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Abstract

Phase noise is one of the most restricted specifications in
oscillators, especially ring oscillators. Phase noise will
exhibit large fluctuations around its nominal value due to the
increased process variation with technology scaling. These
fluctuations will cause some fabricated ring oscillators not to
meet the phase noise constraint and, hence, result in yield
loss. This yield loss is expected to become worse especially
for sub-90-nm technology nodes. In this paper, an analytical
model for the phase noise variability in ring oscillators is
proposed. The proposed model has been verified using
Monte Carlo SPICE simulations for an industrial 65-nm
CMOS technology and is found in good agreement. The
model shows that for the commonly used differential-pair-
based ring oscillators, the main contribution in phase noise
variability comes from the differential pair tail transistor. It
also shows that the phase noise variability is reduced as the
supply voltage increases. These results can be used to
mitigate the phase noise variability and improve the yield
through proper sizing of the tail transistor or higher supply
voltage.

1. Introduction

Phase noise is one of the relevant design parameters for
the oscillator design. It is important for the designer to
achieve the desired phase noise for the frequency stability.
This frequency stability is required in digital circuits for the
precision timing specifications. Moreover, it is also important
for analog circuits to have small phase noise, i.e. from mixing
the unintended frequency. Hence, the phase noise prediction
is an important criterion to make sure the designed oscillator
phase noise meets the specification.

Process variations are expected to worsen in future
technologies due to difficulties with printing nanometer scale
geometries using standard lithography. Hence, they are
considered another main challenge of CMOS technology
scaling [1, 2]. They can be classified into die-to-die (D2D)
variations (inter-die) and within-die (WID) variations (intra-
die). In D2D variations, all devices on the same die are
assumed to have the same parameters values. However,
devices on the same die are assumed to behave differently
when considering the WID variations [1]. Although D2D
variations were originally considered the main source of
process variations, WID variations are posing the major
design challenge as technology scales. Due to increased
process variation in scaled technologies, the device
variability will introduce fluctuations to the designed phase
noise that will increase as technology scaling continued.

Generally, device variability is predicted by the Monte
Carlo simulation. Monte Carlo simulation deals with the
transistor statistical variation data to characterize the
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prediction output. However, Monte Carlo simulation is
computationally expensive, time consuming, and non-
scalable with technology. Therefore, a proposed statistical
model will be developed to estimate the phase noise
variation. This model will be a guide for phase noise yield
improvement on the circuit level.

There are a few research work targeted the oscillator
phase noise variations [3, 4]. Unfortunately, the work in [3]
performs Monte Carlo simulations to predict the phase noise
variability which gives no design insights to the oscillator
designers to reduce this variability. In addition, the work in
[4] focuses on the device mobility variations, however, the
transistor threshold voltage and channel length variations are
the dominant variation sources in sub-micron technologies.

The proposed statistical model in this paper will account
mainly for WID variations. The model can be used in
variation mitigation techniques at the circuit level.
Furthermore, it will provide some design insights to the
oscillator designer to improve the phase noise yield. The
introduced model will be accurate, simple, and scalable with
technology as compared to Monte Carlo simulations. The rest
of the paper is organized as follows: in Section 2, the sources
of process variation are discussed. Meanwhile, the analytical
model derivations and assumptions are presented in Section
3.The analytical results are compared to the Monte Carlo
simulations for model justification in Section 4. Finally, a
conclusion will be given in Section 5.

2. Process Variations

Device variations tend to be higher on deep submicron
technologies due to device size shrinking. The size of
transistor determines the threshold voltage fluctuation and it
is also contributes to the channel length variation.

The main process variations of the device can be
categorized into two; which are random dopant fluctuations
(RDF) and channel length variation. The RDF will affect
threshold voltage and it is determined by the active area of
the transistor. It can be modeled with the Gaussian
distribution and its standard deviation can be characterized
by

k
Oyim.ror W (1

where £ is a technology constant, W is a width and L is a
channel length.

