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MIMO system with large number of antennas, referred to as large MIMO or massive MIMO, has drawn increased attention as
they enable significant throughput and coverage improvement in LTE-Advanced networks. However, deploying huge number of
antennas in both transmitters and receivers was a great challenge in the past few years. Three-dimensional MIMO (3D MIMO)
is introduced as a promising technique in massive MIMO networks to enhance the cellular performance by deploying antenna
elements in both horizontal and vertical dimensions. Radio propagation of user equipments (UE) is considered only in horizontal
domain by applying 2D beamforming. In this paper, a dynamic beamforming algorithm is proposed where vertical domain of
antenna is fully considered andbeamforming vector can be obtained according toUEs’ horizontal and vertical directions. Compared
with the conventional 2Dbeamforming algorithm, throughput of cell edgeUEs and cell centerUEs can be improved by the proposed
algorithm. System level simulation is performed to evaluate the proposed algorithm. In addition, the impacts of downtilt and
intersite distance (ISD) on spectral efficiency and cell coverage are explored.

1. Introduction

As is generally known, long-term evolution (LTE) designed
by the third generation partnership project (3GPP) helps
operators to provide wireless broadband services with
enhanced performance and capacity. A variety of targets
and requirements for LTE have been suggested by 3GPP,
including higher peak data rates andmoreUEs per cell as well
as lower control plane latency than currently employed 3G
architectures [1, 2]. Based on orthogonal frequency division
multiple access (OFDMA), radio technology applies various
scheduling and multiantenna methods. 3G LTE is further
developed to meet requirements set for IMT-Advanced tech-
nologies.The role of antenna parameter selection in evolution
of 3G LTE-Advanced has been widely discussed currently [3].

As one of the key techniques in LTE-Advanced system,
multiple input multiple output (MIMO) [4–6] is considered
as an effective way to obtain high data rates without sacrific-
ing bandwidth and to improve the performance of both cell
edge UE and the whole system. A trend toward deploying
larger number of antennas [7, 8] can be noted in the evolution

of some standards such as IEEE 802.11n/802.11ac and LTE.
With Massive MIMO, huge numbers of elements in antenna
arrays are able to deployed in systems being built today [9].
Larger numbers of terminals can always be accommodated
by combining massive MIMO technology with conventional
time and frequency division multiplexing via orthogonal
frequency division multiplexing (OFDM). Massive MIMO is
a new research field in communication theory, propagation,
and electronics and represents a paradigm shift in the way of
considering with regard to theory, systems, and implementa-
tion.

Three-dimensional MIMO (3D MIMO) can be seen as
an effective method to approach massive MIMO without
applying too much antennas on transmitter or receiver.
Vertical dimension will be utilized in the antenna modeling,
and downtilt of the antennas will become significant channel
parameters. A typical two-dimensional (2D) antenna is used
to cover a sector of 120 degrees only in horizontal domain
[10]. Compared with the 2D channel propagation, scatterer
is no longer located in the same plane with antennas and is
supposed to distribute randomly in three-dimensional space.
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We are considering the possibility of extending the current
2D antenna to the future 3D antenna, which means that
the departure and arrival angles have to be modeled in two
directions, that is, horizontal and vertical [11–13].

Beamforming of linear array antenna elements merely
in horizontal dimension does not give full free-space gain.
This is due to the azimuth spread of the received signal as
seen from the base station (BS), which has been extensively
investigated in previous studies. It is necessary to propose
a novel beamforming algorithm which includes the gain
of the vertical dimension. In this paper, we will present a
dynamic beamforming algorithm inwhich vertical difference
of 3D antennas will be taken into account. In conventional
2D MIMO scenario, cell edge UEs suffer serious intercell
interference from neighboring cell due to their locations [14,
15]. Since the radio propagation froma transmission node to a
UE is divided into horizontal direction and vertical direction,
the power of intercell interference can be reduced largely,
which results in an enhancement of the signal to interference
plus noise ratio (SINR). Compared with the existing 2D
beamforming algorithm, better system performance can be
brought by dynamic beamforming algorithm.

The rest of this paper is organized as follows. Section 2
describes the system model of the downlink LTE-Advanced
networks and the modeling of 3D MIMO channel. The
principle and details of the dynamic beamforming algorithm
are introduced in Section 3, and performance of the proposed
algorithm with different configuration parameters is simu-
lated and analyzed in Section 4. The conclusion of this paper
is given in Section 5.

