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With the rapid development of wireless communication networks, the fourth generation (4G) has emerged to move beyond the 
limitations of the third generation (3G), with increased bandwidth, enhanced quality of services, and reduced costs of resources. In 
this paper, we discuss the key technologies of 4G and focus on surveying the ongoing research in 4G communications in China. 
The 4G technologies under investigation include multicarrier transmission, multiple antenna techniques, carrier aggregation, re-
lays, cognitive radio, distributed antenna systems, network convergence, and network self-optimization. These technologies are 
the building blocks of 4G and contribute largely to the requirements of International Mobile Telecommunications Advanced 
(IMT-Advanced). For each technology, its benefits, research topics, and some existing approaches are examined. Finally, we 
briefly discuss the challenges and future research issues in 4G systems. 
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The limitations of the third generation (3G) and the rapid 
growth in user demands has called for more advanced and 
efficient technologies for new generation systems. The up-
coming fourth generation (4G) mobile communication sys-
tems are expected to solve the still-remaining problems of 
3G systems and to provide a wide variety of adaptable ser-
vices for mobile and nomadic users by using integrated het-
erogeneous network infrastructure. Based on a comprehen-
sive and secure internet protocol (IP) solution, various ser-
vices, such as voice, video, broadcasting media, and Internet, 
will be provided to users with high data rates anytime and 
anywhere. This is also known as the always best connected 
concept stating that a user can have the best service connec-
tion regardless of time and location. 

According to the steadily increasing demands and tech-
nology developments, wireless communication evolution 

can be grouped into different generations of networks. Each 
new generation has brought advances that revolutionized 
the field of mobile communication. The first generation 
(1G), initiating commercial mobile voice services with ana-
log techniques, built the basic structure of mobile commu-
nications and solved many fundamental problems such as 
the multiplexing frequency band, roaming across domains, 
non-interrupted communication in mobile circumstances, 
and so on. The second generation (2G) of wireless technol-
ogy, which marked the switching of mobile communication 
technology from analog to digital, offered higher capacity 
and lower costs for network operators as well as messages 
and low-rate data services for users, by using a circuit 
switch infrastructure. Working under 2G’s framework, 2.5G 
brought the internet into mobile personal communications 
based on a packet switched radio connection technique. 3G 
systems, a mixture of packet and circuit-switched networks, 
are committed to achieving greater network capacity 
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through improved spectral efficiency and offer users a wider 
range of more advanced services such as wide area wireless 
voice telephony, video calls, and broadband wireless data. 
Even though 3G data rates are already reasonably fast, they 
do not meet the requirements of future high-performance 
applications. This growing discontent with the limitations of 
3G has led to increasing interest in 4G networks. 

The future 4G infrastructures will encompass all systems 
from public to private, operator-driven broadband networks 
to personal areas, and ad hoc networks, using IP as the 
common protocol. Faster wireless broadband enables “al-
ways-on” high-data-rate connections so that streamed audio 
and video, video messaging, video telephony, mobile TV, 
and gaming will be constantly at hand. Based on the devel-
oping trends in mobile communication, 4G will have in-
creased bandwidth, high data rates (up to 100 Mbit/s for 
high mobility and up to 1 Gbit/s for low mobility), low la-
tency, efficient spectrum use, and low-cost implementations. 
A 4G system is intended to become a platform capable of 
providing more interoperability across multiple communi-
cation protocols, and user friendly, innovative, and secure 
applications. Seamless roaming across different access 
technologies is provided in 4G systems. Users are provided 
a personalized applet, which will allow them to configure a 
mobile terminal and choose services according to their 
preferences, with full control over privacy, security risks, 
and costs. This extraordinary vision for 4G networks and 
services is a natural extension of the current development of 
broadband internet and 3G mobile networks. With the im-
pressive capabilities of networks and terminals, 4G en-
hancements promise to bring an entirely new experience, 
which could potentially lead to growth in other areas such 
as virtual presence and navigation, tele-medicine and edu-
cation, tele-geoprocessing, and crisis-management applica-
tion. 

As an agency of the United Nations, the International 
Telecommunication Union (ITU) coordinates the efforts of 
government, industry, and the private sector in paving the 
way for 4G technologies. To meet the high demand for 
wireless broadband services by the fast-growing community 
of mobile users, ITU issued an invitation for radio-access 
technologies beyond International Mobile Telecommunica-
tions 2000 (IMT-2000), which is also referred to as IMT- 
Advanced. The main official guideline is the IMT-Ad- 
vanced requirements [1] provided by the ITU’s Radiocom-
munication Sector (ITU-R), which specifies the objectives 
of the future development of the IMT-Advanced family. 
The current 4G development efforts in standardization form 
the basic stage in the upcoming 4G process. Recently, two 
main technologies, the Third Generation Partnership Project 
(3GPP) Long Term Evolution Advanced (LTE-Advanced), 
and Worldwide Interoperability for Microwave Access 
(WiMAX) Release 2, have been recognized as official 4G 
technologies. The former is a backwards-compatible en-
hancement of 3GPP LTE Release 8, while the latter is based 

on the Institute of Electrical and Electronics Engineers 
(IEEE) 802.16 m standard. The specifications of these tech-
nologies are now in the final stage of the IMT-Advanced 
process, which provides for the development in early 2012 
of an ITU-R Recommendation specifying the in-depth tech-
nical standards for these radio technologies. 

The Chinese government has demonstrated strong sup-
port for the development of next generation mobile com-
munications by launching the Future Technologies for Uni-
versal Radio Environment (FuTURE) project [2] in the 863 
program (www.863.gov.cn) of China’s Science and Tech-
nology Development Plan. The FuTURE Mobile Commu-
nications Forum was founded to organize the R&D activi-
ties, accumulate fruitful academic achievements, and accel-
erate the process of advanced communication systems 
(www.future-forum.org). Evolution based on time division 
duplex (TDD) technology has been carried out smoothly 
and the time diversion, long term evolution, advanced 
(TD-LTE-A) technology has been successfully approved by 
ITU as one of the 4G standards, which will not only pro-
mote the industrial development of TD-LTE but also benefit 
the Chinese mobile communication industry. In 2008, ac-
cording to the national medium- and long-term plan, the 
Ministry of Industry and Information Technology of China 
launched a national key project, the new generation broad-
band wireless mobile communication networks (www.miit. 
gov.cn). Many key technologies of future communication 
systems such as multiple antenna and carrier aggregation 
technologies have been studied. This project further organ-
izes researchers to focus on the R&D of communication 
products, including base stations, terminals and chips, to 
accelerate the development of the communication industry. 

1  Key technologies 

4G has rapidly emerged as one of the most interesting and 
promising topics in the telecommunication community. 
Newly advanced technologies are required to implement the 
impressive features of 4G systems. Several key 4G tech-
nologies have already been identified and discussed in the 
literature. In this section we discuss some promising tech-
niques that are likely to have a significant impact on future 
mobile communication systems. 

