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Abstract—A congestion control algorithm for non-TCP
flows such as streaming real-time applications should be
TCP-friendly. In particular, in the wireless networks, TCP-
friendly congestion control algorithm should be based on
differentiation of packet losses due to congestion and wire-
less link error to improve the network utilization. Several
algorithms in the wireless networks have been proposed
to improve the networks performance. However, they do
not consider the bandwidth variation. In particular, the
abrupt increase of the bandwidth can cause network under-
utilization. In this paper, we introduce a new TCP-friendly
congestion control algorithm using the available bandwidth
estimator over the wireless networks. We show that the
proposed algorithm adapts the abrupt bandwidth variation
rapidly, comparing with the existing algorithm. Moreover, the
simulation results show that the proposed algorithm utilizes
the link bandwidth efficiently.

I. INTRODUCTION

The majority of the Internet flows uses Transmission
Control Protocol (TCP)-based protocols such as HyperText
Transfer Protocol (HTTP), Simple Mail Transfer Protocol
(SMTP), and File Transfer Protocol(FTP). However, non-
TCP flows such as streaming real-time applications are
constantly growing [1].

If non-TCP flows do not adjust their transmission rates,
they treat competing TCP-flows in an unfair manner. Since
TCP flows reduce their transmission rates to avoid con-
gestion, non-TCP flows can take the remained bandwidth
from TCP flows. This situation leads to starvation of
TCP traffic. Thus, it is important that new congestion
control algorithm for non-TCP flows has compatible traffic
regulations with TCP flows [2].

In the wireless networks, several congestion control
algorithms such as ARC [3] and RCS [4] for TCP-
friendliness have been proposed. They can avoid the
degradation of the throughput due to the wireless link
error. However, they do not consider the bandwidth vari-
ation over wireless networks. To effectively manage the
limited resources, the additional data rate channel is dy-
namically assigned to users, and to enhance the wireless
link capacity, the bandwidth is also controlled based on
radio condition [5]-[6]. Moreover, in the future, there are
mixtures of heterogeneous wireless access technologies
co-existed such as WLAN and 3G cellular networks. This
will further increase the dramatic variation of bandwidth
and delay [7]. In particular, the abrupt increase of the
bandwidth can cause network underutilization. To improve

the performance of wireless networks with the bandwidth
variation, we propose a new TCP-friendly congestion con-
trol algorithm for a non-TCP flow based on the available
bandwidth estimator and Explicit Congestion Notification
(ECN).

II. CONGESTION CONTROL ALGORITHM

In this paper, we consider the single-hop wireless access
networks. Moreover, since a base station or an access point
is liable to be a bottleneck due to the difference of network
bandwidth between wired and wireless links, we assume
that the outgoing link of the base station is the bottleneck
link, where ECN is implemented. The bandwidth of the
bottleneck link, C, is piecewise constant with jumps where
the duration between two consecutive jumps is larger than
the settling time of the system.

TCP-friendliness means that the throughput of a non-
TCP flow should be approximately the same as that of
a TCP flow under the same conditions of round trip time
(RTT) and packet loss rate [8]. In order to investigate TCP-
friendliness of the proposed algorithm for non-TCP flows,
we assume that each flow has the same RTT, τs. Hence,
we describe our system as a discrete-time model where
the duration of a time slot is determined by τs.

Let w(n) be the window size of a TCP flow and
R(n) be the number of transmitted packets of a non-
TCP flow at time n. Let q(n) be the queue length and
m(n) be the packet marking probability by the ECN
router at time n respectively. The marking probability
m(n) is described by m(n) = maxp

q(n)−minth

maxth−minth
where

maxp is the maximum packet marking probability, and
minth, maxth are the minimum threshold, the maximum
threshold of the queue length respectively [11]. Since
m(n) depends on the queue length, we can also express
the packet marking probability, m(n), as the congestion
level. The queue length can be written as follows :

q(n + 1) = q(n) + Ntw(n) + NrR(n) − C(n)τs (1)

where Nt is the number of TCP flows, Nr is the number
of non-TCP flows, and C(n) is the link bandwidth at time
n.

