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Abstract—There has been a recent dramatic shift in com-
puting and portable communication devices towards digital
converge. Smartphones, which replaces the PDA or the cellular
phone, has come to use much bandwidth like a general
computer. However, it is a problem that the throughput of
wireless communication is deteriorated by traffic congestion
when multiple smartphones share one single access point (AP).

TCP congestion control plays a critical role in the end-to-
end connection in order not to overflow the traffic although
most of the bottleneck of network bandwidth is the wireless
part. In this paper, we present a middleware for coopera-
tive transmission control on smartphones. The middleware
exchanges information among the other smartphones in the
same wireless LAN(WLAN) and helps smartphone adjust the
congestion control to surrounding environment. As the result,
both communication throughput and the fairness for band-
width utilization are improved with the cooperative control.
We implemented the middleware on the Android platform and
evaluated it with real devices to show the effectiveness.

Keywords-Smartphone; Mobile; TCP; Congestion Control;
Middleware;

I. INTRODUCTION

Smartphone has widely spread all over the world. The
architecture of the smartphone is different from that of the
general-purpose PC due to the poor function of the I/O
interface and the limited hardware resources of the mobile
device. To overcome this disadvantage, the smartphone is
constantly connected to the Internet, obtains information
through the Cloud, and makes use of computational power
of servers. Thus, the performance of the smartphone should
be evaluated not only by its own processing power but also
by its communication ability through a network. Therefore
we focus on the networking system of the smartphone to
improve its performance.

The smartphone is a useful device that enables users
to access to the Internet, regardless of time and location.
While a user of smartphone is traveling, the device can
be automatically connected to APs located on the way.
However, if a large number of smartphones connect to an
AP at the same time, it will be difficult for the available
bandwidth to be filled with an adequate number of segments
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Figure 1. An overview of behavior of the middleware

and to be shared fairly among the mobile hosts. In other
words, the bandwidth of wireless connection at the AP is not
efficiently shared by those mobile hosts, because the traffic
control mechanism implemented in TCP is not designed to
coordinate them. Instead, it is designed to control the traffic
only in an end-to-end manner for each connection.

The bottleneck of data flow almost always lies in the
wireless part of the route in such a case. It is known that the
bandwidth of the wireless channel is considerably less than
that of the wired LAN. Besides, most of the destinations
to which smartphones access are supported by the Cloud
server. The Cloud often supplies a reliable broadband WAN
to be accessed from any part of the world. Therefore, it
is reasonable to assume that the most of packet losses or
errors take place in the wireless part of networks in the case
of accesses from mobile hosts to the Cloud.

The purpose of this study is to improve both the through-
put and the fairness of communications of multiple mobile
hosts connected to a single AP. The traditional TCP controls
the flow according to the status of end-to-end connection
without taking care of the other hosts sharing the same
AP. On the contrary, the proposed middleware working in
the mobile host exchanges information about each TCP
connection status, as shown in Figure 1. In this figure,
each mobile host (Android Phone) is communicating with
a distant server located in other networks (Cloud) via the



AP in the WLAN, and TCP status of each communication
is exchanged among the mobile hosts.In this environment,
it is possible for each host to figure out how large traffic
is flowing at each time and/or how many segments are
waiting to be flown in the WLAN. Each mobile host is
able to adjust its TCP control mechanism in consideration
of the exchanged information among other hosts. We define
this mechanism as Cooperative Adjustment. This adjustment
should be effective to improve the whole traffic control
in the wireless part because it is helpful to allocate the
bandwidth fairly among mobile hosts and fill the bandwidth
with adequate number of segments.

We adopt the Android platform to implement the mid-
dleware for experiments. Android, which has the top share
as an operating system for smartphone in the world, is a
software stack released in 2007 by Open Handset Alliance
[1]. Since the source code of Android is open, any developer
can customize it.

The remainder of this paper is organized as follows. Sec-
tion II describes the background of our research, and Section
III shows the observation of the behavior of mobile hosts
connected to an AP. Section IV introduces our proposed
method of cooperative transmission control. The result of
experimental evaluation for the implemented middleware
based on the proposed method is shown in Section V.
Section VI presents a conclusion and future direction of this
research.

