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ABSTRACT: The current work addresses the results of the studies on hybrid radio frequency (RF) / free-space optical
(FSO) system. We found that the RF link is impacted by Rayleigh fading and the Gamma distribution designed the optical
signal fluctuations. Further we derived the hybrid RF/FSO system using the outage probability expression. We have
further observed the effect of the atmospheric turbulence strength and SSC implementation on the hybrid RF/FSO system
performance.
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1. Introduction

As a license-free and cost-effective modern technique, free space optical (FSO) system has become a good substitution to
traditional wireless radio frequency (RF) systems. The FSO provides high-data rates and wide bandwidth, and represents a
good solution for the “last mile” problem [1-3]. Beside an idea to be an alternative, the FSO is also suitable to be a complement
technique to the RF systems. The FSO signal transmission represents optical wireless communication between transmitter
laser and receiver photodetector via atmospheric channel. Hence, the atmospheric conditions have strong influence on the
quality of system performance. Due to variations in atmospheric temperature, pressure and altitude, the random changes in the
refractive index occurs, which results in the existence of the atmospheric turbulence [1]. Although many statistical models
have been proposed to define the effect of this phenomenon, the Gamma-Gamma distribution is accepted as an optimal model,
since it gives a good agreement in experimental and theoretical data in wide range of atmospheric conditions [1-4].

In order to alleviate the optical signal degradation due to atmospheric turbulence, many techniques have been borrowed from
RF systems. Firstly, spatial diversity techniques have been considered within FSO systems at the transmitting and/or receiving
part [5-8]. The extension of the cover area has been accomplished by applying relying technology within FSO systems [9-11].
Furthermore, the idea of mixed RF/FSO systems, where the first hop is RF link and the second hop represents the FSO signal

Signals and Telecommunication Journal Volume 10 Number 2 September 2021 35




transmission to overcome a connectivity gap between the backbone and last mile access networks, has been proposed in [12].
In addition, the hybrid system, which consists from FSO and RF link, was observed in [13-16]. In the hybrid RF/FSO systems,
the same data are transmitted over both links simultaneously. The received signals are combined by some of diversity tech-
niques.

In this paper, we analyze the hybrid RF/FSO system, when the switch-and-stay (SSC) diversity technique is applied at the
receiver. The well-known Gamma-Gamma distribution is used to model the effect of atmospheric turbulence. The RF channel
experiences Rayleigh fading. Novel expression for the outage probability of the system under investigation is derived. Nu-
merical results are presented, which are used to illustrate and observe the effect of atmospheric turbulence strength and
SSC implementation on the overall system performance.

The rest of the paper is organized as follows. The system and channel models are presented in Section 2. The outage probabil-
ity analysis is described in Section 3. Numerical results and discussions are given in Section 4, while concluding remarks are
presented in Section 5.

2. System and Channel Models

In the hybrid RF/FSO system presented in Figure 1, the information data are transmitted at the same time via both RF and FSO
links, i.e., both FSO and RF links will be simultaneously active. At the receiver, dual branch SSC spatial diversity technique is
employed, which is the simplest form of switched diversity. In dual-branch SSC based system, when the instantaneous signal-
to-noise ratio (SNR) of the active branch falls below a predetermined switching threshold, v, the receiver switches and stays
to the other alternative branch, regardless of whether or not the SNR of the other branch is above or below the threshold [17].

2.1. FSO Channel Model
In the FSO subsystem, we adopt intensity modulation and direct detection (IM/DD) with on/off keying (OOK). It is assumed
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Figure 1. System model of hybrid RF/FSO system

that the intensity fluctuations of the received optical signal are modeled by Gamma-Gamma distribution, thus the probability
density function (PDF) optical signal irradiance, /, is given as [1]
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where I'(.) is the gamma function defined by [18, Eq. (8.310.1)], and K (.) is the v-th order modified Bessel function of the
second kind defined by [18, Eq. (8.432.2)]. The atmospheric turbulence parameters o and [ are related to the atmospheric
conditions. When the plane wave propagation is assumed, the parameters o and f are defined as [1]
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The wave-number is defined as k = 2w/A, where A is the optical wavelength, L is the FSO link length, and Czn is the index of
refraction structure parameter, which is used as a metric for the atmospheric turbulence strength.

The instantaneous SNR, Vrsor is defined as
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where R denotes the detector responsivity, P, is the average transmitted optical power, and the © 31 is the additive white Gaussian
noise (AWGN) variance.

The electrical SNR, rso, is determined as
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o oy

Since / is normalized for the Gamma-Gamma distributed atmospheric turbulence (E[/] = 1).

