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ABSTRACT⎯This letter proposes an analytical model to 
characterize medium utilization in IEEE 802.11e operating in 
HCCA-EDCA mixed mode (HEMM). In contrast to existing 
works which model the backoff process in individual stations, 
we consider the channel occupancy pattern. Additionally, our 
work considers the operation of HEMM, which is not widely 
documented. We show that the proposed model accurately 
characterizes medium utilization with no more than 5% error. 

Keywords⎯802.11, HEMM, Markov chain, utilization. 

I. Introduction 
Channel access for wireless stations in an IEEE 802.11e 

wireless local area network (WLAN) is governed by the hybrid 
coordination function (HCF) [1]. The HCF provides 
contention-based channel access called enhanced distributed 
coordinated access (EDCA) and controlled-contention channel 
access called HCF coordinated channel access (HCCA).  

In this paper, we develop a model which characterizes 
medium utilization. Our proposed model furthers our 
understanding of medium utilization performance and provides 
insights for further improvement. We apply our model to a 
saturated single-hop network under ideal channel conditions 
and validate the proposed model through simulations.  

II. EDCA, HCCA, and HEMM  

EDCA mandates a random backoff process governed by two 
key parameters, the minimum contention window (CWmin) and 
arbitration inter-frame space (AIFS). Various combinations of 
these parameters regulate the amount of time each access 
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category (AC) is allowed to transmit on a channel. HCCA on the 
other hand, relies on a contend-poll mechanism to deliver frames. 
The HCCA entity gains control of the channel as needed by 
waiting a shorter time between transmissions than EDCA entities. 
The duration values used in frame exchange sequences reserve 
the channel to complete the current frame transfer sequence [1]. 
Joint operation of HCCA and EDCA within a station is termed 
HCCA-EDCA mixed mode (HEMM). 

III. Utilization Model for HEMM 

We first observe that the channel alternates between successful 
and unsuccessful states. Successful states are due to either 
HCCA or EDCA, while unsuccessful states are either collisions 
or idle events. Based on this observation, we propose a new 
model describing the transmission opportunity (TXOP) 
occupancy. A TXOP is an interval of time defined by a starting 
time and a maximum duration when a transmission occurs on 
the channel [1]. 

This model is developed based on the following assumptions.   
First, the HCCA access and EDCA access in each station are 

independent of each other, and the channel probabilities are 
identical at each point in time. Second, the TXOP duration is 
constant for HCCA and EDCA (3264 μs for 802.11b) [1].    
Third, beacon intervals of (0.1 s) have a maximum of thirty 
TXOP of which (mH) are HCCA-TXOP, while (mE) are 
EDCA-TXOP, subject to mH+ mE=30. 

Let i(t) and j(t) represent a cumulative counting process of 
the number of TXOP occupied by HCCA and EDCA on the 
channel. A discrete-time scale t, (t+1),…, (t+n) with a duration 
of one TXOP is adopted.  

Then, define πi, j as the stationary distribution of the chain, 
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Fig. 1. Proposed Markov model for HEMM utilization. 
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Using the notation in [2], one-step transition probabilities for 
the Markov chain in Fig.1 is one of the following events: 
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IV. Channel Probabilities 

 The model we have just proposed assumes that the 
conditional transmission probabilities, τ = [τE,τH], regulating a 
node’s operation are readily known. The conditional 
transmission probabilities required in our model are obtained 
by numerically solving a system of non-linear equations 
derived from [3]. With N active stations in the WLAN, we 
derive the expressions for the channel probabilities. Although 
the model in this letter considers a single access category (AC)-
3 EDCA entity in each station, it can be easily extended to 
three ACs with modifications to the channel probabilities. 

