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Abstract—In cellular networks, due to many practical deployment issues, some areas have good wireless coverage while other areas

may not. This results in significant throughput (service quality) difference between wireless carriers at some locations. We first analyze

the factors that affect the service quality and then validate the existence of service quality difference between different carriers via

extensive measurements. To deal with this problem, a mobile device (node) with low service quality can offload its data traffic to nearby

nodes with better service quality through Device-to-Device interfaces, such as WiFi direct, to save energy and reduce delay. To achieve

this goal, we propose a Quality-Aware Traffic Offloading (QATO) framework to offload network tasks to neighboring nodes with better

service quality. QATO can identify neighbors with better service quality and motivate nodes to help each other using incentive schemes.

To validate our design, we have implemented QATO on Android platform and have developed a web browser and a photo uploader on

top of it. Experimental results show that QATO can significantly reduce energy and delay for both data downloading and uploading.

Through trace-driven simulations, we also show that all users can benefit from data offloading in the long run.

Index Terms—Data offloading, energy saving, cellular networks, smartphone
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1 INTRODUCTION

IN cellular networks such as 3G, 4G and LTE, mobile devi-
ces are served by Base Stations (BSs) which cover a large

area (about 1-2 miles). Due to many practical deployment
issues, some areas have good coverage while other areas
may not. As a result, the wireless signal strength of a mobile
device varies based on its location. Moreover, the data
throughput in an area also depends on the number of peo-
ple in that area and the backhaul network of the wireless
carrier [26]. When the service quality (in terms of through-
put) is low, it takes longer time to transmit the same amount
of data and consumes more energy.

Some existing work has addressed the service quality dif-
ference at different locations. Schulman et al. proposed to
defer data transmission to save energy when the service
quality is low [29]. However, this solution only works when
it is known that the user will quickly move to a location
with better service quality. There are also solutions on off-
loading cellular traffic to WiFi network to save energy and
improve service quality [22]. However, WiFi access may not
always be available.

In this paper, we address the service quality difference
from a different perspective. Through theoretical analysis,
we show that the service quality varies in different loca-
tions due to the received signal strength from the BS.
Through extensive measurements, we observe that mobile
devices (nodes) within an area may have different service
quality and thus different throughput (e.g., a node may
consume much more energy and delay to download the

same amount of data), especially when different wireless
carriers are used. To deal with this problem, a node with
low service quality can offload its traffic to the node with
better service quality through Device-to-Device (D2D)
interfaces such as WiFi direct, to save energy and reduce
delay. Based on this finding, we propose a Quality-Aware
Traffic Offloading (QATO) framework, where nodes with
low service quality may offload their data traffic to those
with better quality via the WiFi direct interface. QATO
can identify neighbors with better service quality through
service discovery, and offload traffic to them. We also
provide incentive mechanisms to motivate nodes to help
each other.

We have implemented the QATO framework on
Android platforms. To evaluate its performance, we devel-
oped two applications based on QATO: a Web browser
which is used to evaluate the performance of download off-
loading and a photo uploader which focuses on upload off-
loading. Experimental results show that QATO can reduce
energy by 38 percent in downloading and 70 percent in
uploading, and reduce delay by 45 percent in downloading
and 88 percent in uploading. Trace-driven simulations are
used to evaluate the performance at a larger scale, and the
results show that all nodes can save energy and reduce
delay in the long run. Our contributions are as follows.

� We conduct extensive measurements to show the
existence of service quality difference between differ-
ent carriers and then introduce the idea of leveraging
the service quality difference among nearby nodes to
save energy and reduce delay.

� We design a quality-aware traffic offloading frame-
work to automatically detect neighbors willing to
help others and offload traffic to such nodes with bet-
ter service quality, and consider many practical
issues. Also, we design proper incentive mechanisms
to encourage users to help each other.

� The authors are with the Department of Computer Science and Engineer-
ing, Pennsylvania State University, University Park, PA 16802.
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� We implement the QATO framework on the
Android platform and develop two applications on
top of it. We also use the real testbed to verify the
effectiveness of QATO framework.

The rest of the paper is organized as follows. Section 2
introduces the background of different cellular networks
and their energy and delay model. Section 3 provides the
motivation for quality-aware traffic offloading. We present
the design and implementation of the traffic offloading
framework in Sections 4 and 5, respectively. The perfor-
mance of QATO is evaluated in Section 6. Section 7 dis-
cusses related work, and Section 8 concludes the paper.

2 PRELIMINARIES

In this section, we first give a short description of different
cellular networks, and then introduce the energy and delay
model.

2.1 UMTS, HAPA+ and LTE Network
The Universal Mobile Telecommunication System (UMTS) is
a popular 3G standard developed by 3GPP. It provides a
maximum bit rate of 384 Kbps to a single user at its first ver-
sion, release 99. To support higher data rate, High Speed
Downlink Packet Access (HSDPA) and High Speed Uplink
Packet Access (HSUPA) are added to UMTS to improve the
downlink and uplink speed. HSDPA and HSUPA are then
merged and the enhanced version is called HSPA+, also
referred to as 4G. In HSPA+, enhanced techniques, such as
64 QAM and Multiple-Input Multiple-Output (MIMO), are
used to increase the data rate up to 84 Mbps [33]. The Long-
Term Evolution (LTE) is the latest extension of UMTS, and it
enhances both the radio access network and the core net-
work. The core network architecture of LTE is based on all-IP
network and can support other non-3GPP radio access net-
works such asWiMAX and CDMA2000, which enables these
networks to adopt LTE as their future radio access network.
LTE can providemuch higher bandwidth than 4G [15].

2.2 Energy and Delay Model
The power model of a typical data transmission in UMTS 3G
networks is shown in Fig. 1. Initially, a node stays at the
IDLE state, which consumes little power. When a data
request arrives, it promotes to the data transmission state
(DCH), where data can be sent/received at high speed. After
a data transmission, it stays at the TAIL state (FACH) for a
period of time, in case another data request arrives soon.

Since UMTS 3G/4G/LTE have close relationships, their
power model during data transmission is also similar. Thus
we use a generalized power model for all these networks.
The power of cellular interface has three states: promotion,
data transmission and tail, and the power consumption of
these states are denoted as Ppro, Pcell and Ptail, respectively.
The energy consumption of a task in cellular network can be
modeled as follows. Suppose task Ti arrives at ti with data
size di, and the most recent task on the same node is Tj. Then
the time interval between the tail end of Tj and the start time
of Ti is denoted as Dt, and Dt ¼ ti � tj � dj=rcell � tpro if Tj

starts to transmit when the cellular interface is on idle state,
and Dt ¼ ti � tj � dj=rcell if Tj starts to transmit on high
power state (data transmission or tail state), where rcell is the
data throughput of the given node. There are three cases to
compute Ti’s power consumption depending on Dt. 1) If Dt
is larger than the tail timer ttail, i.e., the cellular interface is in
IDLE state before Ti arrives, then Ti will consume extra pro-
motion and tail energy, besides the data transmission
energy. 2) If Dt is smaller than ttail but bigger than 0, there is
part of tail energy but no promotion energy. 3) IfDt is smaller
than 0, Ti will be overlappedwith Tj for some time, and there
will be no additional tail energy

Ei
cellðTjÞ ¼

Ppro � tpro þ Pcell � di
rcell
þ Ptail � ttail;

if Dt > ttail
Pcell � di

rcell
þ Ptail � Dt;

if 0 < Dt � ttail

Pcell �max Dtþ di
rcell

; 0
n o

;

Otherwise:

8>>>>>>><
>>>>>>>:

(1)

The delay to complete a task is also related with Dt. If Dt
is smaller than ttail, the delay is just the data transmission
time. Otherwise, the delay should include additional pro-
motion delay, as shown in

Di
cellðTjÞ ¼ di=rcell þ tpro; if Dt > ttail

di=rcell; Otherwise.

