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HE T E R O G E N E O U S CLOUD RAD IO AC C E S S NE T W O R K S

INTRODUCTION
Achieving full automation to largely enhance
human beings’ sensory and processing capabili-
ties has been regarded as one of the ultimate
goals in recent network services. This goal
embraces all emerging applications such as
unmanned or remotely controlled robots/vehi-
cles/offices/factories, augmented/virtual reality,
intelligent transportation systems, smart
grid/building/city, immersive sensory experience,
and the Internet of Things (IoT). Very different
from conventional multimedia and file delivery
services, there are two major characteristics of
these emerging applications.

•Control, data collection, and sensing envi-
ronments play a considerable role in these appli-
cations, which only generate packets with a small
size (i.e., few coded bytes). However, as the
number of devices involved in these applications
can be tremendous, the amount of small packets
can be extremely large. To support such massive
small packet transmissions, the spectrum effi-
ciency and complexity of network management
are very critical concerns. Wide deployment of
IoT will make this issue even more challenging.

•These applications are extremely vulnerable

to data transmission latency. Providing ultra-low-
latency (at the millisecond level) services conse-
quently turns out to be the most crucial
requirement. However, the state-of-the-art
fourth generation (4G) mobile network cannot
support the needs toward this goal. The reason
comes from the fact that the major requirement
of the 4G mobile network is to considerably
boost communication data rates, and thus sophis-
ticated radio procedures such as channel estima-
tion, link adaptations, channel-aware scheduling,
and resource allocation are adopted to make
good use of all possible radio resources in the
air interface. To support these procedures, heavy
signaling overheads are imposed on both the
wired and wireless links, which eventually affect
the energy efficiency and latency performance
needed to support full automation. To provide
ultra-low-latency services, the latency perfor-
mance of existing mobile networks needs to be
improved 100- to 1000-fold. Without new designs
and fundamental inspirations, this unprecedent-
ed goal may not be fulfilled by the existing
mobile networks.

To support the first characteristic, enhanced
spectrum efficiency, a remarkable technology
known as heterogeneous networks (HetNets) [1]
has been adopted by the existing mobile net-
works. By deploying small cells (e.g., picocells,
femtocells, WiFi offloading, or relay nodes) or
allowing devices to directly exchange data (known
as device-to-device, D2D) overlaying existing
macrocells, HetNets have been shown as a key
enabler to enhance spectrum reuse and the sig-
nal-to-interference-plus-noise ratio (SINR) for
each communication link. In LTE/LTE-A Het-
Net, each base station, or eNB, of a macrocell/
picocell/femtocell/relay node is able to
autonomously allocate/schedule radio resources
for its mobile devices. However, individually
managing radio resources in each eNB may
invoke severe intercell interference. This defect
consequently motivates the idea of joint resource
allocation among eNBs. Through the provided
wired/wireless interfaces (i.e., S1, X2, and Un
interfaces) among eNBs, remote radio heads
(RRHs), baseband units (BBUs), multiple eNBs,
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RRHs/BBUs, and relay nodes are also able to
exchange information for joint resource schedul-
ing/allocation. Under this paradigm, the promis-
ing cloud computing technology can be applied
to facilitate the optimization of joint resource
allocation. This architecture is known as the het-
erogeneous cloud radio access network (H-
CRAN) first revealed in [2–4]. In the H-CRAN,
a set of radio data and computing servers collect
channel state information (CSI), interference
levels, and quality of service (QoS) requirements
in all cells to achieve the global optimum
resource allocation, as shown in Fig. 1. In other
words, multiple cells in the H-CRAN are trans-
parent to mobile devices as a single “big” cell.