We use the dynamic model of Additive Increase Multi-
plicative Decrease (AIMD) data rate control on the average
sense to achieve TCP-friendliness. The probability that at
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least one packet among the window size, w(n), is marked
can be described by 1 − (1 − m(n))w(n). Since m(n) is
typically small, we show 1−(1−m(n))w(n) � m(n)w(n)
[12]. Then, the window size will increase by 1 packet with
probability 1−m(n)w(n) and be halved with probability
m(n)w(n). Thus, on the average sense, w(n) can be
written as follows:

w(n + 1) =

(
1 − m(n)w(n)

2

)
w(n) + 1 − m(n)w(n) (2)

Hence, in the proposed algorithm, R(n + 1) of a non-
TCP flow should be adjusted with the equation (2) for
TCP-friendliness as follows:

R(n + 1) =

(
1 − m(n)R(n)

2

)
R(n) + 1 − m(n)R(n) (3)

To obtain the level of congestion, m(n), we use a
number of ECN marked acknowledgement (ACK) packets.
Let numAck be the number of arriving ACK packets
during one RTT. A sender of a non-TCP flow counts the
number of ECN marked ACK packets, nume, in numAck.
Then, in the average sense, the overall ratio of nume and
numAck is equal to the probability that the ECN router
randomly marks packets, i.e.,

nume

numAck
=

R(n)m(n)(1 − e(n))
R(n)(1 − e(n))

= m(n) (4)

where e(n) is the stochastic process of the wireless
packet loss probability at time n. The wireless packet
loss probability depends on many factors such as distance
and multipath interference. Hence, by collecting ECN
messages during RTT, we can derive m(n), irrespective
of the wireless packet loss. ARC [3] and TFRC [9]
need explicit information such as the statistics of RTT
and packet loss probability to set the transmission rate.
Moreover, RCS [4] uses the low priority dummy packets
to differentiate between packet losses caused by network
congestion and caused by the wireless link error. Here, the
dummy packet transmission may produce overhead. How-
ever, the proposed algorithm does not need any additional
information and the dummy packets except ECN messages
to differentiate the reason of a packet loss.

Now, we should consider the abrupt variation of the
bandwidth. If the bandwidth increase large, the available
bandwidth of a flow may be much larger than its current
transmission rate. Then, it would be shame to increase
the rate linearly, thereby incurring a long delay to achieve
the full link utilization. On the other hand, in case that
the bandwidth decreases abruptly, congestion collapse can
happen. Thus, to achieve the full link utilization and
to avoid the congestion under the bandwidth variation
rapidly, we estimate the available bandwidth of the bottle-
neck link based on the inter-arriving time of ACK packets
corresponding to each data packet as follows :

ABWi =
Li

ti − ti−1
(5)

where ti is the arriving time of the ith ACK packet and
Li is the packet size of the ith data packet. Note that the

inter-arriving time increases or decreases according to the
bandwidth variation. Thus, sources do not need to know
several parameters such as C(n), Nt, and Nr to estimate
the available bandwidth of the bottleneck link.

Since ABWi fluctuates due to the varying load at the
bottleneck link, we define the average estimated available
bandwidth as follows:

ABW =

numAck∑
i=2

Li

numAck−1

numAck∑
i=2

ti−ti−1
numAck−1

=

numAck∑
i=2

Li

numAck∑
i=2

ti − ti−1

(6)

Let ABW (n) be the value of ABW at time n. Then,
with ABW (n), R(n+1) is adjusted under the bandwidth
variation as follows :

R(n + 1) =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

if 0 ≤ m(n)R(n) < 1,(
1 − m(n)R(n)

2

)
ABW (n)τs + 1 − m(n)R(n)

else
R(n)/2

(7)

Consequently, the transmission rate of a non-TCP flow
every RTT is set by Tr = R(n)

RTT . This algorithm is effective
to achieve the full link utilization rapidly with providing
TCP-friendliness. In section III, we describe ABW (n) as
a discrete-time model and analyze the performance of the
proposed algorithm.

When a connection begins, our proposal is similar to
the slow start phase of TCP congestion control algorithm.
A sender starts at the low transmission rate, 1 packet/RTT,
and it doubles its transmission rate every its RTT. A sender
continues to increase Tr exponentially until it receives
an ECN marked ACK packet. After receiving the ECN
marked ACK packet, the sender halves the transmission
rate and regulates Tr with equation (7).

