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Abstract. Several works investigate the end-to-end performance of TCP over SR-ARQ in
wireless links, some analytically but mostly by simulations. To the best of our knowledge,
no work studied analytically the case of correlated errors in the air interface and is the
main contribution of the present work. Our results show that SR-ARQ impacts TCP
mostly by introducing a significant delay component due to link layer retransmssions.
This delay component results mainly in spurious timeouts, especially as the degree of
correlation of error gets larger. Its contribution to spurious triple duplicates is however
not significant.
Keywords: End-to-end reliability, TCP performance, SR-ARQ.

1 Introduction

TCP has been designed to use TCP segment loss as the indication signal of network
congestion. This design assumes however almost no error on physical links which is not
true for the case of wireless links.

Lower-level wireless network protocols provide a number of error control methods, such
as FEC (Forward Error Correction) and ARQ (Automatic Repeat reQuest), to improve
communication reliability. ARQ comes in three flavors: Stop and Wait, wherein an ARQ
frame is only transmitted when the previous frame has been correctly ACKed, GO Back N
where a sliding window mechanism enables the sending of N frames without receiving an
ACK, it does not accept however out-of-sequence correct ARQ frames, Selective Repeat
only retransmits corrupted frames resulting in an out-of-order delivery of link layer frames.

Several works describing TCP behavior over wireless channels have been carried out in
litterature. Some of these works analytically investigated TCP performance in presence of
ARQ [1][2], but mostly by simulations [3][4][5][6]. In [2] TCP has been modeled in an end-
to-end path where both a wired and a wireless mobile sections of the network are present,
where the mobile portion of the network relies on Go Back N ARQ to retransmit corrupted
frames. Go Back N causes unnecessary retransmissions of some uncorrupted frames, while
SR-ARQ is an efficient ARQ scheme that avoids wasting resources. [1] studied TCP per-
formance over a wireless link implementing hybrid FEC/SR-ARQ and showing Bernoulli
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errors. We believe that most errors on wireless channels occur in a correlated manner [7]
which essentially reflects the behavior of slow and fast fading channels.

In this work, we analytically study the end-to-end performance of TCP over wireless
links in which SR-ARQ is used to recover corrupted ARQ frames. In doing so, it introduces
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Fig. 1. TCP and ARQ loops.

an extra delay component which will not be agressively perceived by TCP or may trigger
spurious timeouts or triple duplicate ACKs that would have not happened otherwise.

Our methodology is general in the sense that it holds for all error patterns, both
independant and correlated. The former shall mainly be the case of fast fading channels
where error is frequent but not severe. The latter is much more critical and is typical of
slow fading channels where error is correlated over successive frames and tend to last for a
quite long time. It is in fact even more general in that it also holds for other impairements
that may take place in the wireless and mobile network such as loss due to congestion on
the air interface or loss due to sudden capacity changes in the case of handover.

2 SR-ARQ

Let RTTARQ denote the round trip propagation time between transmitting a frame and
receiving corresponding ACK and let DARQ denote the transmission time of a frame on

the wireless channel. For Cwireless denoting the wireless capacity, we have DARQ =
LARQ

Cwireless
,

where LARQ is the length of an ARQ frame. When a target TCP packet arrives to the
RLC layer, it is segmented into Nf ARQ frames. Renewal theory is generally used to
model ARQ retransmission strategies and related statistics [8]. In what follows, we build
a new model that aims to compute the transmission delay of a target TCP packet over
the wireless part governed by SR-ARQ.

Let Z(t) = (n, S, aN−1, ., a1, a0) be a discrete time random process described as follows:

– n is the number of ARQ frames belonging to our target TCP packet and have not
been transmitted yet on the wireless channel. n is an integer ranging between 0 and
Nf , the number of frames corresponding to one TCP packet.

