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Abstract: In this paper, we propose a simple analysis
model for the transport delay of the negative acknowledg-
ment (NAK)-based selective repeat automatic repeat request
(SR-ARQ). We define the transport delay as the time from
a packet’s first transmission until its successful arrival at the
receiver. By analyzing the transport delay, we can evaluate
the efficiency of SR-ARQ’s loss recovery procedures as well
as its delay performance. Particularly, the model considers
the traffic condition and a finite retransmission persistence of
SR-ARQ as well as the packet loss rate over a wireless link.
Finally, the analysis model’s accuracy is verified by the sim-
ulation results.

1. Introduction

It has been shown that retransmissions by selective repeat
automatic repeat request (SR-ARQ) introduce variable and,
sometimes, very high packet delays that may degrade the per-
formance of higher layer protocols [1], [2]. According to [1],
transmission control protocol (TCP) may suffer performance
degradation due to interaction problems and spurious time-
outs caused by high packet delay variations.

The problem with the high packet delay variations may be-
come severer with a negative acknowledgement (NAK)-based
SR-ARQ protocol such as radio link protocol (RLP) [6]. If a
retransmitted packet is lost again, the receiver cannot detect
it until a retransmission timer is expired. It is referred to as
retransmission timeout (RTO). Typically, RTO value, trto, is
longer than a round-trip time (RTT), trtt, so that RTOs due
to the retransmission failures may increase the overall packet
transmission delay of the NAK-based SR-ARQ protocol [3]-
[5]. In this paper, we evaluate the performance of the NAK-
based SR-ARQ through numerical analysis and simulation re-
sults about the transport delay. The proposed analysis model
derives the mean transport delay by considering the traffic
condition and a finite retransmission persistence as well as
packet losses over a wireless link.

2. The NAK-based SR-ARQ Protocol

We consider a SR-ARQ protocol with the following features.
Every packet has a unique sequence number in the SR-ARQ
protocol. The transmitter sends packets consisting of payload
and header according to their sequence number. A copy of
each transmitted packet is temporarily kept in a buffer for re-
transmissions. If packet losses are detected based on the out-
come of the error detection procedure or the check on packet
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sequence number, the receiver side sends a NAK message re-
questing retransmissions of lost packets to the transmitter im-
mediately. If a NAK message arrives, the transmitter decides
whether it will permit retransmission for the packet or not,
according to the retransmission persistence. The retransmis-
sion persistence is defined as the willingness of the protocol
to retransmit lost packet to ensure reliable delivery of traffic
across the link [1]. The SR-ARQ protocol supports in-order
packet delivery for higher layer protocols. To do this, even
though some packets successfully arrive at the receiver side,
the SR-ARQ protocol does not forward the arriving packets to
the higher layer if there are missing packets that were not re-
covered. The receiver side uses a resequencing queue to keep
the out-of-order packets in the SR-ARQ protocol[2], [5].

When the receiver side sends a NAK message to the trans-
mitter, it starts a timer, generally called NAK timer, to detect
a retransmission failure. If a requested packet do not arrive
until the NAK timer expires, the receiver side conclude that
the retransmitted packet corresponding to the NAK timer is
lost again. A retransmission for a corrupted packet is always
prior to a transmission for new packets on a non-preemptive
basis. Therefore, the transmitter cannot send a new packet
until all the retransmissions are completed. In real communi-
cation system, various kinds of retransmission schemes exist
and each scheme may perform differently, but we will only
consider the SR-ARQ protocol that retransmit a packet once
per a NAK message [5].

3. Analysis Model for the Transport Delay

In this section, we introduce a simple analysis model for the
transport delay of the NAK-based SR-ARQ protocol. The
transport delay is defined as the time from a packet’s first
transmission until its successful arrival at the receiver [2]. By
analyzing the transport delay, we can evaluate the efficiency
of a SR-ARQ’s loss recovery procedure as well as its delay
performance.

To get a simple closed-form equation for the mean trans-
port delay of the NAK-based SR-ARQ protocol, we assume
that

• The time is slotted and the slot time is fixed as s seconds
and corresponds to a single packet transmission.
• The transmitter serves new arrival packets on an FCFS
(First Come First Serve) basis.
• A retransmission is always prior to a transmission of a new
packet.
• Packet losses on a wireless link occur following the
Bernoulli process with the probability p.
• Feedback messages are error free.
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Figure 1. Delay components consisting the transport delay of
SR-ARQ

• On receiving a NAK message, the transmitter immediately
retransmits a requested packet.
• The one-way delay is 1/2trtt.
• SR-ARQ has a finite retransmission persistence. The re-
transmission persistence is defined as the maximum number
of retransmission attempts (r).