�
(2)

3 THE MOTIVATION OF QUALITY-AWARE TRAFFIC
OFFLOADING

In this section, we first identify the reasons behind the dif-
ference in service quality (in terms of throughput) between
different carriers, and then conduct extensive measure-
ments to verify this difference and quantify its effects on
energy and delay. Finally, we show the benefits of quality-
aware traffic offloading.

3.1 Throughput Difference between Carriers
In cellular networks, BSs are used to provide services for
mobile devices within their coverage. The BS may be several
miles away from the mobile device and the wireless signal
between them may be blocked by multiple objects and may
be affected by multipath interference. A commonly used
metric to measure the signal quality is the signal to noise
ratio (SNR), which affects the throughput in two ways. First,
SNR determines the channel capacity. According to the
Shannon-Hartley theorem [4], the maximum rate a channel
can transmit is determined by

rmax ¼ B log 2ð1þ SNRÞ; (3)

Fig. 1. The power level of using the UMTS cellular interface (with
screen on).
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where rmax is the channel rate, and B is the frequency band-
width of the channel, which is generally fixed given a spe-
cific wireless carrier. Second, SNR affects the packet loss
rate. When SNR is below some threshold (e.g., 20 dB), the
packet loss rate will increase sharply and few packets can
be received successfully [34].

Besides SNR, the number of users served by the BS can
also affect the throughput. Suppose there areM active users
served by the same BS on the same channel, the maximum
channel rate for one user would be no more than rmax=M.
Thus, in a crowded area such as New York city, the data rate
may bemuch lower evenwhen thewireless signal is strong.

Putting them together, the throughput of a device is
affected by SNR and the number of active users in the BS.
For different wireless carriers at the same location, these fac-
tors are different and thus their throughput varies.

3.2 Measuring the Quality Difference between
Carriers

We use two types of smartphones (Samsung Galaxy S3 and
S4) to measure the throughput of two wireless carriers
(denoted as Carrier 1 and Carrier 2) in two cities (denoted as
City 1 and City 2). A brief description of the devices and net-
works is shown in Table 1.

To measure the throughput, we ported iperf to smart-
phones, added timestamp to record the start and end of a data
transmission, and extended it to support WiFi direct. With
iperf, the smartphone establishes a TCP connection to our
backend server and measures the downlink and uplink
throughput for 30 seconds. The throughput measurement has
been done for two months in different locations (inside and
outside of buildings in different cities), at different time. A
total number of more than 300 measurement results are col-
lected. Besides the throughput, the power consumption dur-
ing data transmission is also measured. We use the Monsoon
power monitor to provide power supply for smartphones,
which provides constant voltage and measures the current at
a rate of 5,000Hz. Based on the powermeasurement trace and
the start/end time from the iperf trace, we can get the power

consumption at different network state. The results are shown
in Table 2, where the power value is measured as the whole
phone’s power when the screen is on. Our measurement is
different from previous work (e.g., [15]) from three perspec-
tive. First, our measurement is based onmore recent LTE net-
work deployment, which reflects the significant technology
advancement in recent several years. Second, our measure-
ment considers multiple smartphones, which shows the
impact of phone models on network throughput and power
consumption. Third,we consider the difference in throughput
and power consumption between different carriers at the
same locations, which is not considered in other work.

3.2.1 Micro Perspective: Coverage Blind Spots of

Different Carriers

Within the coverage of a BS, the data rate within an area
varies greatly due to many reasons, such as the distance
from the BS, obstacles on the way, interference from other
devices, etc. It is common that one carrier has some coverage
blind spots at some locations, which means that the through-
put is extremely low and the quality of experience is poor.
This problem is especially worse in indoor environments.

We picked six popular locations in our university, includ-
ing Lab, library, classroom, andCafeteria, as shown in Fig. 2a.
In each location, we measured the data throughput of differ-
ent carriers at the same time. The comparison results are
shown in Fig. 2b. As can be seen, Carrier 1 has extremely low
throughput in locations 1 and 2 but carrier 2 has much better
service quality. The situation is just the opposite in location 6.
In these blind spots, there is strong motivation for nodes to
offload traffic to neighborswith better service quality.

3.2.2 Macro Perspective: Quality Complementary

between Carriers

Different carriers have different priorities when deploying
cellular networks in different cities. One may provide better
service quality in one city but lower quality in another city,
while the reverse is true for another carrier. To verify this
hypothesis, we collect data throughput of two carriers in
two cities, as shown in Table 1. In each city, we collect
the throughput in multiple locations at different time. The
downlink and uplink throughput of both carriers in these
two cities are shown in Figs. 3a and 3b, respectively. In the
boxplot figure, the middle line of a box indicates
the median, and the lower and upper side of the box are the

TABLE 1
Mobile Devices and Network Types

Device Provider Net1 Net2

Samsung Galaxy S3 Carrier 1 HSPA+ LTE
Samsung Galaxy S4 Carrier 2 LTE LTE

1Network in City 1; 2 Network in City 2.

TABLE 2
Power Consumption of Different Networks

State Power (mW) Duration (s) Download
throughput (Mbps)

Upload
throughput (Mbps)

HSPA+ (Carrier 1) Promotion 1;422:2� 34:1 2:3� 0:5 - -
Data 1;990:9� 44:2 - 4:5� 1:3 1:3� 0:2
Tail 1;622:6� 39:6 11:4� 1:4 - -

LTE (Carrier 1) Promotion 1;214:8� 24:3 0:25� 0:4 - -
Data 1;865:8� 25:6 - 51:11� 16:9 17:9� 5:1
Tail 1;125� 22:3 11:5� 0:56 - -

LTE (Carrier 2) Promotion 1;567:9� 47:8 0:34� 0:04 - -
Data 2;224:7� 53:1 - 15:4� 5:5 5:3� 2:5
Tail 1;757:5� 97:5 3:37� 0:08 - -

WiFi direct Data 1;323:6� 13:9 - 29:5� 1:2 29:5� 1:2
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first (25 percent) and third (75 percent) quartile, which
are denoted by Q1 and Q3. The outliers are values outside
1:5� ðQ3�Q1Þ range above Q3 or below Q1.

