelengths
in our study in which the simulation frequency range is from
1GHz to 60GHz. The coupled microstrips can thus be treated
as two parallel lumped line segments as shown in Fig.2.

We analyze the effects of process-induced variations on
coupled microstrips by studying the behavior of each relevant
lumped element in the lumped model while applying different
variation values in three process-related parameters:

• w: the width of the conductor;
• tm: the thickness of the metal layer;
• tox: the thickness of the dielectric/oxide layer.
There are five relevant lumped elements, including:
• L: the self-inductance of one conductor;
• M : the mutual-inductance between two conductor;
• R: the series resistance;
• C: the capacitance between one conductor and the

ground;
• Cp: the capacitance between two conductors.
• G: the conductance between one conductor and the

ground.
Notice that the manufacturing variations will be applied

to only one of the conductors. This is because the coupled
microstrips are originally symmetrical when0% variation is
applied.

B. Simulation Results

Next, we will give some conclusions drawn from our
simulation results. A large amount of simulation experiments
have been conducted. We will take one of them as an example:
the series resistance R.
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There is a group of four plots (Fig.3) where Fig.3a is its
absolute value as a function of the frequency and the parameter
variation; Fig.3b shows a cluster of its normalized values
at all simulation frequencies with respect to the variationin
percentage; Fig.3c compares the simulation result with its1st

and 2nd order approximations at 30GHz and Fig.3d shows
its sensitivity at the designed value of the parameter, i.e., 0%
parameter variations, over the frequency range.

We should note that the calculation of the1st order ap-
proximation in practice should depend on the distribution of
errors with respect to parameter variations so as to obtain
an optimum approximation. For instance, if the distribution
is uniform, a least square fit lineover the target range of
parameter variations is a better choice while a weightedleast
square fitmay be used for a non-uniform error distribution. In
the last plot, the sensitivity refers to the slope of the1st order
approximation.

In summary, the following conclusions can be drawn from
the simulation results:

1) The series resistanceR increases while the frequency
goes up as shown in Fig.3b where the curves spread
around the design value. This is due to the skin effects
and the current crowding;

2) The inductances, both self-inductanceL and mutual
inductanceM become smaller when the frequency goes
up, as expected;

3) Oppositely, the capacitance is not a function of fre-
quency as expected;

4) We can see in Fig.3c a perfect agreement between
simulation results and the2nd order approximation;

5) Simulation results can be linearly approximated. Slight
deviations are observed;

6) Obviously, we can see from 3) that the sensitivity of
capacitances is independent of the frequency. While for
other lumped elements, their sensitivities to variations
are all clear functions of frequency; thus when we incor-
porate the variation sensitivities in our parametric model
description (as will be introduced in the next section),
their frequency dependency should be considered as
well.

C. A Simple Example

Finally, we would like to show an illustrative example of a
parametric model of coupled microstrips. The output of the
model in this example is only the self-inductance (L) for
simplicity reason. The model aims at capturing the behaviorof
L versus process-induced variations and the frequency. There
are four inputs, namely the frequency (f ) and variations in
the conductor width (∆w), the metal thickness (∆tm) and the
oxide thickness (∆tox):

The model ofL is:

L = L0(f) + L′(f, ∆w, ∆tm, ∆tox) (1)

where L′ is the sensitivity ofL as a function of parameter
variations as well as the frequency (Fig.4). In this example,

TABLE I: Comparison ofL obtained from the1st order model
and the simulation, i.e.,0th order.

DesignedL simulatedL ModeledL Deviations

L0 Lsim Lmodel 0th order 1st order

0.01010327nH 0.010723nH 0.010693nH 6.14% 2.75%

we assume the variations in three parameters are all−10%
and the simulation frequency is30GHz.

