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Abstract—In this paper, we develop an energy-aware congestion control algorithm for multipath TCP, called ecMTCP.
ecMTCP moves traffic from the most congested paths to the more
lightly loaded paths, as well as from higher energy cost paths to
the lower ones, thus achieving load-balancing and energy-savings.
Our simulation results show that ecMTCP can achieve greater
energy-savings compared to MPTCP, and preserve fairness to
regular TCP.
Index Terms—Multipath TCP, energy-saving, energy-aware
congestion control, end-to-end energy cost measurement model.

I. I NTRODUCTION

R

ECENT portable devices such as smart phones and
tablet PCs have multiple radio interfaces. If multipath
transport protocols were used, the performance, mobility, and
energy-savings of these devices would likely be improved. A
multipath TCP connection can create multiple simultaneous
sub-flows among the end hosts, where each sub-flow maintains the ability to send data packets over a path [1]. In
such environments, devising a congestion control algorithm
involving a number of issues, such as the rate control of the
path, traffic sharing amongst the paths, and energy awareness,
is a challenging task.
Several solutions for the multipath congestion control problem have been suggested in the literature. For example,
mTCP [2] stripes data packets across multiple paths, and
detects shared bottlenecks to alleviate unfair sharing. Coupled
multipath-aware congestion control (MPTCP) [3] [4] views
a set of resources on all paths as a single resource, as
suggested by the resource pooling principle [5]. The coupled
congestion control moves more data traffic load onto the less
congested paths as a load-balancing mechanism. However, the
problem of designing an efficient multipath congestion control
algorithm that is simultaneously energy-aware and capable of
handling load-balancing has not yet been addressed.
In this work, we are motivated by the fact that the design
of energy-aware transmission protocols is currently an urgent
need [6]. This is mainly due to the following two reasons:
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the increased use of the Internet by energy-critical portable
devices, and the IEEE P802.3az task force [7], which has also
recently standardized guidelines for saving energy on Ethernet networks. Here we develop an energy-aware congestion
control algorithm for multipath TCP (ecMTCP), in which the
rate control is based on a traffic sharing policy amongst the
paths, and which is driven by their energy costs and traffic
loads. The evaluation results show that ecMTCP can achieve
energy-savings and fairness.
The rest of this paper is organized as follows. Section II
presents an energy cost measurement model. In Section III, we
describe the details of the ecMTCP design. Section IV presents
the simulation results. We conclude our work in Section V.
II. E ND - TO -E ND E NERGY C OST M EASUREMENT M ODEL
TCP congestion control can play a significant role in
regulating the network load and in determining the network
interface load. We propose an energy cost measurement model
between the two-end hosts, as shown in Fig. 1. The sender
measures the energy costs 𝑒𝑆𝑡𝑥 (𝜇J/byte) for transmitting a data
packet, and 𝑒𝑆𝑟𝑥 for receiving an ACK at its network interface.
Similarly, at the receiver side, the costs for the data and ACK
𝑅
packets are 𝑒𝑅
𝑟𝑥 and 𝑒𝑡𝑥 , respectively. The energy cost at the
receiver is piggybacked to the sender periodically via the ACK
option. The sender calculates the sum of the end-to-end (e2e)
energy cost of the successful transmission of one data packet
(𝜇J/byte) on path 𝑠 as
𝑅
𝑆
𝑒𝑠 = 𝑒𝑆𝑡𝑥 + 𝑒𝑅
𝑟𝑥 + (𝑒𝑡𝑥 + 𝑒𝑟𝑥 )𝐴𝐶𝐾𝑠 /(𝑛 𝐴𝐶𝐾𝑠 𝐷𝐴𝑇 𝐴𝑠 ),