Both downlink and uplink throughput show the same
trend. Carrier 1’s HSPA+ network provides lower service
quality than Carrier 2’s LTE network while Carrier 1’s LTE
network outperforms that of Carrier 2. Thus we have two
findings. First, there is high throughput difference between
carriers, which can be as much as eight times. Second, the ser-
vice quality provided by different carriers varies in different
cities and complements each other, which provides opportu-
nity andmotivation to help each other. For example, suppose
a group of commuters using these two wireless carriers peri-
odically travel between these two cities, then users of Carrier
2 may share their services to users of Carrier 1 in City 1, and
utilize the service from Carrier 1 in City 2. Thus, with data
offloading, all users can benefit in the long run.

3.2.3 Delay and Energy Comparisons

Under different service quality, the data access delay and
the power consumption to accomplish a network task are

different. To measure this difference, we use the settings in
City 1 as mentioned in Table 1 to download a given size of
file from our server. The delay is the time from the start of
downloading a file to the time when the file is completely
received. The energy is measured as the whole phone’s
power consumption during downloading (including tail
energy) when the screen is on.

Fig. 4 shows the results. As can be seen in Fig. 4a, the
data access delay is similar for both carriers when the data
size is small. As the data size increases, the access delay of
Carrier 1 increases much faster than that of Carrier 2. This
result is consistent with our experience in real life; i.e.,
when updating emails or browsing simple webpages, LTE
feels similar to 3G network; however, when watching mov-
ies, LTE significantly outperforms 3G. This result indicates
that offloading large data to nodes with better quality can
significantly reduce the delay.

Fig. 4b compares the energy of data transmission with
different service quality. Since Carrier 1 takes longer time to
transmit the data, and has larger promotion and tail energy,
it consumes much more energy than Carrier 2. Fortunately,

Fig. 2. Downlink throughput in different locations. There are coverage blind spots in location 1 and location 2 for Carrier 1, and location 6 for Carrier 2,
which motivates the use of traffic offloading to improve service quality.

Fig. 3. Throughput of different carriers in City 1 and City 2. Carrier 2 provides better service quality in City 1 while Carrier 1 provides better service
quality in City 2.

Fig. 4. Energy and delay comparison between different carriers with different throughput.
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the energy consumption does not increase linearly with the
data size. For example, when the data size increases from 10
to 1,000 KB, the energy only increases 3.2 times for Carrier 1
and 1.4 times for Carrier 2. It means that aggregating a large
amount of data on a node with higher throughput does not
increase the energy too much.

3.3 The Benefit of Traffic Offloading
In order to see the benefit of traffic offloading, we show some
numerical results based on an example where user A (with
low throughput) offloads 2 MB of data to user B (with high
throughput). Suppose Elocal is the energy consumed by user
A to transmit data using its own cellular interface, and
Eremote is the energy consumed by both users when A off-
loads the traffic to B through WiFi direct. Then, the energy
saving ratio can be computed as ðElocal � EremoteÞ=Elocal, and
the delay saving ratio can be computed as ðDlocal�
DremoteÞ=Dlocal. We adjust the throughput of both users and
show the saved energy and delay in Fig. 5. Here the power
parameters of userA and userB are based on those of Carrier
1 (HSPA+) and Carrier 2 (LTE) as listed in Table 2, respec-
tively. As shown in the figure, when there is large through-
put difference between the users, traffic offloading can save
more energy and delay. Also, when one of them has low
throughput, it is more beneficial to use traffic offloading.

4 QATO DESIGN

In this section we introduce the design of our data offload-
ing framework QATO. We first give an overview of QATO
and then describe its major components.

4.1 QATO Overview
Consider that a group of users stay together for a relatively
long time, such as in a Lab or on a commuting bus from one
city to another. They use different wireless carriers and are
willing to share data services with others to trade for better
service from others at a later time. In such scenarios, QATO
enables phones to offload their network tasks to a neighbor-
ing node with better service quality. Here a network task
means an independent task to fulfill one user request, such
as downloading one webpage or uploading one photo,
which may contain lots of data packets.

The architecture of QATO is shown in Fig. 6. In the original
smartphone system, all network tasks are buffered in the local
queue and then scheduled based on the First In First Out
(FIFO) order. Here a network taskmeans an independent task
to fulfill one user request, such as downloading one webpage
or uploading one photo, which may contain lots of data pack-
ets.With QATO, the network tasks are guided into the offload

engine module first. By taking into account the local network
information and neighbor network information collected by
the service discovery module, the offload engine module
determineswhether to offload the network tasks and towhich
node to offload. The data transmission module maintains a
local task queue and a remote task queue, and properly sched-
ule them to reduce energy and delay. Since users may be self-
ish, we also design a credit based mechanism to motivate
users to share their cellular service. The credit manager mod-
ule manages credits; i.e., collecting credits from nodes using
the service and pay credits to nodes providing the service.

4.2 Service Discovery
There has been some existing research on detecting nearby
users recently; however, most of them are based on Bluetooth
[14]. Since the communication range of Bluetooth is short and
its throughput is low, another D2D interface, called WiFi
direct, is widely used to detect neighbors in recent years [6]
and it is recommended in the 3GPP proximity service (ProSe)
standard [2], [24]. However, there are few real implementa-
tions. Moreover, in our case, we need to know which neigh-
bors support QATO, i.e., are willing to offload traffic for
others. Thus, simply detecting neighbors using WiFi direct is
not enough. To solve this problem, we leverage the Name
Domain System (DNS) based service discovery (RFC 6,763) to
find neighbors. It allows nodes to discover neighbors support-
ing a specific service using the WiFi direct interface directly,
without the support of central servers and access points.

Android begins to support DNS-based service discovery
since Android 4.1 (Jelly Bean), and it supports DNS-SD to be
deployed onWiFi direct interface. On each node, we register
“QATO” as a service, with “_http._tcp” as the service type,
and a local port assigned to this service. After successful

Fig. 5. Energy and delay saving with traffic offloading. The throughput ofB indicates the throughput increase compared to the corresponding value ofA.

Fig. 6. QATO architecture.
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registration, the node will be able to respond to the “QATO”
requests from neighbors. Note that the user can also turn off
the “QATO” service if he does not have traffic to offload. In
the response, it also includes its IP address and port number.
Based on such information, two nodes can connect with each
other via the WiFi direct interface and exchange the network
quality information. The network quality information is
organized as an XML based profile, which contains wireless
network information such as the type of service, the signal
strength and the downlink/uplink throughput, and task
related information such as the local task arriving rate,
remote task arriving rate and total remote task size. Some fre-
quently used notations are listed in Table 3.

For each node, it collects a list of network quality profiles
from neighbors through service discovery. Then, it builds
a proxy list, i.e., the potential nodes for offloading, which
contains neighbors with much higher cellular throughput
than itself.

