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ABSTRACT

Traditional ultra-dense wireless networks are
recommended as a complement for cellular net-
works and are deployed in partial areas, such
as hotspot and indoor scenarios. Based on the
massive multiple-input multi-output antennas
and the millimeter wave communication tech-
nologies, the 5G ultra-dense cellular network is
proposed to deploy in overall cellular scenarios.
Moreover, a distribution network architecture is
presented for 5G ultra-dense cellular networks.
Furthermore, the backhaul network capacity and
the backhaul energy efficiency of ultra-dense
cellular networks are investigated to answer an
important question, that is, how much densifi-
cation can be deployed for 5G ultra-dense cellu-
lar networks. Simulation results reveal that there
exist densification limits for 5G ultra-dense cellu-
lar networks with backhaul network capacity and
backhaul energy efficiency constraints.

INTRODUCTION

To meet 1000x wireless traffic volume increment
in the next decade, the fifth generation (5G) cel-
lular network is becoming a hot research topic
in telecommunication companies and academia.
First, massive multiple-input multiple-output
(MIMO) technology was proposed to improve
the spectrum efficiency of 5G mobile commu-
nication systems [1]. Second, millimeter-wave
communications was presented to extend the
transmission bandwidth for 5G mobile commu-
nication systems [2]. Furthermore, the small cell
concept has appeared to raise throughput and
save energy consumption in cellular scenarios [3].
To satisfy seamless coverage, a larger number of
small cells have to be densely deployed for 5G
cellular networks. As a consequence, the ultra-
dense cellular network is emerging as one of
the core characteristics of 5G cellular networks.
However, the study of ultra-dense cellular net-
works is still in an initial stage. Some basic stud-
ies, such as the network architecture and cellular
densification limits, need to be further investigat-
ed for future 5G cellular networks.

In the third generation (3G) cellular net-
works, the densification of macrocell base sta-
tions (BSs) aimed to improve the transmission
rate in partial areas, such as macrocell BSs
deployed in urban areas. To avoid interference
in adjacent macrocell BSs, the frequency reuse
and sectorized BS technologies were developed
for macrocell densification, where the density

of macrocell BSs is about 4-5 BSs/km2. In the
fourth generation (4G) cellular networks, such
as Long Term Evolution-Advanced (LTE-A)
mobile communication systems, the microcell
BSs (e.g., hotspot BSs and femtocell BSs) have
been deployed to satisfy high-speed transmission
in specified regions, where the density of micro-
cell BSs is approximate 8-10 BSs/km2. More-
over, all the above BSs are directly connected by
gateways, and all backhaul traffic is forwarded
by fiber links or broadband Internet. In 3G and
4G cellular networks, the aim of BS densifica-
tion is to improve the wireless transmission rate
in partial regions, and the greatest challenge of
BS densification is interference coordination for
cellular networks.

In 5G cellular networks, massive MIMO
antennas will be integrated into BSs, where
hundreds of antennas are utilized for transmit-
ting gigabit-level wireless traffic. When the 5G
BS transmission power is constrained to the
same level of 4G BS transmission power, each
antenna’s transmission power at a 5G BS has
to be decreased 10-20 times compared to each
antenna’s transmission power at a 4G BS. As a
consequence, the radius of a 5G BS has to be
decreased by one magnitude considering the
decrease of transmission power at every antenna.
Another potential key technology for 5G cellular
networks is millimeter-wave communication tech-
nology, which is expected to provide hundreds of
megahertz bandwidth for wireless transmissions.
However, the transmission distance of millime-
ter-wave communications has to be restricted to
100 m considering the propagation degradation
of millimeter-wave in the atmosphere. Motivated
by the above two technologies, small cell net-
works have been presented for 5G cellular net-
works. To satisfy seamless coverage, the density
of 5G BSs is highly anticipated to come up to
40-50 BSs/kmZ. Therefore, the future 5G cellular
network is an ultra-dense cellular network.