Meanwhile, the channel length variation is due to the
fabrication limitation in deep submicron technologies. In sub-
90-nm technology nodes, the standard lithography difficulty
in printing small dimensions results in channel length
variations [1]. By this channel length variation, the threshold
voltage also is affected through charge sharing and drain-
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induced barrier lowering (DIBL) effects. Therefore, the
threshold voltage is determined by the negative exponential
of the channel length. It can be modeled as [5]

Vi = Vo — (é, + 1V )eiL//1 (2)

where V7, is a long channel threshold voltage,  is a charge
sharing coefficient, # is a DIBL effect coefficient, A is a
characteristic length and L is a channel length.

There are few other device variations such as oxide
charge variation, mobility fluctuations, gate oxide thickness
variation and channel width variation [5]. However, these
variations do not largely contribute to the threshold voltage
variation.

Threshold voltage variation contributes to the local area
mismatch; hence give certain offset to the prediction value.
With this offset, the output could be off from the circuit
tolerance and the circuit will be malfunctioned. Therefore,
with simple analytical model, the offset can be determined
easily and efficiently.

3. Analytical Model Derivation & Assumption

There are many phase noise models published as a guide
for the calculation wise [6, 7, 8]. Most of the published
models in the literature are either too complex which gives
high accuracy or overestimated due to excessive
simplifications. However, there is a simple phase noise model
and its calculation result is close to the simulation result
introduced recently in [8]. This phase noise model will be the
base for our analytical model derivation. It should be
mentioned that our objective is to estimate the phase noise
variability, not the phase noise nominal value which can be
obtained from [8]. The phase noises of the oscillator are due
to white noise and flicker noise. However for this paper, the
flicker noise is not included by assuming constant tuning
current. So, the derivation is based on the white noise model
as described in [8] as white noise is the dominant noise
source of phase noise.

Figure 1: Differential pair delay cell

The ring oscillator consists of a number of differential-
pair delay cells as the one shown in Fig. 1. There are three
main components of the differential pair delay cell which are
loads, differential-pair transistors and tail transistor (current
source). Each of these components contributes to the white
noise that affects the oscillator. It can be expressed as

3 2
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where k is a Boltzman constant, T is a temperature and y is a
transistor noise factor, / is a current source, V. is a
differential pair overdrive voltage, V. is a tail transistor
overdrive voltage, V,, is a output voltage, f, is a oscillation
frequency and f'is a offset frequency.

The oscillator current in the Eq. 3 is obtained from the
alpha power law [9]. This current can be determined

byl =k(V., —V,)", where k is a technology parameter

and a can be determined by fitting the transistor I-V curve to
the alpha power law equation.. Meanwhile, V. is an
overdrive voltage of the differential pair and V. is an
overdrive voltage of the tail transistor. Here, we proposed to
use overdrive voltage instead of trans-conductance for the
variability derivations.

As in Eq. 3, there are few parameters that depend on the
threshold voltage. These parameters are the sources of the
variation and it will affect phase noise variability prediction.
According to [5], the current variation depends on the

transistor region where Al = —g, AV, . Therefore, for the

tail transistor, it needs to operate in the saturation region
(pinch-off or velocity saturation) to minimize -current
variation. In addition, the phase noise model (Eq. 3) is
derived by using alpha power law which is valid for the
saturation region [10].

3.1 Derivations

Since the threshold voltage variation is random, the tail
variation and differential pair variation are uncorrelated.
Therefore, variation for each component can be described
independently. The phase noise spread will be characterized
by the phase noise standard deviation.
A. The tail transistor variation

The tail transistor is known as a current source of the
oscillator circuit. This current determines the total power
consumption and contributes to the oscillation frequency. On
the other hand, the tail transistor also contributes to the phase
noise variation. It is due to the threshold voltage parameter as
described in Eq. 3. Therefore, phase noise variation that
respect to the tail transistor can be determined by

oL

O L(taily = O in(rair) (4)
(tail) thh(mﬂ) th(tail)

where 07, ;) 18 a tail transistor threshold voltage variation.

