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Three-Dimensional
Beamforming
[A new enabling technology for 5G wireless networks]

I

versions of these techniques have been introduced in the recent
t is anticipated that the mobile data traffic will grow 1,000 times
releases of mobile system standards such as long-term evolution
higher from 2010 to 2020 with a rate of roughly a factor of two
(LTE) and LTE-Advanced. The current research direction and aim is
per year [1]. This increasing demand for data in next-generation
toward developing these methods for next-generation standards [2].
mobile broadband networks will lead to many challenges for sysA number of possible technologies in next-generation celtem engineers and service providers. To address these issues
lular networks take advantage of multiple antenand meet the stringent demands in coming years,
nas. It is now well known that multiple
innovative and practical solutions should be
antennas in wireless systems allow us to
identified that are able to provide higher
achieve higher data rate and reliability
spectral efficiency, better performance,
[3]–[5]. Beamforming is a signal
and broader coverage. Next generaprocessing method that genertions of wireless cellular networks,
ates directional antenna beam
which are known as fifth generpatterns using multiple antenation (5G) or beyond fourth
nas at the transmitter. It is
generation (B4G) wireless netpossible to steer the transworks, are expected to produce
mitted signal toward a
higher data rates for mobile
desired direction and, at the
subscribers in the order of
same time, avoid receiving
tens of gigabits per second
the unwanted signal from
(Gbit/s) and support a wide
an undesired direction.
range of services. Despite the
Most beamforming schemes
absence of official standards for
currently employed in wirethe 5G, the data rate of 1 Gbit/s
less cellular networks control
per user anywhere for 5G
the beam pattern radiation in
mobile networks is expected to be
the horizontal plane. In contrast
deployed beyond 2020.
to such two-dimensional beamIn this context, several potential
forming (2DBF), 3DBF adapts the ratechnologies have been proposed in
diation beam pattern in both elevation
recent years that enable 5G systems.
and azimuth planes to provide more degrees
Some of these promising methods are
©istockphoto.com/zonadearte
of freedom in supporting users. Higher user casmall-cell networks, filter bank multicarrier
pacity, less intercell and intersector interference, higher
(FBMC), nonorthogonal multiple access (NOMA), masenergy efficiency, improved coverage, and increased spectral effisive multiple-input, multiple-output (MIMO), device-to-device
ciency are some of the advantages of 3DBF.
(D2D) communication, superwideband frequency spectrums, heterogeneous networks, cognitive radio, millimeter-wave transmisOVERVIEW OF 2DBF
sion, and three-dimensional beamforming (3DBF). Some basic
In most of the current cellular networks, the antenna elements
at the base station (BS) or the access point are placed along the
horizontal axis. Therefore, beamforming and MIMO schemes
Digital Object Identifier 10.1109/MSP.2014.2335236
currently employed in these networks are based on controlling
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brackets are used to change the tilting angle of the antenna.
the beam pattern radiation in the horizontal plane. This type of
On the other hand, in some antennas, it is also possible to conbeamforming is referred to as 2DBF, which is often combined
trol the tilting angle electrically (which is called electrical tilt).
with cell sectorization to exploit frequency reuse, reduce interAs shown in Figure 2(b), electrical downtilting is realized by
ference among users, and increase cell capacity. In this
applying an overall phase shift to all antenna elements in the
method, rather than adopting an omnidirectional antenna at
array [6].
the BS, each cell is divided into sectors (e.g., three sectors) and
An active antenna system (AAS) is a recent technology that
each sector is served by a directional antenna. The antenna that
helps in getting more control on
supports each sector is a oneantenna elements individually. In the
dimensional array of antenna eleHigher user capacity, less
AAS, each array element is integrated
ments that provides a fan-shaped
intercell and intersector
with a separate radio-frequency (RF)
radiation pattern. These patterns
interference, higher energy
transceiver unit that provides remote
have a wide beamwidth (e.g., 70°)
efficiency, improved coverage,
control to the elements electroniin the horizontal or azimuth plane
cally. By employing AAS at the BS of
and a relatively narrow beamwidth
and increased spectral
cellular networks, the vertical radia(e.g., 10°) in the vertical or elevaefficiency are some of the
tion pattern can also be adjusted
tion plane (see Figure 1). The numadvantages of 3DBF.
dynamically in each sector, and mulber of horizontal radiation patterns
tiple elevation beams can also be genthat can be produced in each sector
erated to support multiple users or cover multiple regions. A
depends on the number of antennas in that sector. If more than
design of 3DBF is achieved by appending this type of vertical beamone antenna is placed in each sector, it is possible to form and
forming and conventional horizontal beamforming [7].
direct multiple beams to different angles in the horizontal
Depending on the way that the antenna downtilt is changed,
plane. Then, each of these patterns can support one user or a
3DBF can be classified into static 3DBF and dynamic 3DBF. The
group of users in a specific direction.
static 3DBF refers to a system where the antenna tilt at the BS
is set to a fixed value according to some statistical metrics, e.g.,
BASICS OF 3DBF
the mean value of the vertical angles of users [7]. This method
As just mentioned, in 2DBF, the beam pattern is designed only
cannot be adapted to the changing location of the users, i.e.,
in the horizontal plane. To utilize the vertical domain, antenna
once the tilting angle is selected, it will remain unchanged. In
tilt can be considered in the vertical axis. The antenna tilting
contrast, the dynamic 3DBF is a technique that steers the BS
angle is defined as the angle between the horizontal plane and
antenna tilting angle instantaneously according to specific user
the boresight direction of the antenna pattern. To adjust the
locations. Thus, the mechanical tilt is considered a special case
tilting angle of the antenna along the vertical axis, mechanical
of the static 3DBF, since the tilting angle is determined by the
alignment of the antenna can be adopted. In fact, as depicted in
long-term average sense. On the other hand, the dynamic 3DBF
Figure 2(a) (which represents mechanical tilt), some adjustable
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[Fig1] A typical radiation pattern of a BS antenna in (a) horizontal plane and (b) vertical plane.
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[Fig2] A comparison of different antenna downtilting methods: (a) mechanical tilting and (b) electrical tilting.

