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ABSTRACT

This paper discusses interconnect capacitance extraction for sys-
tem LCD circuits, where coupling capacitance is much significant
sinceaground planelocatesfar avay unlike LS interconnects. We
focus on a pattern matching method with interpolation to imple-
ment an accurate and efficient capacitance extraction system, and
present good implementationsthat are suitablefor system LCD cir-
cuits. To reduce computational cost, interconnect structures are
spatially divided into several sub-regions considering capacitance
coupling range, and analyzed in each sub-region using a capaci-
tance database pre-characterized by a 3-D field solver. This paper
evaluates tradeoff curves between characterization cost and extrac-
tion accuracy for four division methodsin lattice structuresthat are
basic and common structures in LCD driver circuits. Experimen-
tal resultsreved efficient division methodsfor accurate capacitance
extraction.

Categoriesand Subject Descriptors: B.7.2 [Integrated Circuits):
Design Aids - Smulation.

General Terms. Design.

Keywords: Interconnect capacitance, capacitance extraction, sys-
tem LCD.

1. INTRODUCTION

Recently, system LCDs (Liquid Crystal Displays) that have ad-
ditional circuits integrated on a glass panel are widely adopted for
mobile terminals[1]. In design of system LCD circuits, insufficient
accuracy of capacitance extraction emerges as a serious problem.
The inaccuracy comes from the location of aground plane. In sys-
tem LCD circuits, a ground plane locates 100~-1000 times farther
from interconnectsthanthat in LS| circuits. Astheground planelo-
cates farther, parasitic capacitance between interconnects becomes
more dominant. It is hard to extract capacitance accurately by us-
ing conventional methods for LS| circuits, because these methods
are tailored for on-chip interconnect structures. For precise capac-
itance extraction, relation between capacitance and ground plane
location should be analyzed, and an extraction method suitable for
system LCD circuits must be developed. Several capacitance mod-
els for basic structures are proposed for the distant ground plane.
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In Ref. [2], coupling capacitance between two conductorsis mod-
eled semi-analytically. However, it is not usable for capacitance
extraction in large circuits, becauseit can cope with only two con-
ductorsthough several conductorsare coupledin practical circuits.
A systematic method that can handlelots of interconnectsis highly
demanded. Numbers of capacitance extraction methods are pro-
posed for LS| circuits. Until deep sub-micron process, 2-D[3] or
2.5D[4] method is mainly used since they run fast and attain suf-
ficient accuracy for simple structures. From deep sub-micron pro-
cess, interconnect structure becomes more complicated and much
accurate extraction is required. Thus, 3D field solver, such as[5],
is currently used for capacitance estimation; some methods ana-
lyze the entire layout directly[6, 7], and others calculate capaci-
tance based on pre-analyzed capacitance database, where the | atter
method is called pattern matching method[8]. Key factors of pat-
tern matching that determine performance in accuracy and compu-
tational cost are characterized primitive structures and interpolation
of pre-characterized database.

In this paper, we first investigate relation between ground plane
location and coupling capacitance, and the coupling rangethat must
be consideredin capacitanceextraction is examined compared with
LSl interconnects. We then discuss capacitance extraction meth-
ods suitable for system LCD circuits. From the viewpoint of ac-
curacy and ease of implementation, we focus on a pattern match-
ing method with interpolation. To decrease computational cost re-
quired for practical large structures, we present four methods that
spatially divide interconnect structure into several sub-regions, and
evaluate them in lattice structures to clarify the tradeoff between
characterization cost and extraction accuracy. Our contributions
are 1) to propose spatia division methodsfor system LCD circuits
and 2) to present a systematic procedure to evaluate the tradeoff
between cost and accuracy.

2. CAPACITANCE VS. GROUND
LOCATION

This section discussesdifficulty of capacitanceextraction in sys-
tem LCD circuits in comparison with LS circuits, and demon-
strates capacitance characteristics of interconnects far from a
ground plane.

