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ABSTRACT⎯In this paper, a scheme to increase the 
throughput of RFID systems is presented, which considers the 
capture effect in the context of framed ALOHA protocol. Under 
the capture model in which the probability of one tag is 
identified successfully depending on the number of tags 
involved in the collision, two probabilistic methods for 
estimating the unknown number of tags are proposed. The first 
method is the maximum likelihood estimation method, and the 
second method is an approximate algorithm for reducing the 
computational time. The optimal frame size condition to 
maximize the system throughput by considering the capture 
effect is also presented. 

Keywords⎯ Tag collision, RFID, framed ALOHA, capture. 

I. Introduction 
Framed ALOHA is a discretized version of the ALOHA 

protocol which is a contention-based multiple access scheme. 
Every terminal in the transmission range randomly selects one of 
the time slots of a frame and transmits a packet upon receiving 
the base station’s invitation command, which includes the frame 
size as an argument [1]. If two or more terminals transmit at the 
same time slot, a collision occurs and the received signal is 
garbled without capture. For RFID systems, the framed ALOHA 
modeling method is justifiable since the framed ALOHA 
approach has already been adopted as an option for the passive 
tag standard [8]. An interrogator commands tags to load a 
random number into their slot counter, which is a part of the non-
volatile internal memory, and to decrement the value of the slot 
                                                               

Manuscript received May 16, 2007; revised Feb. 26, 2008. 
This research was financially supported by Hansung University, Rep. of Korea. 
Sung Youl Oh (email: sungoh1001@gmail.com), Sung Hwan Jung (phone: + 82 2 880 

7170, email: jsh5810@snu.ac.kr), and Chang Hoon Lie (email: chl@cybernet.snu.ac.kr) are 
with the Department of Industrial Engineering, Seoul National University, Seoul, Rep. of Korea. 

Jung Wan Hong (email: jwhong@hansung.ac.kr) is with the Department of Industrial 
Engineering, Hansung University, Seoul, Rep. of Korea. Korea. 

counter until it reaches zero, at which time, the tag replies. 
The performance of a framed ALOHA system depends on the 

accuracy of estimating the unknown number of tags based on 
feedback from the reader and choosing the corresponding frame 
size. For passive RFID systems, [2] proposed a Markovian 
estimation scheme excluding the capture effect in a static 
environment, where the reader and the tags are fixed, whereas [3] 
suggested a Bayesian estimation approach. Both schemes gave 
good results under non-capture or perfect capture environments. 

The capture effect refers to the successful receipt of a tag 
reply despite the presence of other tag replies transmitted 
simultaneously. A great deal of research has dealt with the 
capture effect, for example, considering fading models [4], [5] 
or delay capture [6]. In passive RFID systems, [3] proved the 
reliable existence of the capture effect even in a static 
environment. The capture effect would be more convincing in 
non-static cases of traveling tags or movable handheld readers. 
Although throughput improves with capture, the number of 
unknown tags tends to be underestimated. This results in 
improper frame size, which deteriorates the performance of the 
identification procedure. 

In this paper, accommodating a general capture model, we 
present two probabilistic methods for estimating the unknown 
number of tags and the optimal frame size condition to 
maximize system throughput. We also compare performance 
results under delay capture relevant to passive RFID systems. 

II. System Model 

A capture probability of Q(i) is specified, with which the 
reader will be captured by one of the tags whenever i tags 
transmit in a single slot. Then, Q(i) only depends on the 
number of tags involved in a collision and strictly decreases as i 
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increases as shown in [4]-[6]. 
Let (e, s, g) denote the number of empty, successful, and 

garbled slots in a single frame with L slots and T tags. The state 
of the system is defined in a given frame as 

( (1), (2), , ( ))n n n n T= L , where n(i) represents the number of 
slots in each of which exactly i tags transmit. Let mn(i) be the 
number of slots which successfully decode the signal by the 
capture effect when n(i) is given. Then, mn(i) is characterized 
by a binomial distribution denoted by B(n(i), Q(i)). Now, let 

( (1), (2), , ( ))nm n n nm m m T= L  be the vector representing 
the realization of the number of slots which succeed in their 
transmission considering the capture effect. There can be many 
possible realizations, mn corresponding to one n, and the 
following relationships are satisfied: 
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III. Estimation of Unknown Number of Tags 

1. Maximum Likelihood Estimation (MLE) 

The likelihood function (LF) of the unknown number of tags 
T under fixed frame size L=e+s+g is 

 LF( ; , , ) Pr( , , | ) Pr( , | ).T e s g e s g T s g T= =        (2) 
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of possible states when (e, s, g) is determined after the completion 
of one frame. 
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represents the set of all possible vectors of mn corresponding to 
a given n . Then, (2) can be rewritten as 
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Here, Pr( | )n T  given in (14) of [7] and Pr( | , )nm n T  can 
be given as 
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Finally, the estimated number of tags T*, which maximizes the 
likelihood function, can be obtained as 

 * argmax LF( ; , , ).TT T e s g=           (6) 

2. Approximate Estimation (AE) 

While the maximum likelihood estimation (MLE) method 

accurately estimates the unknown number of tags, the 
computational burden increases dramatically as T increases [7]. 
Therefore, an approximate estimation (AE) algorithm is 
proposed which can be easily incorporated into the existing tag 
identification schemes. 