includes the electrical tilt as a special case. We can expect that
the dynamic 3DBF offers additional degrees of freedom for performance optimization compared to the static 3DBF.
In comparison to the 2DBF, the 3DBF can provide improved
capabilities on managing intercell interference in multicell scenarios. When vertical beamforming is applied, different powers
can be allocated to the beam patterns that serve cell-edge and
cell-center regions separately. This prevents extra power radiation to adjacent cells and decreases the intercell interference in
the network. Thus, the 3DBF achieves a higher capacity gain
compared to the 2DBF, and its performance gain will be confirmed in the “Simulation Results” section later.
The standardization of the 3DBF has been started in the
Third Generation Partnership Project (3GPP) Release 12. In this
release, the activities have been limited to a study of feasibility of
the 3DBF and its potential gains. The 3DBF implementation is
expected to begin at the end of 2015 or even later. It is also foreseen that enhancements to the specifications of the 3DBF will
continue at the 3GPP Releases 14 and 15. Works on these two
releases will probably start in 2016 and be finalized in 2020. We
observe a similar trend in other technologies such as massive
MIMO and small cells, which are currently examined in 4G networks and also introduced as promising technologies for 5G
networks. In spite of the aforementioned advantages of the
3DBF, there are still some challenges with this technology that

need to be addressed. Some of these challenges include threedimensional (3-D) channel modeling, the overhead related to
channel state information (CSI) feedback in frequency division
duplexing (FDD) scenarios, power control, antenna designs, and
complexity of RF chains.
APPLICATIONS OF DYNAMIC AND STATIC 3DBF
Applying the dynamic 3DBF, a BS can direct the main lobe of
the antenna beam to a specific user. As a consequence, the
desired signal strength at the intended users is maximized. The
3DBF can also be used to suppress intercell interference in a
multicell scenario by adjusting the antenna beams properly. By
adopting coordination between neighboring cells, it is possible
to achieve a tradeoff between the desired signal power at the
intended users and the intercell interference level, and then a
further performance improvement is expected.
On the other hand, the static 3DBF in a cellular network can
be combined with cell sectorization, which also improves the
network performance. As we see in Figure 3(a), the traditional
sectorization method provides sectors that are formed along the
tangential direction in the horizontal plane. However, as
depicted in Figure 3(b), employing two tilting angles at each
sector enables additional sectorization along the radial direction, which is called vertical sectorization. Splitting the cell into
several sectors can utilize more frequency reuse and

