
694 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—II: EXPRESS BRIEFS, VOL. 56, NO. 9, SEPTEMBER 2009

Modeling Harmonic Distortions Caused by Nonlinear
Op-Amp DC Gain for Switched-Capacitor

Sigma–Delta Modulators
Fu-Chuang Chen and Chih-Lung Hsieh

Abstract—Op-amps are crucial components in sigma–delta
modulators (SDMs). As device dimensions and supply voltages
continue to scale down, it is increasingly critical to determine a
suitable op-amp dc gain. If the dc gain is set too high, then the
op-amp consumes too much power; if the dc gain is too small, then
nonlinear distortion becomes serious. However, there exists no
efficient approach for selecting dc gains. In this brief, we propose
to use a nonlinear function to model nonlinear op-amp dc gain
curves. Then, this nonlinear function is employed to derive an
SDM nonlinear distortion model as a function of SDM system
parameters. The obtained SDM nonlinear distortion model can
subsequently be used to compute the minimum required op-amp
dc gain such that nonlinear distortions are kept under a tolerable
value. The nonlinear dc gain curve model and the SDM nonlinear
distortion model proposed in this brief are verified by behavior
simulations and transistor-level simulations.

Index Terms—Nonlinear distortion, op-amp dc gain,
sigma–delta modulator (SDM).

I. INTRODUCTION

S IGMA–DELTA modulators (SDMs) based on switched-
capacitor circuits have been suitable for high-resolution

applications. Recently, low-power designs have become a very
important trend for SDM applications. Since op-amps consume
most power in SDM, it is crucial to determine a suitable op-
amp dc gain. If the dc gain is set too high, then the op-amp
can consume too much power; if dc gain is too small, then
nonlinear distortion can become serious. However, there exists
no efficient and systematic approach for selecting dc gains.

Currently, there are two major approaches for selecting op-
amp dc gains. The first approach is ad hoc based [1]–[3],
which usually suggests setting the dc gain at a sufficiently large
value, e.g., 70 dB, so that nonlinear distortion can be small
enough. This can be too conservative, since the dc gain can
actually be smaller for certain applications. The other approach
for selecting the op-amp dc gain requires intensive simulations
and subsequent computations [4]–[6]. In this approach, time-
consuming SPICE simulation is first used to identify the non-
linear dc gain curve of a specific op-amp design, and then
the magnitude of distortion is computed from the nonlinear

Manuscript received April 28, 2009; revised July 9, 2009. Current version
published September 16, 2009. This paper was recommended by Associate
Editor P. Malcovati.

The authors are with the Department of Electrical and Control Engineering,
National Chiao Tung University, Hsinchu 30050, Taiwan (e-mail: fcchen@cc.
nctu.edu.tw; gcci.ece96g@g2.nctu.edu.tw).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TCSII.2009.2027956

curve identified. If the computed distortion is too large or too
conservative (too small), then the op-amp design has to be
modified so that the dc gain can be adjusted. Then, one needs
to carry out the aforementioned simulation and computation
again. This iterative process would continue until a suitable
dc gain is determined. Therefore, the existing approaches are
either not accurate enough or not time efficient.

In this brief, we propose an accurate and efficient approach
for selecting the op-amp dc gain. An essential first step in our
method is the creation of a general model for nonlinear op-
amp dc gain curves. The importance of this nonlinear dc gain
model is that it eliminates the need for time-consuming SPICE
simulations described above. Then, the nonlinear dc gain curve
model can be employed to analytically derive the nonlinear
distortion, which appears at the SDM output. Since the non-
linear distortion model is expressed in terms of dc gain and
other SDM parameters, it can be used to accurately compute
the minimum required op-amp dc gain such that the nonlinear
distortion is kept under a tolerable value. The nonlinear dc gain
curve model and the nonlinear distortion model are verified
by transistor-level simulations. Their application to SDMs is
verified by behavior simulations.

II. OP-AMP NONLINEAR DC GAIN CURVES

A. DC Gain Distortion Can Be Severe

A second-order SDM with OSR = 20, VOS = 0.6, a 3-bit
quantizer, a 1-V sinusoidal input signal, and a relatively small
dc gain AO = 50 dB will see a severe dc gain distortion
at about −61 dB, which easily dominates other noises and
distortions, e.g., quantization noise (−81 dB) and digital to
analog converter distortion (−76 dB, without dynamic element
matching), and results in a poor signal to noise plus distortion
ratio at 60 dB.