Thus we can obtain a model (2) utilizing a1st order
approximation to capture the effects of parameter variations
whose behavior with respect to frequencies is followed witha
least square fit line. This model description can be written as,

Lmodel = L0(f) + L′(f, ∆w, ∆tm, ∆tox)

= L0(f) + L′

∆w(f)∆w + L′

∆tm

(f)∆tm

+L′

∆tox

(f)∆tox (2)

where

L′

∆w(f) = L′

∆w(0) + L′′

∆w(f)f ;

L′

∆tm

(f) = L′

∆tm

(0) + L′′

∆tm

(f)f ;

L′

∆tox

(f) = L′

∆tox

(0) + L′′

∆tox

(f)f. (3)

Table-I compares the self-inductanceL given by the model
(Lmodel) with the simulation result (Lsim) at 30GHz with
−10% variation in three parameters.

IV. I NTEGRATED INDUCTORS

A. Simulation Setup

In order to study the effects of process-induced parameter
variations for integrated inductors, a parameterized compact
model LSIM3.1 (Fig.5) which has been verified by measure-
ment results is utilized. The LSIM3.1 model was developed
for spiral inductors with a few parallel current paths for Q-
factor modeling improvement and symmetrical layouts with a
center tap for differential use [10].

We have conducted a great amount of simulation exper-
iments on three common types of spiral inductors, namely
circle, octagonal and square inductors with various geome-
tries and several typical processes. Specifically, simulation
processes include QuBIC4, C90LP, C65LP and CMOS18.
Inductor geometries vary in several design parameters, such
as the number of turns, inductor diameters, the thickness
of dielectric layers, the space between neighboring tracks,
the width of conductor tracks, the thickness of metal layers
and the thickness of substrate where the last three are the
manufacturing variation parameters studied in the paper.

B. Simulation Results

The influence of variations on two key design factors (i.e.
the maximum quality factor (Qmax) and the effective induc-
tance (LQmax) at the frequency whereQmax lies) of integrated
inductors are extracted from the simulation results. Table-II
and III display the ranges of variabilities (in percentage)of
Qmax andLQmax respectively for some geometric variations,
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Fig. 3: Simulation results. Blue squares: simulation results; Green lines:2nd order approximation; Red lines:1st order
approximation.

namely the width of conductor tracks (w), the thickness of
metal layers (tm) and the thickness of substrate (tsub).

From Table-II we can observe that some manufacturing
variations have strong impacts on the maximum Q-factor.
The variability of Qmax caused by variations inw can
be almost20% while the variations intm may induce a
variability up to 17.31%. In other words, the mismatch in
Qmax due to manufacturing variations should not simply
be neglected. Circuit designers should be able to be aware
of these mismatches and decide whether they need to be
considered or modeled under specific circumstances. On the
other hand, manufacturing variations have much less influence
on the effective inductanceLQmax at the Qmax frequency.
Within all simulation experiments, a maximum mismatch of
nearly 6% inLQmax is caused by variations inw or tm. The
ground shielding successfully isolates on-chip inductorsand
the substrate, so that the substrate thicknesstsub does not play
a role in influencing neitherQmax nor L.

C. Case Study

An octagonal planar spiral inductor with aQmax around
15 at 2.5GHz is simulated in the case study. This 5-turns
inductor has a typical dimension of300µm in the outer-
diameter and176µm in the inner-diameter as well as a typical
set of geometric parameters of10µm in the track width and

TABLE II: Variabilities of Qmax in three process-induced
parameter variations

Parameter Variation(%) Variability of Max. Quality Factor(%)

w tm tsub Circle Inductors Octagonal Ind. Square Ind.

-20 0 0 6.24∼ 19.21 6.31∼ 19.21 6.29∼ 17.13

+20 0 0 -13.33∼ -6.78 -13.16∼ -6.82 -13.11∼ -6.84

0 -20 0 -17.01∼ -10.41 -17.06∼ -10.46 -17.31∼ -11.43

0 +20 0 8.66∼ 15.45 8.70∼ 15.55 9.51∼ 16.33

0 0 ±20 0 ∼ 0.032 0 ∼ 0.030 0 ∼ 0.033

TABLE III: Variabilities of LQmax in three process-induced
parameter variations

Parameter Variation(%) Variability of Effective Inductance(%)

w tm tsub Circle Inductors Octagonal Ind. Square Ind.

