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400 Mbit/s (2x200 Mbit/s) 2-channel multiple input
multiple output (MIMO) transmission
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The possibility of using MIMO (multiple input multiple output) technique, which is well-known
from radio communications, has been experimentally shown at the optical domain. A successful
2-channel transmission beyond the baseband of 4.4 km long OM2 grade 50 um core multi-
mode (MM) fiber has been demonstrated. Total throughput of 400 Mbit/s has been obtained.
Incoherent detection of the light signals at the receiver has been used.
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1. Introduction

The MIMO technique, which is well-known from wireless transmission (it is a part
of such standards like: 802.11n, 4G, 3GPP, LTE, WiMax), has also been applied in
the optical fiber communications. One example are systems that employ a few mode
or multicore fibers [1]. Considerable grow transmission capacity of a medium is
obtained in this case. But at the beginning this technique was used in typical multi-
mode (MM) fibers [2]. There are two versions of the latter technique: using incoherent
detection [1] and coherent one (COMIMO) [3]. The coherent technique is complicated
and costly so we have concentrated on the incoherent transmission. The low cost and
relatively simple construction of the system are very important in the context of one
of its main potential applications, i.e., used to expand the scope and coverage of
wireless local networks. There is a big chance that constructing such hybrid solutions
will allow in the near future to solve problems with a relatively small range of these
networks, radio signals interference, and distribute signals to places where today it is
very difficult or even impossible to provide them in the wireless form.

The latter technique makes use of the analogy between multipath propagation
known in radio systems and intermodal dispersion characteristics for MM fibers,
see Fig. 1.

What is important, the dispersion is used here to obtain the decorrelation of signals
transmitted in separate channels. It means that the intermodal dispersion does not limit
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Fig. 1. Analogy between a phenomenon of signal multipath in radio transmission (a) and intermodal
dispersion in MM fiber (b).

a modulation rate but is also indispensable for the system operation itself. However,
the bit rates obtained so far with this technique have not been impressive (a few tens
of megabit per second at maximum) [3, 4]. Here we present a successful transmission
of two 200 Mbit/s MIMO channels (total throughput of 400 Mbit/s) beyond the base-
band of OM2 grade MM fiber (core diameter 50 um), which was 4.4 km long.

2. Theory

The schema of the incoherent fiber system over MM fiber was described for the first
time in [3]. The construction of such system assumes that N identical RF carriers are
modulated with separate digital data streams and these signals individually drive
N laser transmitters, whose light is combined by a coupler/splitter and launched into
a MM fiber. At the receiver side, the light is split into M (M = N) optical paths (by
a second splitter), detected, and then processed electronically. Each of the transmitting
lasers excites in the MM fiber slightly different modes or mode groups. Furthermore,
both the input optical coupler and the output optical splitter have mode selective
properties (i.e., to some extent they filter modes/mode groups). Therefore, each con-
nection between i-th receiver and j-th transmitter is realized by different modes. To
better understand a nature of such systems, let us write the relation between N input
signals [s;...sy]” and corresponding to them M output signals [r,...r,,]”. For simplicity,
we assume that the number of receivers equals the number of transmitters [r,...ry]7.
Hence, we can write the following relation:

[, = [hy][s,] (1)

where [£;] is the transmission matrix containing the transfer functions between all
receiver/transmitter pairs, what is expressed by the following equation:
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All matrix elements are complex numbers as they take into account both the attenuation
and the phase shift of the RF carrier between i-th receiver and j-th transmitter.
Each element 4;; can be interpreted as a superposition of influences phenomena of
the modal dispersion and the chromatic dispersion. It is quite clear that by inverting
the matrix [h;] we may recover the original signals [5]

(5.1 = [hy] 1] 3)

Obviously, the matrix [/;] may not be singular and its numerical conditioning
determines the values of the channel SNR [6]. The matrix [h,-j]’1 may be found directly
by some optimization algorithm or calculated at the system initialization stage. In
practice, the last one is mostly used. Because in the process of recovering signals
on the receiver side, the knowledge about the inverse matrix [hij]f1 is necessary.
The greater part of such system works in two phases. In the first one (an initialization
step), the matrix [4;] is determined; typically, for this purpose, some special pilot
signals are transmitted. Based on it, the matrix [h,-j]’1 is then calculated. In the second
stage (a working step), information signals are send. The inverse matrix [hij]*l is used
in a recovery process of the originally transmitted signals.