2.1 Coupling capacitance of parallel wires

In order to discussthe influence of a ground plane, we consider
three parallel wires above a ground plane shownin Fig. 1. InLS|
circuits, the range of the ground distanceis 1 to 10um and that of
system LCD isroughly 1000.m. We first assume that the distance
between the ground plane and the wires is set to H=1~1000um.
Wire width W, wire space S, and wire thickness T are set to 5um,
5um, 1pm, respectively. Relative permittivity e, is 3.9. Focusing
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Figure 1: Cross-section of threeparallel wires.
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Figure 2: Relation between ground plane location and capaci-
tance.
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ontheleft wire M21, capacitanceis computed by acommercial 2D
field solver[5]. Figure 2 shows the result. In the distance range
of LSl circuits (H=1~10x:m), the dominant capacitanceis ground
capacitance (M21-GND), and occupies 50 to 90% of the total ca-
pacitance. The coupling capacitance between the adjacent wires
(M21-M22) takes 10 to 50%, and the coupling capacitance to the
wire next to the adjacent wire (M21-M23) is less than 10%. On
the other hand, in the distance range of system LCD circuits, the
coupling capacitance between adjacent wires (M 21-M22) occupies
60% and becomes dominant. The coupling capacitanceto the sec-
ond nearest wire (M21-M23) takes 22% and becomes larger than
the ground capacitance (M21-GND) that takes 18%. In design of
LSl circuits, asingle adjacent wire at each side is enough for cou-
pling capacitanceestimation. On the other hand, for system LCDs,
at least two wires should be considered for accurate capacitance
extraction.

2.2 Coupling capacitance of crossing wires

In order to discuss 3D effects of capacitive coupling, we ex-

amine two crossing wires shown in Fig. 3. Reassume that wire
length R1 and ground plane distance H are set to 10~10000um,
and 1, 10, 100, 1000} um, respectively. Thewire width, wire length
of the upper wire, the thickness and vertical distance of the two
wires are set to W=5um, R2=1000m, T=1pm, and d=1pm, re-
spectively. The coupling capacitance between the crossing wires is
calculated by a3D field solver[5]. Figure 4 showstheresult. Inthe
distance range of LS| (H=1~10um), the coupling capacitance re-
mains amost constant, which means that the coupling capacitance
arises mainly from a parallel-plate capacitance at the intersection.
On the other hand, in the distance range of system LCD circuits
(H=1000x:m), the coupling capacitance does not converge within
5000u:m, because the ground plane locates far way, and then 3D
effects of coupling capacitance become prominent.
From these results, in system LCD circuits, the coupling range is
much wider than in LSl circuits, and coupling capacitanceis more
significant. To extract capacitance accurately, we should consider
two adjacent wires at each side for parallel wires, and a few mil-
limeter wide range for crossing wires.

3. CAPACITANCE EXTRACTION

This section discusses capacitance extraction methods suitable
for system LCD circuits. A preferable capacitance extraction
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Figure 3: Layout of two crossing wires.
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Figure 4. Capacitivecoupling rangeof two crossingwires.
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method depends on the specification given for atarget design, re-
quired accuracy and alowable computational cost. In order to
choose a proper capacitance extraction method, tradeoff between
characterization cost and extraction accuracy must bestudied. This
paper focuses on a pattern matching method with interpolation
from the viewpoint of accuracy and ease of implementation.

3.1 Pattern matching method

Pattern matching method worksin two steps. Asa preparation of
capacitance extraction, capacitance model database is constructed
for primitive structures with typical parameter variations suitable
for the target design by using a field solver. The primitive struc-
tures and the number of parameter variations are determined by de-
sign specification such as process data and desired accuracy. Some
toolsfor LS interconnects characterize capacitancefor all possible
variations and provide accurate extraction, but it needs extremely
many patterns and high computational cost. In this paper, the num-
ber of the variation in each parameter islimited and other variations
are calculated by interpolation. In extraction process, the target net
is firstly selected, and then the neighboring structure is extracted
which includesthe neighboring parallel and crossing wires coupled
with the target net. Finally, each capacitance of the extracted struc-
ture is calculated by the pre-analyzed capacitance database for the
pattern matched with the target structure. If a completely matched
pattern does not exist, similar patterns are used for calculation.
The determining factor in performance is the primitive structures
and interpolation. Each primitive structure must be character-
ized considering coupling capacitanceand electric field, and plenty
number of primitive structures must be prepared since lack of a
proper primitive structure may causes an unacceptable large error.
Asfor the interpolation, the number of variation in each parameter
is the most important and the values of sampling points are also
crucial. We must determine them properly considering tradeoff be-
tween accuracy and computational cost.

