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In 5G mobile network, millimeter wave (mmWave) and heterogeneous networks (Hetnets) are signi	cant techniques to sustain
coverage and spectral e
ciency. In this paper, we utilize the hybrid precoding to overcome hardware constraints on the analog-
only beamforming in mmWave systems. Particularly, we identify the complicated antenna coordination and vast spatial domain
information as the outstanding challenges in mmWave Hetnets. In our work, we employ so�ware de	ned network (SDN) to
accomplish radio resource management (RRM) and achieve �exible spacial coordination in mmWave Hetnets. In our proposed
scheme, SDN controller is responsible for collecting the user channel state information (CSI) and applying hybrid precoding based
on the calculated null-space of victim users. Simulation results show that our design can eectively reduce the interference to victim
users and support high quality of service.

1. Introduction

In the past few years, the fourth-generation (4G) mobile
communication systems have achieved rapidly deployment
and operated successfully in many countries around the
world. Nevertheless, the widespread use of smart phones and
tablet personal computers has brought about an increasing
demand for mobile data access. Under such a condition,
the 	�h-generation (5G) mobile system has attracted much
attention as a means of providing enhanced connectivity for
more diversi	ed devices with higher mobility. 5G mobile
system is expected to dominate future implementations of
telecommunication networks and its related technologies
have become popular research topics.

�e major challenge in the 5G era is to e
ciently
support the increasing demand of network capacity while
the spectrum resource remains scarce [1]. �at is to say, the
future network is expected to guarantee quality of service
(QoS) while handling the complex context of operations
characterized by a tenfold increase in tra
c [2]. Moreover,
service providers are paying more attention to the operating
expense (OPEX) and the in�uence on global climate change,

which makes the energy e
ciency an urgent issue [3]. Under
this condition, operators promote the Hetnet architecture,
where a cellular system consists of a large number of densi	ed
low power nodes (LPNs) or small cells [4, 5]. In Hetnets,
LPNs can support high data rate to nearby mobile users and
therefore improve the system capacity by frequency reuse.
Furthermore, LPNs possess signi	cant reduction in energy
consumption as they can transmit signals with lower power
[6].

MmWave and massive multiple-input multiple-output
(MIMO) techniques are also regarded as promising solutions
for future 5Gmobile system, for they can provide tremendous
increase in both the spectrum e
ciency and the available
bandwidth [7]. Massive MIMO tends to scale up the con-
ventional MIMO to increase network capacity and mmWave
enables a large antenna array to be arranged in a small size
as it has short wavelength associated with high frequencies.
On the other hand, by exploiting the precoding technique to
concentrate the signal in a speci	c direction, massive MIMO
can provide su
cient antenna gains to compensate for the
serious signal attenuation brought by mmWave frequencies.
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In mmWave systems, the precoding schemes are mainly
performed in the baseband domain where a fully digital
precoder is utilized to modify both the amplitude and phase
of transmitted signals. Although the fully digital precoding
scheme can achieve optimal performance, it brings enormous
hardware complexity and energy consumption as it requires
an expensive radio frequency (RF) chain for every antenna.
�us, this becomes a serious problemdue to the huge number
of antennas at the base station (BS) in mmWave systems.
Fortunately, the hybrid precoding technique combining dig-
ital precoding and analog precoding has been proposed
to signi	cantly reduce the number of RF chains, which is
considered as an essential technique for realistic mmWave
massive MIMO systems [8, 9].

Nevertheless, the development of Hetnets and massive
MIMO induces an increasing network complexity which
tends to the virtualization of network functionality [10,
11]. For example, massive MIMO leads to the problem of
managing huge spatial domain resource and processing vast
information in mmWave systems. To tackle such conditions,
SDN is introduced owing to its inherent advantage in inte-
grating and processing information [12, 13].