2. System Model

2.1. 3𝐷 MIMO System. The downlink of a cellular network
with 𝑀 hexagonal cells is considered as depicted in Figure 1,
and each cell is partitioned into 3 sectors with 𝐾 active UEs
served within the coverage of each sector. The total number
of BSs in the system is 3𝑀. Each BSwhich corresponds to one
sector is equipped with𝑁

𝑡
transmitting antennas, while each

UE has 𝑁
𝑟
receiving antennas. For the received signal at the

𝑘th UE served by BS 𝑚, we have
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where s(𝑘)
𝑚

is the 𝑙
𝑘
× 1 transmitted vector for UE 𝑘 served

by BS 𝑚 and 𝑙
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is the number of data stream. Denote s(𝑘)
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, and 𝑝
𝑘
is the transmitting

power of each data stream at UE 𝑘. For 3D MIMO, due
to the introduction of vertical dimension in transmitting
antenna, the channel coefficient matrix is three-dimensional,
that is, the number of receiving antenna, the number of
transmitting antenna, and the number of elevation element.
It is assumed that each transmitting antenna has𝑁V elements,

Signal
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Weak interference

Macro BS

Macro UE

Macro cell

Figure 1: System model for downlink transmission of LTE-
Advanced networks.
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Figure 2: Structure of 8 × 4 rectangular 3D antenna array.

and receiving antenna remains as a conventional 2D antenna
without a different element in vertical dimension. Thus,H(𝑘)

𝑚

is the 𝑁
𝑟
× (𝑁
𝑡
× 𝑁V) channel matrix from BS 𝑚 to UE 𝑘,

and W(𝑘)
𝑚

is the (𝑁
𝑡
× 𝑁V) × 𝑙

𝑘
precoding matrix. n(𝑘)

𝑚
is the

additive white Gaussian noise with zero mean and variance
E(n(𝑘)
𝑚
n(𝑘)𝐻
𝑚

) = 𝜎
2. The detailed analysis of detected SINR for

the received signal is in [16, 17].

2.2. 3D Antenna Modeling. Most geometry-based stochastic
radio channel models are two-dimensional (2D) in the sense
that they use only geometrical 𝑥𝑦-coordinates or equivalent
parameters of distance and rotation angle. This has been
sufficient until these days, while vertical dimension of the
arrays and the height of the BS are fully considered in 3D
antenna [18, 19]. For instance, structure of 8 × 4 arrays with
“rectangular” elements is shown in Figure 2.
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Figure 3: Electrical downtilt.

The whole antenna can be divided into several elements
which are controlled by different antenna port. Assuming that
14 dB is the maximum direction gain of an antenna, equal
power is given for each element as defined in

𝐺max = 14 − 10 log
10
𝑁V, (2)

where 𝐺max is the maximum directional gain of the array
elements and 𝑁V is the number of elevation element.

In 3GPP LTE-Advanced simulations, we apply two for-
mulas below for horizontal and vertical radiation patterns so
that horizontal antenna gain and vertical antenna gain can be
obtained, respectively:

𝐴
𝐻

(𝜑) = −min [12 (
𝜑

𝜑
3 dB

) ,𝐴
𝑚
] ,

𝐴
𝑚

= 20 dB,

𝐴
𝑉
(𝜃) = −min [12 (

𝜃 − 𝜃tilt
𝜃
3 dB

) , SLAV] ,

SLAV = 20 dB,

(3)

where 𝜑 is defined as the angle between the direction of
interest and the boresight of the antenna in horizontal
dimension, which is similar to 𝜃 in vertical dimension. 𝜑3 dB
and 𝜃3 dB are the 3 dB beamwidth of the horizontal beam and
the vertical beam, respectively. 𝜃tilt is the downtilt angle in
transmitter. 𝐴

𝑚
is the front-to-back attenuation, and SLAV is

side lobe attenuation.
The 3D antenna gain is combined as a sum of horizontal

pattern and elevation pattern antenna gain. Generation of the
3D pattern from two perpendicular cross-sections azimuth
and elevation patterns is denoted as below:

𝐴 (𝜑, 𝜃) = −min {− [𝐴
𝐻

(𝜑) + 𝐴
𝑉
(𝜃)] , 𝐴

𝑚
} , (4)

The angle of the main beam of the antenna up/below the
horizontal plane is called antenna tilt as shown in Figure 3.
Positive and negative angles are referred to as downtilt and
uptilt, respectively. In electrical downtilt, main, side, and back
lobes are tilted uniformly by adjusting phases of antenna
elements [20].