– S is the channel state at time t − N + 1, either good or bad.
– A(t) = (aN−1, ., a1, a0) is a state vector that keeps track of the frames in transition

within slots on the wireless channel at time slot t. Each entry takes value 1 when a
given frame in a given time slot belongs to our target TCP packet, new or in error,
and is 0 otherwise. In doing so, all slots containing frames of our target TCP packet
are indexed 1 while transitting in their time slots, possibly retransitting due to errors.
These slots are indexed 0 when corresponding to transmission of ARQ frames not
belonging to our target TCP packet.

Proposition 1. Z(t) is a discrete time Markov chain.
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Proof. As stated above, Z(t) describes the state of N slots busy sending or resending N
ARQ frames belonging to TCP packets including the target one. It also gives the number
n of frames belonging to target TCP packet not sent yet, as well as the state of the channel
at a given time.

In order to decide whether a new frame belonging to target TCP packet can be trans-
mitted on the wireless channel at (slotted) time t + 1 (and hence the next transition;
n > 0), given the state vector Z(t) at time t, the ARQ sender must know if the slot is free
or not. It is free if the frame sent at time (t + 1) − N has been received correctly which
is the case if the state of the channel at time t + 1−N given by St is good, and in which
case nt+1 := nt − 1 if nt > 0; it is busy retransmitting that frame otherwise in which case
n remains the same (nt+1 := nt).

The label of the frame transmitted at time t + 1 ((a0)t+1) depends both on the label
of the frame transmitted at time t + 1 − N , i.e. St, and on nt. This label is set according
to the following rule:

– If the channel state at time t + 1 − N is bad (St = Bad) then the action at time
t + 1 is a simple retransmission of this frame, and the same label is assigned to the
transmitted frame ((a0)t+1 := (aN−1)t).

– If the channel state at time t + 1 − N is good, a new frame is to be transmitted, and
two cases arise:
• nt > 0, i.e., there are still frames belonging to our target TCP packet waiting to be

transmitted and the new transmitted frame in slot t+1 is indexed 1 ((a0)t+1 := 1).
• nt = 0, i.e., all frames of our target TCP packet have already been transmitted

on the wireless channel (some correctly received, others being retransmitted for
instance). In this case, the newly introduced frame does not belong to our target
TCP packet but to a subsequent one and so is labeled 0 ((a0)t+1 := 0).

All remaining slots take their labels by simply shifting elements of the A(t) vector
(i.e.(ai)t+1 := (ai−1)t for all i = 1, ..., N − 1). Transition between channel states are
governed by a two state Markovian chain [8] that is given later in this section.

This implies that the transition to the next state is fully determined by the present state,
and hence the new Markovian chain of our model.

Proposition 2. The initial state is of Z(0) is (Nf , G, 0, 0, ..., 0).

Proof. When the first frame of our target TCP packet is to be transmitted on the wireless
channel, the channel state is necessarily good at time N − 1.

Proposition 3. The transmission of all frames of target TCP packet is completed when
n = 0 and all labels are set to zero i.e. the final states are (0, G, 0, ...0) and (0, B, 0, ...0).

Proof. Since n = 0, all frames belonging to the target TCP packet have been transmitted
at least once on the wireless channel. Labels are used to differentiate frames belonging to
our target TCP packet from other ones: they are set to 1 as target frames are transmitted
and/or retransmitted and to 0 when refering to frames of other TCP packets. Since all
slots in the ARQ window are labeled 0, we conclude that no frame belonging to our target
TCP packet is still transitting on the wireless channel.
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Proposition 4. The transition probabilities between different states of Z(t) are given by:

– n > 0
P [Z(t + 1) = (n − 1, G, aN−2, ..., a0, 1)/Z(t) = (n, G, aN−1, ..., a1, a0)] = pGG

P [Z(t + 1) = (n − 1, B, aN−2, ..., a0, 1)/Z(t) = (n, G, aN−1, ., a1, a0)] = pGB

P [Z(t + 1) = (n, G, aN−2, ., a0, aN−1)/Z(t) = (n, B, aN−1, ., a1, a0)] = pBG

P [Z(t + 1) = (n, B, aN−2, ., a0, aN−1)/Z(t) = (n, B, aN−1, ., a1, a0)] = pBB

– n = 0
P [Z(t + 1) = (0, G, aN−2, ., a0, 0)/Z(t) = (0, G, aN−1, ., a1, a0)] = pGG