Some initial studies involving ultra-dense
wireless networks were explored in [4-12]. Yunas
et al. investigated the spectrum and energy effi-
ciency of ultra-dense wireless networks under
different deployment strategies, such as the den-
sification of classic macrocell BSs, ultra-dense
indoor femtocell BSs, and outdoor distributed
antenna systems [4]. Soret ef al. discussed the
interference problem for dense scenarios of
LTE-A cellular networks and proposed two
algorithms to apply time domain and frequen-
cy domain small cell interference coordination
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for dense wireless networks [5]. Based on LTE
and WiFi technologies, a joint coordinated intra-
cell and inter-cell resource allocation mechanism
was proposed to opportunistically exploit net-
work density as a resource [6]. However, these
solutions were mainly presented for 4G cellular
networks, such as LTE networks. Bhushan et al.
discussed advantages of network densification,
which include spatial densification, for example,
dense deployment of small cell and spectrum
aggregation, that is, utilizing larger portions of
radio spectrum in diverse bands for 5G networks
[7]. Moreover, in this densified network archi-
tecture, the dense deployment of small cells is
limited to indoor scenarios; users in outdoor
scenarios are still covered by traditional macro-
cells. By absorbing the machine-type communi-
cation (MTC) traffic via home evolved NodeBs,
a new architecture was proposed with the use of
small cells to handle the massive and dense MTC
rollout [8]. As concluded in [7, 8], these dense
wireless networks are complementary to existing
macrocell networks.

Considering the backhaul traffic challenge in
5G small cell networks, centralized and distribut-
ed wireless backhaul network architectures were
compared in [9]. Simulation results suggested
that the distributed wireless backhaul network
architecture is more suitable for future 5G net-
works employing massive MIMO antennas and
millimeter-wave communication technologies. It
is noteworthy that the distributed wireless back-
haul network architecture was also discussed for
IEEE 802.16 mesh networks in [10]. Considering
that the radius of IEEE 802.16 BSs is typically
1500 m, which is much larger than the 50-100 m
radius of small cells, IEEE 802.16 mesh networks
are not ultra-dense wireless networks. Therefore,
the small cell density deployment bottleneck is
not a problem for IEEE 802.16 mesh networks.
With millimeter-wave communication emerging
in 5G mobile communication systems, millime-
ter-wave communication has been considered
the wireless backhaul solution for small cell net-
works. However, most studies on millimeter-wave
backhaul technologies focused on the design of
the antenna array and RF components of trans-
ceivers, such as beamforming and modulation
schemes [11, 12]. An efficient beam alignment
technique using adaptive subspace sampling and
hierarchical beam codebooks was proposed for
implementation in small cell networks [11]. The
feasibility of short- and medium-distance links
at millimeter-wave frequencies was evaluated
for wireless backhauling, and the requirements
for the transceiver architecture and technologies
were analyzed in [12].

However, in all the aforementioned ultra-
dense wireless network studies, only simple
scenarios, such as indoor scenarios, were con-
sidered, and only basic features of SG networks
were discussed. Besides, system-level investiga-
tion of ultra-dense cellular networks with mil-
limeter-wave backhaul is lacking in the open
literature. Although the distributed network
architecture is recommended for ultra-dense cel-
lular networks, the constraints and performance
limits of ultra-dense cellular networks employing
distributed network architecture are not clear.
Moreover, a key question, that is, how dense can

small cells be deployed in 5G ultra-dense cellular
networks before the performance benefits fade,
has not been investigated.

In this article, we propose a distributed archi-
tecture for ultra-dense cellular networks with sin-
gle and multiple gateways, which can be deployed
in all 5G cellular scenarios. Furthermore, based
on our early proposed network capacity relation-
ship in wireless multihop networks, the impact
of different numbers of small cell BSs on the
backhaul network capacity and the backhaul
energy efficiency of ultra-dense cellular networks
is investigated. Simulation results demonstrate
that there is a density threshold of small cells in
ultra-dense cellular networks. When the density
of ultra-dense cellular networks is larger than the
density threshold, the backhaul network capac-
ity and the backhaul energy efficiency of ultra-
dense cellular networks will reduce with a further
increase in small cell density. Finally, future chal-
lenges of 5G ultra-dense cellular networks are
discussed, and conclusions are drawn.