Although the H-CRAN has shown the poten-
tial in spectrum efficiency and energy efficiency
enhancements [2, 3], to support emerging appli-
cations, the second characteristic of providing
ultra-low latency services is still a huge chal-
lenge. To enhance the end-to-end latency per-
formance, a proper resource scheduling/
allocation scheme is able to reduce the transmis-
sion delay in the air interface [5]. Adopting an
access control policy is also effective to reduce
latency in wired/wireless backhaul [6]. However,
the unacceptable signaling overheads in the air
interface still impose large data exchange delay
on existing mobile networks. In addition to
latency resulting from signaling overheads, the
H-CRAN further induces two new sorts of laten-
cy which may be more severe than that in the air
interface. The first one is latency in resource
optimization. Radio resource optimization is a
widely discussed issue, and the existing results
reveal that the computational complexity is
increased along with the number of available
radio resources, the number of devices, and the
number of eNBs. Unfortunately, it is projected
that the number of devices will exponentially
increase in the following decade. To support the
increasing number of devices, the number of
available radio resources should be increased as
well as the number of eNBs in the H-CRAN.
This growing computational complexity may
eventually obstruct the latency performance. The
second one is latency in the routing/paging pro-
cedures to forward data to a mobile device in
the H-CRAN. In the existing mobile network
design, the routing and paging procedures
assume that each mobile device may communi-
cate with any other mobile devices and servers.
Therefore, fixed routing/paging information with
a hierarchical information inquiry scheme is
adopted. However, this design fully ignores the
fact that a mobile device may frequently commu-
nicate with the mobile devices or web servers
within its social network, while rarely exchanging
data with terminals/servers outside its social net-
work. The existing routing/paging procedures
may therefore result in a more severe delay than
that in the air interface.

To achieve millisecond-level latency over the
H-CRAN, three types of latency shall be allevi-
ated in the H-CRAN:
• Latency in the radio access
• Latency in the optimization computation
• Latency in routing and paging
In the article, we consequently reveal a series of
mechanisms and principles. From the open-loop

radio access at the link level to alleviate signal-
ing overheads, information-bridled resource
optimization at the system level to reduce com-
plexity, to the social data cache-based architec-
ture at the network level to diminish routing/
paging latency, a complete design philosophy as
well as performance evaluation are provided as
essential foundations for the next generation H-
CRAN.

OPEN-LOOP RADIO ACCESS

Reviewing the history of the development of
mobile networks from the third generation (3G)
network (Universal Mobile Telecommunications
System, UMTS) to the 4G network (Long Term
Evolution/Advanced, LTE/LTE-A), closed-loop
communications are adopted to ubiquitously
track available radio resources. In closed-loop
communications, the optimum (downlink/uplink)
data transmission schemes (i.e., dynamic link
adaptations and resource scheduling/allocation)
for a transmitter are decided after (uplink/down-
link) feedback information from the receiver is
obtained. For example, the inner-loop power
control performs 1500 times per second in
UMTS, while the channel estimation performs
up to 1000 times per second in LTE/LTE-A. In
addition, automatic repeat request (ARQ) and
hybrid ARQ (HARQ) are also adopted in
LTE/LTE-A, which need acknowledgment mes-
sages sent from a receiver to indicate to the
transmitter successful data reception. Although
the closed-loop operation in 3G and 4G mobile
networks provides reliable and high data rate
communications for streaming multimedia traf-
fic, it is disfavored and challenging to support
the following scenarios.

Closed-loop invokes poor spectrum efficiency

Figure 1. In the H-CRAN, eNBs of macrocell/picocell/femtocell and relay
nodes are able to forward channel state information and interference lev-
els in each cell to a set of radio data and computing servers via S1, X2, and
Un interfaces. The servers perform a centralized optimization of resource
allocation for each cells. Multiple “cells” in the H-CRAN are thus trans-
parent to mobile devices as a single “big” cell.
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and energy efficiency in massive uplink trans-
missions. To achieve full automation, there can
be trillions of mobile devices with a significant
amount of small packets. In uplink transmis-
sions, when a massive amount of small packets
are uploaded to the H-CRAN, the H-CRAN
needs to acknowledge all packets in the down-
link channel. As a result, the downlink channel
may be blocked, subsequently terminating all
communications. In addition, transmitting mas-
sive acknowledgment messages also significantly
harms the energy consumption at the H-CRAN.