where 𝐷𝐴𝑇 𝐴𝑠 and 𝐴𝐶𝐾𝑠 are the data packet and ACK
packet sizes, respectively, on path 𝑠. 𝑛 𝐴𝐶𝐾𝑠 denotes the
number of data packets acknowledged by one ACK packet
on that path. The short-term variations of the instantaneous
e2e energy cost 𝑒𝑠 are then smoothed out by using the
exponentially weighted moving average formulae, with weight
factor 𝛾 = 0.125, as follows: 𝑒𝑠 (𝑡) = (1 − 𝛾)𝑒𝑠 (𝑡 − 1) + 𝛾𝑒𝑠 .
III. EC MTCP D ESIGN
Designing ecMTCP necessitates the following aims: (i)
improve throughput, (ii) fairness to both regular single-path
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TCP and MPTCP flows, (iii) load-balancing [3], and (iv)
energy-efficiency, such that - the algorithm should exploit
potential energy-savings when the e2e energy costs between
paths are diverse, while balancing the loads amongst the paths.
Now, we adopt MPTCP, proposed in [4, Eqn. (3)]. MPTCP
was designed in order to satisfy the first three requirements.
In this work, we focus on the energy-efficiency requirement,
which is satisfied by moving traffic off of the higher energy cost paths to the lower paths, while guaranteeing loadbalancing. This leads to the establishment of a relationship
between the linked windows [4] and the e2e energy costs,
known as a linking function (𝑙𝑓 𝑠 ). Finally, ecMTCP is implemented as follows: Whenever a sub-flow on path 𝑠 receives a
positive ACK, it increases its window (𝑤𝑠 ) such that
}
{
1−𝑘
′ 𝑤
1
(𝑡)
𝑤𝑠 (𝑡 + 1) ← 𝑤𝑠 (𝑡) + min 𝛿𝑙𝑓𝑠 ,
, 𝛿 𝑠2−𝑘
, (1)
𝑤𝑠 (𝑡) 𝑤
(𝑡)
( 1−𝑘 ) (
)𝜃+𝑘
𝑤𝑠 (𝑡)
1/𝑒𝑠 (𝑡)
𝑙𝑓 𝑠 =
,
𝑁
𝑤2−𝑘 (𝑡)
𝑒(𝑡)
whereas whenever duplicate ACKs are received indicating a
packet loss, it decreases 𝑤𝑠 such that
𝑤𝑠 (𝑡 + 1) ← 𝑤𝑠 (𝑡) − 𝛽𝑤𝑠 (𝑡),
(2)
∑
∑
where 𝑤(𝑡) = 𝑠 𝑤𝑠 (𝑡), and 𝑒(𝑡) = 𝑠 1/𝑒𝑠 (𝑡). 𝑁 denotes
the number of paths used during a multipath TCP session.
𝑘 determines the trade-off between fluctuation and loadbalancing, 0 ≤ 𝑘 ≤ 2 [4]. The protocol’s energy efficiency is
adjusted by both 𝜃 ≥ 0 and 𝑘. 𝛽 = 0.5 denotes the decrease
factor. To make ecMTCP completely backward-compatible
with MPTCP when the energy costs between the paths are
identical or not in support of the measurement model described
in Section II, the 𝑘 value must be set to 1 [3] [8]. Param′
eters 𝛿 and 𝛿 determine the congestion window increment
recompense for multiple paths with divergent round trip times
(RTTs). Without them, the first and third requirements are
not satisfied since the congestion windows of the sub-flows
(having longer RTT values) on their least congested paths
are increased more slowly than expected. To ensure fairness
to both regular TCP and MPTCP flows sharing a common
bottleneck link, ecMTCP’s window increment does not exceed
that of either the regular TCP flow or MPTCP sub-flow due
to the use of the two last arguments of min{.}.
The first two requirements are satisfied when the total
throughput of a multipath TCP flow equals the maximum
throughput over all paths 𝑠 that a regular TCP flow could
achieve [4] [8], as
∑
{ 𝑇 𝐶𝑃
}
ˆ𝑠
(3)
𝑤
ˆ𝑠 /𝑅𝑇 𝑇 𝑠 = max𝑠 𝑤
/𝑅𝑇 𝑇 𝑠 ,
𝑠