ARCHITECTURE OF
5G ULTRA-DENSE CELLULAR NETWORKS

With the development of massive MIMO anten-
na and millimeter-wave communication technol-
ogies in 5G mobile communication systems, a
large number of small cells will be deployed to
form 5G ultra-dense cellular networks. There-
fore, the first challenge is how to design the
architecture of 5G ultra-dense cellular networks.
In this section, the distributed architecture of
ultra-dense cellular networks with single and
multiple gateways is proposed for further evalu-
ation in the following sections.

CONVENTIONAL
CELLULAR NETWORK ARCHITECTURE

The conventional cellular network architecture is
a type of tree network architecture, where every
macrocell BS is controlled by the BS managers in
the core network, and all backhaul traffic is for-
warded to the core network by the given gateway.
In order to support microcell deployment (e.g.,
femtocell, picocell, and hotspot deployment), a
hybrid architecture is presented for convention-
al cellular networks with microcell deployment.
In this hybrid network architecture, the micro-
cell network is also configured as a type of tree
network architecture, where every microcell BS
is controlled by microcell BS managers in the
core network, and the backhaul traffic of micro-
cell BSs is forwarded to the core network by the
broadband Internet or fiber links. The coverage
of microcells is overlapped with the coverage of
macrocells. Compared to macrocell BSs, micro-
cell BSs can provide high-speed wireless trans-
mission in indoor and hotspot scenarios. Both
the macrocell BS and microcell BS can inde-
pendently transmit user data and management
data to associated users. Users can hand over
in macrocells and microcells according to their
requirements. Moreover, the handover process is
controlled by macrocell and microcell managers
in the core network. In this network architecture,
the microcell network is complementary to the
conventional macrocell network to satisfy high-
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In 56 ultra-dense cellular
scenarios, fo solve the
mobile user frequent
handover problem in
small cells, the mac-
rocell BS is configured
only fo transmit the
management data for
controlling the user han-
dover in small cells and
the small cell BS takes
charge of the user data
transmission. Therefore,
the small cell network
is not a complement for
the macrocell network.
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Figure 1. Distributed ultra-dense cellular networks with a single gateway: a) the deployment scenario
with a single gateway; b) the logical architecture with a single gateway.
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Figure 2. Distribution ultra-dense cellular network with multiple gateways: a) the deployment scenario
with multiple gateways; b) the logical architecture with multiple gateways.

speed wireless transmission in partial regions
(e.g., indoor and hotspot scenarios).

DISTRIBUTION ARCHITECTURE OF
ULTRA-DENSE CELLULAR NETWORKS

Motivated by the massive MIMO antenna and
millimeter-wave communication technologies,
the densification deployment of small cells is
emerging in 5G cellular networks. However,
it is difficult to forward the backhaul traffic of
every small cell BS by broadband Internet or
fiber links considering the cost and geographic
deployment challenges in urban environments.
Moreover, the small cell BS usually cannot
directly transmit wireless backhaul traffic to a
given gateway since small cell BSs adopting mil-
limeter-wave technology restrict the wireless
transmission distance. In this case, the wireless
backhaul traffic has to be relayed to the given
gateway by multihop links. As a consequence, a
distributed network architecture is a reasonable
solution for 5G ultra-dense cellular networks.
In 5G ultra-dense cellular scenarios, to solve
the mobile user frequent handover problem in
small cells, the macrocell BS is configured only
to transmit the management data to control the
user handover in small cells, and the small cell
BS takes charge of the user data transmission.
Therefore, the small cell network is not a com-
plement for the macrocell network. 5G ultra-

dense cellular networks are jointly composed of
small cells and macrocells. Based on the back-
haul gateway configuration, two distribution
architectures of ultra-dense cellular networks
are proposed as follows.

