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Abstract

Reconfigurable testing of a high-speed optical link
based upon on-wafer probing of an oxide-confined 850
nm vertical-cavity surface-emitting laser (VCSEL) and
a GaAs P-i-N photodetector (PD) is demonstrated at a
non-return to zero (NRZ) modulated data rate up to 50
Gb/s at room temperature and 43 Gb/s at 85°C over
back-to-back distance. Without any impedance
matching network, trans-impedance amplifier, or
equalization technique present at the received side, the
optical link has not only shown robustness but also
achieved outstanding signal-to-noise ratios (SNRs) over
the operating temperature range.

INTRODUCTION

The growing demand for high performance and more
energy-efficient short-haul optical fiber links has driven the
development of 850 nm oxide-confined VCSEL based
transceivers for data center and supercomputing
applications. Transceivers operating at 25 Gb/s per channel
have become the most commonly deployed in today’s short-
haul communication. In order to push the date rate further
toward 50 Gb/s per lane, lots of strategies such as four-level
pulse amplitude modulation (PAM4), forward error
correction (FEC) and equalizing schemes have been widely
implemented in the development of optical links.
Nevertheless, these techniques consequently increase power
consumption from additional electronic circuitry in addition
to added latency that limits the performance of optical links.
However, non-return to zero (NRZ) signaling offers the
advantage of low power consumption, less complex
electronic circuitry and better signal integrity. The major
challenge for improving NRZ signaling is to extend the
bandwidth and maintain high reliability of optical
transceiver components such as VCSELs operating from
room temperature up to 85°C, similarly for the
photodetectors at the receiver side

VCSELSs are widely deployed in the high-speed optical
transceivers for short-haul communication owing to its low
power consumption, low threshold and high reliability. In

recent years, tremendous progress has been achieved not
only at room temperature with 57 Gb/s error-free data
transmission [3] but also at 85°C with 50 Gb/s error free
operation [4] and 42 Gb/s error free data transmission via
the 100 m multimode fiber (MMF) [5] without any back-
end signaling techniques present. Such high-speed
transmitters need to be integrated with receivers of adequate
bandwidth and high sensitivity so that the realization of
high-speed optical links becomes feasible.
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Fig. 1. Measurement setup for full optical fiber link
consisting of 25 GHz UIUC on-wafer VCSEL and 26 GHz
UIUC on-wafer P-i-N photodetector in BTB configuration.

In order to realize high-speed receivers in optical links
for short-haul communication, GaAs and InGaAs based P-
i-N photodetectors have emerged as promising candidates.
Traditionally, GaAs and InGaAs P-i-N photodetectors have
suffered from the trade-off between high responsivity and
fast frequency response [1, 2]. Namely, thicker intrinsic
layers will result in longer transit time but higher quantum
efficiency and vice versa. Moreover, photodetectors with
larger diameter benefit in higher responsivity, but at the
expense of slowing down the frequency response due to
increased capacitance. The reduction of the active area in
photodetectors also makes it difficult to align with optical
transmitters and fibers. These constraints make the
simultaneous optimization of photodetectors speed and
sensitivity necessary for the increasing data rate such as 56
Gb/s and beyond.

Previous works have been reported on an 850 nm P-i-N
GaAs photodetector with 20 pm mesa diameter, 0.75 pm
intrinsic layer thickness and junction capacitance of 60 fF



[6]. The parasitic-limited bandwidth was measured to be 26
GHz with the parasitic capacitance of 45 fF which is
extracted from two-port S-parameter measurement with the
aid of a Keysight PNA-X Network Analyzer. The intrinsic
optical bandwidth can therefore be obtained by de-
embedding the parasitic capacitance and resistance in the
small signal equivalent model described in [1]. With such
high-speed VCSELs and GaAs P-i-N photodetectors, we
report the on-wafer characterization of the full optical fiber
link for 50 Gb/s data transmission at room temperature and
43 Gb/s data transmission at 85°C with back-to-back (BTB,
around 3-meter) configuration.