Closed-loop harms the latency performance.
In closed-loop communications, a receiver
requests a transmitter to retransmit a packet if
this packet cannot be correctly received (i.e.,
ARQ or HARQ). Further assessing the risk of
the reception failure of acknowledgment mes-
sages, a link failure is eventually identified when
the maximum allowable retransmission number
is reached. The latency may not be acceptable
for full automation. In addition, for the case of
multihop (relay) transmissions (e.g., relay trans-
missions in Third Generation Partnership Pro-
ject, 3GPP, Rel-10/Rel-11 and D2D relay
transmissions in 3GPP Rel-14), the latency at
each hop is accumulated, making closed-loop
communications infeasible.

THE POTENTIAL OF OPEN-LOOP RADIO ACCESS
To considerably reduce the signaling overheads,
in 3GPP Rel-12 and Rel-13, feedback reduction
designs are adopted for low-cost machine-type
communication (MTC) devices. By relaxing the
number of feedback messages, it is anticipated
that the energy consumption and transmission
latency for MTC devices transmitting very small
packets will be reduced. However, relaxing the
amount of feedback messages also suggests the
lack of full CSI; therefore, MTC devices only
adopt conservative link adaptation schemes to
avoid 64-quadrature amplitude modulation
(QAM) and multiple-input multiple-output
(MIMO) communications. This state-of-the-art
paradigm motivates us to rethink the system
architecture based on open-loop communica-
tions. In open-loop communications, a receiver
does not provide feedback information (e.g., CSI
and acknowledgment messages) to a transmitter.
Without feedback information, a transmitter has
no knowledge of the channel condition as well as
successful reception at the receiver side. For
reliable communications, a transmitter thus
needs to autonomously determine the transmis-
sion strategy, which includes the modulation and
coding scheme, the space-time code for MIMO
communications, and the number of transmis-
sion repetitions in the time, frequency, and spa-
tial domains in one shot.

In conventional closed-loop communications,
a link failure can be identified by both the trans-
mitter and the receiver until the maximum
retransmission limit of ARQ/HARQ has been
reached. It therefore needs an amount of trans-
mission redundancy (retransmissions) and a
period of waiting time. On the contrary, for
open-loop communications, the major concern
lies in the capability of providing reliable com-
munications. To protect critical data, a transmit-
ter can adopt a very conservative modulation

and coding scheme or a large amount of redun-
dant resources for transmission repetitions in
one shot. It therefore only needs an amount of
transmission redundancy to avoid a period of
waiting time to identify a link failure. Please
note that providing error-free communications is
practically impossible in both open-loop and
closed-loop communications, due to the fact that
the channel variation and noise effect are
stochastic. If the channel fading is not severe,
both open-loop and closed-loop communications
have opportunities to correctly receive data. On
the other hand, if the channel fading is indeed
severe (i.e., a link failure occurs), reliable com-
munications are infeasible for both open-loop
and closed-loop communications. Nevertheless, a
link failure can be quickly identified in open-
loop communications to significantly reduce
latency and obtain more time for further pro-
cesses by upper layers.

The technical merits of open-loop communi-
cations can be fully revealed in Fig. 2. In Fig. 2a,
seven small cells (i.e., HeNBs of femtocells) and
a number of devices are randomly deployed.
Each device attaches to the HeNB with the high-
est signal strength. However, considering the
uplink transmissions, as the density of devices
increases, the SINR for each uplink transmission
at the HeNB may decrease due to increasing
interference. To combat interference, in closed-
loop communications, HARQ and different lev-
els of signaling overheads are needed. In Fig. 2a,
10, 20, and 30 percent signaling overheads (com-
pared to the amount of transmitted data) are
considered. These overheads include traffic of
acknowledgment messages and channel estima-
tion reports, and the HARQ retransmission
number limit is set to 10. In closed-loop commu-
nications, when an error occurs in a data trans-
mission, this data transmission will be repeated
after the notification of acknowledgment mes-
sages. If the density of devices is high (and thus
the SINR is low), retransmissions may be per-
formed several times, which severely harms the
latency performance. On the other hand, in
open-loop communications, to combat interfer-
ence, redundant resources (for a conservative
modulation and coding scheme and transmission
repetitions) are needed, while the amount of
these redundant resources is decided in one shot
(with 2-, 4-, and 6-fold redundancy compared to
the amount of transmitted data). Therefore, we
can observe from Fig. 2a that to achieve a suc-
cessful transmission, the latency performance of
open-loop communications is significantly
enhanced compared to that of closed-loop com-
munications when the density of devices increas-
es. Since redundant resources are required in
both closed-loop and open-loop communica-
tions, whether the spectrum efficiency of open-
loop communications may be worse than that of
closed-loop communications needs to be investi-
gated. We can observe from Fig. 2b that as the
density of devices increases, the spectrum effi-
ciency of closed-loop communications decays
dramatically. On the other hand, the spectrum
efficiency of open-loop communications is com-
petitive as the density of devices increases. This
result demonstrates that open-loop communica-
tions are practical for the H-CRAN. We also