Figure 4: Conventional 2D MIMO beamforming.

Angle 𝜃
(𝑖,𝑘)

between horizontal line and LOS direction of
connecting BS 𝑖 and UE 𝑘 in vertical plane is obtained by

𝜃
(𝑖,𝑘)

= arctan(
ℎ
(𝑖,𝑘)

𝑑
(𝑖,𝑘)

) , (5)

where 𝑑
(𝑖,𝑘)

is distance between UE 𝑘 and BS 𝑖 and ℎ
(𝑖,𝑘)

is
the height difference between the antenna of UE 𝑘 and the
antenna of BS 𝑖.

3. Algorithms for 3D Dynamic Beamforming

3.1. 2D MIMO Beamforming. Conventional beamforming
can be seen as a sort of 2D cell-specific beamforming. The
UE data to be transmitted is processed in accordance with the
channel information only in the horizontal dimension. The
transmitter forms a small beam within the antenna radiation
pattern to point at the UE to be served. This means that only
in the horizontal dimension theUE channel state information
is being tracked and utilized. Only in the case of several
UEs within a cell, the horizontal antenna beam generated by
beamforming can distinguish different UEs well.

However, as the UEs in a cell increase substantially,
several UEs that request for service at the same time may
be located in the same azimuth angle as shown in Figure 4,
which means that 2D antenna gain from the serving BS is
equivalent. Once several UEs are close to each other and
located in the cell edge area, they own the same power of
desired signal but will suffer serious intercell interference.
In this case, transmitting beam simply formed by horizontal
dimension beamforming is not enough to distinguish differ-
ent UEs. For instance, if the beam is aligned with the UE near
the base station, the remote UEs will be outside the range of
radiation; otherwise, the beam aligned with the UEs far from
the base station will result in severe intercell interference to
the neighbor cell.

3.2. Proposed Beamforming Algorithm. In the same fre-
quency resource allocation networks, the intercell interfer-
ence decreases the performance of cell edge UE dramatically.
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Figure 5: 3D dynamic beamforming in horizontal sight.

3D MIMO can be seen as a dynamic interference cancella-
tion method, which aims to eliminate intercell interference
coming from neighbor cells and improve the throughput of
cell edge UE through 3D dynamic beamforming. For each
UE, since the introduction of vertical dimension, difference
in height between BS and UE has been taken into account,
and UE’s position should be considered in three-dimension.
According to both horizontal and vertical directions of the
specific UE, transmitting beam generated by 3D antennas
can be divided into both horizontal and vertical dimensions,
which means it has much less influence on other UEs.

For instance, the two UEs in Figures 5 and 6 have
the same azimuth angle. When they are scheduled at the
same time, identical horizontal beam direction is shared.
Due to the introduction of dynamic beamforming algo-
rithm, transmitter is able to form two different vertical
beams through setting different vertical power weight on the
antenna elements. Thus, different maximum beam direction
can be discriminated for the two specific UEs. Among
noncodebook-based precoding technique, the calculation of
the 3D MIMO beamforming vector seriously affects the
performance of the interference cancellation, and themethod
of combining suitable horizontal beamforming vector and
vertical beamforming vector together should be a big prob-
lem needed to be solved.

To implement precoding at BS, an improved beamform-
ing algorithm is adopted. It is assumed that one UE is served
by all the antenna elements, and data from a BS is transmitted
in a single stream. Antenna number at Macro BS is 𝑁

𝑡
, and

UE has𝑁
𝑟
antennas. Firstly, compared with the conventional

algorithms such as SVD algorithm and BD algorithm, equiv-
alent process is done with the channel between BSs and UEs,
and then traditional precoding methods are utilized. The
main procedure of dynamic beamforming is as follows.

Step 1. Computation of horizontal beamforming vector. The
horizontal beamforming vector represents the transmitting
weight of the elements from different antenna in horizontal
dimension. Therefore, the dimension of each horizontal
beamforming vector is𝑁

𝑡
×1. For there are𝑁V elements in an

antenna, the total number of horizontal beamforming vector

Figure 6: 3D dynamic beamforming in vertical sight.

should be𝑁V.The channel from𝑁V layer antenna elements in
transmitter to UE

𝑘
is H
𝑘,1

,H
𝑘,2
, . . . ,H

𝑘,𝑁V
, respectively, and

H
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𝑟
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channel matrix from the 𝑖th layer

transmitting antenna elements to UE
𝑘
.V
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);V
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is the V matrix from the SVD decomposition of H
𝑘,𝑖
. v
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the first column of matrix V