-20 0 0 3.33∼ 5.23 3.34∼ 5.62 3.48∼ 5.89

+20 0 0 -4.13∼ -2.75 -4.2 ∼ -2.74 -4.95∼ -2.76

0 -20 0 0.72∼ 1.84 0.74∼ 1.94 0.67∼ 2.05

0 +20 0 -4.95∼ -0.75 -6.28∼ -0.82 -5.63∼ -0.76

0 0 ±20 0.028∼ 0.076 0.036∼ 0.073 0.040∼ 0.072

3µm in track spaces. Such a symmetrical inductor with a
center tap for differential use is commonly used in RF circuits
like voltage control oscillators (VCO). This particular inductor
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Fig. 4: Left column: Approximation plots of normalizedL versus parameter variations at30GHz. Blue squares: simulation
results; Green lines:2nd order approximation; Red lines:1st order approximation. Right column: Sensitivity plots ofL versus
the frequency. Red stars: simulation results. Blue lines:1st order approximation.

structure was compared to the measurement results in process
QuBIC4M6 (the thickness of ML6 is3.05µm) with medium
resistivity substrates [10].

We know from Table-II and III that the process-induced
variations inw and tm are the major factors affectingQmax

and LQmax while the substrate thickness has a tiny impact.
Therefore we only considerw-variation (∆w) andtm-variation
(∆tm) as the parameters of the model in the case study. Based
on practical considerations, we assume a process-induced
variation of−5% in w and−20% in tm.

Table-IV gives an overview of the inductor structure un-
der study, manufacturing variations and the induced property
variabilities. There is nearly10% deviation of Qmax from
the designed value of14.4304, from which we can see the

TABLE IV: Geometric parameters and design criteria of the
case inductor.

Target Geometric Parameters Parameters Variations(%)

w0 tm0 ∆w ∆tm

10µm 3.05µm −5% −20%

Designed Criterion Factors Deviations

Qmax LQmax(nH) ∆Qmax ∆LQmax

14.4304 11.011 −9.3% 2.3%

necessity of bringing manufacturing variabilities into circuit
simulations.

Based on the simulation results, we study the behav-
iors of design criterion factors with respect to parame-
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Fig. 5: LSIM3.1 equivalent circuit. [10]

ter variations and find out an appropriate order approx-
imation. We intend to use variation-aware lumped ele-
ments in the compact model (Fig.5) to capture the effects
of manufacturing variations, resulting in a model descrip-
tion asQmax(R(∆w, ∆tm), C(∆w, ∆tm), L(∆w, ∆tm)) and
LQmax(R(∆w, ∆tm), C(∆w, ∆tm), L(∆w, ∆tm)).

To achieve it, we analyse the behaviors of the three groups
of lumped elements (R, L and C) with respect to process-
induced parameter variations respectively. But here we will
only presentR as an example.

D. Resistance:R(∆w, ∆tm)

The behavior of resistances with respect to parameter vari-
ation ∆w is shown in Fig.6a, from which we can see that
variations in metal width have no effects on resistances. This
is because of a combined effort of the current crowding and
the skin effect where the current crowding is the dominant
factor [11] [12].

Metal thickness variations, on the other hand, should be a
key factor as indicated in Fig.6b whereR1 −R4 represent for
the resistances of inductor tracks. The maximum deviation of
1st

−order approximations from simulation results is3.93% in
the case study where the parameter variation∆tm is −20%.
R5 − R9 are not functions of variations in this metal layer
(ML6 of QuBIC4 in the case study) because they stand for
other resistances in the ground shielding, the center tap which
are not on the same metal layer as the inductor.