B. Modeling Nonlinear DC Gain Curves

It is well known that the output resistance of op-amp output-
stage transistors is dependent on the output voltage VO. This
dependency results in nonlinear op-amp dc gain when VO

changes, as shown in Fig. 1. A typical nonlinear dc gain curve
can be approximated by the polynomial

AV (Vo) = A0

(
1 + q2V

2
o + q4V

4
o

)
(1)

where AV (Vo) is the nonlinear dc gain of the op-amp, and AO

is the maximum dc gain when VO is in the neighborhood of 0 V.
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Fig. 1. DC-gain curve versus output voltage with the rail-to-rail voltage
of VDD.

Fig. 2. (a) Two nonlinear dc gain curves with identical VOS but different AO .
(b) Two nonlinear dc gain curves with similar AO but different VOS.

It is well known that the |VGSQ| of the output-stage transis-
tors and the maximum dc gain AO are the only two parameters
that can affect the shape of the nonlinear curves AV (V0). It is
also well known that maximum output swing VOS and |VGSQ|
have a germane relation with each other. Since VOS makes
much more sense for practical designers, we replace |VGSQ|
by VOS, and in the rest of this brief, VOS and AO are the
only two parameters that affect AV (Vo). To demonstrate the
effects of VOS and AO on AV (Vo), SPICE op-amp simulations
in Fig. 2(a) and (b) respectively show the effects that AO and
VOS can have on the shape of the dc gain curves.

To model the nonlinear gain AV (V0), we tried various com-
binations of AO and VOS to create a set of representative curves
for the family of nonlinear dc gain curves. Then, we endeavored
to find out suitable q2 and q4 such that (1) can reasonably fit all
of these curves. After intensive trials and errors, we come up
with q2 and q4 in (1) to be

q2 ≡ −9 ·
(

A0.01
O

(1 + VOS)2.6

)2

(2)

q4 ≡ −6 ·
(

A0.0001
O

(1 + VOS)0.83

)4

. (3)

Although q2 and q4 are obtained from trials and errors, the
searching and testing time for them is more than one year. We
are confident that the model in (1)–(3) is sufficiently general
and accurate, as is verified in the next section.

C. Verifying Nonlinear DC Gain Curve Model

Comparisons of dc gain curves from real op-amps and from
our model (1)–(3) are shown in Fig. 3. The comparisons are
deliberately planed to cover various op-amp structures and rep-

Fig. 3. Comparisons between op-amp nonlinear dc gain curves (solid line)
from real op-amp and (dashed line) from our model.

resentative points in op-amp parameter space. The subfigures in
Fig. 3 are cross related as follows.

1) Parts (a) and (c) show two-stage op-amps, and parts (b)
and (d) show folded cascode op-amps.

2) Parts (a) and (b) show a large difference in the values
of AO.

3) Parts (c) and (d) mainly differ in VOS.



696 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—II: EXPRESS BRIEFS, VOL. 56, NO. 9, SEPTEMBER 2009

Fig. 4. Single-loop second-order ΣΔ modulator.

Fig. 5. Switch-capacitor integrator with nonlinear dc gain op-amp. (a) Sam-
pling phase. (b) Integration phase.

For the four cases presented in Fig. 3, the errors between op-
amp nonlinear dc gain curves from real op-amps and from
our model range from 0.1% to 5%. This demonstrates that our
model [see (1)–(3)] is sufficiently general and accurate.

III. SDM DISTORTION DUE TO THE NONLINEAR

DC GAIN OF THE OPERATIONAL AMPLIFIER

In Section II, we analyzed the op-amp nonlinear dc gain
phenomenon and obtained a nonlinear dc gain model (1)–(3).
In this section, based on the model in (1)–(3), we want to derive
a nonlinear distortion model for single-loop second-order SDM
output distortions caused by nonlinear dc gain in op-amps.
Fig. 4 shows the block diagram of an ideal SDM. We will
first discuss the property of VS , which is the input to the first
integrator. Then, the transfer characteristics of the integrator are
analyzed, based on which the SDM nonlinear dc gain distortion
model is derived. Distortion models for other SDM structures
can be obtained following the approach in this section.