Let U be the number of tags that are not counted in the 
estimation, since they participated in successful slots where 
capture effects occurred. Then, the expectation of U given T 
and L can be calculated as 
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The proposed AE algorithm is given as follows: 
Step 1. Get (e, s, g). 
Step 2. Estimate T(0) using estimation method without capture: 

(1) (0) (0)[ | , ]T T E U T L← + . 

Step 3. Adjust: (e, s, g): 
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Step 4. Estimate T* using adjusted (e, s, g) and estimation 
method without capture. 

After obtaining (e, s, g) from the reader, first estimate T(0) 
without considering the capture, and add the expected 
uncounted number of tags. Then, adjust (e, s, g) considering the 
estimated number of successful slots due to the capture effect. 
Estimation methods such as those in [2] or [3] can be adopted 
for estimation without capture. 

IV. Optimal Frame Size under Capture Effect 

In a capture environment, the expected throughput (measured 
in tags correctly received per slot) of one frame can be defined as 
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where T can be estimated by MLE or AE methods, and E[n(i)] 
is given by [10]. The optimal frame size can be obtained by 
finding the value of L that maximizes the expected throughput 
[11]. Under a specific capture environment, a matching table 
between the estimated number of tags and the optimal frame 
size suffices to control the system; hence, a practitioner does 
not need to calculate the optimal frame size in an online 
fashion. Moreover, since L is a natural number less than or 
equal to T, the optimal frame size can be calculated even by 
enumeration in the range of [1, T]. 
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V. Numerical Example 

The proposed schemes are evaluated using simulations for a 
fixed number of tags, while varying the frame size. We adopt 
the method of [3] as the estimation scheme without capture in 
the AE algorithm and the delay capture model under the 
frequency hopping spread spectrum [6]. The capture 
probability is determined by 

 ( ) ( 2).iQ i q i= ≥               (10) 

Since transmission errors are not considered, Q(1)=1 and the 
parameter q can be determined by the physical time frame 
structure given a specific RFID system. Applying (10) to (9), 
the expected throughput reduces to 
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In Fig. 1, E[Th] is shown with q=0.5. The two proposed 
schemes provide dependable estimates in all ranges of the 
traffic, while the estimation methods that do not consider 
 

 

Fig. 1. Estimation accuracy with capture (q=0.5). 
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Fig. 2. Throughput improvement considering capture. 
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capture show a tendency for substantial underestimation in 
high traffic cases (L=T/4 or L=T/2). 

Figure 2 shows the expected throughput difference between 
cases in which the capture effect is either considered or not 
considered. In systems without capture, the optimal frame size 
is L, but with capture, it varies according to the capture 
environments. For example, the expected throughput improves 
by 14.4% at q=0.9 using the optimal frame size with capture. 

VI. Conclusion 

Considering the capture effect, two schemes to estimate the 
number of tags have been presented, as well as an optimal 
frame size condition which maximizes the throughput for the 
framed ALOHA-based RFID system. The two proposed 
methods can be incorporated into the existing estimation 
methods that have been developed for systems without capture. 
In any capture environment where the capture probability is 
determined by the number tags involved in a collision, the 
proposed methods, which consider capture, can make the 
identification procedure more efficient by providing a better 
estimate of the number of tags and by choosing a frame size 
which maximizes the expected throughput. 

References 

[1] L. Kleinrock and S.S. Lam, “Packet Switching in a Multi-access 
Broadcast Channel: Performance Evaluation,” IEEE Trans. 
Comm., vol. COM-23, no. 4, Apr. 1975. pp. 410-423. 

[2] H. Vogt, “Efficient Object Identification with Passive RFID 
Tags,” Proc. Pervasive, 2002, pp. 98-113. 

[3] C. Floerkemeier, “Transmission Control Scheme for Fast RFID 
Object Identification,” IEEE PerCom, 2006, pp. 457-462.  

[4] J.C. Arnbak, “Capacity of Slotted ALOHA in Rayleigh-Fading 
Channels,” IEEE J. Select. Areas Comm., vol. SAC-5, Feb. 1987, 
pp. 261-269. 

[5] J. Sanchez and D.R. Smith, “Capture Effect in Rician Fading 
Channels with Application to Slotted ALOHA,” IEEE Globecom, 
1999, pp. 2390-2394. 

[6] D. Davis and Gronemeyer, S., “Performance of Slotted ALOHA 
Random Access with Delay Capture and Randomized Time of 
Arrival,” IEEE Trans. Comm., vol. 28, no. 5, 1980, pp. 703-710.  

[7] J.E. Wieselthier, A. Ephremides, and L.A. Michaels, “An Exact 
Analysis and Performance Evaluation of Framed ALOHA with 
Capture,” IEEE Trans. Comm., vol. 37, no. 2, 1989, pp. 125-137.  

[8] ISO/IEC 18000-6, Radio Frequency Identification for Item 
Management, Part 6: Parameter for Air Interference 
Communications at 860 MHz to 960 MHz, ISO, 2003. 



<<
  /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