It shows the variation by the tail transistor is a function of a
and overdrive voltage where

oy a (5)
L(tail) (Vgs(mﬂ) — Vth(mil))
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B. The differential pair variation
Meanwhile for the differential pair, the variation is

OL ©
O Liaifr) = O vin(aifr)
OVth gy
where Oy, diff) is a differential pair threshold voltage

variation. This variation is only affected on parameter 1 as in
Eq. 3.
C. The passive load variation

Oscillator in Fig. 1 also can be analyzed as differential
amplifier to find out the mismatches where both of the inputs
are grounded and find out the offset at the output. The offset
can be determined by

2 2 2
P A NEIPy
’ 2 R, W/L)
where W is a width, L is a length and R}, is a load resistor.
From Eq. 7, obviously the offset is due to the threshold
voltage variation which is obtained earlier. In addition, the
mismatch of the resistors and the mismatch of the transistors
width/length also contribute to the offset. However, these two
mismatches (resistor and transistor width/length) can be
minimized by proper layout [11]. Therefore, we assume these
two mismatches are small and not totally contribute to the
phase noise variation.

D. Total phase noise Variation

Total phase noise variation can be determined by
summing the variations on the tail and the differential pair
(since they are uncorrelated). So, the total phase noise
variation can be calculated as

2 2
o, = \/O-L(tail) +O Ly B

3.2 Relative Phase Noise Variation

Total standard deviation in Eq. (8) gives design insight
for designing the oscillator. We can find out a relative
variation for each component by dividing its standard
deviation to the total phase noise, e.g. Gy, / L(f). From this
relative variation, we can determine the design parameters
that most affect phase noise variation.

From Eq. (5), phase noise variations due to the tail
transistor are depending on alpha and overdrive voltage.
These two parameters can be manipulated to minimize the
phase noise variation. By using shorter channel length, value

of alpha decreases but the threshold voltage variation, o,

will increase. So, there is a trade-off by manipulating the
transistor channel length for reducing the variation. The other
option is by increasing the overdrive voltage. However, with
this option we need to pay for the power consumption.

On the differential pair component, the overdrive voltage
(on the differential pair) is affected by the threshold voltage
variation. It is not a major contributor for the phase noise
variation. However, both of the wvariation sources are
included in the statistical model calculation.

4. Results and Discussions

The delay stage as in Fig. 1 is designed by using
minimum channel length to show the threshold voltage
variation impacts and it is used in 65-nm process technology.

The proposed statistical model is justified with the spice
model through Monte Carlo simulations of the ring oscillator.
This simulation is using SPECTRE RF where it is setup to
simulate the phase noise due to the white noise.

The Monte Carlo simulation is configured to the
mismatch variation for 1000 runs and its phase noise
variation is tabulated in a histogram graph. The mean and
standard deviation of the distribution are analyzed and
compared with the proposed statistical model. This
methodology is repeated for different supply voltage values
(1.0V to 1.2V) for design insight information on how the
supply voltage affects the phase noise variability. This is an
essential step for low power applications which is performed
by lowering the supply voltage.

Figure 2, 3 and 4 show the phase noise variation
distribution for various supply voltages (1.0V to 1.2V). The
means are the phase noise prediction and standard deviations
are the phase noise variation. The distribution (histogram
graph) is a Gaussian as predicted on the early chapter. This is
due to the random process variation of the transistor. These
histograms are the reference to justify the proposed statistical
model. Depicted in these three histograms, it can be shown
the phase noise prediction (p value) is decreases as we pump
higher supply voltage. So, the phase noise is less for higher
Vpp. It also knows the phase noise variation (standard
deviation) decreases as Vpp is increased. This is due to the
higher voltage headroom to occupy the overdrive voltage for
the oscillator. However, we need to pay for the power
consumption as mentioned in Table 1.