A. Properties of VS

In Fig. 4, the switched-capacitor integrator input VS can be
expressed as

VS(z) = (1 − z−2)X(z) − (1 − z−1)2E(z) (4)

which includes the signal and noise parts. The noise part
can be ignored here. To analyze the signal part, with x(n) =
Ain sin(wnT ), we perform inverse z-transform in (4) and
obtain

VS(nT ) = Ain sin(wnT )
− Ain sin (w(n − 2)T ) · u (w(n − 2)T )

≈Ain · sin
(

2π

OSR

)
· cos(wnT ). (5)

Then, the amplitude of VS can be approximated as

|AV S |= |VS(2nT )|= |Ain sin(2wnT )| ∼= 2Ain · w · T. (6)

B. Transfer Characteristics of the First Integrator

The sampling and integration phases of a switch capacitor
integrator are shown in Fig. 5. In the following discussion,
signals VO((n + 1/2)T ), VO((n − 1/2)T ), and VS(nT ) will

respectively be denoted by V +
O , V −

O , and VS . Suppose the
settling problem is ignored, which requires separate treatment.
Then, the sampling phase is ideal, and the input/output charac-
teristics of the integration phase can completely be described
by the following three equations:

AV (VO) = AO

(
1 + q2V

2
O + q4V

4
O

)
(7)

V ±
O = −AV

(
V ±

O

)
· V ±

a (8)

CI ·
(
V +

o − V +
a

)
−CS ·V +

a =CI ·
(
V −

o −V −
a

)
+CS ·VS . (9)

Substituting (7) and (8) into (9), we obtain the following
expression:

V +
O −V −

O

= KS ·
{

1+
1

AO

·
[
q2 ·
((

V +
O

)2+
(
V +

O

)(
V −

O

)
+
(
V −

O

)2)+
(
q4 − q2

2

)
·
((

V +
O

)4+
(
V +

O

)3(
V −

O

)1+
(
V +

O

)2 (
V −

O

)2
+
(
V +

O

)1 (
V −

O

)3+
(
V −

O

)4)]+ · · · 1
A∞

O

}
· VS

(10)

where KS is CS/CI . The problem with (10) is that the inte-
grator output V ±

O also appears on the right-hand side of (10).
However, since V ±

O can be shown to relate to VS in (5) as

V ±
O ≈ − KS

1 + 1+KS

AO

· 1√
4 − 4·KS

AO
· sin wT

2

·
{

AV S · sin
(

w

(
n ± 1

2

)
T

)}
(11)

V ±
O and VS at the right-hand side of (10) can be substituted by

(11) and (5), which results in

V +
O − V −

O

= KS · 1
AO

{
3

4 − 4Ks

AO

·
(

KS

1 + 1+KS

AO

)2

· A2
V S · q2

· cot2
(

1.5708
OSR

)
· sin2(wnT )

+
5(

4 − 4KS

AO

)2 ·
(

KS

1 + 1+KS

AO

)4

· A4
V S

·
(
q4 − q2

2

)
· cot4

(
1.5708
OSR

)
· sin4(wnT )

+
10(

4 − 4KS

AO

)2 ·
(

KS

1 + 1
AO

)4

· A4
V S

·
(
q4 − q2

2

)
· cot2

(
1.5708
OSR

)
· cos2(wnT )

· sin2(wnT ) +
1(

4 − 4KS

AO

)2 ·
(

KS

1 + 1
AO

)4

· A4
V S ·

(
q4 − q2

2

)
· cos4(wnT )

}

· {Ain sin(wnT ) − Ain sin (w(n − 2)T )·u ((n−2)T )} .

(12)
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Equation (12) can be used to compute the nonlinear dc gain
distortions appearing at first integrator output.