Based on Egs. (1), (4) and (5), the PDF of the instantaneous SNR is expressed as
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The cumulative distribution function (CDF) of y, , is determined as
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where G (-), is the Meijer’s G-function [18, Eq. (9.301)].

2.2. RF Channel Model
The signal transmission via RF link is affected by Rayleigh fading, and the instantaneous SNR, y,, over RF link is defined as

Signals and Telecommunication Journal Volume 10 Number 2 September 2021 37




25
VRF = P (8)
o

ny

where 7 is the signal fading amplitude with E[#?*] = 1, where E[] is mathematical expectation, P _represents the RF transmit
power, and Gznzis the AWGN variance.

The average SNR, p,,. over RF link is determined as
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The PDF of the instantaneous SNR over RF link is expressed as [17]
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3. Outage Probability Analysis

The outage probability of the SSC based system is defined as the probability that the instantaneous SNR at SSC output, denoted
by ¥¢» drops below a predetermined outage threshold, denoted by g. For the considered scenario of the hybrid RE/FSO
system, the outage probability can be obtained as [17]

})oul = Fssc(q)’ (12)

where F__(g) is the CDF of the instantaneous SNR at SSC output, y -, defined in Eq. (13) at the bottom of the previous page,
and F . () and F R () are the CDFs defined by Egs. (7) and (11), respectively.
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4. Numerical Results

Numerical results obtained based on the outage probability expression in Egs. (12) and (13) are presented. The atmospheric
turbulence parameters a and f are determined by Eq. (2). The atmospheric turbulence strength is determined by the index of
refraction structure parameter with values C? = 6x 10" m™, ¢2 = 2x10-"* m™* and C? = 5x 10~ m™?* in weak, moderate and strong
turbulence conditions, respectively.

Figure 2 presents the hybrid RF/FSO system outage probability dependence on the average and electrical SNRs in different
atmospheric turbulence conditions. System performs better when the FSO link is affected by weak atmospheric turbulence,
i.e., when the index of refraction structure parameter is lower. Beside the hybrid RF/FSO system, the outage probability of the
dual branch RF system with SSC receiver is also observed, which is obtained based on Egs. (12) and (13) considering that
F, (-)=F, (). It can be noticed that the hybrid RF/FSO system has better outage probability performance compared to RF
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Figure 2. Outage probability versus g, = i, for hybrid RF/FSO and dual branch RF system
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Figure 3. Outage probability versus p,c = i, . for hybrid RF/FSO and dual branch FSO system

system, only when the FSO link is affected by favorable conditions. On the other hand, when the FSO signal transmission
suffers from moderate and strong turbulence, dual branch RF system has better performance.

The outage probability dependence on the average and electrical SNRs in weak and strong atmospheric turbulence conditions
is presented in Figure 3, together with the outage probability results of the dual branch SSC based FSO system, which is

obtained based on Egs. (12) and (13) considering that FyR A =F LSO (*). When the FSO links are affected by weak atmo-
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spheric turbulence, which correspond to clear air terms (sunny days), system with only FSO links has better performance than
the hybrid RF/FSO system. When signal transmission environment is influenced by foggy weather conditions, atmospheric
turbulence is strong, and the hybrid RF/FSO system has better performance, since the RF link is less dependent on the fog than
the FSO link. Since FSO system implementation is easier and less expensive than the RF system implementation, the balance
between cost and quality of the transmission can be made to provide optimal system performance.
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Figure 4. Outage probability versus the switching threshold in various atmospheric turbulence conditions

In Figure 4, the outage probability in function of the switching threshold is observed, considering different atmospheric
turbulence conditions. Both average SNR over RF link and electrical SNR over FSO link take values 15 dB or 30 dB. As it is
expected, greater values of SNR lead to the better system performance. The optimal value of the switching threshold can be
noticed, when the system has the best performance. This optimal value of the switching threshold is equal to the value of the
predetermined outage threshold, i.e., Yr=q In this case, the SSC receiver behaves as selection combiner receiver, which
selects the channel with greater SNR, leading to the best outage probability performance.

5. Conclusion

In this paper, we have presented the outage probability analysis of the hybrid RF/FSO system. The SSC diversity receiver has
been employed at the receiver. The FSO link is affected by the Gamma-Gamma distributed atmospheric turbulence, while the
RF link is subject to Rayleigh fading. The outage probability expression has been derived. The effect of atmospheric turbu-
lence strength on the system performance has been observed and compared with the performance of dual branch SSC RF and
dual branch SSC FSO systems. It has been concluded that hybrid RF/FSO system performs better than the dual branch SSC
based RF system only when the FSO link is affected by weak atmospheric conditions. Furthermore, when the weather condi-
tions are good (sunny days), it is more profitable to implement two FSO links than the hybrid RF/FSO system, since the
implementation of the FSO link is easy and low-cost. On the other hand, when the optical signal transmission is under the
influence of foggy weather conditions, atmospheric turbulence and visibility are strong and harmful, and the hybrid RF/FSO
system performs better than the dual branch FSO system.