II. BACKGROUND OF OUR RESEARCH

The mobile hosts scramble against each other for the
available bandwidth when a large number of hosts connect
to an AP. In this situation, the transport layer plays a critical
role because it has congestion control algorithm, which
estimates the network capacity between two endpoints and
calculates adequate value of congestion window (CWND).
According to the definition, CWND indicates the maximum
number of packets that is injected consecutively without
receiving a reply packet of acknowledgement (ACK) from
a data receiver. Therefore, the value of CWND indirectly
influences the communication throughput, especially in a
high-latency environment.

In the case of the increasing accesses from smartphone,
they tend to have connections through WAN with distant
server hosts, some of them may even be located overseas.
As mentioned in section I, end-to-end congestion control
that is independent from adjacent mobile hosts sharing a
single AP may not be good enough. Besides, the congestion
control algorithm in TCP Cubic, which is adopted in latest
Linux kernel as a default, may misinterpret random packet
losses by noise as congestion of a network. For these
reasons, congestion control algorithm should be optimized
for the mobile platform. Therefore we propose practical
middleware, the cost of which is considerably less than

that of reconstructing transport layer, which adjusts standard
congestion control.

A. Related work

TCP Cubic, a loss-based algorithm of TCP congestion
control, has been adopted to Linux kernel [2]. For the
improvement of the algorithm, numerous papers have con-
tributed from all over the world. In recent years, the fol-
lowing mechanisms have been presented: The ideas of a
Large Initial Window [3][4] focused on the poor use of the
available bandwidth at the beginning of data transfer, while
it does not consider about the case in which multiple hosts
are scramble for the bandwidth.

As other schemes, Explicit Congestion Notification [5]
sets a bit in a packet in order to inform the congestion of
unidentified point on the route. Active Queue Management
[6][7] drops packets artificially as congestion avoidance.
Both of them detect the timing for reducing transmission
rate for an impending congestion of a network. However,
they are only effective when supported by the underlying
network. The estimated cost is large to introduce such a
new infrastructure.

Our proposal is one of the technologies on Early Detection
of congestion, which requires only a change in the mobile
host. We previously developed middleware that switches the
tuned algorithms suitable for some environments [8]. How-
ever we found difficulties in preparing various algorithms
suitable for many environments. Therefore in this paper, we
present middleware that adjusts the existing algorithm for
the surrounding environment.

III. BEHAVIOR OF CONGESTION CONTROL
IN CROWDED ENVIRONMENT

Android has the congestion control function perfectly
based on Linux implementation. In this section, the actual
behavior of congestion control is observed when multiple
Android phones are connected to the same AP. It shows a
feature influenced by the status of other hosts competing
with each other in order to transmit as many packets as
possible.

A. An overview of experimental setup
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Figure 2. Experimental Setup

In the rest of this paper, an experimental system shown
in Figure 2 is used. Multiple Android phones are connected
to an AP over 802.11g and the AP is connected to the
server host by the wired route. In order to simulate artificial



delay and loss rate, a network emulator, Dummynet [9],
is set between the AP and the server host. As a network
benchmark tool, Iperf for Android [10] is installed in all the
Android phones.

The specifications of each device used in the experiment
are shown in Table I.

Table I
THE EXPERIMENTAL ENVIRONMENT

Client Terminal
Model number GT-I9023
Firmware version Android 2.3.4 (GingerBread)
Baseband version I9023XXKD1
Kernel version Linux 2.6.35.7
Build number GRJ22

Server Terminal
Operating System Ubuntu10.04.3
Linux version 2.6.32-37-generic-pae
CPU Intel(R) Core(TM) i3 CPU 530@2.93GHz
Main Memory 3GB

Dummynet
Operating System FreeBSD 6.4-RELEASE
CPU Intel(R) Pentium(R)4 CPU 3.20GHz

Access Point
Model number MZK-MF300N
Manufacturer PLANEX COMMUNICATIONS INC.
Legacy mode IEEE802.11g

B. Observation of Congestion Window and Throughput

CWND has indirect effect on communication throughput.
CWND and throughput of a real Android phone at each
moment is plotted into Figure 3 when only one host monopo-
lizes the AP. In some cases, a sending host decreases CWND
drastically and transmits only a few segments when it
detects a single transmission error, even though the network
resource is plenty. Suppose that a sending host notices flood
of packets from the other hosts in the other way before
congestion, transmission error should be decreased and the
CWND of sending host should be kept high.

