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Abstract—A monolithically-integrated optical receiver for low-
energy on-chip and off-chip communication is presented. The
monolithic photodiode integration enables the energy-efficient
and high-sensitivity sense-amplifier-based receiver design. The
receiver is characterized in situ and shown to operate with μA-
sensitivity at 3.5 Gb/s with a power consumption of 180 μW
(52 fJ/bit) and area of 108 μm

2. This work demonstrates that
photonics and electronics can be jointly integrated in a standard
45-nm SOI process.

I. INTRODUCTION

In order to harness the potential of emerging many-core

processor systems, the communication fabric between cores

and shared off-chip memory must provide high-throughput

at low power and footprint costs, overcoming chip power

constraints and I/O pin limitations. Monolithically-integrated

silicon-photonics offers a dense, wavelength-division multi-

plexed fabric with orders of magnitude better energy-efficiency

and bandwidth density than electrical interconnects [1]. How-

ever, advanced process design rules place significant con-

straints on the integration of photonics and electronics.

The optical receiver, a necessary component in any optical

link, has traditionally been designed as a discrete component

for optical fiber communication. Gain and responsivity could

be optimized through material selection, while packaging

resulted in poor parasitic capacitance. In order to mitigate

the gain-bandwidth limitation at the dominant pole of the

input node, transimpedance amplifiers were implemented to

lower the input resistance, Rin, while preserving a large

transimpedance gain, RTIA [2].

More recently, integrated photonics has addressed chip I/O

bottlenecks through hybrid-packaged solutions [3], [4]. While

more sensitive and energy-efficient than discrete receivers,

the photodiode (PD) and parasitic capacitance of hybrid-

packaged designs is still relatively large. A capacitance of 90

fF is reported in [3]. [5] describes a 25 fF PD capacitance

(with parasitics) connected through a 20 fF microsolder bump,

leading to a receiver sensitivity of 9 μA but energy-cost of
690 fJ/bit at 5 Gb/s. This increases system laser power and

dominates over-all link costs, making it less competitive with

electrical solutions already at 1 pJ/bit [6].

In this paper we present an optical, sense-amplifier-based

data receiver with a monolithically-integrated photodetector.

Tight integration of the photodetector and the latching sense-

amplifier enables both low-energy operation and high input-

sensitivity. These metrics are important, as future many-core

communication fabrics will host tens of thousands of receivers

per processor die, and input sensitivity maps directly through

the optical link loss to the laser power requirement.

II. PHOTONIC LINKS

An example of a dense wavelength-division multiplexing

(DWDM), monolithically-integrated photonic link is shown in

Figure 1. A continuous wave (CW), multi-λ laser is coupled
from an optical fiber onto the chip through a vertical grating

coupler. The light is then routed throughout the chip along

waveguides fabricated using either gate poly-silicon or the

SOI body. Ring-resonant modulators, driven by integrated

modulator drivers, modulate data onto a particular wavelength-

channel by on-off keying. An optical clock signal could also

be forwarded along with data. The modulated light is routed

to another location on the die (e.g. core-to-core) or to another

die (e.g. socket-to-socket). At the destination, the ring-tuning

control block selects the channel to be removed from the

optical bus by setting the resonance of a drop ring filter. An

optical receiver, such as the one presented in this work, then

converts the data back into the electrical domain by detecting

the PD photocurrent.

III. RECEIVER ARCHITECTURE

The receiver architecture (Figure 2) consists of a PD con-

nected differentially across a latching sense-amplifier (LSA),

followed by a dynamic-to-static (DS) converter and an on-

chip high-speed digital testing backend. The receiver operates

in two clock phases, receiving one bit per clock period.

In the PD (Figure 2g,j) we make use of P+ SiGe, which

is integrated in the SOI process for PMOS strain engineering

and is suitable for optical absorption in the near-IR range [7].

The photodiode is extremely compact and has an estimated

capacitance of 10 fF.