The probability of a successful EDCA transmission is 

( ) ( )1
E1 E E H1 1 .N NP Nτ τ τ−= − −          (1) 

The probability of a successful HCCA transmission is 

( ) ( )1
H H H E1 1 .N NP Nτ τ τ−= − −         (2) 

The probability that no successful transmission occurs is 

( ) ( )1 E1 H1 1 .P Pα = − × −               (3) 

The probability that the cycle terminates is 

( )( )H E

R1 1 .m m i jP α + − −=               (4) 

After a maximum number (mH) of TXOPs are granted to 
HCCA, no further HCCA TXOPs are available. Consequently, 
the channel only observes EDCA backoff entities from N 
distinct stations attempting to transmit. Hence 

1
E 2 E E(1 )NP Nτ τ −= − and PH = 0.          (5) 

The probability that no successful transmission occurs is  

2 E21 .Pα = −                 (6) 

The probability that the cycle terminates is 

( )( )E

R 2 2 .m jP α −=                (7) 

With all the channel probabilities known, we proceed to 
analyze the stationary probabilities (πi, j) of the proposed 
Markov chain. 

V. Analysis of Markov Chain  

For the Markov chain in Fig. 1, mT=mE+mH, the stationary 
transition probabilities are 
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For EH  and mjmi <=  , the state probabilities are  
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(12) 
Imposing the normalization condition yields 
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Finally, by solving (13), all state probabilities in the Markov 
chain can be expressed in terms of 0,0π .  

VI. Model Validation 

In this section, we evaluate the accuracy of our model in 
predicting the medium utilization. For this purpose, we use ns-
2.20 to run simulations with various HEMM parameter 
settings. In the simulation, each station generates identical 
traffic. The payload and MAC overhead fits exactly in a TXOP, 
and CWmin and AIFS values are assigned as in [1]. Each 
experiment lasting 500 s is repeated with 20 different random 
seeds. For the proposed Markov model, the medium utilization 
(UA) is calculated as 
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From simulation, the medium utilization (US) is calculated as 

S
Total transmit time Total idle time Total collision time .

Total transmit time
U − −

=

 (15) 

To validate the accuracy of our proposed model, we compared 
the prediction based on our proposed analytical model with 
simulation. Figure 2 shows how the medium utilization varies 
with N in a WLAN. For illustrative purposes, the analytical 
results are linearly interpolated with integer resolution. The 
model predicts the utilization with good accuracy and captures 
the non-monotonic characteristics typical of carrier sense 
multiple access (CSMA) protocols. As shown in Figs. 2 and 3, 
errors of no more than five percent were recorded between the 
simulation (US) and the proposed Markov model (UA), while the 
average error for each plot is around three percent. 

Figure 3 shows the impact of mH on the medium utilization. As  
 

 

Fig. 2. Comparison of analytical and ns-2 simulation (with 95%
confidence interval, 40% HCCA limit). 
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Fig. 3. Channel utilization for 40, 50, and 70 STA with increasing 
HCCA limit (mH). 
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expected, a higher HCCA limit improves the medium utilization 
due to more determinism in the medium access. The proposed 
model correctly captures this. Increasing accuracy for large N is 
attributed to improved estimation in channel probabilities due to 
[3]. As evidenced in Fig. 3, increased mH increases the medium 
utilization for larger WLANs in saturation conditions.  

Despite some simplifying assumptions on the modeled 
TXOP and independence supposition among system variables 
in the mathematical development, the results obtained are in 
very good agreement with simulations. 

VII. Conclusion 

This letter presents a new model for characterizing HEMM 
medium utilization. In addition to giving insight into the 
protocol behavior, the model may be used for optimization 
purposes especially for admission control processes and service 
level agreements.  

References 

[1] IEEE Std. 802.11e-2005, IEEE Standard for Medium Access 
Control (MAC) Quality of Service (QoS) Enhancements, IEEE, 
Piscataway, NJ, 2005.  

[2] G. Bianchi, “Performance Analysis of the IEEE 802.11 DCF,” 
IEEE JSAC, vol. 18, Mar. 2000, pp. 535-547. 

[3] P. Engelstad and O. Østerbø “Delay and Throughput Analysis of 
IEEE 802.11e EDCA with Starvation Prediction,” Proc. IEEE 
LCN, 2005, pp. 647-655. 

 


	I. Introduction
	II. EDCA, HCCA, and HEMM
	III. Utilization Model for HEMM
	IV. Channel Probabilities
	V. Analysis of Markov Chain
	VI. Model Validation
	VII. Conclusion
	References


<<
  /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