Furthermore, CWND and throughput are fluctuating un-
steadily when 5 hosts scramble simultaneously as shown in
Figure 4. In this case, CWND does not always synchronize
throughput because the network is crowded with a lot of data
frames from the other hosts. TCP Cubic is one of aggressive
algorithms that frequently causes the overflow of segments.
While AIMD algorithm reduces CWND drastically when it
detects an error, the slow growth of CWND might leave the
bandwidth unfilled in high latency environment. Besides, the
whole traffic injected by each hosts with a large CWND can
be the heavy load of CSMA/CA. In the busy network, small
window size might give better performance. Even though
CWNDs of all the hosts grow up at the same time, their
data frame would have a lot of conflicts in the level of
CSMA/CA.

According to these behaviors, it is obvious that an ideal
value of CWND is undetectable only with the existing TCP
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Figure 3. Throughput and CWND of a sending host using default TCP
when no other hosts is are communicating simultaneously (RTT = 256ms)
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Figure 4. Throughput and CWND of a sending host using default TCP
when 4 other hosts are communicating simultaneously ( RTT = 256ms)
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Figure 5. Throughput and CWND of a sending host using adjusted TCP
when 4 other hosts are communicating simultaneously ( RTT = 256ms)

Cubic. Inadequate value of CWND cannot keep enough
throughput due to the overflow of segments or unused
bandwidth [11].

On the other hand, the ideal value of CWND for each
environment can be calculated in the following formula,
assuming that each host knows the number of the other
communicating hosts. N indicates the number of mobile
hosts in each environment.

Ideal CWND =
BDP − α

Segment size × N

The bandwidth is assumed 20 Mbps in 802.11g, for the
capacity of 802.11g is 54 Mbps as theoretical speed but
approximately 20 Mbps as practical data rate [12]. アル
ファ is a margin when BPD is shared by multiple flows.
According to this calculation, the ideal values of CWND
for each environment are defined as the number of hosts
having communication to the server host simultaneously.

Figure 5 shows CWND and throughput of a sending host



when 4 other hosts are communicating simultaneously. The
congestion controls of all the hosts are adjusted that their
maximum values of CWND is fixed a certain number in
this experiment. The value of CWND should be the same as
the ideal number calculated by the formula with the number
of hosts sharing an AP; However, fixed value of CWND has
a risk of overflowing beyond the AP. That is the reason that
we set the ideal number as the maximum value of CWND.
the value of CWND is able to fluctuate between 0 and the
maximum number when it detects a transmission error. In
this case, CWND and throughput are stable because CWND
does not grow up too large. This adjustment of congestion
control helps the traffic from overflow.

C. The evaluation of adjusted congestion control
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Figure 6. Total throughput of adjusted TCP and default TCP (RTT=256ms)
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Figure 7. Fairness index of adjusted TCP and default TCP (RTT=256ms)

As mentioned in section III-B, it is possible to keep
throughput and CWND stable while transmission. This sec-
tion evaluates the effect of stable CWND.

Uploading total throughputs are shown in Figure 6 for
all the Android phones whose values of CWND are limited
by the ideal parameters. The quality of communication in
a networks is not only decided by throughput but also by
its fairness. Figure 7 indicates that the difference among
throughputs is small, i.e., fairness is greatly improved.
Therefore it is obvious that the bandwidth utilization and
the fairness of wireless access have been improved.

The reason for this experimental result is that the traffic
should be organized by the bandwidth distributions. Thus,
effective tuning the congestion control has shown the im-
provement of both throughput and fairness in this situation.

IV. COOPERATIVE TRANSMISSION CONTROL
MIDDLEWARE
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Figure 8. Cooperative Transmission Control Middleware

As mentioned in the previous sections, default TCP some-
times causes inefficient and unfair bandwidth distributions,
especially in an environment with high-latency, high loss
rate, or competing multiple hosts. Thus, it is effective for
mobile hosts in WLAN environment to perform coordi-
nation and cooperation with the other hosts. Throughput
can be improved with this idea in both uploading and
downloading data transmission cases. At first, in this paper,
we implemented the middleware which improves the data
transmission from a mobile host to a server.