If no ACK packet arrives during one RTT, we halve the
transmission rate and hold our current transmission rate
until the sender receives an ACK packet. However, if no
ACK packet is received for a certain timeout period, the
sender sets its transmission rate to 1 packet/RTT. Then,
the sender grows the transmission rate exponentially every
its RTT until it receives an ECN marked ACK packet. In
our proposal, ACK packets are used only for congestion
control and no retransmissions are performed due to tight
time constraints of the real-time applications. RTT and
the timeout period are estimated by the same method with
TCP.

III. ASYMPTOTIC STABILITY

In this section, we find the equilibrium point and its
condition for the asymptotic stability. We describe ABW
as a discrete-time model. For the purpose of simplicity,
we assume Li = 1 in (6). Then, according to [10],

ABW (n)τs =
C(n)τsR(n)

Ntw(n) + NrR(n)
(8)

Let γ = C(n)τs

Ntw(n)+NrR(n) . If all flows utilize the link
bandwidth fully and the link bandwidth does not change,
γ = 1 and ABW (n)τs = R(n). Then, the proposed
algorithm follows TCP AIMD data rate control under the
constant bandwidth, i.e., TCP-friendly.
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If the link bandwidth increases large and the queue
length decreases below minth at time n, R(n + 1) ∼=
γR(n) + 1 with γ > 1. That is, our proposal can increase
the transmission rate very fast. On the other hand, if the
link bandwidth decreases abruptly, the value of γ is less
than 1. It is also effective to avoid congestion. As the link
utilization approaches to 100%, γ approaches 1. Then, the
proposed algorithm converges to the fair share with TCP
flows. Therefore, we can guarantee TCP-friendliness and
the full link utilization under the bandwidth variation.

Now, we find the equilibrium point of R(n), w(n), and
q(n). For simplicity, we assume that minth = 0. Then,
we can express m(n) as

m(n) =
maxp

maxth
q(n) = βq(n) (9)

where 0 < β < 1. From the assumption that the bandwidth
is piecewise constant, C(n) can be expressed as Cs at the
equilibrium point. Let qs, ws, and Rs be the equilibrium
point of q(n), w(n), and R(n), respectively. From (1), (2),
and (7), we have

qs = qs + Ntws + NrRs − Csτs (10)

ws =
(

1 − βqsws

2

)
ws + 1 − βqsws (11)

Rs =
(

1 − βqsRs

2

)
CsRs

Ntws + NrRs
τs + 1 − βqsRs (12)

The solutions of the equations of (10)-(12), is written by

qs =
1
β

2N2

Csτs(Csτs + 2N)
, ws = −1 +

√
1 +

2
βqs

Rs = −1 +
√

1 +
2

βqs
(13)

where N = Nt + Nr. The throughput of a TCP flow
and a non-TCP flow, which are represented by ws/τs and
Rs/τs, are same as Cs

N . Therefore, our proposal shares the
bandwidth fairly with TCP flows, i.e., TCP-friendly.

Now, we investigate the asymptotic stability at the
equilibrium point. Let X(n) be the state vector by
X(n) = [R(n) − Rs w(n) − ws q(n) − qs]. Let k1 =
−Csτs(Csτs+2N)

2N2 and k2 = (Csτs)2−2N2

Csτs(Csτs+2N) where k1 < 0
and k2 < 1. Linearization of the system at the equilibrium
point yields

X(n + 1) = AX(n) (14)

with

A =

⎛
⎝ k2 − Nr

N + Nr

Csτs+2N −Nt

N + Nt

Csτs+2N βk1

0 k2 βk1

Nr Nt 1

⎞
⎠

(15)

Note that if Csτs

N > 0.618, then −1 < k2 < 1. Thus, given
Cs, τs, and N such that Csτs

N > 0.618, the equilibrium
point is asymptotically stable if

0 < β <
k2 − 1 − Nr

N + Nr

Csτs+2N

k1(Nt + 1)
(16)

IV. RESPONSIVENESS

At the previous section, it is shown that the available
bandwidth is very helpful to utilize the bandwidth effi-
ciently. In this section, we investigate how many slots our
proposal needs to achieve the full link utilization under
the abrupt bandwidth increase, where one slot means the
RTT of each flow. Each flow controls its transmission
rate every slot. The smaller number of slots, the better
responsiveness.