The detailed analysis, carried out in [7], has shown that the appropriate work of
the incoherent optical MIMO system over the MM fiber is possible only in a range of
the frequencies which lie beyond its baseband. It means that the RF carrier frequency
must be greater than the value of the frequency denoted as a 3 dB drop on the frequency
characteristics. Fulfilling such conditions, it is necessary to obtain enough decorrela-
tion between transmitted signals. The transmission is not possible in the range of
the baseband frequencies. It can be perceived as a big disadvantage of this ap-
proach. In reality, it is not. These systems are natural extension of the conventional
systems of transmission. Also, we must remember that wireless standards typically
use frequency bands from a range of microwaves. It means that their integration
with optical systems, which are based on the incoherent MIMO technique without
additional electrical conversion of radio carrier frequency, should be done in this
frequency range.

3. Experiment

The experimental setup is shown in Fig. 2. Arbitrary wave generator (AWG) was
employed as a signal source for two channels of the MIMO system. We tested BPSK
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Fig. 2. Block scheme of the experimental setup.

(binary phase shift keying) modulation with 200 Mbit/s rate and the total throughput
400 Mbit/s.

The carrier frequency might be selected between 0.8 and 1.5 GHz, which was well
beyond the baseband (160 MHz) of the MM fiber used (see Fig. 3 where the frequency
response of the optical link used consisting of 2 couplers and the fiber is depicted,
the baseband range is marked by dark colour). The choice of the carrier frequency and
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Fig. 3. Response of the link (fiber + 2 couplers/splitters) against frequency.

the modulation rate was limited by the passband of the used digital oscilloscope
(2 GHz). After amplification these two signals from AWG drove two DFB lasers
(Finisar, 1310 nm), which were coupled to two input ports of a 2X2 commercial
coupler/splitter. One of its output port was connected to the transmission MM fiber
(OM2 grade, 50 um core, 4.4 km long, Corning Glass).

At the receiving node, the optical signal from the fiber was fed to an input port of
the second coupler/splitter, whose outputs were connected to two p—i—n photodiodes
(JTSU ETX-100). After pre-amplification two signals from the photodiodes were fed
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Fig. 4. Programmatic model of the MIMO receiver used in the off-line processing; CS — control system,
LO - local generator, a source of referential signal.

to a digital sampling oscilloscope, where they were sampled and recorded for further
(off-line) processing.

The system worked in two steps. At the first stage (initialization), no modulation
was applied, and unmodulated carriers were transmitted alternatively in both channels
(i.e., at a given time only one channel was on sending an unmodulated carrier).
The signals at both receivers were then simultaneously sampled and saved. This made
it possible to determine the transfer matrix [4;;] in off-line post processing. After that
(the second stage), an actual transmission took place with simultaneously modulated
signals in both channels. Again, the signals at both receivers were recorded. During
the off-line processing the inverse matrix [hy]’1 was calculated and afterwards applied
to the recorded modulated signals according to zero forcing (ZF) algorithm (Eq. (3)).
Then, the eye patterns for both channels were calculated and displayed. Apart from
ZF algorithm, the remaining signal processing was typical of demodulation of phase
modulated signals: after hard limiting, the received signal was multiplied by the recov-
ered carrier quadrature signals and low pass filtered. Functionality of the programmat-
ically realized MIMO receiver was shown schematically in Fig. 4.

4. Results

Examples of the obtained eye patterns are shown in Figure 5.

The quality of the received signals was estimated based on the calculation of
QO-parameters taken at the sampling moments. These values for different series of
measurements are shown in Fig. 6.

The value of QO-parameter varied between 5 and 22, depending on the channel
number and realization due to different cross correlations between channels. Although
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Fig. 5. Examples of the eye patterns for 2x200 Mbit/s BPSK MIMO, carrier f = 800 MHz.
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Fig. 6. Values of O-parameter obtained for different measurements for 2x200 Mbit/s BPSK MIMO.

the signal quality was good, these results indicate that the system was not always able
to meet O > 7 requirement (corresponding to BER = 107!?) and thus operate correctly
without FEC.