As shown in figure 1, the transport delay, t, in the NAK-
based SR-ARQ protocol is composed to loss detection times
and the packet transmission delay. Let n denote the number
of transmission attempts for a successful packet delivery. Ac-
cording to n, the transport delay is expressed like this.

t =
n∑

k=1

tk (1)

where tk denotes the time taken by the kth transmission for a
packet, and is given by

tk =

⎧⎨
⎩

1
2 trtt , k = 1
dnew + trtt , k = 2
drtx + trtt , k = 3, . . . , r + 1

(2)

where dnew and drtx denote the loss detection time for an
original packet and a retransmitted packet, respectively. As-
suming independent packet losses following the Bernoulli
process, n is the random variable that has the following dis-
tribution.

P (n = k) =
{

(1 − p)pk−1 , 1 ≤ k ≤ r
pr , k = r + 1 (3)

The mean transport delay, E[t], is derived as follows.

E[t] = E[E[t|n]] (4)
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Figure 2. Network queuing model for SR-ARQ

where E[t|n] = E[
∑n

k=1 tk]. If we assume that t3, t4, ...,
and tr+1 are identical, then all of them can be replaced by
trtx, and E[t] is expressed like this.

E[t] = E[t1] + E[t2]p + E[trtx](
p2 − pr+1

1 − p
) (5)

where

E[t1] =
1
2
trtt

E[t2] = trtt + E[dnew]
E[trtx] = trtt + E[drtx]

Here, E[dnew] and E[drtx] denote the mean value of dnew

and drtx, respectively.
Now, to get the mean transport delay, we should derive

the unknown terms in Equ. (8). dnew is defined as the time
that taken by SR-ARQ receiver to detect it when a packet loss
occurs. The NAK-based SR-ARQ receiver detects an original
packet loss by receiving a following original packet without
an error, as shown in figure 1. Assuming that packet losses
occur independently, dnew has the geometric distribution as
follows.

P (dnew = i · s) = α(1 − α)i−1, i = 1, 2, 3, ... (6)

where α denotes the probability that there are one or more
packets to transmit by the transmitter, and a given transmis-
sion is for an original packet not in error. Let be c and crtx

the total number of packets in the SR-ARQ transmitter and
the number of packets in the retransmission queue of the SR-
ARQ transmitter, respectively. Recalling the assumption that
a retransmission is always prior to a new packet transmission,
α is calculated like this.

α = P (c > 0 and crtx = 0) · (1 − p) (7)

The SR-ARQ transmitter is modeled by the network queu-
ing model, as shown in figure 2. Let λ, λnew and λrtx denote
the total packet arrival rate, the new packet arrival rate, and
the arrival rate of retransmitted packets, respectively. By the
Jackson’s theorem [7], λ = λnew + λrtx, and the arrival rate
of retransmitted packets is given by

λrtx = λpP (n ≤ r) (8)
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where P (n ≤ r) =
∑r

n=1(1−p)pn−1, recalling the assump-
tion of random and independent packet losses. Then, the total
packet arrival rate becomes

λ = λnew + λrtx =
λnew

1 − p + pr+1
(9)

By the general queuing theory, P (c > 0) is equal to the
probability that the server is busy, which is also defined as the
traffic load (ρ = λ/μ). Therefore, form (17), P (c > 0) is
given by

P (c > 0) = ρ =
λnew

(1 − p + pr+1)μ
(10)

Also, because a retransmission is always prior to a new
packet transmission and we can separate the retransmission
queue from the queuing model of SR-ARQ, P (crtx = 0) is
calculated as follows.

P (crtx = 0) = 1 − ρrtx = 1 − (p − pr+1)λnew

(1 − p + pr+1)μ
(11)

where ρrtx = λrtx/μ. Consequently, if we assume that λnew

and p are given, E[dnew] is expressed with all known values
as follows.

E[dnew] =
(1 − p + pr+1)2

s(1 − p)(p − pr+1)λ2
new

(12)

drtx is defined as the time from a retransmission failure to
detecting it at the receiver, and E[drtx] = trto − trtt because
a retransmission loss can be detected by only the NAK timer’s
expiration.

4. Results and Discussion
The mean transport delay statistics for the NAK-based SR-
ARQ protocol have been computed according to the above
analysis model for various values of the packet loss rate (PLR)
and the retransmission persistence. To test the accuracy, we
performed simulations using the OPNET simulator [8]. For
simulations, a NAK-based SR-ARQ protocol is implemented.
The implementation includes three parts, a NAK-based SR-
ARQ transmitter, a NAK-based SR-ARQ receiver, and a wire-
less link connecting the transmitter and receiver. The simula-
tion parameters are summarized in Table I.