P [Z(t + 1) = (0, B, aN−2, ., a0, 0)/Z(t) = (0, G, aN−1, ., a1, a0)] = pGB

P [Z(t + 1) = (0, G, aN−2, ., a0, aN−1)/Z(t) = (0, B, aN−1, ., a1, a0)] = pBG

P [Z(t + 1) = (0, B, aN−2, ., a0, aN−1)/Z(t) = (0, B, aN−1, ., a1, a0)] = pBB

where probabilities pGG, pGB, pBG and pBB come from the first order Markov model for

error on the wireless channel with transition matrix [8] M =

[

pGG pGB

pBG pBB

]

where B refers to

the bad state and G to the good state.

3 TCP over SR-ARQ modeling

3.1 Extra delay component of SR-ARQ

The Markov chain Z(t) starts at state (Nf , G, 0, ..., 0, 0) . Let ei be a row vector with all
zeros except a single one in position corresponding to this initial state. Similarly, let ef

be a column vector with all zeros except two ones in the positions relative to the final
two states. For T the transition matrix corresponding to our Markov chain Z(t) whose
probabilities are given above, the cumulative distribution function of the delay component
D, corresponding to the transmission time of a target TCP packet, is given by

P [D � k] = eiT
kef , k = 1, 2, ... (1)

3.2 Impact of SR-ARQ over TCP

SR-ARQ extra delay component shall be added to end-to-end TCP round trip time (RTT).
This TCP RTT is composed by the transmission time of the TCP packet on the wireless
channel and its propagation delay both on wired and wireless portions. Taking averages

RTTTCP = E[D] + RTTwire + RTTwireless (2)

where

E[D] =
∞
∑

k=nmin

kP [D = k] =
∞
∑

k=nmin

k(eiT
kef − eiT

k−1ef ). (3)

If the retransmissions are limited to a maximal number nmax, the expected value of
the additional delay component can be expressed as follows

E[D] =
nmax
∑

k=nmin

kP [D = k] =
nmax
∑

k=nmin

k(eiT
kef − eiT

k−1ef ). (4)

In fact, even if this bound has not been specified, the delay is bounded because the
number of retransmissions in real is finite. Moreover, our results had shown that proba-
bility of high delays is practically zero.
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This additional delay component may result in one of three possibilities: It may be
not very large in which case SR-ARQ remains silent under TCP, and merely adds delay.
It might take an excessive value for one TCP packet compared to subsequent ones and
hence trigger a spurious triple duplicate ACK event. It might be really large and trigger
a timeout. We will now quantify the probability of each of these events.

Spurious Triple Duplicate ACK A spurious TD is a TD that wouldn’t occur if no
link layer retransmission mechanisms exist. This occurs when the RTT variation on the
forward path causes a reordering of packets that exceeds the default threshold (typically
the time to a triple duplicate ACK event to happen). The effect of a spurious TD is less
violent than a spurious TO in the sense that a spurious TD only causes the congestion
window to be reduced to half its value but TCP doesn’t enter the slow start phase.We
now quantify the probability of such spurious event.

For the new discrete random process X(t)=(n, S, aN−1, ..., a1, a0), and contrary to Z(t),

– n refers to frames of several target TCP packets that shall contribute to the TD
(typically 4 packets). It is an integer ranging between 0 and 4 ∗ Nf where Nf is, as
previously stated, the number of frames corresponding to one TCP packet.

– A(t) = (an−1, ., a1, a0) is a state vector that keeps track of the target frames in tran-
sition on the wireless channel. Each entry may take one of three values: 0 when the
frame does not belong to the group of 4 target TCP packets, 1 when it belongs to the
first packet of the 4, and 2 when it belongs to one of the subsequent 3 packets.