1.1  Multicarrier transmission 

The growing demand for multimedia services requires high 
data rate communications, but this condition is significantly 
limited by inter symbol interference (ISI) due to the exist-
ence of multiple paths. Multicarrier transmission is emerg-
ing as a promising technique to combat this problem. As a 
bandwidth efficient multi-carrier modulation technique, 
orthogonal frequency division multiplexing (OFDM), which 
transmits data in parallel using a set of orthogonal carriers 
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with harmonic frequency spacing, is considered to be a 
fundamental technology for future communication systems. 
It offers high spectral efficiency, low-complexity imple-
mentation, and robustness against multi-path fading. With 
these advantages, the OFDM technique has been adopted by 
several digital communication standards, such as the Euro-
pean digital audio and video broadcasting standards, wire-
less local area networks (WLAN), and wireless metropoli-
tan area networks (WMAN). On the other hand, the gener-
alized multi-carrier (GMC) approach establishes a unified 
description for various multi-carrier as well as single-carrier 
techniques. Because there is no orthogonal assumption be-
tween subcarriers, GMC is suitable for use in a high-mobil- 
ity environment or where both the Doppler shift and time- 
delay spread are large. 

An OFDM signal exhibits significant amplitude fluctua-
tions over time, which generates a high peak-to-average 
power ratio (PAPR) due to the nonlinearity of the high 
power amplifier at the transmitter. The PAPR destroys the 
orthogonality between the carriers and introduces inter- 
modulation distortion, which lead to high adjacent channel 
interference and degradation of the bit error rate (BER). The 
exponential companding scheme proposed in [3] can effec-
tively reduce PAPR for different modulation formats and 
sub-carrier sizes in OFDM systems, by adjusting the ampli-
tudes of both large and small input signals. Furthermore, 
this non-linear companding transform approach offers good 
system performance in terms of PAPR reduction, power 
spectrum, BER, and phase error. In addition to the com-
panding scheme, partial transmit sequence and selective 
mapping are two popular PAPR reduction techniques. Both 
schemes generate multiple representations from the original 
signal and choose the one exhibiting the best PAPR for 
transmission. Recently, joint spreading and inverse fast 
Fourier transforms have been presented to simplify the gen-
eration of multiple candidate signals in OFDM-code divi-
sion multiple access (OFDM-CDMA) systems [4]. Based on 
a serial peak cancellation mode, the work in [5] proposes an 
improved peak cancellation scheme to mitigate the inter-
ference by an optimized processing order, so as to alleviate 
the peak re-growth in traditional schemes. 

OFDM is a promising technique for broadband wireless 
communications. However, its performance is sensitive to 
timing and carrier synchronization errors, resulting in severe 
performance degradation. To overcome this difficulty, two 
category approaches, data-aided and non-data-aided, have 
been proposed to perform timing and frequency synchroni-
zations either jointly or individually. A comprehensive sur-
vey can be found in [6]. The data-aided category, using 
training sequence or pilot symbols, has higher accuracy and 
lower computation cost, but decreases the data transmission 
speed. To improve bandwidth efficiency, characteristics 
such as null subcarriers, constant modulus, and cyclosta-
tionarity have also been used to correct synchronization 
errors in OFDM systems, as non-data-aided approaches. 

The non-data-aided category, which relies only on the re-
ceived symbols, is often desirable for high-data-rate occa-
sions, but is not suitable for acquisition. The sufficient and 
necessary conditions for null subcarrier allocation that 
achieves a full estimation range are investigated in [7]. This 
reference further devises a distributed null subcarrier re-
placement method for frequency offset estimation. To in-
vestigate the effect of time and frequency synchronization 
errors on system performance, the upper bounds for nor-
malized interference power (NIP) are studied in OFDM 
systems, which in turn can be used to develop time and fre-
quency synchronization algorithms to achieve a specific 
NIP value under a given channel condition [8]. In [9], two 
criteria are used to evaluate the effect of carrier frequency 
offset on performance degradations in polynomial cancella-
tion coding OFDM systems over additive white Gaussian 
noise (AWGN) channels. 

In addition, OFDM can be combined with other tech-
niques to further improve performance. Many technologies 
fundamentally based on OFDM, such as vector OFDM 
(V-OFDM), wide-band OFDM (W-OFDM), flash OFDM 
(F-OFDM) have shown their distinct advantages in certain 
applications. Moreover, OFDM modulation can be em-
ployed as a multiple access technology, i.e. orthogonal fre-
quency division multiple access (OFDMA). This not only 
provides additional flexibility for resource allocation (in-
creasing the capacity), but also enables cross-layer optimi-
zation of radio link usage, for example cross-layer packet 
scheduling [10].  

The framework of the GMC principle enables a unified 
description of various modulation schemes, which has at-
tracted much attention in the literature. In [11], Gao et al. 
present a GMC radio transmission technique for multiple 
antenna transmission systems, and briefly discuss several 
key techniques including system design, timeslot structure, 
pilot design, and channel estimation. An efficient digital 
implementation of a multicarrier transmission scheme using 
generalized discrete Fourier transform (DFT) filter banks in 
multicarrier CDMA systems has been developed in [12]. 
Based on the filter-bank transform theory, a DFT-spread 
generalized multi-carrier (DFT-S-GMC) scheme is pro-
posed for uplink transmission of broadband wireless com-
munication [13]. Moreover, a comparison is given of the 
performance of DFT-S-GMC and DFT spread OFDM 
(DFT-S-OFDM) schemes in terms of robustness to PAPR 
and multi-user interference. Additionally, the work in [14] 
discusses the impact of non-perfect orthogonal prototype 
filters on the performance of the DFT-S-GMC system. It 
further presents the single sub-band frequency-domain 
equalization (FDE) method and analyzes the performance 
loss caused by FDE-tone discarding. 

DFT-S-GMC modulation, as a promising technique for 
broadband uplink transmission, has been discussed actively 
in 3GPP standards. To simplify the understanding of the 
implementation of the DFT-S-GMC technique, the proposal 
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in [15] describes the components involved in the user 
equipment (UE) transmitter in detail, and introduces the key 
mathematical basis for the DFT-S-GMC transmitter. A 
comparison of the performance of DFT-S-GMC and DFT- 
S-OFDM in terms of PAPR, synchronization, and BER [16] 
shows that DFT-S-GMC has low PAPR performance with 
spreading gains in the frequency-domain, even better than 
that of DFT-S-OFDM. Moreover, this scheme is more ro-
bust against time-frequency synchronization errors and 
multi-access interferences than DFT-S-OFDM, while the 
BER performance falls in between the two types of DFT- 
S-OFDM schemes. Ref. [17] further proves that the DFT-S- 
GMC transmission approach has a much smaller phase 
noise sensitivity than that of the DFT-S-OFDM scheme. 