Ultra-Dense Cellular Networks with a Single Gateway:
When only one gateway is deployed in the mac-
rocell, the corresponding scenario and logical
figures are illustrated in Fig. 1. Without loss
of generality, the gateway is configured at the
macrocell BS, which usually has enough space
to install massive MIMO millimeter-wave
antennas for receiving the wireless backhaul
traffic from small cells in the macrocell. The
backhaul traffic of a small cell BS is relayed to
the adjacent small cell BS by millimeter-wave
links. All backhaul traffic of small cells is final-
ly forwarded to the macrocell BS by multihop
millimeter-wave links. In the end, the backhaul
traffic aggregated at the macrocell BS is for-
warded to the core network by fiber to the cell
(FTTC) links.

Ultra-Dense Cellvular Networks with Multiple Gate-
ways: In the distribution architecture of ultra-
dense cellular networks, multiple gateways
deployment is flexible for forwarding the back-
haul traffic into the core network. In this case,
gateways are deployed at multiple small cell
BSs according to the requirement of backhaul
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Network types

Conventional cellular networks

Ultra-dense cellular networks
with a single gateway

Ultra-dense cellular networks
with multiple gateways

Network architecture

Densification deployment
target

Densification deployment
reason

Coverage between mac-
rocells and microcells

Functions of macrocell
and microcell

Microcells/small cells
deployment

Backhaul method

Number of backhaul
gateways in a macrocell

Merit

Demerit

Centralized architecture

Macrocells [4]

Satisfy crowded communication
requirements in urban scenarios

Overlap [7]

Same [7]

Deployed in partial areas

Backhaul traffic is directly forward-
ed into the core network by the
gateway [9]

One

Flexible deployment and low cost

(3]

Small cell partial deployment, low
network capacity, uneven distribu-
tion of the achievable data [4]

Distributed architecture [9]

Small cells

Massive MIMO antennas and
millimeter-wave communication
technologies [7]

No overlap

Macrocells transmit management
data, microcells transmit user
data

Deployed in all cellular scenarios

Backhaul traffic is relayed to the
gateway by multihop wireless
links

One

Ubiquitous and high bit rate [4]

Low mobility and the backhaul
capacity bottleneck

Distributed architecture

Small cells

Massive MIMO antennas and
millimeter-wave communica-
tion technologies

No overlap

Macrocells transmit manage-
ment data, microcells transmit
user data

Deployed in all cellular sce-
narios

Backhaul traffic is relayed to
the gateway by multihop wire-
less links

Multiple

Ubiquitous and high bit rate

Low mobility and high cost

Table 1. Comparison between conventional cellular networks and 5G ultra-dense cellular networks.

traffic and geography scenarios. In Fig. 2, the
backhaul traffic of a small cell BS is relayed to
the adjacent small cell BS by millimeter-wave
links. Different from the single gateway config-
uration, the backhaul traffic of small cells will
be distributed into multiple gateways in the
macrocell. The backhaul traffic aggregated at
the specified small cell BS, that is, the gateway,
is finally forwarded into the core network by
FTTC links. Detailed scenario and logical fig-
ures are illustrated in Figs. 2a and 2b.

Based on the comparison results shown in
Table 1, the detailed differences between con-
ventional cellular networks and 5G ultra-dense
cellular networks with single/multiple gate-
ways are explained as follows: the architecture
of conventional cellular networks is a central-
ized network architecture, and some microcells
are densely deployed in partial areas (e.g.,
urban areas) to satisfy crowded communica-
tion requirements. When 5G small cell BSs are
equipped with massive MIMO antennas and mil-
limeter-wave communication technologies, the
coverage of a small cell is obviously reduced. To
realize seamless coverage, 5G cellular networks
must be densely deployed by a large number of
small cells. In this case, 5G ultra-dense cellular
networks can provide high bit rates in all cellu-
lar coverage regions. Moreover, the architecture
of ultra-dense cellular networks is distributed,
considering cost and geographic deployment