The LSA (Figure 2a) senses the differential photocurrent

and makes a bit decision. During the reset phase (Φ=0),

the LSA’s nodes pre-charge high. During the decision phase

(Φ=1), the two branches, M1,3,5 and M2,4,6, discharge. If an

optical-1 is received, photocurrent flows from node IN- to
IN+, slowing the discharge of branchM1,3,5 and causing it to

latch high. Otherwise, imbalance programmed through offset
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Fig. 1. An example optical link with chip-to-chip and intra-chip communication links shown. A CW laser source is coupled onto Chip A through a vertical
grating. Two ring-resonant modulators imprint data onto two wavelength-channels, λ0 and λ1, which propagate along the waveguide. The bus is routed over
an optical fiber to Chip B. The drop rings on Chip B are each tuned to either λ0 and λ1 to select that channel from the bus and direct it to the correct data
receiver. A second set of wavelengths, λ2 and λ3 carry data from Chip B to Chip A.

Fig. 2. Optical data receiver architecture. The LSA (a) is followed by an output buffer stage (d) and dynamic-to-static converter (e), before being fed into
the digital backend infrastructre (f). The chip has receivers connected to integrated PDs (g) or electrical diode-emulation circuits (h). The simulation model
is shown in (i). A cross-section of the implemented PD and optical mode is shown in (j).

compensation causes branch M1,3,5 to latch low. The LSA

transistors are sized according to [8] in order to balance speed

and sensitivity. In particular, transistors M3,4 are sized large

relative toM5,6. This lowers the trip-point voltage of the cross-

coupled inverters, ensuring that they do not activate too early.

Offset compensation is implemented as programmable current-

steering (Figure 2b) and capacitive (Figure 2c) DACs [9], for

coarse- and fine-compensation, respectively.

Figure 2h shows a diode-emulation circuit that is used to

characterize the receiver’s performance when decoupled from

the optical devices. When the input data is 1, the circuit pulls
current from IN-, emulating the photocurrent sourced from that

node. A 0-bit sources no current. The diode-emulation circuit
is driven by a pattern generator on a separate, programmable

clock phase from the rest of the receiver.

To provide qualitative analysis of the impact of parasitic ca-

pacitances and operation frequency on the receiver sensitivity,

an equivalent model of the LSA is shown in Figure 3.

Figure 3a shows the input nodes at the end of LSA reset

(t = 0), pre-charged high. Icm models M1,2 pulling down

on the input nodes until cross-coupled inverters M3−6 turn

on. Cw represents the wiring capacitance from the PD to the

receiver. The model divides the decision phase into two steps:

integration, and evaluation (Figure 3b). During the integration

Cw

IPD

CPD

VIN+(t=0)=VDD VIN-(t=0)=VDD

Cw Icm Icm

(a) LSA sensitivity circuit model.

t=0

VDD

Φ

VIN(t)

VOUT(t)
VDD

VDD-Vdrop

Teval Tend

(b) LSA sensitivity waveforms.

Fig. 3. LSA sensitivity model.

phase of duration Teval (Equation 1), the photocurrent is

integrated across Cint = CPD + Cw/2, resulting in a voltage

difference, Vdiff , at the onset of evaluation (Equation 3).

Teval =
CwVdrop

Icm

(1)
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Vdiff =
IPDTeval

Cint

(2)

=
IPDCwVdrop

CintIcm

(3)

Vout = AVdiff e
Tend−Teval

τ (4)

IPD =
VoutCintIcm

ACwVdrop

e−
Tend

τ eCw

Vdrop

Icmτ (5)

During the evaluation phase, Vdiff regenerates exponen-

tially until Tend according to Equation 4. Re-arranging, the

current-sensitivity of the receiver can be expressed by Equa-

tion 5.
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(a) Effect of Cw on receiver sensitivity. CPD =

10fF .
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(b) Effect of CPD on receiver sensitivity. Cw =

2.5fF .