4.2.1 Cost Analysis

The service discovery process consumes extra energy, and
we quantify it by measuring the time duration and power
consumption. The time duration is related to the number of
neighbors, as shown in Fig. 7a. Generally speaking, discover-
ing one neighbor takes about two seconds. The power con-
sumption of service discovery is much higher than the idle
state. Fig. 7b shows a power consumption trace of discover-
ing three neighbors. The discovery process lasts for 5.77 sec-
onds and consumes 7:06 J of energy, which is similar to
uploading 590 KB of data with Carrier 1’s HSPA+ network.

Frequently executing service discovery consumes too
much energy, but many neighbors may not be detected with
low discovery frequency [14]. To save energy, the service dis-
covery process in QATO is only started when a node’s proxy
list is empty, and the discovery period should be adjusted
considering the real context, which is discussed later in
Section 4.4.3. The service discovery processwill also be started

when a node in the selected proxy list disappears or when the
proxy’s data throughput becomesworse than itself.

4.3 Data Transmission Schedule
In QATO, a node maintains two task queues, local task queue
Ql and remote task queueQr, to store the network tasks gener-
ated locally and received fromneighbors, respectively.During
data transmission schedule, i.e., task schedule, we consider
two factors. First, local tasks should not be affected by remote
tasks. Second, remote tasks should be scheduled only when
their introduced tail energy is negligible. To solve this prob-
lem, we design a scheduling algorithm for the proxy node, as
shown in Algorithm 1. A local task is scheduled when it is
generated since it has higher priority. For a remote task, it is
scheduled based on the following two cases to save energy:

� Case 1: A remote task is executed when the cellular
interface is already in the data transmission state,
either triggered by local tasks or by previous remote
tasks. In this case, we record the tail ending time. After
scheduling a task, the tail ending time is also extended.

� Case 2: Remote tasks are executed in a bunch when
the accumulated data size is larger than a threshold
G. This ensures that remote tasks are scheduled
when there is no pending local task.

An example is shown in Fig. 8. Remote taskR1 arrives first
but is not scheduled immediately. Local task L1 is scheduled
when it is generated. After that, R1 is scheduled as the cellu-
lar interface is on the data transmission state, as illustrated in
Case 1. Similarly, R2 is also scheduled. When R3 arrives, the
cellular interface has moved to the IDLE state, so it waits for
future tasks. WhenR6 arrives, the accumulated remote tasks
are more than G, and the four buffered tasks are scheduled
together, as discussed in Case 2.

The selection of G affects energy and delay. Larger G
means more tasks are scheduled together to amortize the
tail energy, and therefore reducing the energy cost but
increasing the delay. On the other hand, smaller G can
reduce the delay but increase the energy cost. Due to the
throughput difference between uplink and downlink, G can
be different according to the traffic direction.

To set up G, we compute the energy cost for transmitting a
given amount of data according to the network type and traf-
fic direction, and show the relationship between G and energy
cost. For example, we measure the energy consumption of
uploading different amount of data under Carrier 1 in City 1,
and the results are shown in Fig. 9. As can be seen, when the
data size is larger than 500 KB, there is a big drop in the energy
cost. Thus, it is better to setG bigger than 500KB in this case.

We also provide users with options to adjust G. From
the users’ perspective, a larger G helps to save energy, at
the cost of increasing the delay for remote tasks and
reducing the chance of serving more remote tasks to earn
credit (see Section 4.5). On the other hand, if G is small,

TABLE 3
Notations

Notations Descriptions

rD2D, PD2D Throughput and power of the D2D network
tpro, Ppro* Promotion delay and power of cellular network
ttail, Ptail* Tail time and power of cellular network
rcell, Pcell* Throughput and power of cellular network
�l, �r* Data arriving rate of local and remote task queue
Sr, Sr* Total and average data size in remote task queue

G* Data size threshold for scheduling remote tasks

*:notations with superscript p indicate the corresponding value of the proxy node

Fig. 7. The time duration and power consumption of the service discov-
ery process in WiFi direct.

Fig. 8. The scheduling of local tasks and remote tasks.
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which can be 0 in the extreme case, the remote tasks can
be scheduled immediately. Proxies can select the proper
G value considering the remaining energy and the will-
ingness to earn credit.

Algorithm 1. Task Schedule on Proxy Node

function TASKSCHDULE (Ql, Qr)
Sr  0, TailEnd 0
order all tasks by task time
for each task Ti 2 Ql [Qr do
if Ti 2 Ql then
EXECUTETASK *(Ti) /* Get Ti by cellular interface */
Ql  Ql n Ti /* Remove Ti from local task queue Ql */
TailEnd ti þ tpro þ di=rcell þ ttail
EXECUTEREMOTETASK_CASE1(Qr; TailEnd)

else
Sr  Sr þ di
if Sr > G then
EXECUTEREMOTETASK_CASE2 (Qr; Sr)
Sr  0

end if
end if

end for
end function
function EXECUTEREMOTETASK_CASE1 (Qr; TailEnd)
for Tj 2 Qr do
if tj < TailEnd then
EXECUTETASK (Tj)
TailEnd tj þ dj=rcell þ ttail
Qr  Qr n Tj

Sr  Sr � dj
end if

end for
end function
function EXECUTEREMOTETASK_CASE2 (Qr; Sr)
for Tj 2 Qr do
if Sr > 0 then
EXECUTETASK (Tj)
Qr  Qr n Tj

Sr  Sr � dj
end if

end for
end function

4.4 Offload Engine
As mentioned before, each node maintains a proxy list after
service discovery. When a network task arrives, the offload
engine will determine whether to offload the task. If so, it
selects the proxy node p from the list considering both energy
and delay.

4.4.1 Energy Consideration

Suppose task Ti is generated at time ti, with data size di. If
this task is executed locally, the energy consumption Ei

local

can be computed using Eq. (1). Otherwise, if this task is off-
loaded to p, the data transmission energy should be the data
transmission energy on node p, plus the additional energy
of the D2D interface. As mentioned in Section 4.3, there are
two cases to schedule remote task Ti. In Case 1, there is no
additional promotion and tail energy; in Case 2, Ti shares
part of these energy proportional to its size. As we are not
sure when the future tasks will be scheduled, the total
energy is computed based on the worst case, as shown in
Eq. (4), where rD2D and PD2D are the throughput and power
of the D2D interface, i.e., WiFi direct in this paper

Ei;p
remote ¼

di
rD2D

� PD2D þ di
rpcell
� Pp

cell þ
di
Gp

� �
Pp
tail � tptail þ Pp

pro � tppro
�
:

(4)

4.4.2 Delay Consideration

If task Ti is executed locally, the delay Di
local can be com-

puted using Eq. (2). When offloaded to proxy node p, the
delay contains four parts: the time to execute the first task in
the remote queue, queue delay, the time to transmit Ti via
the cellular interface, and the time to transmit it back via the
D2D interface. Similar to energy, there are two cases to com-
pute the delay of the first remote task. In Case 1, the delay of
the first task in the remote queue can be estimated by 1=�p

l .
In Case 2, the first task of the remote queue needs to wait
for a while until the total data size of the remote queue is

larger than G, which is G�Spr
�
p
r�Spr

. The queue delay depends on

the total remote task size Sp
r . The cellular network delay and

the D2D delay depend on di. Putting them together, the
delay to execute Ti at the proxy node p is

Di;p
remote ¼

di þ Sp
r

rpcell
þ di
rD2D

þmax 1=�p
l ;
Gp � Sp

r

�p
r � Sp

r

� �
: (5)

4.4.3 Proxy Selection and Congestion Avoidance

In QATO, a node periodically asks all nodes in its proxy list
for the network information, including the downlink/
uplink throughput, the G values for downlink/uplink, the
local/remote task coming rate (�l/�r), the total remote task
size (Sr), and the average remote task size (Sr). The update
interval introduces a tradeoff between obtaining accurate
network topology and saving energy. The selection of this
interval should consider the real context. For example, if a
user is on a train between two cities, the neighbors are rela-
tively stable and the update interval should be longer. If a
user is on a bus inside a city, the neighbors change fre-
quently and the update interval should be smaller. We let
the users select the update interval based on their context.
By default the update interval is set to 1 minute. Between
two updates, a node will use the previous history informa-
tion to estimate the load on a given proxy.