𝑖,𝑘
. The horizontal beamforming

vector vhorizontal for the whole antenna elements can be
expressed as

vhorizontal = [v𝑇
𝑘,1

, v𝑇
𝑘,2

, . . . , v𝑇
𝑘,𝑁V

] , (6)

Step 2. Computation of vertical beamforming vector. The
vertical beamforming vector represents the transmitting
weight of the elements from a single antenna in vertical
dimension. Therefore, the dimension of each vertical beam-
forming vector is 𝑁V × 1. For there is actual 𝑁

𝑡
antenna

in transmitter, the total number of vertical beamforming
vector should be 𝑁

𝑡
. The channel from vertical elements of
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,
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𝑘
.
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), where V∗
𝑘,𝑖

is the V matrix from the SVD
decomposition of H∗
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] , (7)

Step 3. Combination of horizontal beamforming vector and
vertical beamforming vector. There are totally 𝑁V × 𝑁

𝑡

antenna elements in transmitter. H is a combined channel
and H = [H𝑇

𝑘,1
,H𝑇
𝑘,2

, . . . ,H𝑇
𝑘,𝑁V

]. Each element has its own
horizontal transmitting weight as computed in Step 1. Thus,
the complete horizontal beamforming vector’s dimension is
𝑁V×𝑁

𝑡
×1, combined by𝑁V subvectors which owndimension

of 𝑁
𝑡

× 1. Similar process is done with the complete
vertical beamforming vector that 𝑁

𝑡
subvectors represent

𝑁
𝑡
antennas’ vertical transmitting weight, respectively. Thus,

vertical beamforming vector is generated from row com-
bination of subvector v∗

𝑘,1
, . . . , v∗

𝑘,𝑁𝑡
in Step 2. Finally, the

dynamic beamforming vector is obtained from the complete
horizontal beamforming vector and the complete vertical



International Journal of Antennas and Propagation 5

Figure 7: 19 cells’ topological structure.

beamforming vector, for dot production will be done with
these two 𝑁V × 𝑁

𝑡
× 1 vectors. 3D beamforming vector w is

available as follows:

w = vhorizontal ∗ vvertical, (8)

where the dimension of 3D dynamic beamforming vector
is 𝑁V × 𝑁

𝑡
× 1, representing 𝑁V × 𝑁

𝑡
antenna elements’

dynamic power transmitting weight.

4. Simulation Results

In this section, system level performance of the proposed
3D dynamic beamforming algorithm is evaluated in terms of
average spectral efficiency, cell edge UE spectral efficiency,
and SINR of the UEs. Consider a system with 19 homoge-
neous cells as shown in Figure 7. Each cell consists of 3Macro
BSs, which is supposed to provide service to its own sector’s
UEs. It is worth noting that the 3 BSs are located in the center
of the cell, whichmeans they share the same coordinate point.
In order to eliminate border effect, wrap-around technique is
used to simulate interference generated byUEs from at least 2
layers’ neighbor cells. Since the simulated scene is configured
to Uma (Urban Macro-cell), only outdoor UEs exist during
the simulation process. Other detailed simulation parameters
are listed in Table 1.

Figure 8(a) is the average spectral efficiency of different
downtilt angle deployments with sector radius of 288m. The
performance of 3D MIMO without dynamic beamforming
has 5%, 14%, 22%, and 24% enhancement compared to
2D MIMO networks, respectively. Although array gain due
to the introduction of 3D MIMO can be obtained in the
system, beamforming gain is not included in the performance

Table 1: Simulation configuration parameters.

Parameters Assumptions

Cell type Macro cell

Cellular layout 19 cells, each with 3 sectors

Sector radius 288m, 500m

Bandwidth 5M

Channel model WINNER II

Shadowing standard deviation 8 dB

Antenna number Transmitter: 2Tx, Receiver: 2Rx

Antenna configuration Co-polarized linear array

Antenna spacing Transmitter: 0.5𝜆, Receiver: 0.5𝜆

Number of elevation element 2

Regular antenna gain 14 dBi

Downtilt angle 8∘, 10∘, 12∘, 14∘

BS max TX power 46 dBm

BS height 25m

UE height 1.5m

UE distribution Uniformly distributed

UE numbers 10 UEs per sector

UE speed 3 km/h

Initial UE access criterion Access by location

Scheduler Proportional fair

CQI reporting interval 5ms

Delay for scheduling and AMC 5ms

Receiver MMSE

Traffic model Full buffer

improvement. As can be seen in the figure, the proposed
dynamic beamforming algorithm is able to offer substantial
beamforming gain compared to static beamforming. About
14%, 24%, 32%, and 34% of the gain compared to 2D MIMO
can be achieved by the novel beamforming algorithm with
different downtilt angle parameter. It can be concluded that
the performance of 14∘ outperforms the performance of other
3 downtilt angles for the scenario with sector radius of 288m.