By comparison to Z(t), X(t) forms a Markov chain that contains a larger number
of states as it refers to 4 packets instead of just one. Morover, as we are interested in
determining a TD event over those 4 TCP packets, the transition probabilities of X(t)
shall be multiplied by a tagging variable y that counts the number of successes of frames
belonging to the 3 subsequent TCP packets. The transition probabilities corresponding
to our new Markov chain X(t) are given by:

– 3 ∗ Nf < n ≤ 4 ∗ Nf

P [X(t + 1) = (n − 1, G, aN−2, ., a0, 1)/X(t) = (n, G, aN−1, ., a1, a0)] = pGG

P [X(t + 1) = (n − 1, B, aN−2, ., a0, 1)/X(t) = (n, G, aN−1, ., a1, a0)] = pGB

P [X(t + 1) = (n, G, aN−2, ., a0, aN−1)/X(t) = (n, B, aN−1, ., a1, a0)] = pBG

P [X(t + 1) = (n, B, aN−2, ., a0, aN−1)/X(t) = (n, B, aN−1, ., a1, a0)] = pBB .
– 0 < n ≤ 3 ∗ Nf

P [X(t + 1) = (n − 1, G, aN−2, ., a0, 2)/X(t) = (n, G, aN−1, ., a1, a0)] = pGG if aN−1 6= 2
P [X(t + 1) = (n − 1, G, aN−2, ., a0, 2)/X(t) = (n, G, aN−1, ., a1, a0)] = ypGG if aN−1 = 2
P [X(t + 1) = (n − 1, B, aN−2, ., a0, 2)/X(t) = (n, G, aN−1, ., a1, a0)] = pGB if aN−1 6= 2
P [X(t + 1) = (n − 1, B, aN−2, ., a0, 2)/X(t) = (n, G, aN−1, ., a1, a0)] = ypGB if aN−1 = 2
P [X(t + 1) = (n, G, aN−2, ., a0, aN−1)/X(t) = (n, B, aN−1, ., a1, a0)] = pBG

P [X(t + 1) = (n, B, aN−2, ., a0, aN−1)/X(t) = (n, B, aN−1, ., a1, a0)] = pBB .
– n = 0

P [X(t + 1) = (0, G, aN−2, ., a0, 0)/X(t) = (0, G, aN−1, ., a1, a0)] = pGG if aN−1 6= 2
P [X(t + 1) = (0, G, aN−2, ., a0, 0)/X(t) = (0, G, aN−1, ., a1, a0)] = ypGG if aN−1 = 2
P [X(t + 1) = (0, B, aN−2, ., a0, 0)/X(t) = (0, G, aN−1, ., a1, a0)] = pGB if aN−1 6= 2
P [X(t + 1) = (0, G, aN−2, ., a0, 0)/X(t) = (0, G, aN−1, ., a1, a0)] = ypGB if aN−1 = 2
P [X(t + 1) = (0, G, aN−2, ., a0, aN−1)/X(t) = (0, B, aN−1, ., a1, a0)] = pBG

P [X(t + 1) = (0, B, aN−2, ., a0, aN−1)/X(t) = (0, B, aN−1, ., a1, a0)] = pBB .

Using the same formula as in the last subsection, the distribution function of the delay is
a polynomial of the form: p1y

1 +p2y
2 + ...+p3Nf

y3Nf , where the exponents of the y’s refer
to the number of frames belonging to the three subsequent TCP packets which have been
received before the first target TCP packet, and pi’s are the probability of such event.
Specifically, p3Nf

is the probability of a spurious TD, denoted by pSTD hereafter.