A. Notification of the status of each host

The cooperative transmission adjustment middleware can
be divided into two parts, as shown in Figure 8. One of them
fetches the host’s own status and broadcasts the notification
among the hosts sharing the same AP as shown in Figure 1.
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/* Decrease cwnd. */
sta�c void tcp_cwnd_down(){

if(ca_state == 4){
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Figure 9. The system tool for analysis

Generally, all network processes running in a kernel space
of OS are invisible from users. The middleware utilizes the
process interface accessible to the kernel space. The previous
work [13] showed the success of embedding a system tool
for Android working on a real mobile phone. In order to
analyze the connection status of a mobile host, we embedded



kernel monitor in Android platform. As shown in Figure 9,
kernel monitor allows users to monitor kernel processing at
the mobile host. The observable parameters include CWND,
RTT, CA state, and socket buffer queue, which are defined
in TCP implementation of Linux kernel code. Generally,
users’ application never be able to recognize the process in
a kernel space. Therefore we have inserted kernel monitor
function in TCP source code and recorded changes of the
parameters in a kernel memory space so that the middleware
is accessible to it with reading a process interface created
by kernel monitor.

After the middleware obtains the status of TCP, it broad-
casts the notification to all the hosts sharing the same AP by
UDP. When the AP is crowded with packets, the overhead
of exchanging the notification should not be disregarded.
The bar graphs of figure 10 indicate total throughput of 8
hosts that communicate with the server by default TCP with
broadcasting notifications in a certain interval. Comparing
with the right bar graph in which the middleware sends
no notification, we judged that the middleware that sends a
notification per 0.3 seconds is best to exchange information
quickly while the overhead is low and the arrival rate of
notifications is high.
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Figure 10. The overhead of exchanging notifications

In this way, the middleware can indirectly observe the
procedures of communication inside the kernel and share
the information with the other hosts without much over-
head. Incidentally the overhead when less than 8 hosts are
exchanging notifications must be lower than the result of
this case.

B. Regular adjustment of congestion control

The other part of the middleware adjusts the congestion
control with the process interface not only to prevent seg-
ments from overflowing but also to fill up the bandwidth.
Please note only the maximum value of CWND is con-
trolled. That is, original TCP congestion control algorithm is
working when CWND is below the maximum value, and it
should control the traffic well in such a case. Our middleware
works as an adjustment only when the value of CWND is
too large. Therefore, at least equal or the better performance
than that of the original case can always be expected.

Section IV-A has shown that the traffic should be orga-
nized to prevent the hosts from competing for bandwidth.
However, different from general-purpose PCs, smartphones
always access to the network wirelessly. When we focus
on the mobility of smartphones, the number of the other
communicating hosts connected to the same AP and the
number of segments on the fly are important because the
bottleneck of the TCP connection in a mobile host lies not
in a wired route but in a wireless route in most cases. The
current TCP system is designed basically for wired networks
and cannot provide more than an end-to-end bandwidth
prediction; however, the special properties of a wireless
connection should be focused in the case of smartphones.
In this section, the mechanism of the adjustment for each
environment is shown.

The cooperative transmission adjustment middleware can
be divided into two parts, as shown in Figure 8. The other
part adjusts the congestion control with the process interface
not only to prevent segments from overflowing but also
to fill up the bandwidth. The notification is broadcast by
UDP every 0.3 second because the kernel parameters change
frequently. The adjustment is executed every 10 seconds
because the number of mobile hosts changes less often and
the frequency is enough to collect information from all the
hosts considering the interval of notification and the arrival
rate of notification.

The proposed middleware adjusts the congestion control
algorithm based on the status of other hosts connected to
the same AP in order to organize whole traffic. To improve
the quality of traffic control, the value of CWND, which
denotes the number of segments on the fly, should occupy
the whole bandwidth without exceeding it.

While most of the applications for Android are running
on Dalvik virtual machine, the native binaries are also
executable. Thus, our middleware that is compiled from
C language, is compatible with other Linux distributions.
These middleware modules are written in C and cross-
compiled on a development environment for Android with
the compiler [14].

V. EXPERIMENTS FOR THE EVALUATION OF
MIDDLEWAREIN CHANGING ENVIRONMENT

In consideration of the flexible adaptation to changing
environment, the following experiments have executed to
evaluate the effect of cooperative transmission control mid-
dleware. As a platform, an experimental execution environ-
ment in Figure I is used. It is assumed that the number of
Android phones connected to an AP varies.

