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ABSTRACT
The system characteristics of 4G and 

beyond 4G broadband mobile system (BMS) are 
high data rate (throughput), low latency (delay), 
high mobility (speed), and high capacity.  The 
current recognized 4G BMS needs to meet the 
requirements specified by IMT-Advanced of 
ITU-T. Those BMSs include 
3GPP-LTE/LTE-Advanced and IEEE 802.16e/m 
(WiMAX 1/WiMAX 2).  In the meantime, the 
smart device (smartphone and tablet) with 
powerful CPU/GPU, HD digital camera, digital 
compass, GPS, and various sensors are 
becoming rapidly popular. In addition, the 
architecture and capability of cloud computing 
are getting adopted in various applications and 
services, a cloud-based 4G/LTE is one example     
of telecommunications services. With the 
combination of more deployments of 
cloud-based BMSs and increasing usages of 
smart mobile devices, there are many potential 
appealing applications and services with 
real-time and/or interactive features can be 
created.  In this article, we explore the 
technology and applications of mobile 
augmented reality (MAR) on the cloud-based 4G 
BMS (TD-LTE) and smart devices environment.                                                              
The developed smart device-based MAR system 
(SD-MAR) with the 4G/TD-LTE experimental 
network testbed is located at MIRC/BML in the 
campus of National Chiao Tung University.  
This testbed consists of several brandy 
dongles/tablets/smartphones (as UE), two NSN
TD-LTE base stations (as eNodeB), one core 
network (as EPC), and cloud-based servers and 
data center. To study the technology and 
applications on SD-MAR system, we have 
integrated research teams/people specialized in 
the areas of cloud computing, smart device
technology, 4G broadband mobile system, 
computer vision and image processing, gesture 
recognition, computer graphics and rendering, 

and system integration. The applications 
discussed in the article include real-time 
accurate navigation/tourism for indoor and 
outdoor, collaborative urban design, and 
multiuser interactive motion learning system in 
the mobile environment.

1. Introduction
Cloud computing technology has been 

applied to various applications and services, a 
cloud-based broadband mobile system (BMS) 
for telecommunications services is a good 
example. 4G BMS based on 3GPP LTE/LTE-A
is becoming the mainstream of global
telecommunications service operators. Currently, 
the network providers in North America 
(US/Canada) and APEC (Japan/South 
Korea/Australia) are very aggressive in 
deploying 4G/LTE networks.  In the meantime, 
the technology advancement of mobile smart 
devices (SD) such as smartphones and tablets are  
becoming rapidly popular. The SD is 
well-equipped with high resolution camera(s), 
GPS, digital compass, color display, 
GPU/powerful CPU, and many different kinds 
useful sensors. With the combination of more 
deployment of cloud-based 4G/LTE and 
increasing usages of smart mobile devices there 
are many potential compelling applications and 
services with real-time and/or interactive 
features in the mobile environment can be 
created.

Mobile augmented reality (Mobile AR or 
MAR) [2, 3] is defined as AR applications 
running in a mobile environment. Augmented 
reality is a live view of physical real-world 
whose elements are augmented (enhanced) by 
virtual computer-generated data and/or images.  
AR technology has been around for more 20 
years but limited to a niche market such as 
military, medical, and heavy industry 
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applications.  The advancement of smart 
mobile device (smartphone and tablet), AR 
applications move to mainstream set of 
application in the consumer market, particularly 
for Mobile AR applications on SD (SD-MAR) 
operating in the 4G/LTE mobile network.

In this article, we address the technology 
and applications of cloud-based 4G/LTE 
networks for mobile augmented reality (MAR) 
on the smart devices. The proposed prototype 
SD-based MAR systems (SD-MAR) over the 
experimental 4G/LTE network testbed is located 
at MIRC/BML (Microelectronics and 
Information Research Center/Broadband Mobile 
Lab.) in the campus of National Chiao Tung 
University. This testbed several brandy terminals 
(USB dongles, tablets, and smartphones as 4G 
UE), two NSN TD-LTE (LTE FDD) base 
stations (as 4G eNodeB), one core network (as 
4G EPC) and a cloud computing-based platform, 
called NSC-C3AP, providing IaaS and PaaS 
services. NSC-C3AP is a cloud computing & 
communication application platform (C3AP)
sponsored by the National Science Council 
(NSC) of Taiwan. Figure 1 describes the 
experimental 4G/LTE network testbed.

