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Abstract—By incorporating picocells operating in the 
millimeter-wave (mmWave) bands into heterogeneous mobile 
networks (HetNets), a wide bandwidth becomes available, thereby 
improving user throughput. Downlink three-dimensional 
beamforming (3D-BF) in HetNets is a promising technology for 
improving the received SINR at user equipment (UE). Previously, we 
have proposed a three-sector picocell equipped with 3D-BF for 
mmWave HetNets and have investigated its effectiveness in 
improving user throughput. In this paper, we discuss the vertical 
beamwidth optimization of 3D-BF pico-BS in mmWave HetNets 
from the perspective of user throughput. From the results of system-
level computer simulations, when the vertical beamwidth of 3D-BF 
was 10 degrees, the average user throughput reached approximately 
289 Mbps, providing the maximum average user throughput among 
the five patterns. 
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I. INTRODUCTION 

Heterogeneous mobile networks (HetNets) combine 
macrocells operated by high-power macro base stations (macro-
BS) and picocells operated by low-power pico base stations (pico-
BS), and are attracting attention as a promising method for 
increasing system capacity [1]–[3]. In terms of coexistence with 
different types of BSs, fifth-generation (5G) mobile systems 
operating in non-standalone mode (NSA) share the same structure 
as HetNets, meaning that 5G and fourth-generation (4G) BSs 
coexist in the same area [4]–[7]. 

In particular, HetNets using the millimeter wave (mmWave) 
picocells can provide higher user throughput due to the enormous 
available signal bandwidth of picocells [8]–[10]. However, 
mobile communications using mmWave suffer greater path loss 
compared to conventional low-frequency bands in the free-space 
propagation loss models. Furthermore, mmWave signals are 
vulnerable to interference and obstruction caused by buildings 
and obstacles. 

Downlink three-dimensional beamforming (3D-BF) at the BS 
improves the received signal-to-interference-plus-noise ratio 
(SINR) at the user equipment (UE) receiver and reduces 
interference to adjacent cells and other UEs through narrow 
beamwidths [11],[12]. Furthermore, the use of 3D-BF technology 
in the mmWave is effective in significantly improving the 
drawback of high propagation loss. 

In [13]–[15], we have proposed sectorized pico-BS equipped 
with 3D-BF in mmWave HetNet, and have investigated the 
effectiveness from the user throughput points of view using 
computer simulations. Until now, we have evaluated the vertical 
beamwidth of 3D-BF in mmWave pico-BS with a fixed value of 
10 degrees. Therefore, performance evaluation when changing the 
vertical beamwidth in mmWave pico-BSs equipped with 3D-BF 
has not yet been examined. 

With this background, we investigate the vertical beamwidth 
optimization of 3D-BF pico-BS in mmWave HetNets, as 
parameters of the vertical beamwidth for mmWave pico-BS. 
Specifically, using system-level computer simulations, we clarify 
the average and 5-percentile user throughputs of mmWave 
HetNets composed of three-sector picocells equipped with 3D-BF 
versus five patterns of vertical beamwidth. 

Section II describes an overview of three-sector picocells 
equipped with 3D-BF in mmWave HetNets. In Section III, we first 
describe the vertical beamwidth of the pico-BS equipped with 3D-
BF. Then, we demonstrate the average and 5-percentile user 
throughput of mmWave HetNets for five patterns of vertical 
beamwidth of 3D-BF in mmWave pico-BS. Additionally, we 
analyze the use rate of each modulation method used in the 
downlink MCS and CDF characteristics of received SINR, SNR, 
and SIR. Section IV concludes our work. 

 

II. THREE-SECTOR PICO-BS EQUIPPED WITH 3D-BF 

Figure 1 shows a mmWave HetNet combining macrocells 
using the 2 GHz band for macro-BS and picocells using the 28 
GHz band for pico-BS. The number of macro-sectors and pico-
sectors is fixed to 3. In general, the cell selection is based on the 
measurement results of the downlink reference signal received 
power (RSRP) or the received signal-to-interference-plus-noise 
ratio (SINR) for both the macro-BS and pico-BS. The UEs 
basically connect to the cell with the highest measured downlink 
RSRP. 
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Fig. 1. Three-sector pico-BS equipped with 3D-BF in mmWave HetNet. 

The bottom part of Fig. 1 shows a three-sector pico-BS, with 
each sector capable of forming up to 12 Tx beams in the azimuth 
plane. Furthermore, the number of Tx beams available in the 
elevation plane is fixed at 3. Therefore, the total number of Tx 
beams in each picocell sector is 36, obtained by combining the 
azimuth and elevation directions. 

Figure 2 illustrates the beam selection procedure of the 
optimal beam among available beams. First, the pico-BS 
sequentially transmits the reference signals (RSs) for each beam 
to the UE. The UE measures the received RS and reports the 
channel state information (CSI) to the pico-BS. Based on the 
reported CSI, the pico-BS selects the optimal Tx beam for the UE 
among available beams. Subsequently, the pico-BS and UE 
communicate using the Tx beam. The CSI also includes the 
channel quality indicator (CQI), which is used to determine the 
modulation and coding scheme (MCS) for the downlink. 

 
Fig. 2. Beam selection procedure between pico-BS and UE. 

 

 

III. SIMULATION CONDITIONS AND RESULTS 

A. Vertical Beamwidth Difference in pico-BSs with 3D-BF 
Figures 3-(a) to (e) show the vertical beamwidth of a three-

sector pico-BS equipped with 3D-BF. When the vertical 
beamwidth is changed, the ground reach distance of the Tx beam 
radiated from the base station changes. For the three vertical beams, 
the uppermost beam is radiated based on an antenna down-tilt 
angle of 15 degrees, so the ground reach distance remains 
unchanged at 37 m for all five patterns.  

