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Abstract—In this letter, temporal evolution of plasma density is characterized in the time-domain using a low-power THz
frequency-comb radiator in the 130-nm SiGe BiCMOS process. The frequency-comb radiator covers from 10 s of GHz
up to 1.1 THz where the spacing between tones is programmable and can be set by the frequency of an external trigger
signal to as high as 10.5 GHz. Due to the complex permittivity of plasma, electromagnetic waves experience a phase and
amplitude change as they pass through the plasma. The THz-pulse radiator used in this letter is locked to a low-phase
noise external source. Hence, the phase-noise of the radiated tones is extremely low, which enables detecting small
phase changes. In this measurement, phase and amplitude changes of THz waves are captured from 333 to 495 GHz for
different plasma parameters by varying gas pressure, plasma pulse rate, and plasma excitation power.

Index Terms—Microwave/millimeter wave sensors, BiCMOS, frequency comb, inductively coupled plasma (ICP), interferometry, plasma,
terahertz (THz), THz pulse radiator.

I. INTRODUCTION

Due to myriad applications, the Terahertz (THz) band has been of
great interest to researchers over recent years. Electronic silicon-based
technologies enable the integration of THz radiators and detectors
at the system level providing an efficient low-cost solution for high-
resolution radars, imaging, remote sensing, and high-speed commu-
nication. THz continuous wave (CW) [1] and pulse-based approaches
have been improving constantly for different types of applications.
In particular, for broadband remote sensing applications and spec-
troscopy, pulse-based radiators and detectors have been demonstrated
to be a more viable solution compared to CW systems due to broad-
band spectral information, and ultralow-phase-noise THz tones. In [2]
and [3], a THz pulse radiator is used to recover and reconstruct the
sound from vibrations on the surface of a scattering radar target using
micro-Doppler effect. THz waves can also be used to characterize
the propagation medium based on its complex permittivity [4]. As a
result, THz waves have been considered for plasma characterization.
For instance, a THz-TDS system is utilized in [5] and [6] to probe and
characterize the plasma across a wide band.

Among conventional approaches for plasma characterization, inter-
ferometry is a well-established nonintrusive method to measure the line
integrated density of a plasma [7]. The general concept is to measure
the phase shift of an electromagnetic wave in the plasma relative to
that in vacuum. For high density plasmas, optical instruments utilizing
lasers are used for interferometry [8]–[10]; however, this is challenging
at low densities where the characteristic plasma frequency is orders of
magnitude smaller than the frequency of the laser and capturing the
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phase shift due to plasma is not feasible. For low density plasmas,
microwave radiation is widely used for interferometry [11]–[14]. In
order to measure a broad range of plasma density (109 − 1013 cm−3)
for devices such as the Large Plasma Device [15], the microwave
frequency must be sufficiently higher than the plasma frequency so that
the beam stays coherent after traveling through a nonuniform plasma
volume, but also low enough such that a phase difference is measurable
at low density.

THz pulses/frequency comb can be used to probe and characterize
plasma physics. Utilizing a broadband frequency comb increases the
dynamic range of the measurements and is more suitable for the
measurement of different plasma densities. Additionally, by investi-
gating the measurement data in different frequencies, ambiguity in the
measurements can be minimized. Moreover, the THz frequency comb
can be used to detect the rotational states of molecules and identify the
gas species present in the chamber. Considering that broadband THz
radiators and receivers [16] can be implemented in silicon, they are
superior to other types of sources in terms of the cost and integration.

In this letter, an experimental setup using a single custom-designed
silicon-based THz frequency-comb radiator [17] is presented to probe
a pulsed inductively coupled plasma (ICP) at different frequencies
in the low-THz band. I/Q analysis have been used to calculate the
phase and amplitude change of THz tones. Measurements have been
performed under various plasma pulse repetition rates, pressures, and
RF excitation powers. Based on the results, plasma characteristics in-
cluding the electron density and plasma frequency are calculated. The
remainder of this letter is as follows. Section II elaborates on theories of
plasma physics and illustrates how a broadband THz frequency-comb
radiator can benefit the measurements. In Section III, the operation of
the chip and the main specifications are presented. Section IV describes
the details on the experimental setup, and Section V reports on the
measurement results. Finally, Section VI concludes the letter.
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II. THEORY: PLASMA PHYSICS