Figure 1. The experimental cloud-based 4G/LTE network 
testbed

Besides the Introduction Section, the rest of 
this article is divided into four sections. Section 
2 addresses the system architecture of SD-MAR 
on cloud-based 4G/LTE network.  The 
proposed applications of SD-MAR system is 
described in Section 3. The study of applications 
performance analysis of SD-MAR in term of 
quality of service (QoS) and quality of user 
esperience (QoE) is addressed in Section 4.  
Finally, the conclusion remarks is in Section 5..

2. Architecture of SD-MAR on Cloud-based 

4G/LTE Network
In the era of 3G mobile network (WCDMA, 

CDMA2000, and TD-SCDMA) or 3.5G mobile 
(HSUPA, HSDPA, and HSPA+) network [4] due 

to the limited (low) data rate of network 
transmission and the large system delay (latency), 
the mobile augmented reality application can 
only be run in the mobile device following the 
download of the application from the backend 
server (e.g. Apple’s App Store). Figure 2 
indicates the system configuration of SD-MAR 
in the 3G/3.5G mobile network. There are 
several drawbacks of executing MAR 
application program on the standalone SD 
including the limited computing power, storage 
volume, memory size and the big energy 
consumption. In the paper [1, 5] for mobile 
visual search in 3G networks, it points out that 
network latency remains the bottleneck for the 
system.  For 3G connections, it also shows the 
average energy consumption in send image 
mode is almost 3 times as much as send feature 
mode. This is due to the slow transmission 
speed.

Figure 2. The standalone MAR application run on client 
SD in 3G/3.5G network

2.1. System Characteristics of 4G/LTE 

Network
Due to the advancement of wireless 

technology in the areas of MIMO, OFDM and 
other enhancement, the system characteristics of 
4G and beyond 4G networks are in Table 1.:

Table 1 System characteristics of 4G/LTE 
network

System feature Performance/remarks
High data rate 
(throughput)

15 Mbps ~ 100 Mbps

Low delay (latency) 20 ms ~ 40 ms
High mobility 300 km/h ~ 500km/h
High capacity more small cell/BS 

deployment
                                       
The system performance improvement

(from 3G/3.5G to 4G/LTE)) has made the 
interactivity capability and real-time applications 
possible. Figure 3 shows the client-server (or 
distributed) configuration as the application 
execution platform for 4G/LTE network with 
client SD and cloud server.
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Figure 3. Client-server (distributed) configuration for 
4G/LTE network

2.2 Layer Architecture for SD-MAR System 

Development
The system architecture for SD-MAR 

cloud-based 4G/LTE network is organized into 
three layers: application, middleware, and 
platform. The application layer consists of 
SD-MAR application program and MAR 
interface.  The middleware layer covers 
SD-MAR API and functions of client, 
connectivity, and cloud-based server.  The 
platform layer includes library/virtual machine, 
hardware abstract layer, OS (Android, Windows 
Mobile, and iOS) and hardware. Figure 4 
illustrates this system layer architecture for 
SD-MAR.

Figure 4. System layer architecture for SD-MAR with 
cloud-based 4G/LTE

In Figure 4 indicates the SD-MAR 
applications can run over 4G/LTE network with 
SD supports operating system: Android, 
Windows Mobile and Apple iOS. The 
hardware for smart mobile device may include 
ARM, CPU/GPU, digital compass, GPS, digital 
camera, Wi-Fi, and several sensors

                                                           
2.3  Configuration for SD-MAR System 

Figure 5 shows the system configuration 
for SD-MAR with cloud-based 4G/LTE network
as the application platform on NCTU campus.

Figure 5. The proposed overall system configuration of 
SD-MAR

3. Applications Proposed for SD-MAR on 

Cloud-based 4G/LTE Network
According to Visiongain’s analysis of [3],

the most salient application segments to 
SD-MAR and papers [6, 7, 8, 10, 11, 14] are
listed in the following:

Location-based services,
Mobile gaming,
Education and reference,
Geo Social networking,
Multimedia and entertainment,
Travel/Navigation, and
Lifestyle and healthcare           

With the available resources and expertises,
we have decided to investigate the cloud-based 
SD-MAR applications including:

Navigation/Tourism applications for 
indoor (e.g. store and mall) outdoor (e.g. 
campus and city),
Collaborative urban design, and
Multiuser interactive motion learning 
system in mobile environment 