1.2  Multiple antenna techniques 

The challenge for wireless broadband access lies in provid-
ing high speed wireless transmission with good quality of 
service (QoS) and range capability. The increasing demands 
for 4G broadband wireless communications call for applica-
tion of multiple antennas at both the transmitter and receiver. 
As one of the most interesting and promising areas of recent 
innovations in wireless communications, multiple antenna 
techniques can accomplish multiplexing gain, diversity gain, 
and antenna gain, thus significantly increasing system ca-
pacity, improving link quality, and extending cell coverage. 
Accordingly, there are three techniques related to multiple 
antennas gains: spatial multiplexing, spatial diversity, and 
beamforming. When multiple antennas are used at both 
ends of the wireless link, these three different methods are 
often collectively referred to as multiple input multiple 
output (MIMO) communication. The same sets of antenna 
configurations of MIMO schemes are targeted in LTE-A 
and 802.16 m standards: 2, 4, or 8 transmit antennas and a 
minimum of 2 receive antennas in the DL, and 1, 2, or 4 
transmit antennas in the uplink with a minimum of 2 receive 
antennas. 

Spatial multiplexing boosts the bit rate by transmitting 
independent information streams (often called layers) on 
parallel spatial channels associated with the transmit anten-
nas. The first known spatial multiplexing approach, called 
the Bell Labs layered space-time (BLAST), was invented 
and prototyped at Bell Labs. To guarantee a certain error 
performance, channel coding, e.g., horizontal coding, verti-
cal coding, or diagonal coding (a combination of horizontal 
coding and vertical coding), is often used in conjunction 
with the spatial multiplexing scheme, with such approaches 
referred to as H-BLAST, V-BLAST, and D-BLAST, re-
spectively. The V-BLAST architecture has been widely 
studied in the literature because of its high spectral effi-
ciency and low complexity. An efficient hardware imple-
mentation has been developed for a V-BLAST receiver in 
[18]. Based on the combination of the maximum likelihood 
(ML) and zero-forcing algorithms, the work in [19] proposes 

a reduced ML algorithm for a V-BLAST scheme to achieve 
lower complexity than the ML algorithm while achieving 
the same performance. The transmit correlation effect on 
the zero-forcing receiver with successive interference can-
cellation is investigated for V-BLAST systems in terms of 
signal-to-noise ratio (SNR) loss and decision error propaga-
tion [20]. In [21], the authors analyze the ergodic capacity 
of spatial multiplexing over spatially correlated rank-1 Ri-
cean fading MIMO channels. By using the statistical chan-
nel state information at the transmitter, the work in [22] 
investigates statistical eigenmode transmission over jointly 
correlated MIMO channels. It further exploits convex opti-
mization techniques to develop low-complexity power allo-
cation solutions involving only the channel statistics. 

In contrast to spatial multiplexing with emphasis on 
throughput, spatial diversity is designed to combat the det-
rimental effects in wireless fading channels by transmitting 
and/or receiving redundant signals representing the same 
information sequence, so as to reduce the error rate of a 
system. To generate a redundant signal, space-time coding 
is used together with a transmit diversity scheme to extract 
the total available diversity in the MIMO channel, through 
appropriate construction of the transmitted space-time 
codewords. For multi-user CDMA systems with different 
space-time codes, a low-complexity multi-user receiver 
with linear decoding complexity and good BER perfor-
mance has been developed over a Rayleigh fading channel 
[23]. In [24], a distributed space-time-frequency coding 
(STFC) scheme is proposed for cooperative OFDM systems, 
which can achieve both spatial and multipath (frequency) 
diversity. Space-time block coding (STBC), as a well- 
known space-time coding technique, achieves a reasonable 
tradeoff between performance and complexity. For STBC 
systems with unknown co-channel interference, an oblique 
projection-based robust linear receiver is proposed to re-
cover the desired STBC encoded signal [25]. Capacity 
analysis of orthogonal space-time block codes (OSTBCs) 
systems in multiple input single output (MISO) fading 
channels with co-channel interference and noise is ad-
dressed in [26]. 

Apart from higher data rates and lower error rates, the 
available antenna elements can also be used to improve 
SNR at the receiver and to suppress co-channel interference 
(CCI) in a multi-user scenario. Both goals can be realized 
by means of the beamforming technique. Beamforming ad-
justs the beam pattern of the transmitted and received sig-
nals to enhance the array response in preferred directions. 
This can be interpreted as linear filtering in the spatial do-
main. A detailed overview of beamforming is provided in 
[27]. Recently, an intercarrier interference (ICI) eliminating 
beamforming scheme has been developed to achieve good 
symbol error rate (SER) performance for multipath delay 
profiles, by using a per-tone processing approach [28]. The 
work in [29] derives a universal upper bound on the average 
SER (ASER) of transmit beamforming, which is tight in 
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uncorrelated and weakly correlated cases, but loose in 
strongly correlated cases. To take advantage of these multi-
ple antenna techniques, a beamforming scheme employed 
for array gains or CCI suppression can be combined with 
spatial multiplexing or spatial diversity techniques to im-
prove the overall performance [30,31]. 

Using significantly more antennas at enhanced node B 
(eNB) than those at the terminals calls for the application of 
multi-user MIMO (MU-MIMO), where the receiving an-
tennas are distributed over multiple users. The base station 
(BS) may select a subset of users to serve in order to max-
imize the total throughput of the MU-MIMO system. In [32], 
an improved norm-based user selection algorithm is pre-
sented for MU-MIMO systems with block diagonalization, 
which selects a subset of users to maximize the total 
throughput while keeping the complexity low. Two particle 
swarm optimization scheduling methods are investigated in 
a downlink MU-MIMO system, which, with different ob-
jective functions, are applicable to different capacity and 
complexity requirements [33]. In the downlink of MU- 
MIMO systems, the CCI and noise are two major impair-
ments. To suppress co-channel interference (CCI) and noise, 
a channel adaptive power allocation scheme based on sig-
nal-to-leakage-plus-noise ratio (SLNR) precoding has been 
proposed for multi-user MIMO systems, where the value of 
each user’s SLNR is used as the reference for power alloca-
tion [34]. This scheme can significantly improve the BER 
performance with a minor loss in total capacity. With up to 
four antennas in the uplink of MIMO systems, the complex-
ity and cost required to implement multiple transmitting 
power amplifiers at the user side are high, even in the case 
of only two amplifiers. To alleviate these problems, uplink 
virtual MIMO transmission has been investigated actively 
in terms of system performance [35] and user paring [36]. 