requirements. Every BS in conventional cellular
networks has the same function, and the cover-
age of macrocells and microcells overlaps. For
5G ultra-dense cellular networks, macrocell BSs
transmit the management data, and small cell
BSs take charge of the user data transmission.
There is no overlap of the function and cover-
age between macrocell BSs and small cell BSs.
Besides, 5G ultra-dense cellular networks with
single gateways are cost efficient, but the back-
haul capacity bottleneck may exist at the single
gateway. 5G ultra-dense cellular networks with
multiple gateways experience high cost of small
cell deployment. Compared to conventional cel-
lular networks, 5G ultra-dense cellular network
performance will provide graceful degradation
as the degree of mobility increases. To overcome
this challenge, multi-cell cooperative communi-
cation is a potential solution for 5G ultra-dense
cellular networks.

BACKHAUL NETWORK CAPACITY AND

BACKHAUL ENERGY EFFICIENCY

Although the density of small cells can approach
infinity in theory, it is unrealistic to deploy ultra-
dense cellular networks with infinite density in
practical engineering applications. The impact
of the deployment density of ultra-dense cellular
networks on the backhaul network capacity and
energy efficiency is investigated in the following.
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Parameters

Values

Number of backhaul gateways in a
macrocell

Radius of small cell r

100 m, 150 m, 200 m

Radius of macrocell 1 km
Parameter a 7.85
Parameter b 71.5W
Normalized BS backhaul

L 1TW
transmission power Pyorm
Normalized BS backhaul throughput 1Gb/s
Tho
Lifetime of small cell BS T jfetime 5 years

Embodied energy consumption Egy,

20 percent of total energy
consumption

Table 2. Simulation parameters.

BACKHAUL NETWORK CAPACITY OF
ULTRA-DENSE CELLULAR NETWORKS

How much densification can be deployed in
ultra-dense cellular networks is a key question
for future 5G network designs. Utilizing massive
MIMO antenna and millimeter-wave communi-
cation technologies, the small cell is anticipated
to provide more than 1 Gb/s throughput in 5G
ultra-dense cellular networks. But all small cell
throughput has to be forwarded into the core
network by wireless backhaul networks. There-
fore, the backhaul network capacity will be a bot-
tleneck constraining the small cell densification
in 5G ultra-dense cellular networks. The wireless
multihop relay backhaul scheme of ultra-dense
cellular networks is defined as follows:

* The closest gateway is selected by the small
cell BS for receiving backhaul traffic.

* Two conditions should be satisfied for the
small cell BS which is selected for the next hop
candidate:
® The distance between the transmitter and
the receiver is less than or equal to the radius
of small cell r.
® The distance between the next hop small
cell BS and the gateway is less than the dis-
tance between the transmitter and the gate-
way.
® When multiple small cell BSs satisfy ® and
®, the small cell BS closing the gateway is
selected as the next hop candidate.

* When the distance between the small cell BS
and the gateway is less than r, the small cell
BS directly transmits backhaul traffic to the
gateway without relaying. To avoid interfer-
ence from adjacent small cells, the distance of
simultaneous transmission by small cell BSs is
configured to be larger than (1 + A)r, where A
x r is the interference protection distance in
5G ultra-dense cellular networks.

Based on our early results in [13], a simple
relationship is proposed to estimate the backhaul

network capacity of ultra-dense cellular networks
as follows:

Y(n)x W
K(n)

where n denotes the number of small cell BSs
in a macrocell, Y(n) is the average number of
simultaneous transmissions in the macrocell, W is
the transmission rate of a small cell BS, and k(n)
is the average hop number of wireless backhaul
traffic in the macrocell. Without loss of gener-
ality, the 5G ultra-dense cellular network with
multiple gateways shown in Fig. 2 is considered
for the following simulation analysis. The mac-
rocell is assumed to be a regular hexagon with 1
km radius. Small cell BSs are scattered following
a Poisson point process in a macrocell. All small
cells are assumed not to overlap each other in
coverage. Moreover, three gateways are assumed
to be symmetrically deployed at the top vertices
of the hexagon macrocell. The interference safe-
guard distance is configured as 0.5 x r, and the
transmission rate of a small cell BS is normal-
ized as 1 Gb/s in the following simulations. The
detailed simulation parameters are configured in
Table 2.