The main parameter of the relevant unmagnetized plasma physics is
the plasma frequency (ωp). The plasma behaves as an opaque medium
below the plasma frequency and a transparent medium above it. Plasma
frequency can be calculated as

ωp =
√

nee2

meε0
(1)

where ne is the electron density, e is the electron charge, and me

is the electron mass. Equation (1) shows that the plasma frequency
increases for higher densities, thus necessitating a probing source with
higher frequency of radiation. Normally, a microwave source with an
order of magnitude higher frequency than the plasma frequency is
used. This is done to prevent beam refractions. Therefore for each
density, the microwave source frequency range is limited for correct
measurements. THz frequency-comb sources have tones over a wide
bandwidth (e.g., 50–500 GHz), which can be utilized to improve the
dynamic range of measurements.

The complex index of refraction n = √
ε/ε0 in plasma is frequency

dependant and in the absence of magnetic field is given by

ε

ε0
=
(

1 − ω2
p

ω2 + ν2

)
− i
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ω2
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ν

ω

)
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where ω is the radiation frequency, and ν is the average momentum
collision rate. Note that the collision frequency in this experiment
is more than five orders of magnitude smaller than the microwave
frequency, so the imaginary part is negligible.

The amount of the phase shift is

�φ ≈ ω

c

∫ [(
1 − ω2

p

ω2 + ν2

) 1
2

− 1

]
dx. (3)

With ν << ω, the plasma density can be calculated by

�φ ≈ e2

2cωmε0

∫
nedx. (4)

III. THZ RADIATOR CHIP

A custom designed frequency-comb/pulse radiator in 130-nm SiGe
BiCMOS is used as the source [17]. The chip radiates frequency comb
from 10 s of GHz up to 1.1 THz using a broadband on-chip slot bow-tie
antenna. A high-resistivity silicon lens is employed to increase the
efficiency and gain of the antenna. The lens prevents the THz power
from being trapped in the substrate in the form of substrate wave-guide
modes. The spacing between the radiated tones is determined by the
pulse repetition rate, which is tunable up to 10.5 GHz. The pulse
generation mechanism of this chip is based on the nonlinearity of
a p-i-n diode device in reverse recovery. A block diagram of the chip
operation is illustrated in Fig. 1(a). The driver stage, which is fed
by an external trigger, pushes the p-i-n diode into reverse recovery
mode. Due to the high nonlinearity in reverse recovery of a p-i-n
device, ultrashort pulses with picosecond duration can be generated
and radiated using an appropriate matching circuit. Note that the
generated pulses are locked to a low-phase-noise external trigger signal
rather than an on-chip oscillator. Thus, the radiated tones have a low
phase noise, which is critical for high-resolution remote-sensing and
spectroscopic applications where the modulated THz tones contain
the phase information. Fig. 1 shows a micrograph of the chip and a
time-domain waveform of the radiated signal measured by an optical

Fig. 1. (a) Block diagram of the chip operation. (b) Micrograph of the
THz radiator chip. (c) Time-domain waveform of the radiated pulses.

THz-TDS setup. The total power consumption of the chip is 45 mW,
and the repetition rate of the pulses is set to 9 GHz in the experimental
plasma setup.

IV. EXPERIMENTAL SETUP

Fig. 2 shows the experimental setup designed for probing an
ICP [18]. The plasmas are excited using an RF coil on a ceramic
window located on the top of the chamber. In this setup, the plasma
is investigated with different pulse repetition rates [19]. To probe the
plasma properties, the custom-designed frequency-comb radiator of
Section III is used, which is fed with by a 9-GHz signal generated from
a Keysight E8257D signal generator. The radiation of THz chip is first
collimated using a 1-in-diameter off-axis parabolic (OAP) mirror at
the opening of the chamber. The collimated beams are then focused
on the receiver’s antenna using another OAP mirror at the other side
of the chamber. To minimize the error in the measurement, precise
collimation is critical; therefore, collimation is first performed using
visible a light laser, and the laser is later replaced with with the chip
at the exact same location. THz tones are down-converted into IF
frequency using a VDI spectrum analyzer extender (SAX032), which
covers 320–500-GHz band. The IF signal is then measured using a
PXA N9030 A Keysight spectrum analyzer.