Multiple antenna techniques undoubtedly provide large 
gains with respect to spectrum efficiency. Furthermore, they 
can increase cell-edge throughput with the help of coopera-
tive transmission. Cooperative multipoint (CoMP) trans-
mission and reception is a framework that enables UE 
communication with several geographically distributed an-
tenna nodes at the common cooperation area simultaneously, 
thus serving the UE more efficiently. For multiple nodes 
working in a coordination transmission mode, a power al-
location scheme [37] has been presented to support reliable 
CoMP transmission. In addition, CoMP comprises a prom-
ising spectrum of techniques that still need to be further 
studied, including channel estimation and feedback, refer-
ence signal design, cyclic prefix/OFDM parameters, and 
backhaul aspects. Moreover, the tradeoff between perfor-
mance and complexity is still an open question. 

1.3  Carrier aggregation 

Because of the constraints on terminal size and complexity, 
and the cost limitation of the number of antennas, the 

transmission performance offered by multi-antenna tech-
niques cannot be continuously increased. To further support 
wider bandwidth (up to 100 MHz for a single UE unit) 
while at the same time retaining backward compatibility 
with legacy systems, carrier aggregation (CA) was intro-
duced by the 3GPP in its LTE-Advanced standards to ag-
gregate two or more component carriers into one wider 
channel, despite these spectrum fragments being discontin-
uous. This aggregation provides extended bandwidth to 
achieve the desired peak data rates and increase average 
data rates for users. As one of the key technologies of IMT- 
Advanced, carrier aggregation has attracted much attention 
from communication companies such as China Mobile, 
Nokia, Ericsson, Huawei, and ZTE, amongst others.  

In general, CA may be used in three different spectrum 
scenarios including intra-band contiguous CA, intra-band 
non-contiguous CA, and inter-band non-contiguous CA. 
Several typical deployment scenarios, covering both con-
tiguous and non-contiguous carrier aggregation for single 
and multiple spectrum bands using TDD and frequency di-
vision duplex (FDD) schemes, are demonstrated in [38]. 
Moreover, asymmetric bandwidth for FDD is supported 
with CA in LTE-A systems to achieve flexible spectrum 
usage. As for the types of component carriers (CC) de-
ployed at an eNB, three different categories of CCs are de-
fined by 3GPP: backward-compatible carrier, non-back- 
ward-compatible carrier, and extension carrier. Backward- 
compatible carriers support all of the current LTE features, 
whereas only LTE-Advanced UEs can access non-back- 
ward-compatible carriers. The extension carrier is a part of a 
component carrier set where at least one of the carriers in 
the set is a stand-alone-capable carrier. One of the main 
benefits of the extension carrier is to save control signaling 
overhead. It is possible to configure all component carriers 
that are LTE Release 8 compatible, while not all component 
carriers have to be backward-compatible. An LTE-    
Advanced terminal with reception and/or transmission ca-
pabilities for carrier aggregation can simultaneously receive 
and/or transmit on multiple component carriers. 

The standard research on CA in LTE-Advanced Release 
10 is close to the end of the work item phase. In the stand-
ard research on CA, the research progress of CA mainly 
focuses on the following aspects: guard bandwidth between 
carriers, data stream aggregation, control channels, and up-
link power control. Hitherto, most of these topics have al-
ready been closed. For contiguous carrier aggregation, the 
required frequency spacing between the adjacent component 
carriers should be a multiple of 300 kHz [39]. In principle, 
aggregation of the component carriers can be done at dif-
ferent layers in the protocol stack. The use of one transport 
block (in the absence of spatial multiplexing) and one hy-
brid-ARQ entity for each scheduled component carrier has 
finally been determined as the baseline for data aggregation 
schemes in LTE-A systems [40]. In terms of control channel 
design, the basic framework for control signaling with CA 
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has already been approved. The design principles for down-
link control signaling and uplink control signaling can be 
found in the specification of TR36.814 [43]. The standardi-
zation of uplink power control in the case of CA focuses 
mainly on the power limitation problem, power headroom 
reporting, and TPC command transmission, conclusions of 
which have almost been finalized. 

Research on CA technology has been very active in re-
cent years. The work in [41] reviews the detailed proposals 
of the key aspects in CA standardization at the time of the 
investigation. The performance gain of carrier aggregation 
technology over independent carrier schemes is evaluated 
based on different scheduler structures and different traffic 
models [42]. The design of the scheduling scheme is one of 
the key aspects in the performance of the LTE-Advanced 
system using CA. The study in [43] provides two user allo-
cation methods based on a traffic load balancing rule in the 
same frequency band, while a multi-band scheduling 
scheme over two frequency bands is explored in [44]. Sep-
arate random user scheduling and joint user scheduling are 
analyzed in terms of QoS performance in [45]. To mitigate 
inter-cell interference, the authors in [46] modeled carrier 
assignment in downlink CoMP (coordinated multi-point 
transmission/reception) with CA as a graph coloring prob-
lem to maximize the performance of both the network and 
individual user. In [47], a flexible carrier aggregation 
scheme with autonomous carrier management is recom-
mended for home base stations. 

1.4  Relay 

The envisaged high bandwidth for IMT-Advanced systems 
may reduce the available spectral power density, and fur-
thermore, wide spectrum is only available at higher fre-
quency bands implying higher attenuation especially for 
indoor broadband services. To combat these effects and to 
improve the throughput, transmitting nodes need to be 
placed closer to the users to achieve very high user data 
rates. This configuration is usually called a relay or multi- 
hop network. The relay transmission helps to forward the 
information to destinations, and can be seen as a kind of 
collaborative communication. Relay networking has been 
studied in ad hoc networks, peer-to-peer networks, and 
broadband cellular systems. A denser infrastructure can be 
achieved by deploying relay nodes for coverage extension 
and throughput enhancement. Additionally, relay based 
systems typically include the advantages of low cost and 
reduced power consumption. 

With the development of communication systems, relay 
technologies have been studied actively in the standardiza-
tion process of next generation mobile communication sys-
tems, such as 3GPP LTE-Advanced and IEEE 802.16m. 
The standards have defined two types of relay nodes (RN). 
3GPP uses Type 1 and Type 2 RNs in LTE-Advanced  
systems, while IEEE 802.16m uses non transparent and 

transparent RNs. An introduction to and comparison of the 
different relay types in LTE-Advanced and WiMAX stand-
ards can be found in [48]. Regarding transmission schemes 
for RNs, many methods have been developed over the last 
decade. Amplify-and-forward relays amplify the received 
signal and forward it to the UE (or eNB), while decode-and- 
forward relays decode the signal and then re-encode it for 
transmission. Besides the two typical transmission schemes, 
there are several hybrid types of transmission, such as the 
compress-and-forward and the demodulate-and-forward. 
With respect to the spectrum usage of the relay node, com-
munication between the RN and the eNB can be effected in 
two ways: in-band and out-band. In in-band mode, the eNB- 
relay link shares the same band with the relay-UE links 
within the donor cell, while in out-band mode, a different 
band is used. 