where 𝑤
ˆ𝑠 and 𝑤
ˆ𝑠𝑇 𝐶𝑃 denote the equilibrium value of 𝑤𝑠 (𝑡)
and a regular TCP flow’s congestion window on path 𝑠,
respectively. The additive increase function in (1) for each subflow is interlinked by using the ratio of its window to the sum
(the left term of 𝑙𝑓 𝑠 ) [4] [8], satisfying the third requirement.
For the energy-efficiency requirement, we propose an energyaware control mechanism, where the congestion window increase is inversely proportional to the energy cost on each path
(the right term of 𝑙𝑓 𝑠 ). The path with higher energy cost will
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Fig. 2. (a) Trade-off between load-balancing and energy-saving; (b) trade-off
between fairness and energy-saving.

be less aggressive in increasing the congestion window than
the one incurring less cost.
By neglecting 𝛿𝑙𝑓𝑠 in
{ 𝑘(1), ecMTCP
} ∑becomes MPTCP.
′
ˆ𝑠 /𝑅𝑇 𝑇 2𝑠 /( 𝑠 𝑤
ˆ 2−𝑘 max𝑠 𝑤
ˆ𝑠 /𝑅𝑇 𝑇 𝑠 )2 [4],
Hence, 𝛿 = 𝑤
where 𝑤
ˆ denotes the equilibrium value of 𝑤(𝑡). Similarly, by
′
neglecting 𝛿 𝑤𝑠1−𝑘 (𝑡)/𝑤2−𝑘 (𝑡) in (1) to calculate 𝛿, the fluid
model of an ecMTCP sub-flow on path 𝑠 corresponding to (1)
and (2) is expressed as
{
}
𝑤𝑠 (𝑡)
1
𝛽𝑤𝑠2 (𝑡)
𝑑
𝑤𝑠 (𝑡) = min 𝛿𝑙𝑓𝑠
,
𝑝𝑠 .
(1 − 𝑝𝑠 ) −
𝑑𝑡
𝑅𝑇 𝑇𝑠 𝑅𝑇 𝑇𝑠
𝑅𝑇 𝑇𝑠
(4)
We assume that the packet drop probability on path 𝑠 (𝑝𝑠 ) is
small. Therefore, the fixed point equation of (4) gives
}
{
(
)𝜃+𝑘
𝑁
1
𝑤
ˆ𝑠1−𝑘
,
(5)
= 𝛽 𝑤ˆ𝑠 𝑝𝑠 .
min 𝛿 2−𝑘
𝑤
ˆ
𝑒𝑠 (𝑡)𝑒(𝑡)
𝑤
ˆ𝑠
The packet loss rate of a regular TCP flow in the steady state
using path 𝑠 could be
( 𝑇 𝐶𝑃 )2
𝑝𝑠 = 1/𝛽 𝑤
ˆ𝑠
.
(6)
By substituting (6) into (5), we obtain
{(
}
)1/2 (
)(𝜃+𝑘)/2
𝑤
ˆ2−𝑘 𝑤
𝑒𝑠 (𝑡)𝑒(𝑡)
ˆ𝑠𝑘
𝑇 𝐶𝑃
= max
,𝑤
ˆ𝑠 .
𝑤
ˆ𝑠
𝛿
𝑁
(7)
𝛿 is determined by solving equations (3) and (7) as
{ 𝑘 𝜃+𝑘 /
}
(
)𝜃+𝑘
ˆ𝑠 𝑒𝑠 (𝑡) 𝑅𝑇 𝑇𝑠2
max𝑠 𝑤
2−𝑘 𝑒(𝑡)
𝛿=𝑤
ˆ
.
∑
2
𝑁
( 𝑠𝑤
ˆ𝑠 /𝑅𝑇 𝑇𝑠 )
We consider a two-path ecMTCP flow. Neglecting 1/𝑤
ˆ𝑠 in
(5), the ratio of the congestion windows between paths is
(
)1/𝑘
ˆ2 = 𝑝2 𝑒𝜃+𝑘
(𝑡)/𝑝1 𝑒𝜃+𝑘
(𝑡)
.
(8)
𝑤
ˆ1 /𝑤
2
1
For 𝑘 = 1, as mentioned above, we choose 𝜃 = 0 such that
the ecMTCP reaction to the e2e energy cost on each path is
equivalent to the packet drop on that path.
We define the energy cost ratio as the ratio of the energy cost
of path 1 to that of path 2. From (8), the congestion window
sizes of the sub-flows are identical, as 𝑝1 : 𝑝2 = 𝑒2 : 𝑒1 . Fig.
2(a) shows how ecMTCP (without the fairness consideration)
trades-off between load-balancing and energy-saving by transferring a 1GB file. Simulation parameters are set as shown in
Fig. 3(b). The dotted line indicates the balance of two paths
at 𝑒1 : 𝑒2 = 1/2 and 𝑝1 : 𝑝2 = 2. In the shaded region, given
𝑝1 : 𝑝2 = 2, more traffic is sent on the least energy cost path
(path 1), as the energy cost ratio is more diverse. Alternatively,
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Fig. 3. (a) A three-path ecMTCP flow vs. a regular TCP flow; (b) a two-path
ecMTCP/MPTCP flow.
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Fig. 4. Fairness with 𝑒1 : 𝑒3 = 𝑒2 : 𝑒3 = 1/4 and a 0.01% packet loss