For reliable communica-
tions, a transmitter thus
needs to autonomously
determine the transmis-
sion strategy, which
includes the modulation
and coding scheme, the
space-time code for
MIMO communications,
and the number of
transmission repetitions
in the time, frequency,
and spatial domains in
one-shot.
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evaluate the latency performance of multihop
and multi-path transmissions in the H-CRAN to
support multimedia traffic in Fig. 2c. In multi-
hop relay transmissions, if a link failure occurs at
a hop, the source node may fail to deliver a
packet to the destination node on time. To
enhance the latency performance, the source
node may replicate (or network code) the packet
transmission simultaneously via multiple paths
[7]. In this case, the latency is unacceptable only
if the source node fails to deliver a packet to the
destination on time at all paths. As a result,
there is a trade-off between latency and the
number of redundant paths. In Fig. 2c, 50 dis-
joint paths are deployed, and each path is com-
posed of a number of links (hops) randomly
selected from [1, 5]. In closed-loop communica-
tions, HARQ is applied to each hop transmis-
sion, and therefore latency at all hops in a path
is accumulated. We can observe from Fig. 2c
that closed-loop communications requires more
redundant paths than open-loop communica-
tions to support five voice (VoIP) and five video
(MPEG4) streams. This result confirms the
latency performance improvement via the open-
loop communications, especially in multihop
relay transmissions.

COGNITIVE RADIO TECHNOLOGY AND
COGNITIVE RADIO RESOURCE MANAGEMENT

In open-loop communications, the transmission
scheme is autonomously determined by a trans-
mitter. To optimize the transmission scheme
without any knowledge at the receiver side, each
transmitter thus needs to infer CSI, interference
levels, and even the transmission scheme adopt-
ed by other transmitters. This operation is very
similar to cognitive radio (CR) technology. In
the scenario of CR networks [8], secondary users
opportunistically access the channel when the
primary users are absent. In such opportunistic
channel access, the reverse link of secondary
users does not always exist. Each transmitter of
secondary users thus autonomously senses the
communication environment to avoid interfer-
ence from primary users as well as from trans-
mitters of other secondary users. This similar
radio behavior makes CR technology completely
compatible with open-loop radio access. The CR
technology can be viewed as a sort of connec-
tionless transmission scheme in the air interface,
which facilitates significant overhead savings for
burst traffic with a small amount of data [2] by
avoiding a pure connection-oriented mechanism
of closed-loop communications. The CR tech-
nology can be implemented in different forms
for devices with different capabilities. For low-
cost (MTC) devices, the hardware and comput-
ing competence are limited; hence, sophisticated
CR functions may not be able to be supported.
In this case, the CR technology can be realized
as simply the listen-before-talk scheme with
energy-detection-based clear channel assessment
to detect the presence of interference. If inter-
ference is detected, a transmitter is able to trans-
mit data with a large amount of redundancy to
protect data, or suspend transmissions to avoid
interference. For devices with mighty capabili-
ties, the CR technology can be realized to be

Figure 2. a) Latency performance for successful (error-free) transmission of
open-loop and closed-loop communications under different densities of
deployed devices; b) spectrum efficiency of open-loop and closed-loop
communications under different densities of deployed devices; c) number
of redundant paths needed to provide QoS guarantees of five VoIP and
five MPEG4 streams under different levels of channel fading (in terms of
successful probability) at each hop. In this simulation, the number of hops
in each path is randomly selected from [1, 5].
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intelligent to optimize the overall network per-
formance as well as a user’s particular needs.