(a)
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[Fig3] (a) Conventional sectorization. (b) Vertical sectorization.
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significantly increase the network capacity. For example, a
capacity gain (in terms of the mean throughput) of 70 and
140% can be achieved by moving from three sectors to six and
12 sectors, respectively [8]. Similar gains are also reported in
the scenarios that employ vertical sectorization with 3DBF [9].
In addition, vertical sectorization by 3DBF provides more flexibility in traffic load balancing compared to the conventional
sectorization by adaptively changing the number of sectors to
serve variable traffic loads in the cell [10].
Another important issue in 3DBF is how to acquire CSI to
design precoders at the BS. In time-division duplexing (TDD)
systems, by exploiting channel reciprocity, CSI of the downlink
is obtained from an estimate of the uplink. In FDD systems, the
CSI is estimated by a user and then the BS obtains this information through feedback from the user to the BS. In this case, if
the number of antenna elements at the BS increases, the feedback overhead is a challenging problem. Hence, in some precoding methods, precoding designs are based on partial or
reduced-dimensional CSI [11]. In addition, another problem in
TDD operation is the number of training symbols that need to
be sent in each coherence block of transmission. This training
overhead problem becomes more challenging if the number of
users in the network increases [12], and these issues are still
open problems in 3DBF.
REVISIT OF 3DBF IN OTHER AREAS
So far, we have discussed the advantages and challenges of
3DBF. It is interesting to note that although 3DBF is a relatively
new topic in wireless cellular networks, its history can be traced
back to the 1970s when some early methods were proposed for
applying multiple elevation radiation beams in radar and underwater sonar systems. For example, in [13], which was published
in 1978, the concept of the vertical beamforming was employed
for an array of antennas or acoustic elements in synthetic aperture radar systems to increase the resolution of target detection.
In this system, multiple contiguous elevation beams with different frequencies are adopted, which can be considered as frequency reuse in cellular networks.
Apart from radio communication systems, techniques similar
to the 3DBF have been applied in other areas of signal processing.
It is worth studying similarities between those application areas
and cellular communication to gain insights on current challenges of 3DBF. One popular application of 3DBF can be found in
imaging. Three-dimensional imaging is widely adopted in medical
systems using ultrasound, microwave, and X-ray [14], and 3DBF
can provide higher-resolution and image quality compared to the
conventional methods. For example, in [15], an ultrasound imaging scheme employed 3DBF to synthesize a 3-D volume with a 16
# 16 planar receiving array and a 6 # 6 transmit array, and the
3DBF algorithm was decomposed into two simpler 2DBF processes. The idea of these works can be used in designing the
antenna arrays and also adaptive beamforming and vertical sectorization methods for cellular systems.
Audio and speech processing is another major application
area that has already adopted the 3DBF. In this case, the 3DBF

is utilized in a two-dimensional (2-D) or 3-D array of loudspeakers to focus sound radiation to a specific location. Similarly, an
array of microphones and the 3DBF can be applied to receive
sound from a desired direction in the 3-D space. For example, a
moving person can be tracked while she/he speaks or a sound
source can be localized in video conference applications [16]. In
[17], a 3DBF technique was proposed to use a spherical array
consisting of pressure microphones where different frequencies
and wave propagation effects of audio and radio waves are taken
into account. An example of such an array is illustrated in Figure 4. These configurations can provide inspiration for designing 3-D antenna arrays topologies for wireless communication.
The scheme in [17] is based on a spherical harmonic decomposition of the sound field for acoustic applications and is capable
of steering the beam pattern to any direction in the 3-D space
without changing the shape of the pattern. This can also give
ideas for designing beam patterns in the 3DBF with per-user
beam steering, considering that modifying the antenna beam
shape with the elevation and azimuth angles may increase
interuser interference and affect the performance of the 3DBF
in the network. These abundant prior works related to the 3DBF
demonstrate that this technique has a strong connection to
other signal processing areas. By exploiting these results already
developed in other applications, a successful deployment of
3DBF in 5G systems can be made possible.
3-D WIRELESS CHANNEL MODELING
To evaluate the performance of the 3DBF in cellular systems, a
proper 3-D channel model is required. In particular, the power
spectral density of the received signals and the channel capacity
are dependent on the adopted channel model. Similar to other
multiple antenna technologies, a channel model for the 3DBF
must accurately describe the spatial environment along with