A. An overview of experiments

In both experiments, five to eight Android phones com-
municate for 60 to 240 seconds with the same AP. One that
does not run the middleware depends only on default TCP
algorithm to increase and decrease CWND. The behavior of



the other host is controlled by the cooperative adjustment.
Figure 11, 12 shows the timing of start and stop of data
transfer of each host.

B. Experimental result
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Figure 15, 16, 17, 18 shows the behavior of CWND in
each case. The throughput of experiments are shown in
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Figure 13 and 14. The behavior of CWND of the standard
TCP is shown in Figure 15, 17, and that of the proposed
cooperative transmission control is shown in Figure 16, 18.
As the number of mobile hosts is changeable, the standard
TCP has difficulty to follow it as shown in Figure 15, 17.

The behavior of Android phone with the middleware
makes it clear that the middleware adjusts congestion control
algorithm as expected. Moreover, all throughputs are im-
proved by using the middleware that adjusts to the number
of surrounding mobile hosts, as shown in Figure 13, 14.

VI. CONCLUSION AND FUTURE WORK

The standard congestion control algorithm has been devel-
oped with the requirements mostly from the wired networks,
and therefore is not always best in WLAN environment.
Control of TCP connections on the different hosts operate
independently from each other. In the case of wireless
network, the prediction for network capacity can mistakenly
be affected by random losses caused by noise or radio
interference. Besides, because the capacity of wireless band
is considerably less than that of wired network, the bot-
tleneck almost always lies in wireless part in the usage of
smartphone. This paper shows that multiple mobile hosts
competing for the same bandwidth are difficult to fill the
network capacity and share it fairly, without information of
other hosts.

Therefore we introduce the middleware for a Android
phone, a majority in the smartphone market. The middle-
ware uses the kernel monitor to get the connection status
parameters, and exchange the information by UDP broadcast
among the different mobile hosts that are connected to the



same AP. Based on the cooperation, the standard congestion
control algorithm is adjusted with prediction that takes whole
traffic in the network into account in order to adapt to the
environment. According to the evaluation results, the total
throughput and fairness index are improved by the proposed
method with Android phones. The environment in which
RTT is 256ms is shown in this paper. Actually we executed
the same experiments in when RTT is 32, 64,128 ms. The
total throughput and the fairness index are improved with
the middleware to some extends. Thus, We consider that this
idea of cooperative transmission control can be implemented
on any platform.

It is almost impossible to introduce this middleware to all
the mobile phones in the world immediately. The adjustment
may not work properly with many mobile hosts which do not
equip the middleware. We had an additional experiments in
which 5 hosts are communicating like the other experiment.
In this case, the ratio (the number of hosts with the middle-
ware : that of hosts without the middleware) is changed from
5:0 to 0:5. Total throughput is observed better as the number
of hosts with middleware increases. As shown in Figure19,
both throughput of hosts with the middleware and that of
hosts without the middleware are mostly higher in the case
at least one host with the middleware is communicating with
the same AP than all the hosts are communicating without
the middleware. The middleware shares the information
among the other hosts that have the middleware and adjusts
the congestion control in order not to overflow. Surely it fixes
the max of CWND too large, however, it is still effective to
have adjustments as much as possible.
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This middleware still have future works to be done. In
this paper, only some of typical cases have been discussed.
However, there are various other situations in the natural
environment. First, the scenario that all the mobile hosts
upload a large data simultaneously with the same RTT
is rare. If the RTT is different, the assigned bandwidth
should be different in proportion to RTT. In addition, the
cooperative control in the case of downloading should also
be implemented. Besides, the length of socket buffer queue,
which indicates the amount of data users will send, and
RTT to access a server host should be considered to the
calculation for ideal CWND. In the experiment in this paper,

we assume multiple Android phones uploading as much data
as the network capacity allows. However, there are various
type of communication (e.g. low-traffic communication) in
real-life utilization of network.

Second, there can be still a few hosts that uses congestion
control algorithm other than Cubic. The friendliness with
various algorithms is not sure. However, one solution for
situations, in which the middleware is not able to improve
current situation, is to stop the middleware and switch back
to the standard algorithm. As a result, this middleware
can always provide at least equal or better communication
performance compared with the default case.

Third, security mechanism should be considered for the
middleware. Although the exchanged information may not
be highly confidential, it is better to introduce an authenti-
cation mechanism before the exchange. The authentication
mechanism used for the connecting AP should be used for
this purpose.
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