First of all, we consider the case that all flows increase
just 1 packet per a slot. Let ns1 be the number of slots
to achieve the full link utilization at the first case. We
assume that all flows use the link bandwidth, C, fully
and fairly before the link bandwidth increase. When the
link bandwidth increases from C to λC, then ns1 can be
described as follows :

ns1 =
⌈

(λ − 1)Cτs

N

⌉
(17)

where �x� is the smallest integer larger than x and λ � 1.
This means that ns1 is linearly proportional to λ. As λ
becomes larger, it takes longer time to achieve the full
link utilization.

Secondly, we consider the case that TCP flows increase
1 packet per a slot and non-TCP flows use our proposal.
Like the first case, we assume that all flows use the link
bandwidth fully and fairly before the variation of the link
bandwidth. Let ns2 be the number of slots to achieve the
full link utilization at the second case. We also express
m(n) as m(n) = maxp

maxth
q(n) = βq(n). We set C(n −

1) = C, C(n) = λC, w(n) = R(n) = Cτs

N , and q(n) =
1
β

2N2

Cτs(Cτs+2N) . Hence, we obtain this relation:

R(n + l) ∼= λlCτs

Nt + λl−1Nr
,

ns2 =

⌈
1 +

ln( Nt

Nr
(λ − 1))
ln λ

⌉
+ 1 (18)

where l < ns2.

Proof: The majority of flows in the Internet are based
on TCP. Moreover, since each sender transmits at least
more than one packet per one slot, we assume that Cτs

N �
1 and Nt � Nr. First of all, we use the mathematical
induction to prove

R(n + l) ∼= λlCτs

Nt + λl−1Nr
(19)

In case of l = 1,

R(n + 1) =

(
1 − N

Cτs + 2N

)
λCτs

N
+

(
1 − 2N

Cτs + 2N

)
=

(
1 − 1

Cτs
N

+ 2

)
λCτs

N
+

(
1 − 2

Cτs
N

+ 2

)
∼= λCτs

N
+ 1

∼= λCτs

N
=

λCτs

Nt + Nr
(20)

Thus, R(n + l) is true for l = 1.
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Now we show that if R(n + l) holds when l = δ, then
it also holds when l = δ + 1. In case of l = δ, R(n + δ)
can be written as follows:

R(n + δ) =
λδCτs

Nt + λδ−1Nr
(21)

Since λ � 1, the marking probability would be 0 for
l > 1. Thus,

R(n + δ + 1) =
λδ+1Cτs

Nt + λδNr
+ 1 ∼= λδ+1Cτs

Nt + λδNr
(22)

Then, if R(n+ δ) is true, R(n+ δ +1) is also true. Thus,
we obtain the result:

R(n + l) ∼= λlCτs

Nt + λl−1Nr
(23)

Now, we investigate ns2 to be satisfied the following
condition :

Ntw(n + ns2) + NrR(n + ns2) ≥ λCτs (24)

Since w(n) = Cτs

N at time n, the window size of a
TCP flow at slot (n + 1) is Cτs

N + 1. From Cτs

N � 1, we
approximate that w(n + 1) ≈ Cτs

N . Similarly, w(n + ns2)
is equal to Cτs

N . Then,

Ntw(n + ns2) + NrR(n + ns2)

= Nt
Cτs

N
+ Nr

λns2Cτs

Nt + λns2−1Nr
(25)

Thus, from (24)

Nt
Cτs

N
+ Nr

λns2Cτs

Nt + λns2−1Nr
≥ λCτs (26)

We rewrite (26) as follows:

Nt

N
+ Nr

λns2

Nt + λns2−1Nr
≥ λ

⇔ N2
t + λns2−1NrNt − NNtλ ≥ 0

⇔ Nt + λns2−1Nr − Nλ ≥ 0
⇔ Nrλ

ns2−1 ≥ λN − Nt (27)

Since λN − Nt ≥ λNt − Nt, we obtain

Nrλ
ns2−1 ≥ (λ − 1)Nt (28)

From λ � 1 and Nt � Nr,

ns2 ≥ ln( Nt

Nr
(λ − 1))
ln λ

+ 1 (29)

Note that ns2 is a positive integer. Moreover, we should
compensate the approximation. By adding 1 to ns2, we
obtain the result, (18).