MEASUREMENT SETUP

The large-signal modulation measurement begins with a
non-return to zero on-off keying (NRZ-OOK) data pattern
from SHF 12103A bit pattern generator (BPG) with a 27-1
pseudorandom bit sequence (PRBS7). The RF signal is then
combined with a DC bias via an Agilent BT65B 65 GHz
bias-T before fed to the on-wafer VCSEL measured with a
50 GHz GSG-probe. The on-wafer photodetector is
mounted on a temperature-controlled stage to allow high
temperature operation. The optical output from a VCSEL is
collected using a lensed OM4 fiber supported with a
Cascade Lightwave probe followed by an OM4 multimode
fiber patch cord in order to couple the light onto the on-
wafer photodetector via another Cascade Lightwave probe.
The fiber connector at the VCSEL side is chosen to be
FC/APC type to minimize the back reflection. An
unmatched 23-dB power amplifier is used to amplify the
received signal from on-wafer photodetector to the Agilent
DCA-J 86100C oscilloscope to measure the eye diagram.
The measurement setup and block diagram are shown in
Fig. 1 and Fig. 2, respectively.
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Fig. 2. The block diagram for the large-signal modulation measurement
and eye diagram.

CHARACTERIZATION AND RESULTS

The large-signal modulation is carried out with a 5 pm
aperture VCSEL and an un-packaged photodetector under a
bias voltage of -3V. Figure. 3 shows the optical eye
diagrams of the optical link at different data rates measured
at room temperature in the BTB configuration. The
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corresponding SNRs are as shown. Up to the data rate of 50
Gb/s all eyes are clear and open. The eye amplitudes at 42,
46 and 50 Gb/s are 161 mV, 152 mV, and 146 mV,
respectively. It is clearly seen that the eye opening becomes
smaller and there is more noise present at 50 Gb/s,
indicating the eye quality is significantly affected by
imperfections of electrical signal such as jitters or the
additional noise introduced by the measurement setup. For
instance, the vibration of the lensed fiber during coupling at
high speed could be one of the sources contributing the
noise, which ends up distorting the eye diagram, especially
at higher data rate. This needs to be addressed by re-aligning
the VCSEL and photodetector repeatedly to optimize the
quality of the optical eye diagram.
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Fig. 3. The eye diagrams at 46, 48 and 50 Gb/s for the UIUC VCSEL +
PD full optical link in the BTB configuration measured at room
temperature with the scale of 50 mV/div. Corresponding SNRs are as
shown. The bias current of VCSEL is 12 mA and the bias voltage of PD is
-3V.

It should be noted that there is no impedance matching
circuit between the on-wafer photodetector and the power
amplifier, therefore it leaves a high potential for the SNR
improvement and development of the receiver links. The
SNR drops about 0.8 from 42 Gb/s to 50 Gb/s. However, the
eye opening and SNRs shown in Fig. 3 are similar to the
measurement results done separately with the Newport
1484-A-50 22 GHz high gain commercial photoreceiver
module shown in Fig. 4. It is noted that the eye diagrams in
Fig. 3 are a slightly noisier than that in Fig. 4 mainly due to
the inevitable instability of the Cascade Lightwave probe at
the photodetector side.

The eye diagrams from 50°C to 85°C for the optical fiber
link consisting of on-wafer VCSEL and photodetector are
shown in Fig. 5 at 43.5 Gb/s with corresponding measured
SNRs. The eye openings in each diagram are about 20 mV
on average and they are all clear throughout the temperature



operation. However, the jitter becomes more significant at
85°C and therefore contributes to the reduction of SNR and
the eye opening as shown in Fig. 5. The rise/fall time of this
optical link is approximately 18/21 picosecond which is
relatively stable throughout the temperature range.
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Fig. 4. 40 Gb/s eye diagram of the optical link composed of on-wafer
UIUC VCSEL and Newport 1484-A-50 22 GHz high gain photoreceiver.
This eye diagram was measured with free-space coupling techniques at
room temperature. The SNR is about 3.4. The eye opening is about 50 mV.
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Fig. 5. Eye diagram of the full optical link from 50°C to
85°C at 43.5 Gb/s. The scale of each eye diagram is 20
mV/div.