Given a list of proxy P and the network information of
each proxy p, a node will run the proxy selection algorithm
for task Ti as shown in Algorithm 2. For each proxy p, the
node computes the energy and delay saving ratio when off-
loading Ti to p, and only consider the proxy that can save
both energy and delay. These proxy candidates are ordered

Fig. 9. An example of the selection of G.
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by the total saving ratio as computed by Eq. (6), where a is a
weight parameter to balance the energy and delay saving
during offloading. If a is 1, only energy saving is consid-
ered. If a is 0, only delay saving is considered. This parame-
ter can be adjusted based on the users’ requirement. In
QATO, we set a to 0.5 to consider energy and delay equally.
Given the ordered proxy candidates, the node sends
requests to them one by one. If the request is accepted by p,
it will be selected as the proxy. After offloading Ti to proxy
p, the node updates the network information of p, including
the remote task coming rate, the total remote queue size and
the average remote task queue size.

Algorithm 2. Proxy Selection

Input: a list of proxies P , and the network information of each
proxy p including rpcell, �

p
l , �

p
r , S

p
r , and Sp

r

function PROXYSELECTION (P , Ti)
Proxy candidate set Candidates ;
for each proxy p 2 P do
if Ei

local > Ei;p
remote andDi

local > Ei;p
remote then

Compute savingp using Eq. (6)
Candidates Candidates

S
p

end if
end for
Order Candidates by the saving ratio
Proxy null
for each proxy p 2 Candidates do

if p accepts the node’s request then
Proxy p
Update �p

r , S
p
r and Sp

r

Quit the For loop
end if

end for
if Proxy ¼ null then

Run Ti locally
Announce itself as a proxy

end if
end function

Considering both energy and delay can help to avoid
congestion at the proxy. If one proxy p has higher through-
put, its remote queue will grow quickly. Then the queue
delay for remote tasks will increase and the total saving
ratio will be smaller. As a result, other remote tasks will be
scheduled to other proxies. Later, the remote tasks on p are
executed and its queue delay will decrease. This informa-
tion will be sent to other nodes, and more remote tasks will
be offloaded to p to achieve load balance

savingp ¼ a
Ei

local � Ei;p
remote

Ei
local

þ ð1� aÞD
i
local �Di;p

remote

Di
local

: (6)

Proxy’s Response. From the proxy’s perspective, serving
more users can aggregate more tasks and save more energy.
However, serving more remote tasks will increase the length
of the remote task queue and thus increase the average delay
for remote tasks. Next, we illustrate how the number of users
affect the delay. Assume a proxy serves N users. Suppose at
time t, each user generates one data request (task), and all
remote tasks are offloaded to the proxy. Then, the delay of all
tasks by using QATO is denoted as Dremote. For comparison,
we also compute the total delay without using QATO, which
is denoted as Dlocal. The delay saving ratio is computed as

ðDlocal �DremoteÞ=Dlocal. If this ratio is negative, it indicates
that the proxy serves too many users and introduces
more delay.

Suppose the proxy uses Carrier 2’s LTE network and the
other N users use Carrier 1’s HSPA+ network as shown in
Table 2. Fig. 10 illustrates the delay saving ratio when the
number of users changes. As can be seen, when more users
offload traffic to one proxy, the delay saving ratio drops
quickly since the queue delay increases. When the number
of users is fixed, the delay saving ratio decreases as the aver-
age data size increases. This is because the D2D delay is
becoming much larger during traffic offloading. Therefore,
the proxy should also consider the average data size when
determining the number of users to serve. For example, as
shown in Fig. 10, one proxy can support 11 users when the
average data size is 1 MB, but can only support 3 users
when the data size increases to 10 MB. In QATO, the proxy
can adaptively adjust the number of users to serve based on
the average remote task size. When there are enough users,
it will reject later requests.

4.4.4 Proxy Failure and Recovery

The connection between a node and its proxy may be lost
due to node movement. Thus, nodes should monitor the sta-
tus of their proxy continuously. A node should find a new
proxy if the selected proxy is unavailable, or if the delay
going through the proxy is too long. To search for a new
proxy, the node uses service discovery to search for the
proxy list, as mentioned in Section 4.2. If there are proxy
candidates, it communicates with them to find a new proxy
as described in Section 4.4.3. If the proxy list is empty or
there is no proper proxy candidate, the node will use its
own cellular interface and announce itself as a proxy in the
next round of information update.

4.5 Credit Manager
We design a credit-based scheme to motivate nodes to help
others. The credit is a kind of virtual money used to mea-
sure the cost of the proxy. As time, energy, and bandwidth
are all valuable resources, we consider all of them in terms
of credits. Since these resources have different unit, we
introduce the idea of equivalents to compare their value.
For example, Carrier 1’s HSPA+ network takes 1 second to
download 4.5 M bit (576 K Byte), and consumes 1.9 Joule of
energy, as shown in Table 4, and thus we consider these
costs at the same value. To be more general, we introduce
three parameters re, rd and rb, to adjust the unit and com-
bine energy, delay and bandwidth together, so that

Fig. 10. The number of users a proxy can serve.
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reEnergy ¼ rdDelay ¼ rbBandwidth. These three parame-
ters may vary due to the network quality, and the credit
manager can adjust them in real time. The credit can also be
extended to exchange with real money, but this is out of the
scope of this paper.