C. Nonlinear DC Gain Distortions at SDM Output

It is known that if the gain of the second integrator is equal
to 1, i.e., CS2/CI2 = 1, then the same distortions appearing
at the first integrator output would appear at the SDM output.
Otherwise, some modification is needed on the distortions at the
SDM output. Suppose the second integrator gain is equal to 1.
Then, the third harmonic magnitude in dc gain distortions can
be computed from (12) as

Asin_3 = KS · 1
AO

· 1
16

·
{[

−12
4 − 4KS

AO

· cot2
(

1.5708
OSR

)
+

4
4 − 4KS

AO

]

·
[

KS

1 + 1+KS

A0

]2

· A2
V S · Ain · q2

+

⎡
⎢⎣ −25(

4− 4KS

AO

)2 ·cot4
(

1.5708
OSR

)
+

10(
4− 4KS

AO

)2

· cot2
(

1.5708
OSR

)
+

3(
4 − 4KS

AO

)2

⎤
⎥⎦

·
[

KS

1 + 1+KS

A0

]4

· A4
V S · Ain ·

(
q4 − q2

2

)}

·
[
1 − cos

(
2π

OSR

)]
(13)

Acos_3 = KS · 1
AO

· 1
16

·

⎧⎪⎨
⎪⎩
⎡
⎢⎣ −12(

4− 4KS

AO

)2 ·cot2
(

1.5708
OSR

)
− 4(

4− 4KS

AO

)2

⎤
⎥⎦

·
[

KS

1 + 1+KS

A0

]2

· A2
V S · Ain · q2

+

⎡
⎢⎣ −15(

4− 4KS

AO

)2 ·cot4
(

1.5708
OSR

)
− 10(

4 − 4KS

AO

)2

· cot2
(

1.5708
OSR

)
+

5(
4 − 4KS

AO

)2

⎤
⎥⎦

·
[

KS

1 + 1+KS

A0

]4

· A4
V S · Ain ·

(
q4 − q2

2

)
⎫⎪⎬
⎪⎭

·
[
sin
(

2π

OSR

)]
. (14)

TABLE I
RELATIONSHIP BETWEEN EACH PARAMETER

AND THE HARMONIC DISTORTIONS

TABLE II
MINIMUM REQUIRED AO AND OSR

The forms for magnitudes of fifth harmonics Asin_5 and Acos_5

can also be computed from (12), but are omitted here. Then, the
powers of the third and fifth harmonic distortions are

HD3NFDCG (in decibels)=10 log

(
A2

sin_3+A2
cos_3

)
2

(15)

HD5NFDCG (in decibels)=10 log

(
A2

sin_5+A2
cos_5

)
2

. (16)

The model in (13)–(16) indicates that the dc gain distortions
at SDM output are related to CI , CS , Ain, AO, VOS, and
OSR. Some qualitative properties about how each parameter
can affect the distortion magnitude are obtained from (13)–(16)
and listed in Table I.

Some quantitative investigation based on (13)–(16) shows
that AO and OSR are the most influential parameters on SDM
dc gain distortions. Therefore, an interesting example about
how (13)–(16) can be utilized is that if the four parameters are
fixed at Ain = 1 v, VOS = 0.8, CS = 1 pF, and CI = 2 pF, then
(13)–(16) can be employed to determine the minimum AO and
OSR required so that the dc gain distortion can be kept under
a certain value. The results are tabulated in Table II.

Due to loop shaping, the dc gain nonlinearity in the second
integrator degrades the performance to a much lesser extent,
allowing a more relaxed design [7]. Therefore, only the dc gain
distortion caused by first integrator is considered in this brief.

IV. TRANSISTOR-LEVEL SIMULATION RESULT

The proposed model serves as a powerful tool for ana-
lyzing the nonlinear dc gain distortion for SDMs. To verify
the accuracy of our model at transistor level, the circuit of a
general integrator has been realized using classical two-stage
architecture in SPICE.

The specifications of the op-amp are AO = 80 dB, VOS =
±1.5 V, KS = 1, and the sinusoidal input frequency is 10 k.
The integrator output fast Fourier transform (FFT) is shown
in Fig. 6. The total harmonic distortion is mainly determined
by the third harmonic distortion (HD3) and the fifth harmonic
distortion (HD5). It is indicated in Fig. 6 that HD3 and HD5
are −56.9 and −67.3 dB, respectively, and the HD3 and HD5
generated from our model are −63.9 and −73.5978 dB, respec-
tively. The theoretical and simulation results are close and listed
in Table III.
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Fig. 6. SPICE simulation FFT results with KS = 1, AO = 80 dB, VOS =
1.5 V, and Fin = 10 k.

TABLE III
COMPARISON OF THEORETIC RESULT AND SPICE SIMULATION

Fig. 7. Second-order SDM behavior model with nonlinear dc gain.