Figure 5 shows the results from our proposed statistical
model and Monte Carlo simulation results. It is also
representing the data from the histograms (Figure 2, 3 and 4)
for the comparison purposes. The y-axis is a phase noise
where the unit is V?/Hz and the x-axis is Vpp. From Figure 5,
good agreement is found between the proposed model and
Monte Carlo simulation results. This justifies our proposed
model which can be used for the designer to estimate
oscillator phase noise variation and the phase noise yield.

Meanwhile, the relative phase noise due to the tail
transistor is higher compared to the relative phase noise due
to the differential pair. However, as Vpp scaling is applied,
the phase noise variation from the differential pair is
increases. This is due to the lower overdrive voltage of a
differential pair.

Table 1: Ring oscillator performance

Voo (V) 1 1.1 1.2

o/u (Tail) % 22.76 23.43 23.92
o/u (Diff. Pair) % 2.66 1.73 1.19
Power Consumption (WW) 52.81 64.34 76.42
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Figure 4: Histogram from Monte Carlo for 1.2V

5. Conclusion

Simple statistical model of the phase noise variation due
to the white noise is derived. The proposed statistical model
gives good agreement with the Monte Carlo simulation
results. From the derivation, we know that there are certain
parameters can be referred for the designer as a design
insight, i.e. o and overdrive voltage. The effects of Vpp
scaling also presented on this paper. Here, we know that the
phase noise variation is less for higher Vpp. Meanwhile,
phase noise variation due to the differential pair is increased
as Vpp is reduced.
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Figure 5: Ring oscillator phase noise and its variation from
the Monte Carlo simulation. It also shows the results from
statistical model.

6. References

[1] S.Borkar, T.Karnik, S.Narendra, J.Tschanz, A.Kseharvi and
V.De, “Parameter variations and impact on circuits and
microarchitecture,” DAC 03, pp. 338-342, Jun. 2003

[2] S.Borkar, T.Karnik and V.De, “Design and reliability
challenges in nanometer technologies,” DAC '04, pp. 75-75,
Jun. 2004

[3] N.P.Venugopal, N.Shastry and S.J.Upadhyaya, “Effect of
process variation on the performance of phase frequency
detector,” DFT "06, pp

[4] M.Erturk, T.Xia, R.L.Wolf, D.P.Scagnelli and W.F.Clark,
“Statistical variations in VCO phase noise due to
upconverted MOSFET 1/f noise,” IEEE RFIC Symposium
2008, pp. 255-258

[5] M.H.Abu-Rahma and Mohab Anis, “A statistical design
oriented delay variation model accounting for within-die
variations,” IEEE Transaction on Computer-Aided Design
of Integrated Circuits and Systems, vol. 27, no. 11, pp.
1983-1995, Nov. 2008

[6] Behzad Razavi, “A study of phase noise in CMOS
oscillators,” IEEE J. Solid-State Circuits, vol. 31, no. 3, pp.
331-343, March 1996

[7] A.Hajimiri, S.Limotyrakis and T.Lee, “Jitter and phase
noise in ring oscillator,” IEEE J. Solid-State Circuits, vol.
34, pp. 790-804, Jun. 1999

[8] Asad A.Abidi, “Phase noise and jitter in CMOS ring
oscillators,” IEEE J. Solid-State Circuits, vol. 41, no. 8, pp.
1803-1816, Aug. 2006

[9] T.Sakurai and A.Richard Newton, “Alpha-power law
MOSFET model and its applications to CMOS inverter
delay and other formulas,” IEEE. J. Solid-State Circuits,
vol. 25, no. 2, Apr. 1990

[10] Hyunsik Im, M.Song, T.Hiramoto and T.Sakurai, “Physical
insight into fractional power dependence of saturation
current on gate voltage in advance short channel MOSFETs
(alpha-power law model),” ISLPED 02, pp. 13-18, Aug.
2002

[11] B.Razavi, Design of Analog CMOS Integrated Circuits.
New York: McGraw-Hill, 2000

Authorized licensed use limited to: University of Waterloo. Downloaded on September 14, 2009 at 23:51 from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /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 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /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 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /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 1200
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /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 <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /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 [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