Recently, in [9], cognitive radio resource
management (CRRM) is demonstrated to apply
CR to mitigate interference in the HetNet. The
CRRM is a top-down radio design, by which
the radio resource control layer of a transmitter
jointly optimizes layer 1 and layer 2 resource
allocations for channel sensing, data transmis-
sions, and interference avoidance by taking the
upper layer QoS requirements (bearing estab-
lishment) into account, as illustrated in Fig. 3.
Applied to the LTE/LTE-A system, the CRRM
periodically allocates a subframe of radio
resources to perform channel measurement for
interference detection (this subframe is known
as a measurement subframe). If interference is
detected on certain radio resources, these radio
resources are not utilized for data transmissions
in subsequent subframes (these subframes are
known as data subframes). Frequently allocat-
ing measurement subframes can fully capture
channel variation as well as interference. How-
ever, measurement subframes are a sort of
overhead, as data transmissions cannot be per-
formed within a measurement subframe in
order to detect interference. A proper period
of allocating measurement subframes is decided
based on the latency requirement of upper
layer traffic. As a result, CRRM converts the
existing protocol stacks of mobile networks into
a sort of layerless design. Such a design is par-

ticularly crucial for small packet transmissions,
reducing latency of packet and protocol conver-
sion between layers, alleviating overheads and
processing delay imposed to packets at each
layer, and making the radio behavior more flex-
ible. Due to the coherence of the design goal,
CRRM is sufficiently compatible with the open-
loop radio access for each transmitter to
autonomously decide on a transmission scheme
that also supports traditional broadband multi-
media services.

INFORMATION-BRIDLED RESOURCE
OPTIMIZATION IN THE H-CRAN

After alleviating latency in the air interface, the
next challenge in the H-CRAN lies in scalability.
As the numbers of mobile devices, packets,
available resources, and QoS requirements
increase, the complexity of a central optimiza-
tion also significantly grows. The latency of
resource optimization computation thus eventu-
ally becomes the performance bottleneck.
Although distributed resource allocation at each
eNB may reduce the complexity, the perfor-
mance is degraded. To tackle this challenge, let
us rethink the foundation of optimization theory:
that the performance of an optimization is sub-
ject to available information. In the H-CRAN,
the computing servers collect all radio informa-
tion in each cell for centralized optimization. If

Figure 3. The laylerless design of CRRM for open-loop communications.
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all radio information in each cell is available for
each mobile device, individual resource opti-
mization performed at each device is able to
achieve the same performance as that of the
centralized optimization. However, this scheme
is practically infeasible since exchanging radio
information among all devices induces unaccept-
able signaling overheads. Nevertheless, we may
resolve this issue via open-loop communications.

To provide reliability in open-loop communi-
cations, a transmitter does not need instanta-
neous CSI. Instead, a transmitter needs the
long-term statistics of CSI, interference levels,
and transmission schemes adopted by other
transmitters. Such radio information can be
socially obtained through CR technology, or
globally provided by the network. Given radio
information, each transmitter is thus able to
optimize its transmission scheme. In this
paradigm, the computing servers in the H-CRAN
do not have to conduct centralized resource
optimization. Instead, the H-CRAN only needs
to tailor radio information provided to all trans-
mitters. As the optimization procedure per-
formed by each transmitter with given radio
information is well known by the H-CRAN, the
H-CRAN can control all transmitters through
controlling/optimizing information fed to trans-
mitters. This concept leads to a new architecture
of information-bridled resource optimization in
the H-CRAN, as illustrated in Fig. 4. In this
architecture, the H-CRAN only optimizes radio
information provided to transmitters; then the
radio accesses of all transmitters are under the
control of the H-CRAN, as all transmitters opti-
mize their transmission schemes based on provided
radio information. The principles of the informa-
tion-bridled resource optimization are summa-
rized as follows, in which, we use the uplink
transmission as an elaboration example.