In our work, we study how SDN bene	ts the RRM in
5G mmWave Hetnets. We proposed a network architecture
which is consistent with 5G concepts and also compatible
to current 3GPP LTE Advanced (LTE-A) standard. In 4G
network, the main issue for RRM is the time and frequency
domain management, such as frequency reuse [14], intercell
interference coordination (ICIC) [15], and enhanced inter-
cell interference coordination (eICIC). In 5G, however, the
system has to reach the overwhelming densities of devices
and network infrastructure nodes, as well as supporting an
astonishing numbers of antennas in massive MIMO systems
[16]. In mmWave 5G Hetnets, there are macrobase station
(macro-BS) and small cells all employing multiple antennas
which leads to huge spacial domain information. �us, it
becomes a critical task formmWaveHetnets to retrieve, store,
and utilize the spatial information. In our proposed architec-
ture, SDN takes the responsibility for integrating huge spacial
domain information and performing null-space calculation
concerning massive MIMO coordination. By doing this, the
null-space information is integrated to enable whole network
coordination and achieves a better performance than the
networks without SDN. �is novel architecture implements
coordinated RRM and eases the operation pressure of access
points signi	cantly.

�e rest of this paper is organized as follows. Section 2
presents the 5G SDN architecture supporting RRM. Section 3
introduces the mmWave technology and Section 4 empha-
sizes the mmWave precoding problem. In Section 5, we
propose our two-tier interference free mmWave hybrid pre-
coding scheme, followed by the performance evaluation in
Section 6. In the end, Section 7 concludes the paper.

2. SDN Controlled 5G Heterogeneous
Mobile System

In 5G mobile system, Hetnets, massive MIMO, and SDN
are expected to be the key technologies sustaining operation
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Figure 1: A generalized architecture of heterogeneous network.

performance. In this section, we will overview these frontier
technologies and introduce our SDN assisted 5G architecture
involving mmWave system.

2.1. Hetnet. Hetnet is regarded as the most viable solution
to the impending mobile data tra
c crunch in the context
of LTE-A in the industry. It builds dierent layers and
cell sizes by deploying eNodeBs of dierent transmission
powers, such as macro, micro, pico, and femto as shown
in Figure 1. Hetnet becomes an inevitable trend for future
development of information networks since it makes full use
of the complementary characteristics of dierent network
tiers [17, 18]. Nevertheless, dierent tiers’ networking access
technologies and various service requirements make spatial
domain management a new problem we have to solve. In 5G
Hetnets, we involve SDN controller to collect and manage
spacial information from a variety of access points.

2.2. Massive MIMO. In massive MIMO systems, the antenna
arrays consisting of a few hundred elements simultaneously
serve many tens of mobile users with the same time-
frequency resource [19]. Massive MIMO is an enabler for
future broadband (	xed and mobile) networks, which will
be energy-e
cient, spectrum-e
cient, and robust. However,
massive MIMO antenna arrays engender huge amounts of
spacial domain information in real time, which signi	cantly
increases the computational complexity and brings about
the massive MIMO coordination problem. �e network can
operate well only when SDN processes spacial information
successfully.

2.3. SDN. �e concept of SDN was 	rst introduced in the
1990s and became popular in the 21st century. �e architec-
ture of SDN was formally de	ned by the open networking
forum (ONF). In SDN architecture, network devices consist
of three layers, that is, application layer, control layer, and
infrastructure layer [20].

Currently, SDN has found its best practice in data centers
and has been paid increasing attention by network organiza-
tions around the world [21]. SDN is regarded as a promising
method to solve current and emerging problems for future 5G
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Figure 2: 5G SDN architecture for spatial domain management.

Hetnets [22, 23]. Figure 2 illustrates our proposed architec-
ture, where an SDN controller is employed to manage spatial
information and conduct massive MIMO coordination for
5G network. In this architecture, user information is 	rst
collected by BS/LPNs and then reported to SDN. SDN
controller will perform the information processing such
as CSI analysis and null-space calculation. SDN controller
then sends the processed results and instructions back to
BS/LPNs to perform better coordination concerning the
global knowledge of network spatial information. In this
architecture, SDN takes over the heavy operation fromBS and
LPNs to increase the e
ciency of 5G networks.