rate on links 1 and 2. The data rate was sampled once every 2 seconds.
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in the non-shaded region, given 𝑒1 : 𝑒2 = 1/2, the traffic
is dominated by the load-balancing mechanism, hence more
traffic is moved to the least congested path (path 2), as 𝑝1 : 𝑝2
is inversely proportional to 𝑒1 : 𝑒2 in the previous case. In
contrast to the trade-off regions, ecMTCP moves more traffic
aggressively from a congested and higher energy cost path to
a better path. Since traffic aggregation on a path is bounded by
min{.} in (1) to preserve fairness, this makes another trade-off
between fairness and energy-efficiency. Fig. 2(b) shows that
the gap between two paths in the unfairness condition (UF)
(without the third argument of (1)) is larger, as 𝑒1 : 𝑒2 is
more diverse. However, the gap between paths in the fairness
condition (F) remains almost parallel, as 𝑒1 : 𝑒2 ≤ 1/2.
IV. S IMULATION R ESULTS
In this section, we evaluate ecMTCP’s energy efficiency and
fairness using NS-2 [9] with the SACK option. Two scenarios
shown in Fig. 3 with a 1000-byte data packet and droptail are
used in the evaluations. In the experiments, the energy costs
on the paths are unchanged during the multipath TCP session.
We evaluate ecMTCP fairness in a typical configuration,
as shown in Fig. 3(a), where two ecMTCP sub-flows (on low
energy cost paths 1 and 2) compete against a regular TCP flow
in link 1, and the third sub-flow runs on high energy cost path
3. Fig. 4 shows that the two ecMTCP sub-flows on paths 1
and 2 do not get more bandwidth than the regular TCP flow.
Therefore, ecMTCP can fairly share with regular TCP.
The energy-efficiency is determined by comparing the
energy consumption of our ecMTCP with MPTCP when
transferring a 1GB file in the simulation scenario shown
in Fig 3(b). The simulation setup environment is given in
Table I, representing a variety of network conditions. We have
taken into account energy costs for retransmitted data packets
as well. Fig. 5 shows greater variation in the e2e energy
cost ratio results in more energy-savings for all experiments.
The energy-savings are higher when more throughput can be
passed on the least energy cost path, path 1 (e.g., larger link
capacity at the bottleneck link, shorter RTT, or lower packet
loss rate). Therefore, the achievable energy-savings depend on

Fig. 5.
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Energy-savings vs. network conditions and energy cost ratios.

the throughput on the least energy cost path, which is affected
by the packet loss rate, RTT, network congestion, link capacity,
or any combination of these factors.
V. C ONCLUSION
Our ecMTCP can support the exploitation of potential
energy-savings between two-end hosts when using both the
e2e energy cost measurement model and the energy-aware
multipath congestion control algorithm. The energy-savings
and fairness of ecMTCP are validated through simulations.
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