Based on the Monte Carlo simulation meth-
od, the backhaul network capacity and energy
efficiency of ultra-dense cellular networks are
simulated in Figs. 3 and 4, respectively. When
the radius of small cell r is fixed, the backhaul
network capacity with respect to the number of
small cell BSs is illustrated in Fig. 3a: the back-
haul network capacity first increases with the
increase in the number of small cell BSs; after
the backhaul network capacity achieves the max-
imum threshold, the backhaul network capaci-
ty decreases with the increase of the number of
small cell BSs; in the end, the backhaul network
capacity achieves a stationary saturation value
when the number of small cell BSs approaches
infinity. When the radius of small cell r is fixed,
the backhaul network capacity with respect to the
average number of simultaneous transmissions is
described in Fig. 3b: considering the interfer-
ence protection distance A x r configured by the
wireless multihop relay backhaul scheme, the
maximum average number of simultaneous trans-
missions decreases with the increase of small cell
radius when the macrocell coverage is fixed. For
example, the maximum average number of simul-
taneous transmissions is 29, 25, and 19 when the
radius of small cell is configured as 100 m, 150
m, and 200 m, respectively. The backhaul net-
work capacity increases with the increase of the
average number of simultaneous transmissions in
the macrocell. Moreover, the backhaul network
capacity approaches a saturation limit when the
average number of simultaneous transmissions is
larger than 27, 23, and 15, which correspond to
small cell radii 100 m, 150 m, and 200 m, respec-
tively. When the number of small cell BSs or the
average number of simultaneous transmissions is
fixed, the backhaul network capacity decreases
with increased radius of small cells. Based on
simulation results in Fig. 3a, the backhaul net-
work capacity will achieve a stationary saturation
value when the average number of simultaneous
transmissions or the densit of small cell BSs (i.e.,
the number of small cell BSs in a macrocell) is

Backhaul network capacity =

s
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larger than a given threshold. This result pro-
vides a guideline for designing the densification
of 5G ultra-dense cellular networks.

BACKHAUL ENERGY EFFICIENCY OF ULTRA-DENSE
CELLULAR NETWORKS

In addition to the backhaul network capacity, the
backhaul energy efficiency is another key con-
straint that restricts the densification of 5G ultra-
dense cellular networks. The backhaul energy
consumed at the small cell BS is decomposed
by the embodied energy Egy and the operation
energy Eop [14]. The embodied energy is the
energy consumed by all processes associated with
the BS production and accounts for 20 percent
of the backhaul BS energy consumption in this
article. The operation energy is the energy con-
sumed for the backhaul operation in the lifetime
Tiifetime and is defined by Eop = Pop * T'Lifetime
where Pgp is the BS operating power. Without
loss of generality, the small cell BS operating
power is assumed as a linear function of the
small cell BS backhaul transmission power Py
and is expressed as Pop = a x Prx + b, where
a = 7.84 and b = 71.5 W [15]. In general, the
BS backhaul transmission power depends on the
BS backhaul throughput. To simplify the model
derivation, the backhaul transmission power of a
small cell BS is normalized as Pnorm = 1 W when
the normalization BS backhaul throughput Tk
is assumed to be 1 Gb/s. Similarly, the small cell
BS backhaul transmission power with the aver-
age BS backhaul throughput Th g is denoted by
Prx = Pnorm X (Thaye/Thg), where the average
small cell BS backhaul throughput is calculated
by the backhaul network capacity [13]. Further-
more, the small cell BS operating power is calcu-
lated by POP =a X PNorm X (ThAvg/ThO) + b. In
the end, the backhaul energy efficiency of ultra-
dense cellular networks is derived by