Evaluation of the cost and performance of relay-     
enhanced networks has already started. The study in [49] 
analyzes the techno-economic viability of relay solutions 
based on fairness allocation criteria, while an analysis of the 
performance of dual-hop communication systems with fixed 
gain amplify-and-forward relay in terms of outage probabil-
ity and ASER over Nakagami-m fading channels is given in 
[50]. In [51], the service connectivity and user access prob-
abilities are investigated in infrastructure-based vehicular 
relay networks. Specifically, the impact of the density and 
the coverage ranges of the two types of nodes (BS and RN) 
on these important performance metrics is studied in this 
work. Performance of cooperative networks with random 
decode-and-forward relays is analyzed in [52], where the 
number of relays is a binomial random variable. This shows 
that both diversity and coding gain are affected by the RN 
distribution. 

Though extensive research has been carried out on feasi-
bility analysis of the use of RNs in different relay network 
scenarios, integrating relays into a system involves several 
functionalities that must be taken into account. The authors 
in [53] presented a new preamble structure and correspond-
ing timing and frequency synchronization algorithms for 
cooperative relay systems. In [54], based on a simple 
semi-orthogonal pilot structure, a low complexity channel 
estimation approach is proposed to obtain both performance 
and computational complexity advantages in bi-directional 
relaying networks, which also saves the frequency spectrum 
resource. Additionally, resource allocation policies in relay 
networks require the design of relay selection [55], access 
strategies [56], and power allocation [57], amongst others, 
under certain QoS constraints. Furthermore, the introduction 
of relay stations has made the handover process more com-
plicated, requiring more signaling overhead and processing 
delay. The fast handover scheme for IEEE 802.16-based 
relay networks in [58] determines the cross-subnet handover 
in advance through the interaction of MAC layer messages, 
which can reduce the handover signaling cost and decrease 
handover delay. 
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In addition, the performance of RNs can be further im-
proved by using combined techniques. Relaying has been 
combined with multiple antennas in MIMO relay networks 
to achieve the improved performance in terms of outage 
probability and symbol error rate (SER) [59,60]. For a 
MIMO-OFDM relaying communication system, an optimal 
power allocation algorithm is introduced in [61] to improve 
the system capacity and enhance the transmission ability. 
Under the assumption of known channel state information, 
two optimal relay schemes with local relay power limits are 
proposed in [62] to maximize the information rate for 
two-hop MIMO relay networks, using the normalized and 
Lagrangian algorithms, respectively. A cross-layer commu-
nication strategy between the physical layer and the medium 
access control (MAC), which can achieve improved 
throughput and delay performance, has been designed using 
the Jackson queuing model for multiple relay cooperative 
networks [63]. The work in [64] develops a cross-layer an-
alytical model to characterize the multi-hop delay perfor-
mance in a wireless multi-hop environment. In practice, 
relay cooperation can be introduced into frameworks in 
many ways with each approach implementing a different 
tradeoff of power, bandwidth, processing, and economic 
resources. 

1.5  Cognitive radio 

The limited spectrum resources and inefficiency in the 
spectrum usage necessitate cognitive radio (CR) techniques 
to exploit the existing wireless spectrum in an opportunistic 
manner. A CR is an autonomous wireless unit that can sense 
its surrounding environment and dynamically adapt its op-
erating characteristics (i.e., frequency band and waveforms) 
to improve its performance without interfering with licensed 
users. This maximizes the utilization efficiency of the lim-
ited spectrum resources and enables the accommodation of 
an increasing number of services in wireless networks. 

The recent progress in CR research has benefitted from 
multidisciplinary efforts, e.g., software defined radio (SDR), 
Bayesian signal processing, game theory, and cross-layer 
protocol design. SDR is the basic enabling technology for 
cognitive wireless networks, which implements the radio 
functionality as software modules running on a generic 
hardware platform. This programmable technology allows 
new wireless features and capabilities to be added or the 
existing radio systems to be reconfigured without requiring 
extra hardware. As 4G devices will constitute the entire 
collection of wireless standards, SDR technology appears to 
be a cost-efficient solution for implementing several access 
approaches with different software modules in one terminal. 
Additionally, they are appealing in overcoming power, size, 
and compatibility limitations of user equipment. 

Cognitive radio, built on a software radio platform, is a 
context-aware intelligent radio potentially capable of au-
tonomous reconfiguration by learning from and adapting to 

the communication environment. This adaptive ability can 
be realized through spectrum management functions in CR 
networks. The cognitive capabilities of the network devices 
enable unlicensed users to detect spectrum white space, 
select the best frequency bands, coordinate spectrum access 
with other users, and vacate the frequency when current 
channel conditions become worse or a licensed user appears. 
These functionalities are also known as spectrum sensing, 
spectrum selection, spectrum sharing, and spectrum mobili-
ty, respectively. In particular, spectrum sensing and spec-
trum sharing have been investigated widely because of their 
key roles in CR networks. 

Spectrum sensing, providing awareness of spectrum uti-
lization, is the key to efficient spectrum allocation in CR 
networks. This awareness is often studied at the physical 
layer and at the MAC layer. Physical layer spectrum sensing, 
as surveyed in [65], typically focuses on the detection of 
instantaneous licensed user signals using local spectrum 
sensing. The typical local spectrum sensing methods include 
three broad categories: energy detection, matched filtering, 
and feature detection. Features based on cyclostationarity, 
eigenvalue, and wavelet analyses have been presented for 
sensing licensed users using statistical analysis and signal 
processing techniques. To cope with noise uncertainty, fad-
ing, and shadowing, cooperative sensing, as a kind of MAC 
layer sensing approach, is a natural solution to enhance the 
detection performance. Recently, the work in [66] proposed 
a multiple-user cooperative spectrum sensing scheme to 
achieve spatial diversity gains for cognitive radio networks, 
where only the relay with the best channel condition is uti-
lized to cooperatively detect the primary user. Certain issues 
that can piggyback on the cooperation scheme, e.g. false 
message attack [67] and reporting errors induced by fading 
channels [68], are also addressed in the literature. In addi-
tion, MAC layer spectrum sensing has been investigated to 
maximize spectrum efficiency and maintain CR user con-
nections, with the aid of traffic prediction [69] and channel 
state transition probability [70]. 

Because unlicensed users may share the spectrum re-
sources with licensed users as well as other unlicensed users, 
efficient dynamic spectrum sharing schemes are critical to 
achieve high spectrum efficiency. Numerous research ef-
forts have been directed towards the development of novel 
spectrum sharing technologies. Based on fairness criteria, 
the authors in [71] have developed a joint channel and pow-
er allocation scheme with lower power consumption for 
centralized cognitive networks. In [72], the Lyapunov opti-
mization method is employed to maximize the utilization 
efficiency of the idle channels of licensed users for CR 
networks, using a greedy selection mechanism. A spectrum 
sharing method based on the Frobenius norm has been pro-
posed for MIMO CR networks to maximize the throughput 
of CR users as well as guarantee the quality of service of 
licensed users [73]. Under both the average transmitted and 
received power constraints, the work in [74] studies the er-
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godic capacity of spectrum sharing systems in fading chan-
nels. 