The 1st-order variation-aware model description of resis-
tance can be written as,

R(∆w, ∆tm) = R0 + Rw∆w + Rtm∆tm (4)

= R0 × [1 + ∆Rw∆w + ∆Rtm∆tm]

Similarly, we can derive the1st-order variation-aware model
description of capacitance and inductance:

C(∆w, ∆tm) = C0 + Cw∆w + Ctm
∆tm (5)

= C0 × [1 + ∆Cw∆w + ∆Ctm
∆tm]

TABLE V: Design criterion factors’ designed values, pro-
cess/manufacturing values, approximated values from the1st-
order model and its deviation from process values

Design Factor Designed Value Process Val. Approx. Val. Deviation

Qmax 14.4304 13.0900 13.32 1.76%

LQmax(nH) 11.011 11.259 11.26 0.0089%

L(∆w, ∆tm) = L0 + Lw∆w + Ltm
∆tm (6)

= L0 × [1 + ∆Lw∆w + ∆Ltm
∆tm]

Based on (5), (6) and (7), the design criterion
factors Qmax and LQmax as functions of variation-
aware lumped elements can be derived as,
Qmax(R(∆w, ∆tm), C(∆w, ∆tm), L(∆w, ∆tm)) and
LQmax(R(∆w, ∆tm), C(∆w, ∆tm), L(∆w, ∆tm)).

For the case study, we have

Qmax(R(∆w, ∆tm), C(∆w, ∆tm), L(∆w, ∆tm))

= Qmax(R(−0.5%,−20%), C(−0.5%,−20%), (7)

L(−0.5%,−20%)

= 13.32 (8)

LQmax(R(∆w, ∆tm), C(∆w, ∆tm), L(∆w, ∆tm))

= LQmax(R(−0.5%,−20%), C(−0.5%,−20%), (9)

L(−0.5%,−20%)

= 11.26nH (10)

Table-V compares the values ofQmax andLQmax obtained
from the1st-order model to simulation results (i.e., values after
manufacturing process). We read a small deviation of less than
2% in Qmax and a tiny deviation around0.009% in LQmax,
which, together with the modeling process described in this
section, demonstrates the possibility and the effectiveness
of describing variation-awareQmax and LQmax based on
1st

−order approximation.

E. Statistical Study

A statistical study on the deviations ofQmax and LQmax

due to a0th-order approximation and a1st-order approxima-
tion was conducted by randomly varying two most influencing
parameters,w andtm by±10% and±20% respectively (using
a uniform distribution). The total number of samples is 1000
and the results are shown in Fig.7. The average deviation
(absolute values) ofQmax using 0th order approximation
is 6.81% and drops down to0.23039% using the1st order
approximation. While0th order approximation is utilized,
there are41.4% of the samples with a mismatch smaller than
5% and 75% samples with a mismatch smaller than10%.
With 1st order approximation, more than50% samples have
a mismatch smaller than0.2% and 80% have a mismatch
smaller than0.4%. As toLQmax, the average deviations using
0th and1st order approximation are1.1085% and0.064532%
respectively. Around50% samples have a mismatch smaller
than1% using0th order approximation and80% samples have
a mismatch smaller than0.1% using1st order approximation.
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Fig. 6: Plot of resistances R1-R4 and R5-R9 versus parametervariations∆w and∆tm. Blue squares: simulation results. Green
lines: 2nd

−order approximations. Red lines:1st
−order approximations.
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Fig. 7: A comparison between the deviations inQmax andLQmax caused by a0th order approximation (the upper histogram)
and a1st order approximation (the bottom histogram). The x-axis indicates the mismatch in percentage, and the vertical axis
shows the number of samples.

V. CONCLUSION

In this paper, we studied the effects of process-induced
variations on two integrated passive components, namely two
coupled transmission lines and integrated inductors, utilizing
3d em simulations and a compact model respectively. We

have conducted a large amount of simulation experiments and
a few examples to indicate the necessity and possibility of
modeling these manufacturing variabilities. For inductors, we
have shown that the mismatch in Q-factor while neglecting
process-induced variations can be in the order of10% for

7



typical manufacturing tolerances, which will drop down to
around2% if a 1st-order approximation is applied.
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