In pulse-based ICP, the plasma appears and disappears with the
frequency of the pulses. In other words, when the RF generator is en-
ergized, the antenna excites the gas in the chamber, thereby generating
the plasma. As explained in Section II, the plasma causes a phase shift
in the probing THz beam (see Fig. 3). When the RF pulse goes low, the
plasma disappears from the chamber. As a result, the THz waves reach
the receiver at a phase proportional to their vacuum path length. This
means that the phase and amplitude of each THz tone in the frequency
comb is being modulated by pulsed plasma. To capture the IF I/Q data,
Keysight vector signal analysis (VSA) 89 600 is utilized. Using VSA,
quadrature demodulation is performed, allowing to calculation of the
amplitude and phase of the tones separately over time. The precision
of I/Q measurement is limited by the power and phase noise of the
THz tones.
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Fig. 2. (a) Three-dimensional view of the experimental setup used for plasma physics characterization. (b) Schematic of the experimental plasma
chamber. (c) Picture of the experimental setup.

Fig. 3. Illustration of plasma interaction with the THz frequency comb.

Fig. 4. Time-domain wave-forms of THz tones’ phase.

V. MEASUREMENT RESULTS

The results are investigated under different plasma excitation power,
pulse rates, and pressures. Fig. 4 illustrates the time-domain phase
averaged over 100 pulses across the THz band where the plasma is
pulsed at 20 Hz with 700 W excitation power. Fig. 5 plots the phase
change for each frequency point, which is in agreement with (4) pre-
dicting smaller phase changes at higher frequencies, and Fig. 6 shows
the time-domain amplitude of the THz tones. Amplitude fluctuations
are caused by refraction and absorption in the spatially nonuniform
plasma. At higher frequencies (495 GHz) the change in the amplitude
is negligible, which is expected according to (2). Based on (4), ωp is
approximately 6.05 GHz, which corresponds to an electron density
of 4.5 × 1011 cm−3. This measurement was verified with a different
60 GHz homodine interferometer [20] and hairpin probe.

The gas pressure in the chamber affects the plasma density, and
consequently the phase shift of the microwaves. In general, plasma

Fig. 5. Phase shift of THz frequency comb through an Ar ICP.

Fig. 6. Amplitude of the THz tones versus time.
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Fig. 7. Phase change for different gas pressures.

Fig. 8. Measured phase shift and calculated electron density versus
various excitation power.

in an ICP is generated by electron neutral collisions, so increasing
the pressure results in denser plasmas, therefore higher phase shift is
expected. Fig. 7 shows the measured results for gas pressures of 5, 6,
10, and 25 mTorr at the plasma pulse rate of 1 kHz. At higher pressure,
the plasma on-time is not long enough for the density to reach steady
state. This is consistent with previous observations [19].

Plasma frequency and the phase change depend on the plasma
excitation power. With the increase in the excitation power, the plasma
becomes more dense, which results in higher plasma frequency. Thus,
for the same probing frequency (333 GHz), higher phase shift is
observed at higher power. Fig. 8 shows the amount of the phase
shift and corresponding electron density when the excitation power is
swept.

VI. CONCLUSION

In this letter, a new technique for pulsed plasma characterization
using a low-power silicon-based THz frequency-comb radiator is
introduced. Using the THz frequency comb, the spectral information
of plasma is captured over a wide band. The plasma frequency and
electron density are calculated by measuring the phase shift across
the THz band using a VSA tool. Since the frequency comb extends
from 10 to 500 GHz, the system is capable of measuring a broad range
of densities. Low power consumption, high spectral resolution, high

integration capability, and broadband radiation make this silicon-based
THz radiator a low-cost solution for plasma sensing applications.

ACKNOWLEDGMENT

This work was supported in part by the NSF Career Award program and in part by
the Low Temperature Plasma Processing Lab, Department of Physics, UCLA, under NSF
GOALI Award PHY-1500126.

REFERENCES

[1] H. Saeidi, S. Venkatesh, C. R. Chappidi, T. Sharma, C. Zhu, and K. Sengupta, “A
4 × 4 distributed multi-layer oscillator network for harmonic injection and THz
beamforming with 14dBm EIRP at 416GHz in a lensless 65nm CMOS IC,” in Proc.
IEEE Int. Solid- State Circuits Conf., 2020, pp. 256–258.

[2] S. Razavian, M. M. Assefzadeh, M. Hosseini, and A. Babakhani, “THz micro-
doppler measurements based on a silicon-based picosecond pulse radiator,” in Proc.
IEEE MTT-S Int. Microw. Symp., 2019, pp. 309–311.