[Fig4] A spherical array of loudspeakers (figure used with
permission of [30]).
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[Fig5] The (a) 2-D and (b) 3-D channel models.

assumed to be placed inside two cylinders of scatterers. In a
general case, the scatterers can exist inside a sphere around
the receiver [as in Figure 5(b)].
One of the most popular 3-D channel models in literature is
the WINNER channel model [25], which is an extension of a
previous 3GPP 2-D SCM and 2-D ITU model. In addition to different elevation and azimuth angles, this model also includes
other parameters such as the number of antennas, the vertical
and horizontal radiation patterns, and dual-polarization transmissions. The model can accommodate the bandwidth of up to
100 MHz and carrier frequencies between 2 and 6 GHz. Most of
the model’s parameters are deduced from empirical measurements. More details about this model can be found in [25].
Although there are some 3-D models that can be used for
current wireless networks, a complete and accurate 3-D channel model will be highly desirable for actual evaluation of the
3DBF and other novel technologies in 5G networks. Current
channel models such as WINNER+ have some limitations. For
example, although the WINNER is an antenna independent
model, its implementation is now only applicable to uniform
linear arrays [26]. New 3-D models need to support massive
and ultradense antenna deployments, greater bandwidth,
higher carrier frequencies, high-speed users, new deployment
scenarios such as D2D communication, and transitions
between different propagation environments (e.g., urban, rural,
outdoor, or indoor).

time and frequency characteristics. To capture the spatial properties of 3DBF, we need two types of information: antenna configurations and the propagation field properties [18].
Most of the basic channel models in cellular networks are
2-D models. The 2-D models such as the 3GPP spatial channel
model (SCM) [19] or International Telecommunications Union
(ITU) double directional channel model [20] consider a distribution of scatterers only in the azimuth plane and do not take the
elevation angle into account. For example, the widely used
Clark’s model [21] is also a 2-D model that assumes all signals
received from uniform directions in the azimuth plane as
shown Figure 5(a). However, some practical measurements in
the urban environments show that up to 65% of energy is incident with elevation angles larger than 10° [22].
To improve the 2-D models, several studies have been conducted on 3-D channel models to include nonzero elevation
angles and accurately evaluate the systems. For example,
some works have been initiated by 3GPP to define the 3-D
channel models for vertical beamforming in LTE [23]. One of
the first research works on the statistical modeling of the 3-D
fading channels was described in [24], which is an extension
of Clark’s 2-D model. In this model, the scatterers are
assumed to be distributed in a cylinder around the receiver
and, in fact, both azimuth and elevation angles of arrival are
taken into account. Here, the azimuth angle is distributed
uniformly in a circle, while the elevation angle has a nonuniform distribution. This model was later extended to a two-cylinder model in which both transmitter and receiver are