Backhaul energy efficiency
backhaul network capacity

B nx (small cell BS backhaul energy consumption)

Without loss of generality, the lifetime of a small
cell BS is configured as T jetime = 5 years. When
the radius of a small cell r is fixed, the backhaul
energy efficiency of ultra-dense cellular networks
with respect to the number of small cell BSs is
analyzed in Fig. 4a: the backhaul energy efficien-
cy first increases with the increase of the number
of small cell BSs; then the backhaul energy effi-
ciency decreases with the increase of the num-
ber of small cell BSs after the backhaul energy
efficiency reaches the maximum threshold; in
the end, the backhaul energy efficiency of ultra-
dense cellular networks achieves a stationary sat-
uration value when the number of small cell BSs
approaches infinity. When the number of small
cell BSs is fixed, the backhaul energy efficiency
increases with the increase of the small cell radi-
us when the number of small cell BSs is less than
10. When the number of small cell BSs is larger
than or equal to 10, the backhaul energy efficien-
cy decreases with the increase of the small cell
radius. When the radius of small cell r is fixed,
the backhaul energy efficiency with respect to the
average small cell BS throughput is illustrated
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Figure 3. Backhaul network capacity of ultra-dense cellular networks: a)
the backhaul network capacity vs. the number of small cell BSs; b) the
backhaul network capacity vs. the average number of simultaneous trans-

missions.

in Fig. 4b: the backhaul energy efficiency first
increases with the increase of the average small
cell BS throughput; then the backhaul energy
efficiency decreases with the increase of the aver-
age small cell BS throughput after the backhaul
energy efficiency achieves the maximum thresh-
old; in the end, the backhaul energy efficiency of
ultra-dense cellular networks achieves a station-
ary saturation value when the average small cell
BS throughput is larger than 0.35, 0.45, and 0.5
Gb/s, which correspond to small cell radii 200,
150, and 100 m.

FUTURE CHALLENGES

As discussed in the above sections, the emer-
gence of ultra-dense cellular networks is motived
by massive MIMO antenna and millimeter-wave
communication technologies. Moreover, the dis-
tribution network architecture is a reasonable
solution for 5G ultra-dense cellular networks.
From the results in Table 1, it is obvious that the
ultra-dense cellular network would bring great
changes in future 5G cellular networks. There-
fore, the ultra-dense cellular network is one of
the most important challenges for future 5G cel-
lular networks. Some potential challenges are
presented here.

The first challenge is the multihop relay opti-
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Figure 4. Energy efficiency of ultra-dense cellular networks: a) backhaul

energy efficiency vs the number of small cell BSs; b) backhaul energy effi-
ciency vs average small cell BS throughput.

mization in 5G ultra-dense cellular networks. In
the distribution network architecture, not only
backhaul traffic but also fronthaul traffic needs
to be relayed to the destination. The selection of
a relay small cell BS should be carefully consid-
ered in 5G ultra-dense cellular networks. Hence,
the wireless multihop routing algorithm is a key
challenge for 5G ultra-dense cellular networks.
Although a small cell BS equipped with massive
MIMO antennas has enough antennas to simul-
taneously transmit backhaul traffic and fronthaul
traffic, another important challenge is how to
reasonably allocate massive antennas for back-
haul and fronthaul transmissions. The small cell
coverage of ultra-dense cellular networks is obvi-
ously less than the macrocell coverage of conven-
tional cellular networks. For a high-speed mobile
user, the frequent user handover in small cells
not only increases redundant overhead but also
decreases the user experience. Moreover, the
wireless transmission of small cell BSs equipped
with millimeter-wave antennas and beamform-
ing technologies has strong directivity, which has
an advantage in high-speed transmission and a
disadvantage in covering the high-speed mobile
user. The cooperative transmission of small cells