CONCLUSION

In summary, we have shown the testing and
characterization of the optical link based on 850 nm VCSEL
and GaAs on-wafer photodetector for future high-speed
application in optical fiber communication. The optical eye
diagrams of 43 Gb/s from room temperature to 85°C have
been shown with the SNRs close to 3.5 throughout the
temperature operation. However, at this point we are not
able to perform any meaningful bit-error ratio testing
(BERT) because the technique of light coupling with on-
wafer fiber probes introduces significant noise into the
signal. Such noise would not exist if device-packaging is
available. In addition, there is no impedance-matching
between the on-wafer photodetector and the amplifier, thus
the signal extraction efficiency is low. Furthermore, with no
dedicated trans-impedance amplifiers present, it
significantly limits the conversion ratio of current-to-
voltage signal. Those results are reflected in the eye
amplitude measurements in Fig. 5. All the factors described
above limit the signal transmission bit-error-ratio around the
level of 1E-11, which does not yet reach the error-free
condition defined as when the bit-error-ratio (BER) < 1E-
12. Nevertheless, the preliminary results shown in Fig. 5
suggest that it is very promising to achieve error-free at 43
Gb/s with appropriate receiver assembly.

ACKNOWLEDGEMENT

This project is also supported by the National Science
Foundation under grant 1640196, and the Nanoelectronics
Research Corporation (NERC), a wholly-owned subsidiary
of the Semiconductor Research Corporation (SRC), through
Electronic-Photonic Integration Using the Transistor Laser
for Energy-Efficient Computing, a Nanoelectronics
Research Initiative (SRC-NRI) under Research Task ID
2697.001-Transistor Laser Based Circuits and Devices. The
authors would also like to thank Foxconn Interconnect
Technology for research support.

REFERENCE

[1] S. A. Blokhin, J. A. Lott, et al. “850 nm Optical
components for 25 Gb/s Optical Fiber Data
Communication Links over 100 m at 85C”, Asia
Communications and Photonics Conference and
Exhibition (ACP), 2011.

[2] N. Dupuis, D. M. Kuchta, ef al. “Exploring the Limits
of High-speed Receivers for Multimode VCSEL-based
Optical Links”, Optical Fiber Communication
Conference, 2014.

[3] M. Liu, C. Y. Wang, M. Feng, and N. Holonyak, Jr.,
“Advanced Development of 850 nm Oxide-Confined



VCSELs with 57 Gb/s Error-Free Data Transmission,”
in Proc. GOMACTech, 2016.

[4] M. Liu, C. Y. Wang, M. Feng and N. Holonyak, "850
nm oxide-confined VCSELs with 50 Gb/s error-free
transmission operating up to 85 °C," Conference on
Lasers and Electro-Optics (CLEO), 2016.

[5] H. Wang, J. Qiu, X. Yu, M. Feng, and N. Holonyak,
"85°C Operation of 850 nm VCSELs Deliver a 42 Gb/s
Error-Free Data Transmission for 100 meter MMF
Link," in Optical Fiber Communication Conference,
2018.

[6] Y. Peng, A. Winoto, D. Wu, M. Feng. “Process
Optimization and Characterization of 25 GHz
Bandwidth 850 nm P-i-N Photodetector for 50 Gb/s
Optical Links”, Compound Semiconductor
Manufacturing Technology, 2018.




<<
  /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 /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType true
  /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



 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all odd numbered pages
     Trim: none
     Shift: move left by 9.00 points
     Normalise (advanced option): 'improved'
     Keep bleed margin: no
      

        
     D:20190408123445
      

        
     -4
     1
     0
     0
     Full
     1076
     347
    
     QI2.9[QI 2.9/QHI 1.1]
     Fixed
     Left
     9.0000
     -0.3456
            
                
         Odd
         5
         AllDoc
         5
              

       CurrentAVDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0g
     Quite Imposing Plus 4
     1
      

        
     0
     4
     2
     2
      

   1
  

 HistoryList_V1
 qi2base