ANTENNA ARRAY DESIGN
As mentioned before, the antenna at a BS of cellular systems is
usually implemented as a linear array of a limited number of
antennas in the azimuth plane. However, these geometries can
shape the radiation pattern only in the horizontal plane, and
hence to change the beam in the elevation plane for 3DBF, more
general 2-D or 3-D arrays topologies are necessary. Those arrays
are active antenna systems that are spaced in both azimuth and
vertical planes with different configurations such as planar, circular, spherical, or cylindrical structures. In addition, the array may
include copolarized or cross-polarized antenna elements. The
active antenna arrays placed in 2-D are also called full-dimension
MIMO (FD-MIMO) or 3-D MIMO [27]. Massive MIMO, which
employs up to several hundreds of antenna elements, can be a
potential extension of 3DBF for 5G systems.
In general, adding more antenna elements to the array provides more flexibility in beam steering designs and increases the
number of radiation beams of the array. For vertical sectorization
in which the number of vertical sectors is usually small (e.g., two
or three), only a small number of antennas are required in the vertical plane. However, in 3DBF with per-user beam pattern adaptation (i.e., user tracking), a large number of antennas are needed.
Hence, one of the challenges of the 3DBF is physical constraints
and placement of a large number of antennas at a BS. This problem may be alleviated in higher frequencies that are expected for
5G networks. Also FD-MIMO can be utilized to address this issue.
For example, in [27] a 2-D array of 32 antennas comprising eight
antenna ports in the horizontal plane and four antenna ports in
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perfect CSI to compute transmit
the vertical dimension is proposed.
Through numerical
precoding vectors. Table 1 illustrates
Each antenna port consists of a subsimulations, it is shown
the simulation settings. We assume
array of four antennas in the vertical
that the 3DBF outperforms
that the BS antenna structure is the
dimension, which results in a total of
the conventional 2DBF, and
uniform linear array with 10m
128 elements in this antenna. The
thus it is expected that 3DBF
size of this antenna in the 2.5 GHz
antenna spacing where m denotes
will play a crucial role in
band is 1 m # 0.5 m, which is approthe wavelength of the system. The
5G system designs.
2DBF is evaluated by the horizontal
priate to fit on a BS tower. A similar
gain in (2). In these simulations, for
study shows that the same number of
the case of the dynamic 3DBF, the
antennas can be placed on a cylinder
tilting angle z tilt is set to the actual vertical angle of the user z.
with a diameter of 1 m [28]. Another challenge of adding more
antenna elements at the BS is cost related to RF chains required
This means that the vertical beam pattern is adapted to the user
for all antennas, which needs to be addressed in future research.
locations in a dynamic way. We also present the performance of
One more important factor in the BS antenna design is the
pattern shape of the array. A desired pattern in the 3-D space can
be determined by methods such as the Fourier–Bessel series [29].
Most of these pattern synthesis techniques were proposed for planar arrays and symmetric arrays such as circular arrays. Their
aim is to determine the main-lobe shape and side-lobe levels.
ϕ tilt
ϕ
Besides, most of the beam pattern designs (or array design methods) are based on narrowband systems, which are not appropriate
for next-generation wireless systems. Hence, it is important to
An
ten
consider more advanced array configurations and wideband beam
na
Bo
res
BS
shaping designs. Generally, to widen the bandwidth of the arrays,
igh
t
(a)
different structures in different frequencies can be employed. It is
also possible to apply frequency invariant antenna arrays [29].
In the model introduced by the ITU [20], the antenna radiaθ
tion pattern in a given user’s direction is defined by
A P (i, z) = G max - min {A H (i) + A V (z), A m}, (1)
where G max, i, and z denote the maximum antenna gain at the
main beam (boresight) direction, the angles of the user direction from the boresight direction in the horizontal plane, and
the tilting angle of the user, respectively, as shown in Figure 6.
Here A H and A V stand for the relative antenna gains in the
horizontal and vertical planes, respectively, expressed as

(b)
[Fig6] Three-dimensional antenna pattern modeling (a) the
vertical plane and (b) the horizontal plane.
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A H (i) = min ;12 c i m , A mE (2)
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z - z tilt
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z 3dB