The value of ns2 is not sensitive λ. It is also independent
on Cτs. Thus, we conclude that our proposal has the better
responsiveness compared with ns1.

Fig. 1. Network configuration
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Fig. 2. Bandwidth of bottleneck link

V. SIMULATION

In this section, we show the performance of our proposal
in terms of TCP-friendliness and the link utilization. The
network topology with a single bottleneck is a dumbbell as
shown in Fig. 1. The wired link is a LAN speed network.
As the bandwidth of the LAN speed links is typically much
higher than that of the wireless shared link, the wireless
link is assumed to be the bottleneck link. The bottleneck
link has the bandwidth variation described in Fig. 2, which
is shared by 10 flows. They have the same round trip
time, 0.05 sec. TCP flows adopt TCP NewReno. Let Pe

be the average wireless packet loss probability during the
connection. We set minth = 10 packets, maxth = 700
packets, and maxp = 0.1. The throughput is in the unit
of packets/s.

TABLE I
AVERAGE THROUGHPUT AND LINK UTILIZATION W.R.T., Pe

Pe(%) 0.1 0.3 0.5 0.8
Proposal 599.03 710.59 775.47 836.11

TCP(Proposal) 375.03 291.49 247.73 200.04
Link utilization(%) 97.9 97.8 97.6 97.3

RCS 524.31 608.12 569.86 481.53
TCP(RCS) 386.66 293.12 256.23 215.05

Link utilization(%) 94.2 89.9 81.8 70.3

TCP(only) 417.50 318.08 255.68 218.92
Link utilization(%) 89.1 68.0 54.8 47.8

In Table I, we have 3 simulation results. First, there are
6 TCP-flows and 4 non-TCP flows using the proposed
algorithm, represented by Proposal and TCP(Proposal).
Second, there are 6 TCP flows and 4 non-TCP flows
using RCS, represented by RCS and TCP(RCS). Finally,
there are only 10 TCP flows, represented by TCP(only).
Table I shows the average throughput and link utiliza-
tion of our proposal and RCS. It is illustrated that our
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proposal provides the higher average throughput and link
utilization than RCS does, as Pe increases. RCS halves
the transmission rate at each packet loss and recovers
from unnecessary rate reduction by using the dummy
packets. However, as the packet loss probability increases,
RCS decreases the transmission rate more frequently and
throughput degrades. On the other hand, the throughput
of our algorithm does not degrade significantly. This is
because our algorithm does not reduce the transmission
rate at each packet loss. We properly manage the transmis-
sion rate by the level of congestion. Hence, our algorithm
takes the increased available bandwidth while the TCP
throughput decreases.

As shown Table I, our proposal also achieves the higher
average link utilization, irrespective of the bandwidth
variation. Fig. 3 shows that our proposal utilizes the link
bandwidth fully, but RCS does not, i.e., our proposal has
better responsiveness. In particular, at 60s, the proposed
algorithm still utilizes the link bandwidth fully due to
the good responsiveness, but the link utilization of RCS
degrades significantly. This is because RCS does not
increase its transmission rate quickly enough when the
link bandwidth increases suddenly. Moreover, the average
throughputs of TCP(Proposal) and TCP(RCS) are similar
to TCP(only). This means that both our proposal and RCS
do not penalize TCP flows. That is the proposed algorithm
is TCP-friendly. Therefore, the proposed algorithm utilizes
the bandwidth more efficiently compared to RCS without
penalizing TCP flows.
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Fig. 3. Link utilization of RCS and Proposal, Pe = 0.5%

VI. CONCLUSION

In this paper, we propose a new congestion control
algorithm to adjust the transmission rate according to the
bandwidth variation. It derives the level of congestion from
a number of marked ECN ACK packets and uses the
available bandwidth estimator. The simulation results show
that our proposal utilizes the link bandwidth efficiently
without penalizing TCP flows.
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