Figure 3 shows the mean transport delay, obtained by the
analysis model, as a function of PLR in the heavy traffic load
condition assuming the Poisson packet arrivals. The overall
results show that every line of the transport delay increases
as PLR increases. Another general observation is that larger
values of r produce longer transport delays. A high value of
PLR introduces a large number of retransmission failures that
correspond to a large number of RTOs. On the other hand, the
SR-ARQ protocol can limit the increase of the transport delay
with a high PLR by using a low retransmission persistence.
Figure 4 shows the effect of the retransmission persistence
on the mean transport delay. When the PLR is low (0.1), the
SR-ARQ protocol shows low transport delay regardless of the
retransmission persistence. In case of high PLR (0.25), as the

Table 1. Simulation Parameters

parameter value
λnew 10 ∼ 80 (packets per sec)
service rate of SR-ARQ 200 (packets per sec)
packet size of SR-ARQ 300 bytes
retransmission persistence (r) 1 ∼ 10
the transmission queue size infinity
the retransmission queue size infinity
NAK timer value 200 msec
round-trip time (RTT) 50 msec
packet loss rate 0.01 ∼ 0.25
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Figure 3. The mean transport delay as a function of p, for
heavy traffic load (ρnew = 0.7)
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Figure 4. The mean transport delay as a function of r, for
heavy traffic load (ρnew = 0.7)
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Figure 5. The mean transport delay as a function of traffic
load; retransmission persistence = 10

SR-ARQ protocol allows more retransmissions, the transport
delay also increases. However, when the retransmission per-
sistence adopted by the SR-ARQ protocol is more than 4, we
can confirm that the effect of the retransmission persistence
on the transport is not much. The reason is that most packet
losses are recovered until the number of retransmission at-
tempts reaches the maximum number of retransmissions al-
lowed by the SR-ARQ protocol.

Figure. 5. shows the effect of the traffic on the mean trans-
port delay. When the traffic amount is large, the SR-ARQ
protocol is able to detect a packet loss more quickly rather
than when the traffic amount is small. If a packet is lost in
transit, the receiver side of the SR-ARQ protocol can detect it
only after receiving the following packet that is successfully
delivered with no error by making a check on the sequence
number. Therefore, as the transmitter sends more new pack-
ets, the receiver side has more opportunity to detect a packet
loss. After all, as the traffic amount increases, the mean trans-
port delay decreases. In case of RLP [6], the effect of the
traffic on the SR-ARQ performance is minimized by using an
idle control message. When there is no packet to be sent, the
RLP transmitter sends an idle message to the RLP receiver
with a sequence number of the following packet to be sent.
By receiving the idle message, the RLP receiver can detect a
packet loss with a check on the sequence number.

5. Conclusion

In this paper, we have introduced a simple analytical model
for the mean transport delay of the NAK-based SR-ARQ pro-
tocol. Our analysis model showed the effects of the retrans-
mission persistence and the traffic load on the transport delay,
which can be also used to evaluate the loss recovery proce-
dure of SR-ARQ. The simulation results have showed a good
agreement with the analytical predictions. We expect that var-
ious retransmission schemes can be evaluated and compared
by using the proposed analysis model.

References

[1] G. Fairhurst and L. Wood, “Advice to Link Designers on
Link Automatic Repeat reQuest (ARQ),” RFC 3366, Aug.
2000.

[2] W. Luo, K. Balachandran, S. Nanda, and K. K. Chang,
“Delay Analysis of Selective-Repeat ARQ with Applica-
tions to Link Adaptation in Wireless Packet Data Systems,”
IEEE Trans. Wireless Comm., vol. 4, no. 3, May 2005.

[3] J. M. Harris and M. Airy, “Analytical Model for Radio
Link Protocol for IS-95 CDMA Systems,” In Proc. Vehic-
ular Technology Conference, vol. 3, pp. 15-18, May 2000.

[4] W. S. Jeon and D. G. Jeong, “Improved Selective Repeat
ARQ Scheme for Mobile Multimedia Communications,”
IEEE Comm. Letters, vol. 4, no. 2, Feb. 2000.

[5] Jechan Han, Beomjun Kim, Dongmin Kim, and Jaiy-
ong Lee, ”Reverse acknowledgment (RA) scheme: Fast
detection of retransmission failures for SR-ARQ,” IEEE
Commun. Lett., vol. 10, no .10, pp. 728-730, Oct. 2006.

[6] 3GPP2 C.S0017-010-A, ”Data Service Options for
Spread Spectrum Systems: Radio Link Protocol Type 3,”
version 2.0, Sep. 2005.

[7] L. Kleinrock, Queuing Systems, volume I: Theory, John
Wiley & Sons, New York, 1975.

[8] http://www.opnet.com/products/opnet-products

1712



<<
  /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 1.4
  /CompressObjects /Off
  /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 true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /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 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /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 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /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 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /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.)
    /JPN <>
  >>
  /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 [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