627



Spurious Timeout As already explained, a spurious time out occurs if a packet trans-
mission time exceeds the timer value without causing a triple duplicate. For To the timeout
value, the probability of a spurious time out pSTO is:

pSTO = P [D > To]P [No Spurious TD] = (1 − eiT
k
o ef)(1 − pSTD). (5)

Silent In the best case, ARQ retransmissions shall be fast enough so as not to cause any
spurious event. A silent operation of SR-ARQ under TCP occurs then with probability

psilent = 1 − pSTD − pSTO. (6)

4 TCP over SR-ARQ analysis

Building on the model presented in [9] and keeping track of a similar notation, end-to-end
TCP throughput is given by the mean number of transmitted TCP packets E[M ] divided
by the corresponding time duration E[S]. E[M ] is in fact composed of two sets: packets
sent during a TD period of length E[A], denoted by E[Y ], and those sent during a TO
period of length E[Z], denoted by E[R]. Or,

Throughput(p, pARQ) =
E[M ]

E[S]
=

E[Y ] + QtE[R]

E[A] + QtE[Z]
. (7)

where Qt is the probability that a given packet ’loss’ (including misinterpreted large
delays) leads to a timeout phase entry.

4.1 Analysis of TD period

As stated earlier, E[Y ] are sent during a TD period of length E[A] and is given by [9],
E[Y ] = E[α] + E[W ] − 1 where α is the first packet lost in the TD period. Its expected
value is given by

E[α] =
∞
∑

k=1

kP [α = k] =
1

p + pARQ − ppARQ

(8)

reflecting the fact that loss can be due to congestion on the wireline as well as error on the
wireless link and E[W ] is the mean window size at the end of the TD period. Following
the analysis in [9], E[W ] is in this case given by

E[W ] =
b + 2

3b
+

√

8(E[α] − 1)

3b
+ (

2b + 2

3b
)2 (9)

b denoting the number of TCP packets acknowledged by a received ACK, and the expected
duration of a congestion period is E[A] = (2bE[W ] + 1)E[RTTTCP ] where E[RTTTCP ] is
as given by Equation 2.
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4.2 Analysis of TO period

The number of packets transmitted during a TO period E[R] is given by

E[R] =
∞
∑

k=1

kP [R = k] =
1

1 − p − pSTO + ppSTO

. (10)

Denoting s = p + pSTO − ppSTO, and accounting for the fact that packets sent during
a TO period are only subject to wired related losses or spurious timeouts (no possibility
for a spurious triple duplicate), the expected TO duration is given by [9]

E[Z] = To

1 + s + 2s2 + 4s3 + 8s4 + 16s5 + 32s6

1 − s
. (11)

4.3 Probability of timeout

A timeout is due to either a wireline packet loss or a misinterpreted wireless delay. For w
denoting the congestion TCP window size, the probability of this event Qt(w) is given by

Qt(w) = P [TO occurs/loss] = Q(w)
p

p + pARQ − ppARQ

+
pSTO

pARQ

pARQ

p + pARQ − ppARQ

(12)

where

Q(w) =

{

1 if w ≤ 3
∑2

k=0 A(w, k) +
∑w

k=3A(w, k)
∑2

m=0C(k, m) otherwise.
(13)

is the probability that a wired loss causes a timeout as in [9]. In our case, C(n, m) is the
probability that m out of n packets are ACKed in the last round and n − m are either
lost in a correlated manner (due to wireline) or misinterpretedly lost in an independent
manner (due to wireless), or any combination of these. Note that the conjunction of those
two loss models results in the reduction of a wireline TD event as subsequent packets that
may cause it may themselves be lost due to wireless conditions. C(n, m) is given by

C(n, m)=

{

∑n−1
j=m (1 − p)jCm

j (1 − pARQ)mpj−m
ARQp + (1 − p)nCm

n (1 − pARQ)mpn−m
ARQ if m ≤ n − 1

1 − p − pARQ + ppARQ if m = n.
(14)

A(w, k) is the probability that k packets are ACKed in a round of w packets, given
there is a wired-related loss in the round. This probability is given by

A(w, k) =
[(1 − p)(1 − pARQ)]k p

1 − (1 − p)w
. (15)

5 Numerical application

In what follows, the numerical results assume TCP packets have equal length of 1500
Bytes and shall be segmented into 8 ARQ frames. Round trip propagation delays are
equal to 200 ms on the wireline and 100 ms on the wireless link. The SR-ARQ window
size is equal to 6 frames.
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5.1 SR-ARQ extra delay component

Figure 2 shows the cumulative distribution function of the extra delay component in-
troduced by SR-ARQ for three cases, when error is independent, lightly correlated and

heavily correlated with corresponding matrices entries respectively equal to M =

[

0.9 0.1
0.9 0.1

]

,

M =

[

0.94 0.056
0.5 0.5

]

and M =

[

0.98 0.022
0.2 0.8

]

. Note that those entries result in a 10 % frame error

rate for the three cases [10].
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Fig. 2. Cumulative distribution function of SR-ARQ delay.