Fig. 4. LSA sensitivity model.

Figure 4a shows through extracted simulation that for high

data-rates where the exponential is not completely settling,

wire capacitance, Cw, delays the onset of evaluation, shorten-

ing the evaluation time and therefore demanding exponentially

more input photocurrent. Figure 4b shows that PD capacitance,

CPD , reduces Vdiff linearly, demanding only proportionally

more photocurrent (Figure 4b). As our PD was implemented

on the same die as the receiver, the low-metal-layer routing

between the PD and receiver results in a small Cw, assumed

here to be ≈ 2.5 fF. The proposed topology may suffer in

scenarios where a second die provides the optical transport

layer, necessitating through-silicon vias (TSV) or microsolder

bumps where Cw may increase above 20 fF [10]. Figure 4a

shows that for Cw in this range and data rates above 4 Gbps,

the sensitivity becomes prohibitively poor.

The output of the LSA is buffered (Figure 2d) to isolate

the LSA decision nodes from the data-dependent capacitance

looking into the DS (Figure 2e).

The bits stored in the DS are fed into the on-chip digital

test backend for in situ processing (Figure 2). The backend,
consisting of synthesized PRBS and pattern generators, snap-

shots, and counters, gathers bit-error-rate and receiver decision

threshold data and exports only statistics off-chip.

IV. MEASURED RESULTS

The monolithically-integrated data receiver was fabricated

in a standard 45-nm SOI process, as a part of a flexible

electronic-photonic test vehicle.

Figure 5 shows two DC photocurrents generated by a 1310-

nm wavelength laser, coupled into the chip through a vertical

coupler and horizontal waveguide made with front-end body

Si. The receiver’s threshold is swept using the offset circuitry

(Figure 2b,c) while recording the output decision statistics.

Photocurrent values were de-embedded through simulation.

Though the receiver was able to detect photocurrent from

the PD, a foundry error in the SiGe mask definition limited

achievable PD bandwidth.

Fig. 5. The measurement shows the receiver’s ability to distinguish between
a DC optical-1 and optical-0.

Figure 6a shows the receiver’s sensitivity vs frequency for

different supply voltages. Sensitivity is measured on a PD-

connected receiver (Figure 2g,j) as the width of the transition

region (Figure 5) of an optical-0. As clock frequency increases,

sensitivity degrades exponentially as predicted by our model

due to the decrease in Tend.

Figure 6b shows the energy-cost of the receiver. The

linearity emphasizes the digital design, with power follow-

ing Pdigital = fCV 2

DD , keeping the receiver energy-cost

≈ 50fJ/b across a range of frequencies.
Figure 7 shows the bit-error-rate eye diagram of the receiver

when configured with a PD-emulation circuit (Figure 2h).

Clock phase and receiver threshold were swept for a 31-bit

PRBS data sequence at 3.5 Gb/s and a supply of 1.1 V, and

error statistic were gathered in situ using the digital backend.
Clock rates above 3.7 GHz caused the digital testing backend

to fail.
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(b) Energy cost.

Fig. 6. Measured data receiver performance.

Fig. 7. Electrical in situ eye-diagram at 3.5 Gb/s.

A die photo is shown in Figure 8. The chip contains 72 test

cells that implement combinations of optical modulators and

receivers. Each receiver has a circuit area of 108 μm2 and PD

area of 416 μm2.

V. CONCLUSION

Integrated photonics has emerged as an I/O technology

that can meet the throughput demands of future many-core

processors. In this work, the monolithic integration of the

photodetector enables the design of a fully-digital, low-energy

receiver with high input sensitivity. A qualitative model of

the receiver provides intuition for the impact of different PD

integration scenarios on the receiver’s sensitivity performance.

Fig. 8. Die, backside photonic cell and receiver photos.

The sense-amplifier-based latching receiver is shown to oper-

ate with μA-sensitivity at 3.5 Gb/s with an energy-efficiency of
52 fJ/b. This work demonstrates the first monolithic electronic-

photonic integration in a sub-100-nm standard SOI process.