3.2 Spatial division of wire structure

In order to redlize efficient pattern matching, we discuss spatial
division of awire structureinto primitive structures. The processis
to divideawire structureinto several sub-regionsconsideringrange
of coupling capacitance and symmetry of electric field. Each sub-
region correspondsto a primitive structure and is analyzed by a 3D
field solver. Neumann boundary condition is given for each prim-
itive library to analyze. Capacitanceis calculated by summing up



region:2m+1 %l(m 1Y)
re i?n:2m+2 R22
S22 1523 S24
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the capacitancein each sub-region. In this paper, four spatial divi-
sion methodsare presented. The spatial division causescapacitance
estimation error dueto mismatch in boundary condition. Therefore
spatial division methods heavily affect estimation accuracy. Also
the complexity and the number of primitive structures depend on
spatial division methods, which means characterization cost varies
significantly according to the spatial division methods.
Asatarget design, we assumeL CD driver circuitsthat aretypically
implemented in system LCDs. They have two meta layers, and
form various|attice structures. Thus, we use mx n lattice structures
(Fig. 5) for capacitance extraction. Figure 6 shows an example of
each division method for 2x 5 lattice structure to help understand-
ing.

Method (1): Divide theregion at the center of the observed
wireand the crossingwires
Asshownin Fig. 5, 6(3), thetarget structureis divided at the center
of the observed wire and the crossing wires. mxn lattice structure
is divided into (m+1) x2 sub-regions. Sub-regions are classified
into two structures; regionl and region2. In regionl, a crossing
wire lies on either top or bottom, and capacitanceis modeled with
parameters R21, S21, S22. In region2, two crossing wires lie on
both top and bottom, and capacitance is modeled with S11, S21,
S22. This method uses simple primitive structures with at most
five conductors specified by just three parameters, which reduces
characterization cost. However, it suffers from the low accuracy
for asymmetric structures, such as a structure that has dense wires
on one side and sparse wires on the other side. The inaccuracy
is caused by Neumann boundary condition. Electric field in the
divided sub-region sometimes becomes much different from that in
theoriginal structure.

Method (2): Divide the region at the center of the crossing
wires
To avoid the asymmetry problem, this method divides structures
only at the center of the crossing wires(Fig. 6(b)). Compared with
Method(1), the number of required parametersis roughly doubled.
mx n lattice structureis divided into (m+1) regions, which are clas-
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Figure7: 3x3lattice structure.
Tablel: Error of divison method (%)

focusing on M23 focusingon M22
divisonmethod [ (D) @) B)[@| W] @] B @
Ciotal | &verage|-1.2-0.3| 0.1{00| 20 |-0.7 | 0.7 |0.0
o 0.7| 03| 0.2|00| 29| 04| 04 |0.2
Cpara |average| 1.3 0.1 01(00| 01| 0.2| 0.1 (5.7
o 05| 01| 0.0{00| 31| 01| 00|15
Ceross | verage[-1.41{-1.4]-1.4[0.0[-1.9 [-1.1 [-1.8 [0.3
o 06| 06| 0.6/0.0| 08| 0.7]| 0.8 |0.1

sified into two primitive structures and modeled with five parame-
ters. The number of conductorsin each structure is seven at most.

Method (3): Divide the region at the intermediate point of
the crossing wires
This method dividesatarget structure at the middle of two crossing
wires (Fig. 6(c)). Since the electric field between crossing wiresis
well modeled, higher accuracy is enabled. mxn lattice structure is
divided into m sub-regions, which are classified into two structures
and modeled with six parameters. The number of conductorsin
each structure is six.

Method (4): Consider only the adjacent parallel wires
This method considers only the adjacent wires(Fig. 6(d)). Focus-
ing on M23in Fig. 5, the second nearest wires M21 and M25 are
ignored. mxn lattice structure is not divided but we trim the sec-
ond nearest wires and so forth. The structure is modeled with m+3
parameters, S22, S23, R21, R22, S11, ..., S1(m-1). The number of
conductorsin the structure is m+3.

4. PERFORMANCE EVALUATION

The proposed division methods are applied to 3x 3 lattice struc-
ture shownin Fig. 7, and accuracy and computational cost are eval-
uated.