5.2 Impact of SR-ARQ on TCP mechanisms

The exact calculation of the probability of a spurious TD given above requires manipu-
lation of huge matrices due to the monitoring of four packets and corresponding frames
requiring specific numerical techniques and softwares. One simple yet efficient approxi-
mation is to use the delay distribution function of the transmission delay introduced by
SR-ARQ to evaluate the spurious TD. The latter indeed happens when one packet expe-
riences a very large delay, away from the mean (say beyond a threshold L), whereas the
three subsequent ones experience a delay close to the mean.

Let V be a random variable denoting the waiting time of a TCP packet before its
frames are all transmitted for the first time on the wireless channel. Similarly, let U be
a random variable denoting the waiting time of a frame before being sent for the first
time on the wireless channel. U is the time period that separates two good states of the
wireless channel because no frame can access it unless the frame slot corresponding to a
past frame had been freed. The probability distribution function of U is given by:

P [U = k] =

{

pGG if k = 1

pGBp
(k−2)
BB pBG if k ≥ 2.

(16)
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Since V is the waiting time of Nf frames, then V = NfU and its expected value is

E[V ] =
dV

dz
(z)

∣

∣

∣

∣

∣

z=1

= Nf

dU

dz
(z)U(z)Nf−1

∣

∣

∣

∣

∣

z=1

= Nf

(

pGG +
pGB

pBG

(1 + pBG)

)

. (17)

As stated above, L denotes the threshold on the delay beyond which the first packet
of the four is assumed to experience a very large delay. Obviously, L < To. Let D1,...,D4

denote the delay values corresponding to the four target TCP packets. The probability of
a spurious TD is then given by

pSTD = P [D1 > L]
3
∑

k=1

P [kV + Dk ≤ L] (18)

where V is approximated by its mean value E[V ] calculated above.
Our numerical experiments show, for different channel parameters, that the probability

of spurious TD is insignificant. Our results also show that this delay component introduced
by SR-ARQ remains largely silent under TCP, i.e., contributing solely to extra delay. It
also causes spurious time-outs with a probability that varies as a function of the degree of
correlation (Equations 13, 14 and 15) , as shown in Figure 3. These results show that as
the degree of correlation of error increases, and for the same frame error rate, probability
of a TO triggering increases.
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Fig. 3. Spurious TO probability (FER=10 %).

5.3 End-to-end TCP throughput

Figure 4 shows end-to-end TCP throughput for the cases of: i. wired network only, ii.
wired and wireless network with independent error and iii. wired and wireless network
with heavily correlated error. We observe clearly the effect of error and notably correlated
error on TCP end-to-end performance degradation.

6 Conclusion

In this paper, we quantified, through an exact analytical model, the impact of error along
with underlying SR-ARQ on the end-to-end performance of TCP. We showed that SR-
ARQ impacts TCP mostly by introducing a significant delay component due to link layer
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Fig. 4. End-to-end TCP throughput: wired vs wireless (i.i.d and correlated channels).

retransmssions. This delay component results mainly in spurious TOs, especially as the
error’s degree of correlation gets larger. Its contribution to spurious TD is however not
significant.

With respect to end-to-end TCP performance on wireless links, this work tells only
half the story. Indeed, wireless links not only introduce error but they also introduce loss
mainly due to the fact that traffic in the downlink reaches the slow wireless link via high
speed wires. This loss contributes in an even more significant way to the overall TO and
TD events. And even if those packets are buffered at the base station, their queuing delay
shall decrease end-to-end TCP throughput even further. This issue is our main present
concern.
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