3.1 Navigation/Tour Guidance Applications

on SD-MAR
A study on indoor navigation by 

augmented reality using mobile devices [15] and 
outdoor tour guidance by car driving in park 
areas using augmented reality technique [16] had 
been prototyped by Prof. Tsai of NCTU and his 
graduate students. The prototype systems were 
implemented in a LAN and Wi-Fi configuration 
and without cloud computing environment.  
Figure 6 and Figure 7 show the architectures of 
their implementations. The disadvantages of 
those systems are in the following:

Mobile device does all the processing of 
computer vision (CV) that is computing 
intensive and big energy consumption,
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System only works in the LAN/Wi-Fi 
environment that is no mobility and not 
available everywhere, and
System is not always available and also 
not scalable

(a) (b)

Figure 6. Indoor AR-based navigation using computer vision 
techniques [15]

Figure 7. Outdoor AR-based tour guidance using computer 
vision techniques [16]

The proposed new cloud-based 
architectures of SD-MAR with 4G/LTE network
for indoor navigation application and for outdoor 
tourism are shown in Figure 8 and Figure 9 
respectively.  In those new architectures, the 
computing intensive CV can be done in the 
cloud side.  By using this new approach, the 
SD-MAR-based indoor navigation and outdoor
tourism services can be available everywhere 
and anytime when the infrastructure of 4G/LTE 
network is ready.

Figure 8.Cloud-based architecture of MAR for indoor 
navigation application

Figure 9. Cloud-based architecture of MAR for outdoor 
tourism application

3.2 Collaborative Urban Design with 

SD-MAR
With advances in technologies related to 

smart devices and broadband mobile wireless 
network, the computer-supported simulations for 
urban design can move from a conventional 
model-based approach to simulative activities in 
actual urban spaces. The urban design 
application scenario take advantages of such 
technologies and therefore be treated as a testbed 
for the next generation SD-MAR system for 
collaborative urban design.

Followed the analyses of activities and 
design requirements related to collaborative 
urban design, we come out a design for s 
multiuser SD-MAR to support collaborative 
urban design. Then making of information 
contents includes 2D and 3D forms. Implement a 
simulative design system by integrating of the 
AR application and the position-tracking module.  
Figure 10 shows the concept of urban design 
with a mobile smart device while Figure 11 
illustrates the multiuser collaborative urban 
design with cloud-based 4G/LTE by using 
SD-MAR. 

Figure 10. The concept of urban design using a mobile 
smart device
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Figure 11. Multiuser collaborative urban design with 
cloud-based using SD-MAR

3.3 Multiuser Interactive Motion Learning 

System with SD-MAR
Interactive motion learning system can be 

possible due to the high data rate and low 
latency of 4G/LTE and the high performance 
computing power of cloud-based server. Figure 
12 shows an intelligent robot playing important 
roles in an interactive motion learning 
application.  The system architecture of 
instructor-learner-through-robot as a multiuser 
interactive motion learning system is illustrated 
in Figure 13. The real prototype system in Figure 
14 demonstrates the capability of robot in a 
cloud-based 4G/LTE for SD-MAR.

Figure 12. Robot roles in a cloud-based 4G/LTE with 
SD-MAR for an interactive motion learning 
application

Figure 13. System architecture of robot learning system in 
SD-MAR

Figure 14. Prototype system demo

4. System Performance Analysis of 

QoS/QoE for SD-MAR
The system performance analysis [9, 12, 

13] for applications of cloud-based 4G/LTE for
MAR run on SD includes search/retrieval 
accuracy, system latency, transmission delay, and 
end-to-end latency.  Those performance 
measurements are more related to quality of 
service (QoS).  From a real-time application 
point of view, the response time is essential to 
the SD-MAR user so is the interactive 
applications.  The image or video quality for 
display is very important. Those two 
performance indices satisfying with user 
expectation or not are related to user experience, 
called quality of experience (QoE).

Following the application prototypes, we 
will further investigate the QoS for 
navigation/tourism applications and address the 
QoE for collaborative urban design application 
and interactive motion learning system.

5. Conclusion
This paper has addressed the importance 

of cloud computing technology that impacts the 
architecture of SD-MAR with 4G/LTE network, 
consequently creates a variety of new and 
compelling applications for the consumer 
segment.  The designs of navigation/tourism 
applications for indoor and outdoor, 
collaborative urban design, and multiuser 
interactive motion learning system are discussed.  
Finally, the QoS/QoE of SD-MAR applications 
running on a cloud-based 4G/LTE will be further 
investigated
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