3. Millimeter Wave Technology

3.1. Millimeter Wave Introduction. Millimeter wave is a
promising technology for future 5G cellular networks. In core
network, the mmWave system is expected to bring high-
capacity wireless access networks in the future [24]. Future
network equipped with mmWave can achieve super wide
bandwidth, as the frequency of mmWave ranges from 26.5 to
300GHz. Moreover, mmWave has a much narrower antenna
beam size compared to the microwave; therefore, it can aim
at the target more precisely. Practically, mmWave cellular
systems can not alone provide high quality service across a
range of deployments. �us, mmWave network is generally
heterogeneous due to the inherent limitations of mmWave
propagation. As shown in Figure 3, it is quite likely that local
area networks and cellular network will blur over time.

3.2. 5G mmWave Hetnet. �e current 4G cellular networks
are capable of providing reliable communications and seam-
less coverage because of the lower frequency band they use.
In order to implement smooth and cost-e
cient transition
from 4G to 5G, one of the solutions is to deploy 4G +
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Figure 3: Future network implementing mmWave systems.

mmWave system structure in 5G Hetnets as illustrated in
Figure 4. �is 5G Hetnet architecture consists of 4G base
stations, mmWave base stations, and mobile devices. In this
architecture of 4G + mmWave, 4G network is responsible for
transmitting management information and low rate data like
text and voice. Meanwhile, the mmWave band takes over the
transmission of high-rate multimedia applications [1, 25].

4. Millimeter Wave Precoding

4.1. mmWave Precoding Problems. With a large number of
antennas, linear precoding has low complexity and compa-
rable performance to its counterpart nonlinear precoding.
However, MIMO precoding in mmWave systems is generally
dierent than the precoding at lower frequencies. To exploit
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multiple antennas, the conventional precoding schemes tend
to modify the amplitudes and phases of the complex symbols
at the baseband and then upconvert the processed signal to
around the carrier frequency a�er passing through digital-
to-analog (D/A) converters, mixers, and power ampli	ers
(i.e., RF chains). �us, each antenna element needs to be
supported by a dedicated RF chain. Actually, this is too
expensive to be implemented in mmWave systems due to the
large number of antennas [1].

4.2. Hybrid Precoding. To solve the above problem, hybrid
precoding structurewith active antennas is considered,which
generally controls the signal phase on each antenna via a
network of analog phase shi�ers. As illustrated in Figure 5,
a hybrid precoding structure is divided into analog and
digital domains. Firstly, user data streams are precoded
by the baseband digital processing. �en, the streams are
transferred by the corresponding RF chains andmapped into
each antenna element by the analog phase processing (RF
processing). In the process, the number of RF chains is lower
than that of antennas, which reduces the complexity and
power consumption in mmWave system. Notably, baseband
digital processing can make both amplitude and phase mod-
i	cations, but analog phase processing only gets the phase
changes with variable phase shi�ers and combiners [15].
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Figure 5: Base station hybrid precoding arrangement.

5. Two-Tier Interference Free mmWave
Hybrid Precoding Scheme

In this section, we propose our scheme to implement eective
RRM inmmWave 5G network. Here, we use null-space based
hybrid precoding to overcome the constraints and mitigate
intertier interference inmmWave system.We also distinguish
our work by involving an SDN controller to handle massive
MIMO coordination for the whole 5G network.

5.1. System Model. Let us assume a downlink mmWave
systemwith� single-antenna users as shown in Figure 8.�e
BS andLPNs are all equippedwithmassiveMIMOcontaining�BS and� transmit antennas, respectively. Let�� denote the
number of users of the �th LPN. De	ne �� as the number of
users interfered by the �th LPN and served by other nodes.�� and �� should meet the constraint�� +�� ≤ �. �us, the

stationary channel H� ∈ C
(��+��)×� between a certain LPN �

and the users it serves is

H� =

[[[[[[[[[[[[[[
[

H�,1
...

H�,��
H�,��+1

...
H�,��+��

]]]]]]]]]]]]]]
]

, (1)

where the �th row vectorH�,� ∈ C
1×� is the channel between

the �th LPN and the �th user. Specially, H0 denotes the
stationary channel between macro-BS and the users it serves.
H0,� denotes the channel between the macro-BS and the �th
user.
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Figure 6: Block diagram of our proposed scheme.

Based on the proposed SDN architecture mentioned
above, Figure 6 illustrates our processing diagram emphasiz-
ing the acquisition of CSI for LPNs and the generation of null-
space based hybrid precoding matrix. And we will expound
the details in the following.