5. Discussion

There are three reasons for not always sufficient value of a O-parameter. First, in all
cases matrix [h;;] had rather poor numerical conditioning, namely the matrix condition
number varied between 6 and 10 among measurements. That meant that the system
was sensitive to both the data errors and the errors of matrix coefficients. Moreover,
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a high condition number meant amplification of receiver noise when inverting [A;]
and recovering signals in each channel [6]. Second, the matrix [4;] was measured at
an unmodulated carrier frequency. However, the actual transmission involved modula-
tion and the signal spectrum occupied a much wider frequency range. The [4;;] matrices
for unmodulated and modulated signals might have differed to some extent. Third,
the transfer matrices were a bit unstable over time due to the sensitivity of a mode
selective element (such as couplers/splitters) to the input speckle pattern (that varied
in time) [8]. That is, the matrix [4;] measured before transmission, was not exactly
the same as during the actual transmission. That fact, combined with poor numerical
conditioning, led to errors during matrix inversion. A thorough analysis of the recov-
ered signals proved that the errors in ZF algorithm mentioned above led to much greater
amplitude than phase errors. Therefore, we employed constant envelope modulation
format (BPSK) as well as signal hard limiting during the post processing.

6. Conclusions

We have demonstrated a successful 2-channel MIMO transmission over 4.4 km of
typical OM2 grade 50 um core MM fiber with a total throughput of 400 Mbit/s and
BPSK modulation format. We employed the ZF algorithm for channels recovery with
the accompanying measurements of the transfer matrix prior to the actual transmission.
The lowest measured value of the Q-parameter was around 5, which makes this
transmission feasible with some form of FEC. It is necessary to stress that better results
(no FEC necessary) are expected if [h;] estimation errors are reduced and better
algorithms for data processing (e.g., maximum likelihood or minimum mean square
error) are employed.

Acknowledgements — This work was supported by the Polish Ministry of Science and Higher Education
and the Dean Faculty of the Electronic and Information Engineering of Warsaw Technical University
(Poland).

References

[1] RyFR., RANDEL S., GNAUCK A.H., BOLLE C., SIERRA A., MUMTAZ S., ESMAEELPOUR M., BURROWS E.C.,
EssiaMBRE R., WINzZER P.J., PEckiam D.W., McCurpy A.H., LINGLE R., Mode-division multi-
plexing over 96 km of few-mode fiber using coherent 6x6 MIMO processing, Journal of Lightwave
Technology 30(4), 2012, pp. 521-531.

[2] Stuart H.R., Dispersive multiplexing in multimode optical fiber, Science 289(5477), 2000,
pp- 281-283.

[3] TarRIGHAT A., Hsu R.C.J., SHAH A., SAYED A.H., JALALI B., Fundamentals and challenges of optical
multiple-input multiple-output multimode fiber links, IEEE Communications Magazine 45(5), 2007,
pp. 57-63.

[4] Swzpak J., KowaLczyk M., Two- and four-channel-incoherent multiple input multiple output
system operating over multimode fiber, Microwave and Optical Technology Letters 54(4), 2012,
pp. 940-943.



286 M. KowALcCzYK, J. SIuZDAK

[5]1 XuR., Lau F.C.M., Performance analysis for MIMO systems using zero forcing detector over fading
channels, IEE Proceedings — Communications 153(1), 2006, pp. 74-80.

[6] TsekrekOs C.P., MARTINEZ A., HUISKENS F.M., KOONEN A.M.J., Design considerations for a trans-
parent mode group diversity multiplexing link, IEEE Photonics Technology Letters 18(22), 2006,
pp. 2359-2361.

[7] Swzpak J., RF carrier frequency selection for incoherent MIMO transmission over MM fibers, Journal
of Lightwave Technology 27(22), 2009, pp. 4960—4963.

[8] Swzpak J., STEPNIAK G., KowALCzYK M., MAKSYMIUK L., Instability of multimode fiber frequency
response beyond the baseband for coherent sources, IEEE Photonics Technology Letters 21(14),
2009, pp. 993-995.

Received August 29, 2012




<<
  /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