•The H-CRAN broadcasts a set of radio
information R = [r1, r2, …, rK] regarding each
radio resource for all mobile devices (transmit-
ters), where K is the number of total radio
resources in a scheduling period. By taking the
statistics of CSI, interference levels, and trans-
mission schemes adopted by all mobile devices
into account, radio information for the kth radio
resource is mapped into a number rk, which is
normalized to 0 £ rk £ 1. Radio resources can be
defined in different domains, such as time, fre-
quency, eNB, code, or spatial domain. rk of a
lower value reveals that the kth radio resource
suffers from severe channel fading, interference,
or congestion. It distracts mobile devices from
selecting the kth radio resources. On the other
hand, rk of a higher value implies that the kth
radio resource enjoys better channel quality,
lower interference, or mild congestion. Such
indication attracts mobile devices to select the
kth radio resource.

•Upon receiving a set of radio information R
= [r1, r2, …, rK], each mobile device autonomous-
ly selects a radio resource by taking the resource
selection strategies adopted by other mobile
devices into consideration. That is, a mobile
device should not always select the radio
resource with the highest rk, since other mobile
devices may also select this radio resource, lead-
ing to severe interference and congestion. Game

theory can be an effective means for all mobile
devices to determine the transmission scheme in
this scenario to optimize utility. After selecting a
radio resource, each mobile device then trans-
mits data to the H-CRAN via this radio resource
in the open-loop fashion.

•After the transmissions from all mobile
devices, the H-CRAN are able to obtain inter-
ference and congestion levels at all radio
resources. In addition, the H-CRAN needs to
estimate CSI of all radio resources at all loca-
tions (known as the spectrum map). The spec-
trum map can be estimated via the uplink
transmissions from all mobile devices [10]. Then
the H-CRAN optimizes/updates R = [r1, r2, …,
rK] and broadcasts this radio information.

As aforementioned, the complexity of con-
ventional resource optimization is subject to the
number of available resources K, the number of
devices M, and the number of eNBs N by adopt-
ing joint resource allocation among all cells.
Such complexity is around the level of O(KMN).
However, the information-bridled resource opti-
mization only optimizes R = [r1, r2, …, rK]. The
complexity is thus O(K). Please note that infor-
mation-bridled resource optimization is very dif-
ferent from closed-loop communications in the
following aspects.
• In closed-loop communications, the receiver

feeds back CSI to the corresponding transmit-
ter. However, the H-CRAN broadcasts a com-
mon R to all transmitters, which does not
impose large signaling overheads.

• The concept of information-bridled resource
optimization is infeasible to apply to closed-

Figure 4. Information-bridled resource optimization, in which the H-CRAN
only optimizes radio information broadcast to all mobile devices. Given
radio information, each mobile device autonomously optimizes the trans-
mission scheme. Thus, the H-CRAN controls the radio accesses of all
mobile devices implicitly.
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loop communications. In closed-loop commu-
nications, the optimization scheme in layers 1
and 2 is fixed to maximize the data rate based
on the present SINR. However, the H-CRAN
controls the SINR via radio resource alloca-
tions, and thus in this framework, the H-
CRAN cannot further reduce the complexity.

• In closed-loop communications, layers 1 and 2
of a transmitter need instantaneous CSI. How-
ever, exchanging information within the H-
CRAN suffers from inevitable latency, which
may not support instantaneous CSI exchanges
in closed-loop communications.

SOCIAL DATA CACHE-BASED
ROUTING/PAGING

To further alleviate the third type of latency in
routing and paging in the H-CRAN, we should
understand the state-of-the-art procedure in
existing mobile networks, shown in Fig. 5a. Most
wireless services (e.g., user social applications,
M2M IoT communications, and remote control),
especially for full automation, need an applica-
tion (app) server to store wireless service data
and handle service functions. Suppose that a
mobile device (UE-A) wishes to send a message
to (or access) another mobile device within the
same eNB’s coverage (UE-B) or within other
eNB’s coverage (UE-C); a six-segment protocol
is needed for this procedure.
• 1st segment. UE-A sends the message to the

eNB.
• 2nd segment. The eNB forwards this message

to the S-GW/P-GW.
• 3rd segment. The S-GW/P-GW routes this

message to the APP server.
• 4th segment. Upon receiving the message, the

APP server stores this message, then routes
this message back to the S-GW/P-GW.