5.2. CSI Acquisition Method. In practice, LPNs is only able to
collect the local CSI through the backward channel of their
own served users. �us, they can not access to the CSI of
the external victim users interfered by them. Fortunately, the
hub-spoke structure of the SDNnetwork enables theCSI of all
mmWave channels to be collected and disseminated through
the backhaul link [26].

In our proposed CSI acquisition method as illustrated
in Figure 7, BS collects and reports the CSI information to
the SDN controller. More exactly, BS will send SDN the
channel matrix on victim users of each LPN, which means
sending SDN every [H��,��+1, . . . ,H��,��+��]� corresponding to
the �th LPN.�en, the SDNcontrollerwill perform the block-

diagonal (BD) algorithm and generate null-space vector Ṽ
(0)
�,V

for LPN �. A�er that, the SDN controller computes on the

null-space vector Ṽ
(0)
�,V to gain precoding matrix by the hybrid

precoding algorithmproposed in the next subsection. Finally,
SDN controller sends the precoding matrix to each LPN
through downlink information. In this way, the SDN con-
troller takes over all the matrix decomposition computation

and precoding. �is framework is more helpful when the
LPNs are too simple to handle the computational work.

Evidently, when the precoding vectors span a subspace of
the null-space of the channel vectors from victim users, the
interferences from the intendedusers cannot aect the victim
users. According to this, the hybrid precoding matrix can be
constructed by processing the mmWave channel matrix.

5.3.Hybrid Precoding Based onNull-Space. Hybrid precoding
is divided among baseband and RF processing, denoted by

D ∈ C
�×� and A ∈ C

�×� as illustrated in Figure 8.

Each entry of A is normalised to satisfy |A�,	| = 1/√�,
where |A�,	| denotes the magnitude of the (�, �)th element of
A. To clarify, denote A�,	 as the (�, �)th element of A and we
perform the RF precoding according to

A�,	 = 1
√��	
�,� , (2)

where ��,	 is the phase of the (�, �)th element of the conjugate

transpose of the stationary channel, that is, H�. At the
baseband, we observe an equivalent channel Heq = HA of a
low dimension�×�, whereH is the stationary channel. We
use a ZF precoding as the digital precoding algorithm; thus,
baseband precoding is performed as

D = H
�
eq (HeqH

�
eq)−1 Λ, (3)

where Λ is a diagonal matrix introducing for column power
normalization.

�e received signal of the �th user can be written as

��,� = H�,�A�D�s�,� +H0,�A0D0�0 + ��,�, (4)

where s� ∈ C
��×1 is the transmitted signal vector for a total of�� users. And s0 is the transmitted signal vector at BS. ��,� is

the additive white Gaussian noise of zero mean and variance�2.
For the �th LPN, the complementary space concerning

the victim users is given as

H̃�,V = [H��,��+1 ⋅ ⋅ ⋅H��,��+��]
� , (5)

where H̃�,V contains the channel matrix of all the victim users
interfered by the �th LPN. To avoid the interference to the
victim users, the hybrid precoding matrix should satisfy the
following condition:

H̃�,VA�D� = 0
��×�� . (6)

By performing SVD, H̃�,V can be further written as

H̃�,V = Ũ�,VΛ̃�,VṼ
�
�,V

= Ũ�,V [
[
∑
�,V
0]
]��×�

[k̃�,V,1k̃�,V,2 ⋅ ⋅ ⋅ k̃�,V,�]� . (7)
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De	ne the null-space vector Ṽ
(0)
�,V = [k̃�,V,��+1 ⋅ ⋅ ⋅ k̃�,V,�].

Since the column vectors belonging to Ṽ
(0)
�,V locate in the null-

space of all victim users, we will have H̃�,VṼ
(0)
�,V = 0.

For the �th LPN, de	ne the projection matrix M� based
on the null-space of victim users by

M� = Ṽ
(0)
�,V (Ṽ(0)�,V)

� . (8)

�e new analog precoding matrix a�er projection can be
calculated as

F� = M�A�. (9)

De	ne $� as the transmit power at the �th LPN satisfying

%[s�s�� ] = ($�/��)I�� , where s� denotes the signal vector for�� users in total.We further normalizeF� to satisfy ‖F�D�‖2� =�� for the total transmit power constraint.