Additionally, other topics are presented to facilitate basic 
spectrum management functionalities in cognitive radio 
networks, involving common control channel [75], inter-
ference management [76], and power control [77], amongst 
others. As the performance of CR networking functionali-
ties directly depends on the properties of the spectrum band 
in use, a comprehensive solution, jointly considering beam-
forming, scheduling and power allocation, has been pro-
posed for CR network downlinks to achieve high sum-rate 
throughput with tolerable interference [78]. In addition to 
cooperation across multiple layers in CR networks, applying 
user cooperation to the cognitive radio, such as relay trans-
mission, provides reliability and increased capacity as well 
as efficient spectrum utilization. The outage probability 
minimization for cognitive relay networks is investigated in 
[79]. Along with cooperative networking, cognitive net-
working shows potential for highly efficient spectrum usage 
and spectrum sharing, which leads to increased channel 
capacity. 

1.6  Distributed antenna system 

The target of future wireless systems is to provide high data 
rates to a large number of users, which requires improved 
system capacity. To meet the capacity demand, distributed 
antenna systems (DAS) have become the mainstream net-
work architecture for 3G and 4G communication systems, 
enabling operators to offer better coverage and to boost 
network capacity via mini-networks of small nodes, rather 
than building new towers or acquiring a new spectrum. A 
DAS is a new kind of network in which multiple antennas 
are geographically separated from each other, but connected 
to a common source. This splits the transmitted power 
among several spatially separated antenna elements so as to 
provide coverage over the same area as a single antenna, but 
with reduced total power and improved reliability. DAS 
technologies can be used for indoor locations—mainly to 
boost signal coverage in large office buildings or shopping 
centers—as well as for outdoor purposes. 

As a promising wireless network structure, the DAS has 
attracted many investigations on its application in future 
wireless communication systems. The work in [80] provides 
a comprehensive technical guide that covers the fundamen-
tal concepts, effective protocols, performance analysis and 
open issues of the DAS. In [81], the authors investigated the 
power coverage and fading characteristics of a DAS using 
measured data in an indoor office scenario. It is inferred that 
the DAS system can provide more uniform power coverage, 
higher energy efficiency, and better communication per-
formance, compared with conventional centralized antenna 
systems. As far as the capacity analysis of a DAS is con-
cerned, many studies have focused on a downlink DAS due 
to the dominant downlink traffic demand. A good approxi-

mation of the ergodic downlink capacity of a DAS with 
random antenna layout has been designed based on random 
matrix theory [82]. Additionally, by employing two-step 
approximations, an approximate analytical expression of the 
downlink channel capacity has been developed in [83] for a 
DAS over shadowing Nakagami fading channels. 

In a DAS, the distributed antenna transmission approach 
is a key technology in achieving performance improvement 
in terms of capacity and SER. Based on the received SNR 
from each distributed antenna port and the required QoS of 
the users, the antenna transmission mode is adaptively se-
lected for each mobile station in the distributed wireless 
communication system, thereby increasing the efficiency 
and flexibility of the radio resource management (RRM) in 
the DAS [84]. To optimize the downlink channel capacity 
of the DAS, a capacity based remote antenna unit (RAU) 
selection scheme, which combines optimal capacity RAU 
selection and power allocation, is proposed in [85] for 
downlink transmission in cellular and Manhattan scenarios. 
In [86], an adaptive distributed transmit antenna selection 
scheme is proposed to minimize the SER in a limited feed-
back beamforming DAS that can adaptively adjust the 
number of distributed transmit antenna according to large 
scale fading. 

In addition, there are many other issues that need to be 
considered when applying a DAS to practical wireless 
communication systems. Considering the composite channel 
including large-scale and small-scale fading, a downlink 
power allocation method for a DAS with random antenna 
layout is investigated in [87]. Specifically, this study pro-
poses a sub-optimal power allocation scheme with low 
complexity, where the system capacity is shown to be quite 
close to the optimal one obtained by numerical optimization. 
By introducing a sectorized distributed antenna structure, a 
practical beam switching algorithm with optimal power 
allocation is presented in the DAS to achieve significant 
gains over SINR and capacity [88]. To maximize the cell 
averaged ergodic capacity, the squared distance criterion in 
[89] renders codebook design algorithms in vector quantiza-
tion applicable to antenna location design. In [90], a parallel 
proportional fair scheduling scheme is introduced for a DAS 
to achieve a tradeoff between average throughput and fair-
ness. 

Combined with the advances in MIMO techniques, a 
DAS with multiple antennas at each remote radio unit can 
utilize the distributed antennas coordinately to achieve addi-
tional diversity as well as spatial multiplexing gains. This is 
usually referred to as distributed MIMO (D-MIMO) or co-
operative DAS. An introduction to the concept and key 
technologies of cooperative DAS systems can be found in 
[91], which shows that a DAS with a cooperative transmis-
sion scheme can provide very promising performance en-
hancements in capacity and transmit power efficiency. 
Based on the ML algorithm, the authors in [92] investigated 
the carrier frequency offsets in MIMO systems with distrib-
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uted transmit antennas, where the received antennas were 
assumed to be centralized. Spectrum efficiency, as a signif-
icant performance metric, is investigated analytically in 
closed-form for D-MIMO cellular systems under a compo-
site fading channel [93]. For multi-user DAS with mul-
ti-antenna array scenarios, the work in [94] analyzes and 
compares four downlink transmission methods. Of these 
transmission schemes, the intra block diagonalization 
method is proven to be a good tradeoff that achieves high 
capacity with relatively low complexity when considering 
power constraints. The impact of antenna correlation on 
power allocation in D-MIMO systems is addressed in [95], 
which also proposes a low-complexity port selection and 
power allocation scheme based on large scale fading and 
antenna correlation. 

1.7  Network convergence 

Nowadays, communication systems are highly heterogene-
ous and consist of multiple networks, including fixed-line 
networks (DSL, cable modems, LANs), cellular networks 
(macro, micro, pico and femto cells), WLAN, WMAN, and 
satellite systems. The existence and popularity of heteroge-
neous technologies has created the need for integration and 
convergence over a common all-IP based platform. This 
will enable potential users to access different types of 
communication services (possibly multiple services) any-
time and anywhere, thus resulting in increased bandwidth, 
internet accessibility, coverage area, and user services. In 
addition, the unified framework supports the expansion of 
technological capacity for further scientific progress and 
leads to more competition in individual markets for each of 
these services. 