If task Ti is executed locally, a node will cost energy, delay
and bandwidth. By offloading Ti, the node can save such cost,
which is denoted as Ci

save. This is the maximum credit a node
wants to pay to the proxy when offloading Ti. On the other
hand, the proxy has to pay extra energy and bandwidth to get
Ti, and the total cost is Ci

cost. A proxy should get at least Ci
cost

credit backwhen helping others to offload Ti

Ci
save ¼ re � Ei

local þ rd � ðDi
local �Di

remoteÞ þ rb � di (7)

Ci
cost ¼ re � Ei

remote þ rb � di: (8)

As task Ti is offloaded only when it saves both energy
and delay, we have Ci

save > Ci
cost. To motivate both users to

use QATO, some credits in-between should be paid to the
proxy as shown in Eq. (9), where b is a parameter to balance
the cost of proxy and normal nodes, and it is set to 0.5 in
our system. Note that other incentive schemes like [36] can
also be applied

Ci
paid ¼ Ci

cost þ bðCi
save � Ci

costÞ: (9)

When proxies are used, there will be security and privacy
issues since the proxy can be a malicious attacker. This is
similar to the case of using a public access point, where the
access point has similar functions to the proxy, and then
similar techniques can be applied. Note that many applica-
tions may already have security mechanisms to address this
problem. For example, many banking applications are
based on HTTPS where end-to-end security is applied, and
thus security is not a problem. Other solutions can be found
in [20]. Since this is not the focus of this paper, we will not
further discuss it.

5 QATO IMPLEMENTATION

QATO is implemented on the Android platform. In this sec-
tion we introduce the implementation of QATO and two
applications designed based on QATO.

5.1 Implementation Details
The four components of QATO, service discovery, offload
engine, data transmission and credit manager, are shown in
Fig. 6, where each component is implemented with a thread,
and message passing is used for communication.

In the service discovery module, each device registers
“QATO” as a service in the local network as mentioned early.
Since the service name should be unique in a local network,
theAndroid system automatically adjusts the service name on
a device to a format like “QATO(1)” when there is conflict.
Therefore, during the service discovery, all service names
containing “QATO” are treated as the same service.

In the offload engine, a major task is to measure the net-
work status such as throughput. Throughput measurement
has two challenges. First, it introduces extra bandwidth and
energy cost. Second,when a usermoves and the cellular signal
strength changes, the previous measurement will be inaccu-
rate. To address these problems, we leverage the relationship
between throughput and signal strength, and measure the
throughput when users are transmitting useful data. In
Android, a device can retrieve the signal strength using
getGsmSignalStrength(). This call has no extra cost since
the device measures the wireless signal strength by default.
The result of this call is an integer ranging between 0 to 31
when the signal is valid, where a larger number indicates
stronger signal, as defined in 3GPP TS 27.007 [1]. If the signal
is not known or not detected, 99 is used. We maintain a table
with the signal strength as the key and the downlink/uplink
throughput as the value. When a node transmits data, the sig-
nal strength is recorded and the downlink/uplink throughput
is updated. With this table, throughput information can be
obtained based on the recent signal strength. Although this
methodmay not always get the accurate throughput, it can be
used to estimate the throughput due to its low cost. Also, the
throughput estimation will be updated after each data trans-
mission. Thus, even if the throughput estimation is not accu-
rate, it only affects the first task. To accurately estimate the
throughput, other existing solutions [19], [32] can be used,
although theymay have higher cost.

In the data transmissionmodule, to schedule a remote task,
we need to know whether the network interface is in the data
transmission state as mentioned in Section 4.3. However, this
information is not available in our testbed (Android 4.2.2).
One solution is to monitor the arrival time of all local and
remote tasks. The arrival time of remote tasks can be easily
monitored as they are offloaded by QATO, but the arrival
time of local tasks can only be obtained when the tasks are
generated by apps under our control (e.g., Web Browser and
Photo Uploader). The problem can be solved after Android
5.0, where the system provides a callback interface OnNet-

workActiveListener, which can tell whether the network
interface is transmitting data. Thus, QATO should perform
better inAndroid 5.0 or later version.

5.2 QATO Interface
All components of QATO are wrapped into classes and run
in the backgroundwhenQATO is turned on. For developers,
QATOprovides a simple interface. Using TCP as an example
(UDP works similarly), the QATO interface is shown in
Fig. 11. Originally a client connects to the server directly.
After successful connection, a client can manipulate the
input/outputstream. In QATO, we provide a new QATO-
socketwith twomore parameters: proxy IP address and port.

All network tasks using the QATOsocket will be for-
warded to QATO. The offload engine decides whether to
offload the tasks. If not, the connection works the same as
the original one. Otherwise, the node first creates a connec-
tion to the proxy via the WiFi direct interface, and then the
proxy creates a new connection to the real server. There will
be two connections on the proxy simultaneously. Later on,
the proxy connects the input/outputstream of one connec-
tion to the output/inputstream of the other one. In this way,
the proxy works like a tunnel to transmit data, without stor-
ing the user data, and as a result the user privacy is also pro-
tected. For developers, the whole process is transparent and
they can use the inputstream and outputstream as normal.

TABLE 4
Relationship between Energy,

Delay, and Bandwidth

Energy (J) Time (sec) Bandwidth (KB)

1.9 1 576
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5.3 Applications
We have developed two applications on top of QATO: a
web browser focusing on download offloading, and a photo
uploader focusing on upload offloading.

5.3.1 Web Browser

In the web browser application, the opening of a webpage is
treated as downloading multiple files. To eliminate the effect
of congestion on the web server, all files (including embed-
ded objects) of the webpage are downloaded to a server in
our lab. When the phone opens a webpage, we use the idea
in [35] by downloading all object files first and then render-
ing them. It works as below. After a user enters a URL and
clicks the “go” button, the web browser downloads the main
webpage. Then it parses the whole content, detects all
embedded object files, including CSS, images, javascript
files, and downloads them together. After all files are down-
loaded, the web browser modifies the object links in the
main webpage and redirect them to the local files. Then the
webpage can be displayed. By downloading all webpage
files in a bunch, the tail energy can be significantly reduced.

5.3.2 Photo Uploader

With cameras on smartphones, users are generatingmore and
more photos, and uploading them to Facebook, flickr, google,
etc. Since photos are very large, it may take much more time
to upload photos and consume a large amount of energy
when the wireless signal is not good. Thus, it is better to off-
load such tasks to neighboring nodes with better network
quality. To achieve this goal, we design a photo uploader
based on QATO. Users can take photos or select photos from
the gallery and then upload them to a self defined server.
Since photo uploading is delay tolerant, the proxy can adjust
G to a balance between saving energy and reducing delay.

6 PERFORMANCE EVALUATIONS

In this section, we first run some experiments to show the
efficiency of QATO, and then use trace driven simulations
to show that proxy nodes can also get benefits in the long
run and QATO can realize load balance among multiple
proxies. We compare the performance of QATO, denoted as
“Ours”, to the original method (without traffic offloading),
denoted as “Original”.

6.1 Real Experiments
We have implemented QATO on two smartphones as listed
in Table 1 and run experiments in City 1. All phones have
Android 4.2.2 and have pre-installed two applications: web
browser and photo uploader. For the Original method,
we run each application using the GS3 phone individually.

For Ours method, we turn on QATO on both phones and
put them within communication range. As LTE has larger
downlink throughput than HSPA+, the GS4 phone is
selected as the proxy.

For both methods we use Monsoon power monitor to
measure the energy as described in Section 3.2. In the origi-
nal method, we only consider the data transmission energy
and delay on GS3. When QATO is used, we also consider
the energy on both client and the proxy (e.g., the GS4 phone
in our case). For the delay, we consider both cellular and
D2D transmission delay.