[3] S. Razavian and A. Babakhani, “Multi-spectral THz micro-doppler radar based on a
silicon-based picosecond pulse radiator,” in Proc. IEEE MTT-S Int. Microw. Symp.,
2020.

[4] B. Jamali, D. Ramalingam, and A. Babakhani, “Intelligent material classification and
identification using a broadband millimeter-wave frequency comb receiver,” IEEE
Sensors Lett., vol. 4, no. 7, pp. 1–4, Jul. 2020.

[5] S. Jamison et al., “Plasma characterization with terahertz time–domain measure-
ments,” J. Appl. Phys., vol. 93, no. 7, pp. 4334–4336, 2003.

[6] B. Kolner, R. Buckles, P. Conklin, and R. Scott, “Plasma characterization with
terahertz pulses,” IEEE J. Sel. Topics Quantum Electron., vol. 14, no. 2, pp. 505–512,
Apr. 2008.

[7] I. H. Hutchinson, Refractive-Index Measurements, 2nd ed. Cambridge, U.K.: Cam-
bridge Univ. Press, 2002, pp. 104–154.

[8] T. N. Carlstrom, D. R. Ahlgren, and J. Crosbie, “Real-time, vibration-compensated
CO2 interferometer operation on the DIII-D tokamak,” Rev. Scientific Instrum.,
vol. 59, no. 7, pp. 1063–1066, 1988.

[9] M. A. Van Zeeland, R. L. Boivin, T. N. Carlstrom, T. Deterly, and D. K. Finkenthal,
“Fiber optic two-color vibration compensated interferometer for plasma density
measurements,” Rev. Scientific Instrum., vol. 77, no. 10, 2006, Art. no. 10F325.

[10] M. A. Van Zeeland et al., “Tests of a full-scale ITER toroidal interferometer
and polarimeter (TIP) prototype on the DIII-D tokamak (invited),” Rev. Scientific
Instrum., vol. 89, no. 10, 2018, Art. no. 10B102.

[11] M. Heald and C. Wharton, “Plasma diagnostics with microwaves,” in Plasma
Diagnostics With Microwaves. Hoboken, NJ, USA: Wiley, 1965.

[12] G. Neumann, U. Bänziger, M. Kammeyer, and M. Lange, “Plasma-density measure-
ments by microwave interferometry and Langmuir probes in an RF discharge,” Rev.
Scientific Instrum., vol. 64, no. 1, pp. 19–25, 1993.

[13] E. E. Scime, R. F. Boivin, J. L. Kline, and M. M. Balkey, “Microwave interferometer
for steady-state plasmas,” Rev. Scientific Instrum., vol. 72, no. 3, pp. 1672–1676,
2001.

[14] O. Tudisco et al., “A microwave interferometer for small and tenuous plasma density
measurements,” Rev. Scientific Instrum., vol. 84, no. 3, 2013, Art. no. 033505.

[15] W. Gekelman et al., “The upgraded large plasma device, a machine for studying
frontier basic plasma physics,” Rev. Scientific Instrum., vol. 87, no. 2, 2016, Art. no.
025105.

[16] S. Razavian and A. Babakhani, “A fully integrated coherent 50–500-GHz frequency
comb receiver for broadband sensing and imaging applications,” in Proc. IEEE Radio
Freq. Integr. Circuits Symp., 2020.

[17] S. Razavian and A. Babakhani, “A THz pulse radiator based on PIN diode reverse
recovery,” in Proc. IEEE BiCMOS Compound Semicond. Integr. Circuits Technol.
Symp., 2019, pp. 1–4.

[18] J. Han et al., “Three-dimensional measurements of plasma parameters in an induc-
tively coupled plasma processing chamber,” Phys. Plasmas, vol. 26, no. 10, 2019,
Art. no. 103503.

[19] J. Han, P. Pribyl, W. Gekelman, and A. Paterson, “Three-dimensional measurements
of fundamental plasma parameters in pulsed ICP operation,” Phys. Plasmas, vol. 27,
no. 6, 2020, Art. no. 063509.

[20] M. Gilmore, W. Gekelman, K. Reiling, and W. A. Peebles, “A reliable millimeter-
wave quadrature interferometer,” 2020, arXiv: 2002.11190.

Authorized licensed use limited to: UCLA Library. Downloaded on August 05,2025 at 18:16:28 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /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
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /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 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /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

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. 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 PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