�us, the SINR of the �th user served by LPN � is given
as

SINR�,� = ($�/��) '''''H�,�F�d�,�'''''
2

�2�,� + ∑���=1,� ̸=� ($�/��) '''''H�,�F�d�,�'''''
2 , (10)

where d�,� denotes the -th column ofD�.
To support each user’s QoS requirement, the SINR should

meet

2 log (1 + SINR�,�) ≥ 4�,�, (11)

for � = 1, 2, . . . , 6 and � = 1, 2, . . . , ��, where 4�,� is the
data rate demanded by user � and 2 is the total bandwidth.
�en, the minimum F�,� can be solved by the following linear
equation system:

2 log (1 + SINR�,�) = 4�,�. (12)
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Figure 9: �e overall topology.

5.4. Improvements of Our Proposed Algorithm. Comparing
with the conventional linear precoding schemes, the pro-
posed null-space based hybrid precoding algorithm has the
following improvements.

5.4.1. SDN Aided CSI Acquisition. In conventional Hetnets
communication system, the served user equipment reports its
CSI to the connected access point, but not to the other nodes
interferingwith it. In this case, LPNs can not detect the victim
users’ CSI. However, by performing our proposed algorithm,
the SDN controller can get enough information to form the
precoding vector that avoids the interference with the victim
users. Furthermore, the computational burden onLPNcan be
relaxed by letting SDN perform the null-space construction
[27].

5.4.2. Reduced Complexity. Conventional linear precoding
schemes typically require� RF chains which means tremen-
dous hardware complexity. By involving hybrid precoding,
the number of RF chains in mmWave system is reduced
from antennas scale to users scale. �erefore, the proposed
hybrid precoding scheme owns a much lower complexity
than conventional linear precoding schemes. In practice, our
proposed scheme can signi	cantly reduce the complexity and
power consumption in 5G mmWave Hetnets.

5.4.3. Improved QoS. By performing hybrid precoding based
on null-space of the victim users, the interference with the
victim users can be totally avoided, for the channel matrix
of victim users and the generated precoding vectors are
orthogonal to each other. Meanwhile, the SINR calculation
is adjusted to further conform to the practice. �us, it can
eectively mitigate the interference to achieve improved QoS

for users with satisfying power consumption, cooperating
with hybrid precoding algorithm.

6. Simulation Results

To evaluate the performance of our proposed hybrid pre-
coding scheme, this section presents the numerical results
based on simulations in 5G Hetnets scenario. We apply the
network topology that combines mmWave system and small
cells and implement our proposed algorithm to achieve target
QoS with low complexity. We deploy the hybrid precoding
to reduce hardware complexity in mmWave systems and take
the property of null-space to mitigate the interference with
the victim users.

Figure 9 illustrates the simulation scenario where the
intended users are marked in red and victim users in green.
Meanwhile, we analyze the system performance over dier-
ent simulation parameters and channel realizations. Table 1
displays the main simulation parameters which characterize
the macrocell and the LPNs.

�e channels model is similar to that for heterogeneous
deployments suggested by the 3GPP LTE standard, but the
small-scale fading is assumed to be Rayleigh according to
recent works on massive MIMO. �e correlation matrix
between the BS and each user is modeled according to the
physical channel model, where the main characteristics are
antenna correlation, and reduces rank channels.

In the following, we will present the simulation results in
the the scenario as described in Figure 9, in which each user
has the QoS demand of 20Mbps. In the proposed precoding
scheme, SDN performs the null-space construction and
transmits the corresponding part of the precoding vector to
the LPNs as described in Section 4. For comparison pur-
poses, we also simulated two conventional linear precoding
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Table 1: Simulation parameters.

Parameters Values

Number of the macrocell users �BS ∈ {20, 28, 36, . . . , 60}, 42
Antennas of the macrocell �BS ∈ {52, 56, 60, . . . , 112}, 50
Antennas of the LPNs �LPN ∈ {4, 5, 6, 8}
Macrocell radius 500m

LPNs radius 50m

Total bandwidth 1Ghz

Number of per LPN users 4
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schemes, max ratio transmission (MRT) and ZF, which are
null-space based aswell.�eoretically, ZF precodingwill have
the optimal performance.�e simulation results contain both
the conventional linear precoding schemes and the proposed
hybrid precoding scheme.