ACKNOWLEDGMENT

The authors would like to thank the Integrated Photonics

teams at MIT and UC Boulder. The work was supported in

part by DARPA, NSF, FCRP ICF, Trusted Foundry, Intel, MIT

CICS, Santec and NSERC.

REFERENCES

[1] C. Batten, A. Joshi, J. Orcutt, C. Holzwarth, M. Popovic, J. Hoyt,
F. Kartner, R. Ram, V. Stojanovic, and K. Asanovic, “Building manycore
processor-to-DRAM networks with monolithic CMOS silicon photon-
ics,” Micro, IEEE, vol. PP, no. 99, p. 1, 2009.

[2] C. Kromer, G. Sialm, T. Morf, M. Schmatz, F. Ellinger, D. Erni, and
H. Jackel, “A low-power 20-GHz 52-dB-Ohm transimpedance amplifier
in 80-nm CMOS,” JSSC, vol. 39, no. 6, pp. 885–894, June 2004.

[3] I. Young, E. Mohammed, J. Liao, A. Kern, S. Palermo, B. Block,
M. Reshotko, and P. Chang, “Optical I/O technology for tera-scale
computing,” in ISSCC, feb. 2009, pp. 468 –469,469a.

[4] A. Rylyakov, C. Schow, B. Lee, W. Green, J. Van Campenhout, M. Yang,
F. Doany, S. Assefa, C. Jahnes, J. Kash, and Y. Vlasov, “A 3.9ns 8.9mw
4x4 silicon photonic switch hybrid integrated with cmos driver,” in
ISSCC, feb. 2011, pp. 222 –224.

[5] G. Li, X. Zheng, J. Lexau, Y. Luo, H. Thacker, T. Pinguet, P. Dong,
D. Feng, S. Liao, R. Shafiiha, and et al., “Ultralow-power silicon
photonic interconnect for high-performance computing systems,” Pro-
ceedings of SPIE, vol. 7607, no. Optoelectronic Interconnects and
Component Integration IX, pp. 760 703–760 703–15, 2010.

[6] K. Fukuda, H. Yamashita, G. Ono, R. Nemoto, E. Suzuki, N. Masuda,
T. Takemoto, F. Yuki, and T. Saito, “A 12.3-mw 12.5-gb/s complete
transceiver in 65-nm cmos process,” JSSC, vol. 45, no. 12, pp. 2838
–2849, dec. 2010.

[7] J. Polleux and C. Rumelhard, “Optical absorption coefficient determi-
nation and physical modelling of strained SiGe/Si photodetectors,” in
High Performance Electron Devices for Microwave and Optoelectronic
Applications, 8th IEEE International Symposium on, 2000, pp. 167 –
172.

[8] S. Mukhopadhyay, R. Joshi, K. Kim, and C.-T. Chuang, “Variability
analysis for sub-100nm PD/SOI sense-amplifier,” ISQED, pp. 488–491,
March 2008.

[9] K.-L. Wong and C.-K. Yang, “Offset compensation in comparators with
minimum input-referred supply noise,” JSSC, vol. 39, no. 5, pp. 837 –
840, may 2004.

[10] J.-S. Kim, C. S. Oh, H. Lee, D. Lee, H.-R. Hwang, S. Hwang, B. Na,
J. Moon, J.-G. Kim, H. Park, J.-W. Ryu, K. Park, S.-K. Kang, S.-Y. Kim,
H. Kim, J.-M. Bang, H. Cho, M. Jang, C. Han, J.-B. Lee, K. Kyung, J.-
S. Choi, and Y.-H. Jun, “A 1.2V 12.8GB/s 2Gb mobile wide-I/O DRAM
with 4x128 I/Os using TSV-based stacking,” in ISSCC, feb. 2011, pp.
496 –498.

410



<<
  /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 1.50000
  /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 1.50000
  /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