9

2

where z tilt represents the main beam tilting angle, i 3dB and
z 3dB indicate the 3-dB beamwidth of the horizontal and vertical
patterns, respectively, and A m equals the side-lobe level attenuation of the antenna pattern. In normal situations, we usually
have A m = 20~30 dB, i 3dB = 60c~70c, and z 3dB = 8c~15c.
SIMULATION RESULTS
In this section, we present the efficiency of the 3DBF compared to
the 2DBF through Monte Carlo simulation. For simulations, we
adopt the WINNER+ channel model and the urban microcell
environment in [20] and [25] with slight modifications. We
assume that a single user is active per sector at each time slot.
Also, users are uniformly distributed in all cells, and the BS has
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[Fig7] The average rate performance comparison as a function
of cell-edge SNR.
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[Table 1] The Simulation Settings.
Cell type
Cell layout
Intersite distance
Channel model
Minimum distance between
a user and a BS
Number of Tx antennas at BS
Number of Rx antennas of a user
Scheduler
Transmit precoding
BS antenna height
User antenna height
Path loss exponent
Maximum antenna gain
Maximum attenuation of
the BS antenna
Vertical 3-dB beamwidth
Horizontal 3-dB beamwidth

Urban micro
SEVEN cells with
THREE sectors per cell
200 m
WINNER+
10 m
4
1
Round-robin
Maximal ratio
transmission
10 m
1.5 m
3.4
17 dB
20 dB
8°
65°

the static 3-D where the tilting angle is fixed. In this case, the
optimal tilting angle z *tilt is obtained from exhaustive search.
Figure 7 exhibits the average rate performance with respect to
the cell-edge signal-to-noise ratio (SNR), which is defined as the
received SNR at the cell boundary. Compared to the 2DBF, the
average rate is enhanced by 75% in the static 3DBF with the fixed
tilting angle z *tilt = 11c when the cell-edge SNR is equal to 0 dB.
These performance improvements are due to a reduction of intercell interference that results from narrow vertical beam adjustment. Also, the dynamic 3DBF achieves a performance gain of
109% over the 2DBF at the cell-edge SNR of 0 dB. We can see
that the dynamic 3DBF outperforms the static 3DBF, since the
vertical beam in the dynamic beamforming can be adaptively
aligned to the user position. This performance gap between the
3DBF and the 2DBF increases as the cell-edge SNR grows.
To illustrate the effect of the vertical 3-dB beamwidth of the BS
antennas on the performance, Figure 8 presents the average rate of
the 3DBF and the 2DBF for different z 3 dB when the cell-edge SNR is

set to 10 dB. Since the 2DBF is not affected by the vertical 3-dB
beamwidth, the average rate performance remains constant. However, the performance gain of the 3DBF compared to the 2DBF grows
as the antenna vertical beamwidth becomes smaller, since a larger
vertical 3-dB beamwidth results in more intercell interference.
We also compare vertical sectorization with the conventional
horizontal sectorization. In this case, the vertical sectorization is
evaluated by adopting two fixed tilting angles z tilt 1 and z tilt 2 in
the cell. In a similar manner as the static 3DBF case, the optimum
tilting angles for the vertical sectorization can be found by the
exhaustive search method. For a fair comparison, we assume that
each beam power of the vertical sectorization is the half of that of
the conventional case. Figure 9 shows the average rates of the
conventional sectorization with z *tilt = 11c and the vertical sector*
*
ization with z tilt
1 = 25c, z tilt 2 = 11c, respectively. It is observed
that the vertical sectorization leads to an average rate performance gain of 124% compared to the conventional sectorization
at the cell-edge SNR of 0 dB. In summary, throughout the simulations, we can see that the 3DBF is able to reduce intercell interference and improve the average sum rate, and thus it brings out a
significant performance gain over 2DBF. This makes the 3DBF as
a promising technology for 5G systems.
CONCLUSIONs
In this article, we have investigated the 3DBF as a candidate technique that enables 5G wireless systems. In the 3DBF, the radiation
beam pattern is adapted in both an elevation and horizontal plane
that provides more degrees of freedom in system designs. Compared to the 2DBF, the 3DBF has many advantages including
higher user capacity and less intercell and intersector interference.
By employing the 3-D antenna pattern modeling, we have evaluated Monte Carlo simulation and then provided the performance
comparison between the 3DBF and the 2BDF. Through numerical
simulations, it is shown that the 3DBF outperforms the conventional 2DBF, and thus it is expected that 3DBF will play a crucial
role in 5G system designs.
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