• 5th segment. According to paging information,
the S-GW/P-GW forwards the message to the
eNB.

• 6th segment. The eNB sends the message to
UE-B (or UE-C).

Such a framework may invoke unacceptable
latency in the worst case, which is not allowed by
the remote control to robots/vehicles, intelligent
transportation systems, and immersive sensory
experience. Nevertheless, the number of hops in
Fig. 5a can actually be significantly reduced, as
shown in Fig. 5b.
• 1st segment. UE-A sends the message to the

eNB.
• 2nd segment. If the H-CRAN caches the

knowledge about the destination of the mes-
sage, the eNB is able to directly forward the
message to the collocated mobile device (UE-
B) or forward to another eNB with the desti-
nation mobile device (UE-C). In the
meantime, the eNB also routes the message to
the S-GW/P-GW.

• 3rd segment. The eNB forwards the message
to UE-C. The S-GW/P-GW forwards the mes-
sage to the app server.
The challenge of applying the state-of-the-art

framework in Fig. 5a to the enhancement in Fig.
5b is twofold.

•The existing framework assumes that a
mobile device may send messages to every
mobile device in the world with equal likelihood.
For this purpose, the sophisticated routing/pag-
ing architecture as shown in Fig. 5a shall be
adopted. However, this assumption is impractical
due to disregard of the social relationship among
mobile devices [11]. The social relationship is
the correlation among mobile devices in terms of
geographic locations (i.e., collocated with each
other), identities (e.g., students of the same uni-
versity), users’ interpersonal connections, or con-
tact platforms (e.g., connect to a common
website, email/game server). In other words, the
destinations (i.e., mobile devices, servers, and
websites) a mobile device contacts are subject to
the social network or social properties of the
mobile device user. According to different com-
munication categories, there are three types of

Figure 5. a) In existing mobile networks, six segments are needed to exchange an application message between two mobile devices;
b) by caching social profiles of mobile devices in the H-CRAN, the number of hops (and thus latency) can be significantly
reduced.
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social networks: human-to-human, human-to-
machine, and M2M (i.e., interaction of
machines), as shown in Fig. 6a. In all these three
types, each mobile device only contacts a certain
set of devices instead of contacting all devices in
the network system. Such a social profile of each
mobile device does not change rapidly, and this
nature is not fully exploited in the existing design
of mobile networks [12, 13].

•The social profile of each mobile device is
available in the application layer. However, this
information is unavailable to radio layers based
on existing layered architecture of mobile net-
works.

The general concept of a social network driven
mobile network design first arose in [11], which
revealed a number of novel methodologies for
future mobile networks. However, to develop a
solution compatible to the H-CRAN, the impacts
on the existing infrastructures should be mini-
mized. To combat this engineering constraint, a
promising design lies in the concept of OpenFlow
in software-defined networking (SDN) [14, 15]. In
OpenFlow, the network is able to extract informa-
tion in packet headers to distinguish data packets
and control packets with different QoS require-
ments, and impose information to packet headers
to boost packet routing. However, to enable the
performance enhancement in Fig. 5b, a co-design
between SDN in the H-CRAN and the app server
is needed.

•The H-CRAN caches the social profiles of
all mobile devices provided by app servers, as
shown in Fig. 6a. Based on these social profiles,
the H-CRAN can construct a connection map
for each mobile device in OpenFlow. The con-
nection map specifies the route to possible desti-
nations of a mobile device. Since the number of
possible destinations for a mobile device is limit-
ed to the cardinality of the mobile device’s social
network, the size of a connection map is also
limited. The construction of a connection map
also takes into account the radio resource alloca-
tion in the H-CRAN. For example, if two mobile
devices are collocated, a D2D link can be config-
ured by the H-CRAN for direct data exchanges
among mobile devices.

•When a mobile device sends a message, the
app server allows the H-CRAN to directly for-
ward the message to the destination without
passing through the app server. Nevertheless, the
H-CRAN could forward the message to the app
server whenever necessary.