40 Signals and Telecommunication Journal Volume 10 Number 2 September 2021




Acknowledgement

This work was supported by the Ministry of Education, Science and Technology Development of the Republic of Serbia under
Grant TR-32028.

References

[1] Andrews, L.C., Philips, R. N. (2005). Laser Beam Propagation through Random Media, 2 ed., Bellingham, Washington,
USA, Spie Press.

[2] Ghassemlooy, Z., Popoola, W., Rajbhandari, S. (2013). Optical Wireless Communications: System and Channel Modelling
with MATLAB, Boca Raton, USA, CRC Press.

[3] Khalighi, M. A., Uysal, M. (2014). Survey on Free Space Optical Communication: A Communication Theory Perspective”,
IEEE Commun. Surveys Tuts., 16 (4), 2231-2258.

[4] Al-Habash, M.A., Andrews, L.C., Phillips, R.L. (2001). Mathematical Model for the Irradiance Probability Density Func-
tion of a Laser Beam Propagating through Turbulent Media, Opt. Eng., 40 (8), 1554-1562.

[5] Tsiftsis, T. A., Sandalidis, H. G., Karagiannidis, G. K., Uysal, M. (2009). Optical Wireless Links with Spatial Diversity over
Strong Atmospheric Turbulence Channels, /EEE Trans. Wireless Commun., 8 (2), 951-957.

[6] Bayaki, E., Schober, R., XMallik, R. Performance Analysis of MIMO Free-Space Optical Systems in Gamma- Gamma
Fading, IEEE Trans. Commun., 57 (11), 3415-3424.

[7] Zixiong, W., Zhong, W., Fu, S., Lin, C. (2009). Performance Comparison of Different Modulation Formats over Free-
space Optical (FSO) Turbulence Links with Space Diversity Reception Technique, /EEE Photon. J., 1 (6) 277- 285.

[8] Moradi, H., Refai, H.H., Lo Presti, P. G. (2012). Switch-and-stay and Switch-and-examine Dual Diversity for High-speed
Free-space Optics Links, IET Optoelectron., 6 (1), 34-42.

[9] Safari, M., Uysal, M. (2008). Relay-assisted Free-space Optical Communication, /[EEE Trans. Wireless Commun., 7,
5441-5449.

[10] Wang, J.Y., Wang, J. B., Chen, M., Tang, Y., Zhang, Y. (2014). Outage Analysis for Relay-aided Free-space Optical Com-
munications over Turbulence Channels with Nonzero Boresight Pointing Errors, /EEE Photon. J., vol. 6, 7901815.

[11] Karagiannidis, G. K., Tsiftsis, T. A., Sandalidis, H. G. (2006). Outage Probability of Relayed Free Space Optical Commu-
nication Systems, Electron. Lett., volume 42, 994-995.

[12] Lee, E., Park, J., Han, D., Yoon, G. (2011). Performance Analysis of the Asymmetric Dual-hop Relay Transmission with
Mixed RF/FSO Links, IEEE Photonic Tech. L., 23 (21), 1642-1644.

[13] Chatzidiamantis, N.D., Karagiannidis, G. K., Kriezis, E. E., Matthaiou, M. (2011). Diversity Combining in Hybrid RF/FSO
Systems with PSK Modulation, /CC 2011 Conference, 1-6, Kyoto.

[14] He, B., Schober, R. (2009). Bit-interleaved Coded Modulation for Hybrid RF/FSO Systems, IEEE Trans. Commun.,
57(12), 3753-3763.

[15] Rakia, T., Yang, H. C., Alouini, M.-S., Gebali, F. (2015). Outage Analysis of Practical FSO/RF Hybrid System with
Adaptive Combining, IEEE Commun. Lett., 19 (8), 1366- 1369.

[16] Usman, M., Yang, H. C., Alouini, M.-S. (2014). Practical Switching based Hybrid FSO/RF Transmission and its Perfor-
mance Analysis, IEEE Photon. J., 6 (5), 1-13.

[17] Simon, M. K., Alouni, M.-S. (2004). Digital Communication over Fading Channels, 2" ed., New York, John Wiley &
Sons Inc., 2004.

[18] Gradshteyn, 1.S., Ryzhik, I. M. (2000). Table of Integrals, Series, and Products, 6" ed., New York, Academic, 2000.

Signals and Telecommunication Journal Volume 10 Number 2 September 2021 41





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /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 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /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 false
  /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

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. 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 Adobe PDF documents for quality printing on desktop printers and proofers.  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 /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