However, as the beamwidth widens, the ground reach distance 
from the base station for the middle and lowest beams shortens 
accordingly. 

 
(a) Pattern I 

 
(b) Pattern II 

 
(c) Pattern III 

 
(d) Pattern IV 
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(e) Pattern V 

Fig. 3. Vertical beamwidth of 3D-BF Pico-BS 
 

B. Simulation Parameters 
The primary simulation parameters are shown in Table I. The 

carrier frequencies used in the macro- and pico-BSs are 2 and 28 
GHz, respectively. The system bandwidth of the macro- and pico-
BSs are assumed to be 10 and 100 MHz, respectively. The height 
of the pico-BS is set to 10 m [17]. The transmission method uses 
22 single-user MIMO (SU-MIMO). Each UE is equipped with 
two receiving antennas. The number of UEs is fixed to be 30 per 
macro-sector. The UE are distributed on the rule of a cluster 
distribution in which 2/3 of the number of UE are placed nearby 
the pico-BSs and the rest are uniformly placed within the macro-
BS. Link adaptation is applied to the downlink signal according to 
the received SINR at the UE receiver. We use 32 different types of 
MCS indexes for the link adaptation [14]–[16], where the 
modulation method is QPSK to 1024-QAM. 

TABLE I. PRIMARY SIMULATION PARAMETERS 

 
Table II shows the value for the three-sector pico-BS equipped 

with 3D-BF. The three-sector pico-BS equipped with 3D-BF uses 
an array antenna with 64 antenna elements and a maximum Tx 

antenna gain of 23 dBi, and the number of available Tx beams is 
36 (H12V3). In other words, by combining 12 different beams 
in the azimuth plane and 3 different beams in the elevation plane, 
36 Tx beams can be generated. We analyze five patterns for the 
vertical beamwidths. Until now, we have evaluated three-sector 
pico-BS equipped with 3D-BF by fixing the vertical beamwidth 
at 10 degrees. Pattern II in Table II corresponds to this. And, we 
will add four new patterns for evaluation. Pattern I has a vertical 
beamwidth of 5 degrees, and we will evaluate five vertical 
beamwidths at 5-degree intervals. 

TABLE II. PARAMETERS OF THREE-SECTOR PICO-BS EQUIPPED 3D-BF 

 
 

C. User Throughput 
We investigated the user throughput in mmWave HetNets 

when using three-sector pico-BS equipped with 3D-BF as 
parameters of vertical beamwidths, i.e., for Patterns I, II, III, IV, 
and V. Figure 4 shows the average and 5-percentile user 
throughputs of mmWave HetNets. The blue and the orange bars 
show the user throughput for the average and that for the 5-
percentile, respectively. Pattern II, i.e., when the vertical 
beamwidth of 3D-BF was 10 degrees, the average user throughput 
reached approximately 289 Mbps, which provided the maximum 
average user throughput among the five patterns. On the other 
hand, the 5-percentile user throughput improved as the vertical 
beamwidth of 3D-BF became wider. 

 
Fig. 4. Average and 5-percentile user throughput of mmWave HetNets. 
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Here, we analyze the performance in detail. The average user 
throughput deteriorates as the vertical beamwidth of 3D-BF 
widens, i.e., in the order of Pattern II, Pattern III, Pattern IV, and 
Pattern V. We consider that this is because the Tx gain decreased 
and the UE’s received SINR declined due to the expansion of the 
vertical beamwidth of 3D-BF. 

 

D. Analysis for use rate of 1024-QAM 
 Figure 5 analyzes the use rate of each modulation method 
used in the downlink MCS[14]–[16]. It can be seen that Pattern II 
improves the use rate of 1024-QAM and reaches approximately 
54%. This must be one reason that Pattern II provides the best 
average user throughput among the five patterns, as shown in Fig. 
4. 

 
Fig. 5. Use rate of each modulation method used in downlink MCS. 

 

E. CDF characteristics of received SINR, SNR, and SIR 
 Figure 6 analyzes the CDF characteristics of received SINR. 
The received SINR of Pattern II at CDF=0.5 is approximately 28 
dB, which is the maximum value among the five patterns. Similar 
to the result in Fig. 5, this result also suggests that Pattern II 
provides the best average user throughput among the five patterns, 
as shown in Fig. 4. 

 However, a reversal in values was observed around CDF=0.3 
to 0.4. In order to identify the cause of this phenomenon, we 
analyzed the CDF characteristics of the received SNR and SIR as 
shown in Figures 7 and 8. In Fig. 8, the values are reversed in the 
same way as the CDF characteristics of the received SINR in Fig. 
6. However, in the CDF characteristics of the SNR in Fig. 7, the 
values are not reversed. That is, the cause of the reversal of the 
received SINR values is considered to be interference. 

 
Fig. 6. CDF of received SINR of mmWave HetNets. 

 

 
Fig. 7. CDF of received SNR of mmWave HetNets. 

 

 
Fig. 8. CDF of received SIR of mmWave HetNets. 
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IV. CONCLUSION 

In this paper, we investigated the vertical beamwidth 
optimization of 3D-BF pico-BS in mmWave HetNets from the 
perspective of user throughput. Specifically, we evaluated the 
average and 5-percentile user throughput of HetNets against five 
patterns of vertical beamwidth of 3D-BF in mmWave pico-BS, 
using system-level computer simulations. From these results, 
Pattern II with a vertical beamwidth of 10 degrees provided the 
best performance among the five patterns. In addition, we 
considered that if the vertical beamwidth is too wide, it 
deteriorates the average user throughput due to a decrease in the 
UE’s received SINR caused by a decline in Tx gain. As a future 
work, we are planning to extend our analysis to different UE 
distributions and mobility conditions. 
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