6.1.1 Web Browser Results

We pick 10 most popular websites from the Alexa website [3],
as listed in Table 5 to test the performance of download off-
loading. These websites have different numbers of embedded
objects. Some contain one image while others contain hun-
dreds of images. In this application, the delay is defined as the
time from a user pressing the “go” button to the time when
the webpage is totally downloaded. Since web browser is not
delay tolerant, we set G to the minimumwebpage size so that
all offloading requests can be executed immediately.

Fig. 12 compares the energy and delay of the two meth-
ods. When downloading webpages, the original method
takes more energy and time than ours since QATO can off-
load traffic to the GS4 phone, which has much higher down-
link throughput. On average, our method can save energy
by 38 percent and reduce delay by 45 percent.

6.1.2 Photo Uploader Results

We use 20 photos with different sizes to evaluate the perfor-
mance of upload offloading. The data size is listed in Table 6,
which ranges from several kilobytes to several megabytes,
with an average size of 939 KB. The photos are roughly
divided into two categories: small photos with data size
smaller than 1 MB, and large photos larger than 1 MB.

Fig. 11. QATO TCP interface.

TABLE 5
Webpage Benchmarks

Name URL # of Files Size (KB)

Google www.google.com 2 10
Yahoo www.yahoo.com 165 808
Amazon www.amazon.com 9 126
Wiki www.wikipedia.org 18 117
Ebay www.ebay.com 13 221
Bing www.bing.com 2 29
Craigslist www.craigslist.com 7 409
Go www.go.com 18 980
Espn www.espn.go.com 53 598
CNN www.cnn.com 21 396

TABLE 6
Photo Benchmarks

ID Data Size (KB) ID Data Size (KB)

1 38 11 1,028
2 55 12 1,092
3 83 13 1,171
4 309 14 1,255
5 382 15 1,280
6 392 16 1,293
7 393 17 1,297
8 519 18 1,479
9 678 19 2,539
10 817 20 2,882
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The comparison results of the original method and our
method are shown in Fig. 13. The dotted line shows the
average value of small photos and large photos using the
original method. In the original method, the energy and
delay of the small photos are much smaller than that of
the large photos. More specifically, the average energy of
the small photos is 23:4 J, while it is 54:1 J for large photos.
The average delay of small photos is 3.57 seconds while it is
17.63 seconds for large photos. This is because the uplink
bandwidth of HSPA+ is relatively small. However, when
using QATO, the energy and the delay are both reduced sig-
nificantly, since the GS4 phone has much higher uplink
bandwidth. For all photos, our method can save 70 percent
of energy and 88 percent of delay on average.

The data size threshold G affects the performance of traf-
fic offloading. Since photo uploading is delay tolerant, add-
ing more delays (i.e., increasing G) can be used to save more
energy. Suppose a user selects 20 photos to upload and the
duration of selecting one photo is 5 seconds, the energy and
delay of using QATO with different G are shown in Fig. 14.
When G increases, more energy is saved since more data
can be aggregated to transmit at once and more tail energy
is saved. However, the delay also increases since there will
be more queue delay and promotion delay.

6.1.3 Energy Consumption of Different Components

In this section, we evaluation the energy consumption of
different components in QATO, which includes the cellular

interface, D2D, service discovery, and system maintenance
such as measuring throughput and scheduling data trans-
missions. In the measurement, we carefully analyzed the
power consumption trace and the data transmission trace to
extract the data transmission energy, and then run the ser-
vice discovery and system maintenance separately to obtain
their energy consumption. Fig. 15 shows the energy con-
sumption of different components for web browsing and
photo uploading. Generally speaking, data transmission
(cellular, D2D) consumes most of the energy, among which
the cellular interface consumes much more energy than the
D2D interface. Service discovery is executed periodically,
and the energy for system maintenance is mainly affected
by the number of tasks to be scheduled.

For data transmission, photo uploading consumes much
more energy (both LTE and D2D) than web browsing, since
it has much larger data size. Web browsing consumes much
more tail energy (LTE tail) due to the following reason. Web
pages contain multiple files which are downloaded sepa-
rately, and users read a web page for some time before
opening another one. Thus, there exists many idle time peri-
ods between downloading, introducing more tail energy.
On the other hand, photos are uploaded in several batches,
with less idle time interval between data transmissions.

6.2 Trace-Driven Simulations
In this section, we aim to show that all nodes, including the
proxy nodes, can get benefit in the long run. We collect

Fig. 12. Energy and delay comparisons with/without QATO when downloading webpages.

Fig. 13. Energy and delay comparisons with/without QATO when uploading photos.

Fig. 14. The impact of G on the performance of photo uploading. Fig. 15. Energy consumption of different components of QATO.
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network traces from 4 users in one month. Then we assume
two commuters, User 1 with Carrier 1’s data plan and User 2
with Carrier 2’s data plan, always travel between City 1 and
City 2. We feed trace 1 and trace 2 to User 1 in City 1 and City
2, respectively. Similarly trace 3 and trace 4 are fed toUser 2 in
two cities. As shown in Table 2, User 1 offloads traffic to User
2 in City 1 and User 2 offloads traffic to User 1 in City 2. In
these twomonth periods, we compare the performance with/
withoutQATOand the results are shown in Fig. 16.

Figs. 16a and 16b compare the energy and delay of the
original method and QATO. As can be seen, both users ben-
efit from using QATO by saving energy and reducing delay.
User 1 consumes much more energy and time than User 2 in
the original method because he has more network tasks.
Due to the large number of tasks, User 1 has more opportu-
nity to save energy and reduce delay by offloading them to
User 2. In total User 1 saves 62 percent of energy while User
2 saves 36 percent, and User 1 reduces delay by 50 percent
while User 2 reduces the delay by 25 percent.

The credit (cost) value considers energy, delay and band-
width. As mentioned before, when offloading a task, a node
saves some cost which is more than the credits paid to the
proxy. From this point of view, we say a node benefits from
QATO if the saved cost is more than the paid credits in the
long run. To verify this assumption, we compare the total
saved cost and the paid credits during the twomonth periods
for both users and show the results in Fig. 16c. It clearly veri-
fies our assumption since both users paid less credits than
their saved cost. The benefit (the difference between saved
cost and paid credit) of User 1 is larger since User 1 offloads
more tasks. On the other hand, User 2 also earns some credits
(which is not shown in the figure) by being a proxy.

6.3 Synthetic Trace-Driven Simulations

In this section, we use synthetic trace with more users to
demonstrate that QATO can save more energy with more
users and achieve better load balance among proxies. In the
simulation, we assume that the throughput of the proxy fol-
lows normal distribution Nð15:4 Mbps; 5:5 MbpsÞ, and the
throughput of the client users have lower throughput fol-
lowing distribution Nð4:5 Mbps; 1:3 MbpsÞ. For each user,
task arrival follows a Poisson distribution with an average
interval of 60 seconds, and the data size of each task is ran-
domly distributed from 10 KB to 3 MB.