The need for pervasive and ubiquitous networking re-
quires integration of various wireless solutions into a single 
platform. The integration focuses on offering seamless in-
teroperability of different types of wireless networks with a 
wireline backbone. The concept of interoperability requires 
(user transparent) reconfigurability and cooperation in var-
ious communications systems paving the road towards the 
4G paradigm. Reconfigurable interoperability can be done 
at the network level, the user level or both, providing relia-
ble services and allowing user seamless and transparent 
service management. The seamless handover decision often 
depends on parameters such as preferences of users and 
network conditions, with the aim of offering the best con-
nected services always. 

The current telecommunication environment is divided 
into wireless, fixed line, telecommunication, and broadcast-
ing, causing inconvenience to the users. Convergence of the 
multiple types of networks into a single network is on the 
horizon, and this has clear advantages in terms of bandwidth, 
power consumption, spectrum usage, and a mix of hetero-
geneous services [96]. Based on a converged platform, both 
users and providers will benefit from improved quality and 

less complexity at an affordable cost and with single billing. 
The convergence technologies cover multiple facets: dif-
ferent networks (e.g. fixed-mobile, three-screen conver-
gence of telecom, internet, and broadcasting), different traf-
fic types (e.g. voice, multimedia, and data), different tech-
nologies (e.g. computers, consumer electronics, and com-
munication technology), different media (e.g. broadcast, 
satellite, cellular), different services, and so on. 

Integration and convergence of all possible different 
networks are achieved using IP technology. IP provides 
independence from the underlying networks and is compat-
ible with the actual radio access technology. The compati-
bility of various radio protocols means unimpeded innova-
tion all round, accompanied by low cost. As the free address 
pool of IP version 4 (IPv4) used in current systems is be-
coming exhausted, IP version 6 (IPv6) has been adopted in 
4G networks to replace IPv4 and this enables high-perfor- 
mance scalable networks. It is essentially a catalyst to in-
spire innovation in different areas, especially in access in-
frastructures, home networks, and user applications. The 
most relevant 4G IP extension is the mobile IP protocol [97], 
which is considered to be the major player in integration 
between wireless and wireline network platforms. 

With the irreversible trend of convergence and coopera-
tion among heterogeneous networks, some issues caused by 
heterogeneity, for example QoS, RRM and reconfiguration, 
have been actively addressed in the literature. Comprehen-
sive coverage of QoS issues in heterogeneous network en-
vironments is studied in detail in [98]. An efficient RRM 
scheme is required to manage mobile device resources in 
heterogeneous environments. The RRM should fit into the 
overall picture of heterogeneous network management for 
next generation networks, which includes techniques such 
as access management, mobility management, secure man-
agement, power management, location management, and so 
on [99]. The work in [100] investigates the resource recon-
figuration model of substrate physical networks and pro-
vides a service oriented network architecture as a network 
convergence primitive. 

1.8  Network self-optimization 

Self-optimization techniques are of vital interest to next 
generation mobile networks, where the network coverage, 
capacity and service quality experienced by users are ex-
pected to be enhanced, while the capital and operational 
expenditure should be further reduced. The importance of 
self-optimization has been recognized by the standardiza-
tion body 3GPP, which has introduced self-optimization 
mechanisms in its technical report TR36.902 [101]. Several 
projects, such as SOCRATES (www.fp7-socrates.eu) and 
Monotas (www.macltd.com), have been conducted to inves-
tigate self-optimization techniques. In [102], Hu et al. in-
troduce self-configuration and self-optimization techniques 
for LTE networks. In [103], Feng et al. consider cooperation 
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among heterogeneous networks assisted by a cognitive pilot 
channel. Heterogeneous network self-optimization algo-
rithms have been proposed to solve the adaptation problem 
in reconfigurable systems, to reduce the system blocking 
rate, and to improve network revenue. Self-optimization 
techniques include but are not limited to coverage and ca-
pacity optimization, mobility robustness optimization, and 
mobility load balancing optimization. 

Capacity optimization is an important issue for future 
communication networks to deliver services at much higher 
data rates compared to previous generations. Because there 
is a tradeoff between network coverage and capacity, the 
coverage area must be considered along with capacity opti-
mization during network planning. 3GPP TR 36.902 intro-
duced a coverage and capacity optimization use case, in 
which continuous coverage should be guaranteed together 
with optimized capacity and coverage optimization has a 
higher priority than capacity optimization. In [104], the au-
thor analyzes the optimization space of antenna parameters 
and discusses vertical sectorization as a capacity optimiza-
tion approach. This study further adopts an adaptive antenna 
system to optimize coverage and capacity. 

In cellular networks, unnecessary handovers, handover 
failures, and radio link failures caused by improper hando-
ver parameter settings result in wasted system resources and 
deteriorated user experiences. The SOCRATES project 
studied how to tune the handover parameters of a LTE base 
station to improve the network performance in terms of call 
dropping ratio, handover failure ratio, and ping-pong hand-
over ratio. In this investigation, by observing the handover 
performance indicators, the hysteresis and time-to-trigger 
are tuned accordingly if any of the performance indicators 
overshoots the threshold. Finally, the best hysteresis and 
time-to-trigger combination is approached gradually [105]. 
In [106], the handover parameters (i.e. time-to-trigger, 
measurement interval, and hysteresis) are adjusted by com-
paring the number of ping-pong handovers and the number 
of handovers performed in a measurement interval. To fur-
ther improve the handover performance, an adaptive layer-3 
filter based on the user’s velocity is proposed in this paper. 
The authors in [107] consider enhancing fast handovers for 
mobile IPv6 by integrating a candidate access router dis-
covery mechanism and specifying layer-2 triggers. Fur-
thermore, different handover processes are performed for 
different service types according to the QoS requirements. 
The overall scheme could improve handover latency. In 
[108], an intra-domain mobility management protocol is 
proposed, which adopts a layer-2 fast handover trigger, an 
edge-cells controller, and the pre-registration method to 
improve the intra-domain mobility in heterogeneous wire-
less networks. 

The random arrival of mobile users and the resulting un-
balanced cell load make efficient resource utilization at re-
duced system cost a critical challenge for future mobile 
networks. The SOCRATES project developed a self-opti- 

mizing load balancing algorithm in an LTE based mobile 
communication system [109]. In this approach, the cell spe-
cific handover offset is modified gradually based on cell 
load information to force mobile users to handover from 
overloaded cells to under-loaded cells. The design principal 
of the algorithm is to find the optimum offset that allows the 
maximum number of users to change cells without any 
handover requests being rejected by the target cell. The 
work in [102] presents a handover penalized load balancing 
algorithm, which has performance bounds on both the av-
erage system delay and the average number of handovers 
that have taken place. Wang et al. formulated the load bal-
ancing problem as a network-wide utility maximization 
problem and transformed it into an integer optimization 
problem. A practical suboptimal algorithm has been pro-
posed, which achieves high network throughput at the cost 
of a few more handovers [110]. 