is a potential solution to this problem. How to
organize adjacent small cells for cooperative
transmission is the second challenge for 5G
ultra-dense cellular networks. For example, how
to dynamically group small cells for seamless-
ly covering the high-speed mobile user track is
an open issue. With the emergence of millime-
ter-wave communication technology for 5G wire-
less transmission, the beamforming method will
be widely used. When the beamforming method
is performed by massive MIMO antennas, the
computation scale of the beamforming method
and the computation power of wireless transceiv-
ers will obviously be increased by the large scale
of signal processing in BS baseband processing
systems. Therefore, the proportion between the
computation power and transmission power may
be reversed at wireless transceivers adopting
massive MIMO antenna and millimeter-wave
communication technologies. In this case, the
computation power cannot be ignored for the BS
energy consumption. Considering the proportion
change between computation power and trans-
mission power, the new energy efficiency model
needs to be investigated for ultra-dense cellu-
lar networks with massive MIMO antenna and
millimeter-wave communication technologies.

To face the above challenges in 5G ultra-dense

cellular networks, some potential research direc-

tions are summarized to solve these issues:

* A new multihop relay scheme and distributed
routing algorithm should be developed for 5G
ultra-dense cellular networks.

* Massive MIMO antennas and millimeter-wave
communications provide enough resource
space for small cell BSs. How to utilize and
optimize the resource allocation for BS relay-
ing and self-transmission is a critical problem
in 5G ultra-dense cellular networks;

* Cooperative and backhaul transmission will
become important directions in future 5G
ultra-dense cellular networks.

* Motived by massive MIMO antenna and milli-
meter-wave communication technologies, the
computation power consumed for BS base-
band processing systems need to be rethought
for 5G ultra-dense cellular networks.

CONCLUSIONS

Until recently, ultra-dense wireless networks have
mainly been deployed only in parts of networks,
such as indoor and hotspot scenarios. Ultra-dense
wireless networks are still considered as com-
plementary to cellular networks with centralized
network architecture. Nassive MIMO antenna
and millimeter-wave communication technolo-
gies enable 5G ultra-dense cellular networks to
be deployed in all cellular scenarios. In this arti-
cle, a distributed network architecture with single
and multiple gateways are presented for 5G ultra-
dense cellular networks. Considering the millime-
ter-wave communication technology, the impact
of small cell BS density on the backhaul network
capacity and energy efficiency of ultra-dense cel-
lular networks is investigated. Simulation results
indicate that there is a density threshold of small
cells in ultra-dense cellular networks. When the
density of ultra-dense cellular networks is larger
than the density threshold, the backhaul network
capacity and energy efficiency of ultra-dense cel-

78

IEEE Wireless Communications * February 2016



lular networks will decrease with further increase
in small cell density. These results provide some
guidelines for the optimum deployment of 5G
ultra-dense cellular networks.

In 2G and 3G mobile communication sys-
tems, the wireless communication system was
considered as a noised-limited communication
system. With MIMO antenna technology being
adopted in 4G mobile communication systems,
the wireless communication system has transi-
tioned into an interference-limited communica-
tion system. In this article, it has been shown that
there is a maximum backhaul network capacity
corresponding to a given number of small cell
BSs in a macrocell, referred to by us as the den-
sity threshold of an ultra-dense cellular network.
When the density of ultra-dense cellular net-
works, measured by the number of small cells per
macrocell, is larger than the density threshold,
the backhaul network capacity will reduce with
a further increase in the density. Moreover, a
similar bottleneck is also observed in the back-
haul energy efficiency of ultra-dense cellular net-
works. As a consequence, we conclude that the
5G ultra-dense cellular network is a density-lim-
ited communication system. How to analytically
determine the optimum density of small cell BSs
in 5G ultra-dense cellular networks is an open
issue. If this is done, a difficult challenge would
indeed emerge in the next round of the telecom-
munications revolution.
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