6.3.1 Impact of the Number of Users on Energy Saving

If there are many users in one area, they will form several
groups as discussed in Section 4.4.3. In each group, a
smaller number of users with high throughput will serve as
proxies, and other users with low throughput will work as
normal clients. In this section, we study the impact of the
number of users on energy consumption. Fig. 17 shows

the average energy saving ratio of QATO as a function of
the number of users, where the number of users is increased
from 2 to 10, with at least one and at most 30 percent of
the users serving as proxies. The test was run 10 times and
10 minutes each time. As can be seen, the energy saving
ratio increases from 48 to 85 percent when the number of
users increases from 2 to 10. This is because more tail energy
will be reduced when more tasks are aggregated. When the
number of users further increases (near 10), the energy sav-
ing ratio will not further increase, but the delay may become
longer as shown previously in Fig. 10. Thus we suggest not
to assign too many users to one group.

6.3.2 Load Balancing at the Proxies

When there are multiple proxies, load balancing is necessary
for achieving a balance between saving energy and reducing
delay. In this section, we compare QATO with others in
terms of energy saving and delay. Besides the Original

and Oursmethods, we add anothermethod called Single-

proxywhich schedules all tasks to the proxy with the high-
est throughput. We also compare the performance with the
threshold based offloading method in [21] (referred as Car-
rierMix). CarrierMix computes the energy (both cellular
and D2D energy) consumed at each node periodically and
the nodewith theminimum energy cost is the proxy.

In the simulation, we assume there are 10 users in a group,
and three of them have higher throughput. To simplify the
presentation, users are ordered by their throughput, so that
User 1 has the highest throughput. The energy consumption
and delay of the four methods are listed in Table 7. As can be
seen, all methods using proxy can save energy and reduce
delay, since the proxy (proxies) has higher throughput. For
energy, our solution saves 85 percent of energy and Carrier-
Mix saves 83 percent of energy than the original solution.
The most energy efficient solution is Single-proxy, which
saves 87 percent of energy, since it only uses the proxy with

Fig. 16. Performance comparisons with/without traffic offloading.

Fig. 17. The energy saving ratio with different number of users in a group.
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the highest throughput. Moreover, it aggregates all traffic
and thus has more opportunities to cut the tail energy. How-
ever, this is at the cost of delay. We can see that the single-
proxymethod hasmuch longer delay than others.

To understand the traffic load at each proxy, we compare
the energy consumption of the proxies, and the result is
shown in Fig. 18. In the single-proxy method, User 1 works
as the proxy, and it consumes the highest amount of energy.
Other users are treated as client nodes and only consume a
little D2D energy. CarrierMix has better energy balance
among proxies, but it also selects three nodes with low
throughput as proxies at some time slots. Since it uses some
nodes with low throughput as proxies, it has more energy
consumption and longer delay than our method (delay is
shown in Table 7). QATO uses the first three nodes as prox-
ies to avoid congestion, and the three proxies have similar
energy consumption. The proxy of User 1 handles more
tasks and thus consumes more energy. Compared to other
methods, QATO can achieve better load balance among
proxies with low energy consumption and low delay.

7 RELATED WORK

Our work aims to reduce energy and delay by offloading
traffic to neighbors with better service quality. It is related
to three categories of work.

Power Saving in Cellular Networks. In cellular networks,
including 3G, 4G and LTE, the radio interface on smartphone
is kept in the high power state (tail state) for a long time after
data transmission, which may waste a large amount of
energy. To solve this problem, some researchers introduce
methods to aggregate the network traffic to amortize the tail
energy [12], [13], or turn the radio interface off quickly by
predicting the end of communication [7], [27].

Quality Aware Data Access. The service quality difference
of cellular network within an area has drawn researchers’
attention. The Bartendr project [29] works on the user side
and suggest a user to defer data transfer until reaching a
location with better signal. Another approach, coordinated
multipoint transmission/reception (CoMP) technology [16],
[28], works on the network side and leverages the coordina-
tion between multiple BSs to improve the throughput. Dif-
ferent from them, we leverage users’ cooperation to save
energy and reduce delay.

Offloading. As the cellular network is crowded in some
locations, lots of research has been done to offload cellular
traffic to WiFi networks to reduce the traffic [22] and increase
the network throughput [31]. Since WiFi is not always avail-
able, researchers also propose to offload cellular traffic to D2D
networks, such as Bluetooth and WiFi direct [5], [10], [11],
[17]. Among all D2D interfaces WiFi direct [6] attracts more
attention since it hasmuch higher throughput. It has also been
used in the standard of proximity service (ProSe) in 3GPP [2],

[24]. However, the previous work of traffic offloading is
mainly done via analysis and simulations [23], and there is
few real implementation [6].

Besides reducing the load of cellular networks, traffic off-
loading is also possible to leverage neighboring nodes with
good signal strength, such as UCAN, which offloads (relays)
data to nodeswith higher throughput via the 802.11 interface
[25]. However, it only analyzes the benefit based on simula-
tions. Different from it, our work is a full implementation
and runs on real devices. We also consider many practical
scheduling issues related to the long tail problem, which are
not considered in UCAN. CarrierMix is another work that
uses the similar idea to offload traffics between users under
different cellular carriers [21]. They introduce two online
traffic offloadingmethods: max rate and threshold based off-
loading. The previous one offloads traffics to one proxy with
themaximum throughput, which does not consider load bal-
ance. The later one considers load balance from the perspec-
tive of energy, but it increases the delay in some cases.

There are also works onmobile clouds [8], [18], [30] which
aim to offload complex computations to cloud to save
energy. Recently, many researchers also consider offloading
computations to nearby mobile devices [9] to save energy.
Their idea of leveraging neighbors’ resource inspires our
work, but their works focus on computation offloading
whereas our work focuses on communication offloading.

8 CONCLUSION

In this paper, based on real measurements, we demon-
strated the existence of significant service quality difference
between wireless carriers at the same locations, and then
motivated the necessity of node collaboration to save energy
and reduce delay in cellular networks. We proposed a traffic
offloading framework QATO to offload network tasks to
neighboring nodes with better service quality, so as to save
energy and reduce delay. QATO can find neighbors through
service discovery without the support of infrastructure net-
work and offload traffic to neighbors with higher through-
put considering both energy and delay. QATO also
provides incentive mechanisms to motivate nodes to help
each other. To validate our design, we have implemented
QATO on Android platform and developed a web browser
and a photo uploader on top of it. Experimental results
show that QATO can reduce energy by 38 percent in down-
loading and 70 percent in uploading, and reduce delay by
45 percent in downloading and 88 percent in uploading.
Through trace-driven simulations, we also show that all
users can benefit from data offloading in the long run and
QATO can realize load balance among proxies.

TABLE 7
Energy and Delay Comparison of

Different Methods

Energy (J) Delay (sec)

Original 1,309.4 217.6
Single-proxy 163.9 162.7
CarrierMix 223.6 103.9
Ours 189.3 43.9

Fig. 18. The load balance of our scheduling algorithm.
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