6.1. System �roughput by Di�erent Number of Antennas.
Figure 10 shows the system throughput eected by the num-
ber of massive MIMO antennas at access points. We compare
the proposed hybrid precoding scheme to the linear ZF and
MRT precoding schemes which all combine the null-space
method to mitigate inner-tier interference. Massive MIMO
showed a performance improvement in system throughput
and the increased antennas can eliminate the interference
with the victim users. We can see that the null-space based
hybrid precoding scheme gains considerable throughput
comparing to the optimal ZF precoding and overwhelms the
MRT precoding when antennas increase.�ismeans that our
proposed precoding scheme can oer a complexity reduction
at a comparable performance [28].

6.2. Spectral Eciency by Di�erent SNR. Figure 11 compares
the spectral e
ciency of the conventional linear precoding
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schemes and the proposed hybrid one under dierent SNR
conditions. We can see that the hybrid precoding scheme
has a higher spectral e
ciency than the MRT precoding.
It means that this hybrid precoding scheme is suitable for
realistic mmWave system since it is physically practical and
gains comparable spectral e
ciency.

6.3. Utility of Di�erent Algorithms Impacted by Di�erent QoS
Requirements. Figure 12 compares the dierent algorithms
under dierent QoS requirements. As we can see, the null-
space based hybrid precoding scheme is still comparable
to the ZF precoding and superior to the MRT precoding
in the power consumption aspect. Figure 12 also shows
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Figure 13: Eect of the extra antennas.

the relationship between the user QoS and the corresponding
power consumption. By using the null-space based precoding
schemes, the interference of the other BS/LPNs with the
victim users can be totally eliminated, which consumes less
power than the non-null-space based ones [29].

6.4. SINR E�ect by Di�erent Number of Extra Antennas.
Figure 13 illustrates the SINR distribution of the conventional
hybrid precoding scheme [29] and the proposed null-space
based one. �e hybrid precoding scheme, named phased-
ZF (PZF), essentially applies phase-only control at the RF
domain and then performs a low-dimensional baseband
zero-forcing (ZF) precoding based on the eective channel
seen from baseband. As we can see, the proposed scheme
has a better SINR, which indicates an improved system
performance.�e dierence between these two schemes’ per-
formances is due to the fact that the victim users encounter
strong interference from other nodes in the conventional
scheme, while the proposed hybrid precoding scheme utilises
the extra antennas to indicate victim users and then project
its users to the corresponding null-space. Hence, it elim-
inates the strong interference to the victim users and the
SINR of the victim users will increase. In Figure 13, the
access points are not equipped with su
cient antennas and
the interference can only be partially removed. �e extra
antennas can indicate more victim users and therefore the
new system can eliminate more interference. When there are
su
cient antennas, it can totally eliminate the interference
from other BS/LPNs. �is means that having more extra
antennas contributes to achieving higher SINR signi	cantly.

In general, the proposed mmWave precoding scheme
can drastically alleviate the interference and maintain a
desirable system performance for next-generation Hetnets.
�e projection to the null-space protects the victim users and
the combined hybrid precoding algorithms reduce hardware

complexity in mmWave systems. Comparing to the conven-
tional design, the new scheme is practical and has a satisfying
system throughput with low complexity by taking advantage
of the SDN aided CSI acquisition.

7. Conclusion

In this paper, we focus on the spatial domain resource
management and interference mitigation in mmWave Het-
nets. We have explored a centralized 5G architecture using
SDN technology to provide coordinated RRM for the whole
network. Moreover, we have proposed a lightweight CSI
acquisition method and a null-space based hybrid precoding
scheme. Our work can signi	cantly oppress the impact
on neighboring victim users in LPN-covered small cells.
Simulation results show that our proposed design can support
su
cient network capacity and improve SINR of the small
cell users. �is design also has an advantage in practice as it
overcomes the physical constraints in mmWave system.
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