2  Challenges and further research areas 

The 4G system, aimed at providing a set of services anytime 
and anywhere, poses a number of serious challenges for 
wireless communications. Various service providers have 
their own protocols, which may be incompatible with each 
other as well as with user devices. Too many divergent ap-
proaches defined in 4G may further complicate the process 
of selecting the most appropriate technology and may affect 
user experience, thus calling for a global standardized ap-
proach. In addition, there are many challenges from the 
technique perspective. The requirements of higher capacity, 
high rate, and low transfer delay time demand advanced 
techniques at the physical layer. Coping with new and het-
erogeneous system architectures, such as mesh networks, 
multi-hop networks, peer-to-peer communication and mul-
ti-standard networks will be a tough enough task. Support-
ing QoS in 4G networks will be a major challenge. QoS 
modeling and signaling are crucial factors in a system that 
integrates heterogeneous networks. Inter-network (vertical) 
and intra-network (horizontal) handover connectivity is 
fundamental to the provision of temporally and spatially 
seamless services. Additionally, resource allocation, inter-
ference mitigation, and security are by no means straight-
forward in heterogeneous environments. Even with the ma-
ture 4G technologies, 3G technologies still exist in the 
market. As such, there is a marketing challenge to develop 
4G because of the continued existence of 3G. 

To stabilize and develop 4G into a sustainable product, 
some further research areas are considered important. Be-
cause achieving high spectral efficiency and handling high 
frequency-selectivity are major technical challenges, it is 
crucial to incorporate the recent technical advances in the 
physical layer into future wireless systems. In this point, an 
investigation of leading technological advances and future 
trends in the physical layer enabling truly ubiquitous 
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broadband wireless capabilities will be conducted. Topics 
for advanced physical layer technologies may include new 
codec and modulation schemes, joint channel estimation, 
multiple-access techniques, ultra wideband systems and 
hardware design, amongst others. As mentioned before, 4G 
communication systems provide both opportunity and chal-
lenges to RRM and utilization. Research on RRM algo-
rithms, including access control, resource allocation, load 
control, and handover control, is still high priority, consid-
ering the comprehensive factors in an intelligent and inte-
grated heterogeneous network. Interference induced by 
complex network environments also impedes the imple-
mentation of 4G systems. Mitigating interference will be an 
important topic under new deployment circumstances. Be-
cause most of the network protocols already have some in-
herent collaboration, cooperation in multiple forms such as 
different networks, different nodes, different layers and dif-
ferent technologies, will remain a promising solution in the 
future. 

In addition, green communication, which is dedicated to 
improving energy efficiency, has become an active research 
topic recently. The fundamental drivers for green commu-
nication are the need to reduce global CO2 emissions and 
the savings in capital and operational expenditure through 
reduced energy consumption. The work in [111] aims to 
save power consumption of user equipment by developing a 
dynamic discontinuous reception scheme to adjust the inac-
tivity timer and the sleep period of UE receivers. In [112], 
the authors discuss communication networks from an ener-
gy-efficiency point of view and summarize a series of en-
ergy consumption models as well as general approaches for 
developing these models. In 2009, the HuangShan Sympo-
sium on “Green Wireless Technology and Systems” was 
held to bring together academic and industrial researchers to 
discuss energy-efficient communications [113]. In the 
symposium, cooperative distributed MIMO systems, con-
tent aware soft real time transmission design, and cognitive 
techniques were discussed and proposed as efficient energy 
saving techniques. The symposium also discussed the tran-
sition from achieving the highest transmitting data rate to 
seeking optimal power efficiency for future communication 
networks. Nevertheless, research in green communication is 
still in its infancy and is far from being adequately explored. 

With the pervasiveness of computer networks and mobile 
communications, the Internet of Things (IoT) has been en-
visioned as a forthcoming wave in the world information 
industry and has attracted much interest in academia and 
industry. The IoT is a network of Internet-enabled objects, 
where the objects are endowed with the ability to identify 
themselves, communicate with other objects, and possibly 
compute. Hitherto, a broad scope of research in this area has 
been carried out in a variety of projects by different research 
organizations. The enabling building blocks for the devel-
opment of the IoT include machine to machine communica-
tion, microcontrollers, radio frequency identification (RFID) 

technologies, sensors, location technology, and so on. Ef-
forts towards standardization have focused on several prin-
cipal areas: RFID frequency, protocols of communication 
between readers and tags, and data formats placed on tags 
and labels. Apart from the technical aspects, the economic 
perspective of possible applications and quantifiable bene-
fits are additional research tasks. In China, several research 
institutes have been involved in a far-reaching project with 
strong support from the Chinese government since 2006, to 
investigate this emerging research field. It is believed that in 
the near future the achievement of the vision of “connectiv-
ity for anything (including anyone) anytime and anywhere” 
should depend on cross-discipline and cooperative efforts in 
related fields. 

The concept of being connected anytime, anywhere, via 
any type of device will require the dreaded “big fat pipe”, 
which places enormous pressure on service providers. To 
alleviate the heavy computing burden in 4G systems, cloud 
computing, which provides computational resources on de-
mand via a computer network, may be applied in 4G ser-
vices. This new paradigm has been receiving much attention 
from the research community and industry in China. The 
Chinese State Council has designated cloud computing as a 
strategic technology in its 12th Five-Year Plan. Leading 
research institutes and enterprises in China’s electronic in-
formation field are making progress on multiple facets of 
cloud computing, including core technologies, application 
solutions, and service models. The enterprises, such as Chi-
na Mobile and China Telecom, have shown great enthusi-
asm in services based on cloud computing. It can be pre-
dicted with a great deal of certainty that the combination of 
cloud computing and 4G will be a trend in future networks. 

3  Conclusions 

This paper has provided an overall vision of 4G communi-
cation systems and has addressed the research activities and 
achievements of Chinese scholars in the progress of 4G. 4G 
wireless networks provide a wide variety of services and 
enable more efficient, scalable, and reliable wireless ser-
vices. Spectral efficiency can be achieved by OFDM and 
cognitive radio technologies, while multiple antenna tech-
niques, distributed antenna systems, and carrier aggregation 
focus on capacity enhancement and high data rates. The 
enhanced coverage and higher cell edge data rate require-
ments of 4G systems could be met by relaying technology. 
Network convergence necessitates interoperability across 
communication protocols in 4G networks, while network 
self-optimization contributes to overall performance im-
provements and accelerates the introduction and deploy-
ment of new wireless services. Chinese scholars have made 
great contributions to these key technologies in 4G systems. 
Some research issues of these technologies are still open 
and require further investigation. We believe that future 
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research will overcome the difficulties, integrate newly de-
veloped services into 4G networks, and make them availa-
ble to anyone or anything, anytime and anywhere. 
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