Figure 8(b) is the cell edge UE (5% CDF) spectral effi-
ciency.The proposed dynamic beamforming algorithm offers
large performance gain compared to 2D MIMO networks as
the intercell interference decreases apparently. For cell edge
UEs, the UE spectral efficiency has been increased by about
21%, 51%, 79%, and 92%, respectively, and the performance of
coverage has been increased dramatically.

For different scenarios with sector radius of 500m,
Figure 8(c) shows the average spectral efficiency of different
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Figure 8: System level results of 2D MIMO, 3D MIMO without dynamic beamforming and 3D MIMO with dynamic beamforming: (a) cell
average spectral efficiency with sector radius of 288m; (b) cell edge UE spectral efficiency with sector radius of 288m; (c) cell average spectral
efficiency with sector radius of 500m; (d) cell edge UE spectral efficiency with sector radius of 500m.

downtilt angle deployments, and the performance of 3D
MIMO with dynamic beamforming has 10%, 14%, 15%, and
13% enhancement compared to 2DMIMO networks, respec-
tively. Since the radius of sector increases, the distribution of
UEs within a sector changes a lot, and the elevation angles of
UEs in the area decrease. Downtilt angle should be adjusted
so as to cover more UEs. It can be observed from Figure 8
that the performance of 12∘ outperforms the performance of
other 3 downtilt angles for the scenario with sector radius of
500m.

For cell edge UEs, the UE spectral efficiency has been
increased by about 20%, 40%, 45%, and 15% respectively
as presented in Figure 8(d). Although the density of UE
changed, the proposed algorithm can still offer considerable
gain compared with 2D MIMO networks.

Figure 9 shows the receive SINR CDF curves of 2D
MIMOUEs, 3DMIMOwithout dynamic beamforming UEs,
and 3D MIMO with dynamic beamforming UEs. For sce-
nario with sector radius of 288m, the downtilt angle is set
for 14

∘ as summarized above. With the proposed algorithm,



International Journal of Antennas and Propagation 7

−30 −20 −10 0 10 20 30 40 50
SINR (dB)

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

CD
F

2D MIMO
3D MIMO without dynamic beamforming
3D MIMO with dynamic beamforming

(a)

 
−30 −20 −10 0 10 20 30 40 50

SINR (dB)

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

CD
F

2D MIMO
3D MIMO without dynamic beamforming
3D MIMO with dynamic beamforming

(b)

Figure 9: System level results of receive SINR CDF for 2D MIMO, 3DMIMO without dynamic beamforming and 3DMIMO with dynamic
beamforming: (a) sector radius: 288m; (b) sector radius: 500m.

the SINR of the 3D MIMO with dynamic beamforming
outperforms by 6 dB compared to the 2D MIMO and has
approximately 2 dB gain compared with the 3D MIMO
without dynamic beamforming. Both cell averageUE and cell
edge UE can be served much better than before.

Under the influence of larger sector radius, the change of
downtilt configuration is not so apparent as it performs in
288m scenario. Compared with the UEs in 288m scenario,
some UEs in 500m scenario will receive decreased signal
power so that less gain can be obtained in the average received
SINR of UEs in 500m scenario. Thus, there is not much
difference between the SINR curved line of 2D MIMO UE
and the SINR curved line of 3D MIMO UE as depicted in
Figure 9(b). In spite of this, the positive effect brought by the
proposed algorithm is still obvious.

5. Conclusion

In this paper, modeling of 3D channel and structure of 3D
antenna have been introduced. A dynamic beamforming
algorithm for 3D MIMO in LTE-Advanced networks is pro-
posed, which can be proved as an effective method to reduce
intercell interference. Simulation results for 3D MIMO with
different downtilt angle parameters and sector radius param-
eters are presented. Compared with 2D beamforming, 3D
dynamic beamforming can improve both the cell edge UE
throughput and the whole system’s performance significantly.
Atmost 34% gain for cell centerUE and 92% gain for cell edge
UE over the conventional 2D beamforming are achieved,
and the performance differences of different scenarios are
analyzed in this paper.
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