4.1 Accuracy of divison method

Width of each wire is set to W={2, 5, 10}um. Wire space and
wire length are set to S11~S22 = {5, 50, 1000} m, and L1, L2
= {50, 200, 1000, 3000}xm, respectively. Excluding the redun-
dant combinations, 432 patterns in total are simulated using a 3D
field solver. Accuracy of each division method is evaluated by the
following eguation

C'(original) — ZC'(division) o)

Ciotar(0riginal )

where Ci.tq1 IS the total capacitance of the observed wire,
C(original) represents each capacitance component calculated
without division, and ~C(division) means the summation of ce-
pacitance calculated in divided sub-regions. Simulation results are
shownin Tables1. Average and standard deviation(s) of estimation
error are listed for total capacitance, parallel coupling capacitance
and cross coupling capacitance.

4.2 Accuracy of interpolation

The accuracy of interpolation for capacitance computation in
a primitive structure depends on the interpolation expression, the

x 100 [%],

error =
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Table 2: Performance comparison of each method.

division method | CPU time(sec.)* |#structure |#param.
[@N) 5.8 2 3
2 17.2 2| 5
) 14.0 2| 6
(4) 95.9 1 6
no-division 193.3 1 8
*CPU: UltraSPARCIII 900MHz, Memory: 5GB

number of sampling points and the choice of sampling points. For
simplicity, we utilize the relation between accuracy and number of
sampling points in simple two crossing wires. Of all the possible
combinations in sampling points, the most accurate combination
that minimizes |average| + 3o is computed and used for accuracy
evaluation. Theresultsare shownin Fig. 8. Asthe number of sam-
pling points increase, error caused by the interpolation is reduced;
14.6% with two sampling points, 3.8% with three sampling points
and less than 1% with six points.

4.3 Total performance of capacitance
extraction

Since the division method and interpolation in a primitive struc-
ture isindependent, total error is denoted as

average(total ) average(div.) 4+ average(interp.), (2)
o(total) Vo2(div)) + o2(interp.). ©)

Table 2 showsthe cost of each division method required for char-
acterization. CPU time is simulation time for asingle divided sub-
region using a3D field solver, and #structureis the number of prim-
itive structuresrequired for capacitancedatabase, and #paramisthe
number of parametersfor each primitive structure such as spacing
or wire length. Total computational cost for generating capacitance
database COST is defined by the following equation.

Nparameter

[1

| @

where T prr is CPU time for a primitive structure, Np,oqer 1S the
number of primitive structures, Nparameter 1S the number of pa-
rameters which should be varied, and N sampi. is the number of
sampling points.

Figure9 showstherelation between cost and accuracy for C ¢otai,
Chraratiel, Ceross. The horizontal axis is the computational cost
calculated by Eqgn. (4) (logarithmic scale). The vertical axisisthe
|average| + 30 of extraction error. From these figures, the most ap-
propriate method for required performance is determined. If 25%
error is acceptable for total capacitance, method(1) is the most
cost effective, which takes only 90sec., while no-division takes
50000sec.(~14 hours). If 10% error is required for paralel cou-
pling capacitance, method(4) is unusable because it causes more
than 16% error. For cross coupling capacitance, all methods do not
cause above 15% error. If 10% error is required for each capaci-
tance, method(2) is suitable, and it takes 8400 sec.

COST =Tcpu X Nmodel X

Nsampl67
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Figure9: Relation between accuracy and computational cost.

As the number of conductors becomes larger, the computational
cost of no-division and method(4) increassesdrastically, while that
of other division methodsremain constant. The CPU timeincreases
in proportion to the number of wires cubed. In addition, the error
caused by the asymmetry is reduced for large structures. Thus, the
division methods presented in this paper become more efficient for
large structures.

5. CONCLUSIONS

This paper discussesinterconnect capacitanceextraction suitable
for system LCD circuits. By analyzingthe relation between ground
plane location and capacitance, the spatial size of each primitive
structure is examined to estimate coupling capacitance accurately.
To reducesimulation time and size of databasefor pattern matching
method, four spatial division methods are presented and evaluated.
Considering the capacitive coupling range and symmetry of electric
field, computational cost is reduced with reasonable accuracy. We
evauate the accuracy and the computational cost for 3x 3 lattice
structure, and tradeoff between accuracy and cost of each capaci-
tance extraction is clarified. Future work includes evaluation and
enhancement to cope with irregular structures.
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