V. BEHAVIOR MODEL SIMULATION RESULTS

A. Behavior Model of Nonlinear DC Gain

We use a calculable behavior model to verify our SDM non-
linear dc gain distortion model. The z-domain transfer function
of a delayed integrator of SDM is

H(z) = g · z−1

1 − α · z−1
(17)

where g and α are the integrator gain and the leakage, respec-
tively [8].

B. Behavior Model of SDM With Nonlinear DC Gain

Then, one can place the nonlinear dc gain behavior model in
(17) into the complete SDM behavior simulation scheme. The
diagram is shown in Fig. 7.

The behavior simulations are conducted for two different
cases. The SDM output FFTs are shown in Fig. 8. The com-
parisons between simulation results and theoretical results are
shown in Table IV. The results from both simulation cases are
very close to those obtained from our dc gain distortion model.

VI. CONCLUSION

In this brief, we have first derived the model for op-amp non-
linear dc gain curves and then the model for dc gain distortion at
SDM output. The nonlinear dc gain curve model has never been
seen in the literature before. It can be useful and important for

Fig. 8. Modulator’s output power spectral density.

TABLE IV
COMPARISON OF THEORETIC RESULT AND SIMULINK SIMULATION

both industrial and academia applications. The completeness
and precision of our dc gain distortion model are also new and
important contributions. Both models are intensively verified by
transistor-level and/or behavior simulations.

There are many different ways to apply the two models
proposed in this brief, some of which have been suggested
in Section III. In particular, our models will be very useful
in model-based ΣΔ modulator design optimization. Behavior-
simulation-based ΣΔ modulator design optimization has been
reported in [9]. In comparison, model-based optimization can
be much faster and provide more insights about the system
under design.

REFERENCES

[1] A. Mahmoodi and D. Joseph, “Optimization of delta–sigma ADC for
column-level data conversion in CMOS image sensors,” in Proc. IEEE
Instrum. Meas. Technol. Conf., May 2007, pp. 1–6.

[2] M. Webb and H. Tang, “Analog design retargeting by design knowledge
reuse and circuit synthesis,” in Proc. IEEE Int. Midwest Symp. Circuits
Syst., May 2008, pp. 892–895.

[3] H. Zare-Hoseini and I. Kale, “On the effects of finite and nonlinear dc gain
of the amplifiers in switched-capacitor ΔΣ modulators,” in Proc. IEEE Int.
Symp. Circuits Syst., May 2005, vol. 3, pp. 2547–2550.

[4] A. Banerjee, S. Chatterjee, A. Patra, and S. Mukhopadhyay, “An efficient
approach to model distortion in weakly nonlinear Gm-C filters,” in Proc.
IEEE Int. Symp. Circuits Syst., May 2008, pp. 1312–1315.

[5] P. Malcovati, S. Brigati, F. Francesconi, F. Maloberti, P. Cusinato, and
A. Baschirotto, “Behavioral modeling of switched-capacitor sigma–delta
modulators,” IEEE Trans. Circuits Syst. I, Fundam. Theory Appl., vol. 50,
no. 3, pp. 352–364, Mar. 2003.

[6] Y. Geerts and W. M. C. Sansen, Design of Multi-Bit Delta–Sigma A/D
Converters. Norwell, MA: Kluwer, 2002.

[7] K. Abdelfattah and B. Razavi, “Modeling op amp nonlinearity in
switched-capacitor sigma–delta modulators,” in Proc. IEEE CICC, 2006,
pp. 197–200.

[8] H. Zare-Hoseini, I. Kale, and O. Shoaei, “Modeling of switched-capacitor
delta–sigma modulators in SIMULINK,” IEEE Trans. Instrum. Meas.,
vol. 54, no. 4, pp. 1646–1654, Aug. 2005.

[9] J. Ruiz-Amaya, J. M. de la Rosa, F. V. Fernandez, F. Medeiro, R. del
Rio, B. Perez-Verdu, and A. Rodriguez-Vazquez, “High-level synthesis of
switched-capacitor, switched-current and continuous-time ΣΔ modulators
using SIMULINK-based time-domain behavioral models,” IEEE Trans.
Circuits Syst. I, Reg. Papers, vol. 52, no. 9, pp. 1795–1810, Sep. 2005.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