The performance of the above social data
cache-based routing/paging scheme can be prim-
itively evaluated via the routing process using
mobile IP. In this experiment, a router (home
network) is connected by two devices (say, DEV1
and DEV2). Another router (foreign network) is
connected by the home network router and a
device (DEV3), as shown in Fig. 6b. In the con-
ventional routing procedure, when DEV1 wishes
to communicate with DEV2, the home network
router checks whether DEV2 is within its rout-
ing domain. If it is true, packets from DEV1 are
forwarded to DEV2. However, in the social data
cache-based routing scheme, the social profile of
DEV1 (in this case DEV2) is available for the
home network router. As DEV1 attaches to the
home network router, a routing table to DEV2

is ready in the home network router, and there-
fore the routing latency is significantly reduced.
Such performance is demonstrated in Fig. 6c,
where routing latency is shown in time units. A
time unit is a logical unit of time used by coun-
ters in routing protocols. If DEV1 wishes to
communicate with DEV3, in the conventional
routing procedure, the home network router
checks whether DEV3 is within its routing
domain. If it is not true, the home network
router checks whether DEV3 is within the for-
eign network router’s routing domain. If it is
true, packets of DEV1 can be routed via the
home network router and the foreign network
router to DEV3. On the contrary, in the social
data cache-based routing scheme, since both the
home network router and foreign network router
have knowledge of the social relationship
between DEV1 and DEV3 (i.e., social profile),
when DEV1 attaches to the home network
router, a routing table to DEV3 is ready for
DEV1. This technical merit of the social data
cache-based routing scheme can be observed
from Fig. 6c.

The concept of the above social data cache-
based routing/paging scheme significantly
reduces packet exchanges crossing the H-CRAN
and the cyber world. It also precludes destina-
tions outside the social network of a mobile
device, which leads to a concise routing/paging
eliminating latency in the H-CRAN.

CONCLUSION AND FUTURE RESEARCH

In this article, we have presented methodologies
enabling ultra-low-latency connections in the H-
CRAN, which involve a systematic design with
unique open-loop radio access reducing latency in
the air interface, information-bridled resource
optimization reducing latency of radio resource
optimization, and social data cache-based rout-
ing/paging scheme reducing latency in the back-
haul packet forwarding. The proposed methodolo-
gies solve several predicaments and open issues in
the H-CRAN through introducing a new design
philosophy into the practical H-CRAN.

The future extension of this research is to
support heterogeneous carrier communications
over the H-CRAN. The urgent need for hetero-
geneous carrier communications comes from the
increasing demand for wider bandwidth, which
drives the exploration of spectrum with very dif-
ferent characteristics from those of the carrier
currently in use. Promising paradigms of hetero-
geneous carrier communications lie in licensed-
assisted access (LAA) to the unlicensed bands in
3GPP Rel-13, millimeter-wave (mmWave) com-
munications, and IEEE 802.11af. In LAA, in
addition to conventional licensed bands, 5 GHz
unlicensed bands are further included for data
transmissions. However, due to the limits on the
maximum transmission power and uncontrol-
lable interference from WiFi, communications
over the unlicensed bands are potentially unreli-
able. As a result, carrier aggregation with the
control channels provided by the macrocell eNB
on the licensed bands and data channels provid-
ed by the femtocell HeNB on the unlicensed
bands is the mandatory function for LAA.
mmWave communications with severe signal
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Figure 6. a) The H-CRAN caches social profiles to construct connection maps for all mobile devices; b) system layout for the per-
formance of the proposed social data cache-based routing/paging scheme; c) performance evaluation results of the conventional
scheme and the proposed scheme.
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strength attenuation on the high frequency
bands and IEEE 802.11af operating on the TV
bands also suffer from the similar obstacle of
communications unreliability. Coordination
among cells (HeNBs, eNBs, or access points)
and thus the H-CRAN architecture therefore
turn out to be the underlay for heterogeneous
carrier communications. To support H-CRAN
empowered heterogeneous carrier communica-
tions, the most challenging issue of communica-
tion unreliability may significantly impact the
latency performance. Our future research will
consequently focus on analyzing and solving this
new approach to latency enhancement.
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