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Mobile Internet will promote the continuous change of human interaction, leading to an increase in mobile traffic, so the demand
for network bandwidth and data volume is rising rapidly, which is also one of the problems that 5G needs to solve. The mobile
communication network of the railway system has the characteristics of high-speed user mobility, large-scale group mobility of
users, high certainty of user mobile lines, and high QoS requirements for dispatching information. In order to improve the
transmission reliability requirements of the railway system for wireless communication, a quick search method algorithm based
on GMCS model to encode the number of each subinterval is proposed. Hybrid precoding is designed according to
multivariate symmetry rules. The target beam is designed according to the GMCS model, and the hierarchical training beam is
designed to minimize the mean square error between the training beam and the target beam as the objective function. Then,
the fast search model based on beam overlap is extended to NLoS to solve the problem of misjudgment caused by multipath.
In the simulation experiment, it proves that the search success rate of the research in this paper is 10% higher than that of the
traditional algorithm. It improves the search speed and has obvious advantages in complexity. It can provide a dynamic
reliable conversion mechanism for the railway communication environment, reduce the transmission power of the base station,
and optimize the actual effect of uplink and downlink service requirements.

1. Introduction

Wireless communication technology has been closely inte-
grated with people’s lives. Mobile Internet technology has
revolutionized the business model of traditional mobile
communications and provides a brand-new user experience
[1]. The Internet of Things has expanded the service scope of
the mobile Internet, extending the communication between
people to things and the intelligent interconnection between
people and things. The mobile communication technology
has been applied to all areas of society [2]. Literature [3] pre-
sents a Doppler frequency shift estimation and compensa-
tion algorithm based on position and precompensation for
millimeter-wave HSR scene. This method calculates the
Doppler frequency shift according to the position and speed
of the train and precompensates before the signal occurs.
However, this method needs to rely on additional hardware

equipment to provide high-precision position information.
Reference [4] gives a Doppler shift cancellation method in
millimeter-wave HSR mobile communication system. This
method is mainly based on the assumption that the received
signals of the head and tail relays on the top of the train have
the same reverse frequency offset. The influence of Doppler
shift is eliminated by simply multiplying the received signals
of the head and tail relays. However, when the train passes
through the base station, the Doppler frequency shift will
decrease rapidly, and the time of the head and tail relays
passing through the base station is different. Therefore, the
performance of this method will become worse when the
train handoff. Reference [5] gives a method for calculating
Doppler frequency shift using channel estimation in
millimeter-wave high-speed mobile scene. This method
eliminates the influence of frequency shift through two-
step processing of estimation and compensation, but this
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method is based on more accurate channel estimation infor-
mation. However, this method needs to pay a large compu-
tational complexity to obtain ideal estimation accuracy. In
order to meet the requirements of special pilot segmenta-
tion, this method has strict restrictions on the length of pilot
symbols so that it cannot be applied to the communication
system with defined pilot structure.

For the hybrid beamforming structure of 5G communi-
cation, the analog beamforming depends on the relative
position of the base station and the user end. Therefore,
the position information is more used to simulate the beam-
forming part, with the parameters that the position informa-
tion can provide to select the appropriate beam direction
and establish the optimal beam channel so that a larger
channel capacity can be obtained. In literature [6], the most
direct idea is shown based on position information, consid-
ering the uniform linear antenna array (Uniform Linear
Array (ULA)) and assuming that there is only a direct line
of sight. Through the location information of the base sta-
tion (BS) and the mobile terminal (mobile station (MS)),
the distance, the angle of arrival (AoA), and the angle of
departure (AoD) can be calculated. Then, AoA/AoD and
distance are directly used as channel parameters to select
the best codeword from the codebook based on maximizing
the Signal-to-Noise Ratio (SNR). In literature [7], the use of
location information in the high-speed rail scenario is stud-
ied. The high-speed rail environment represents the scene of
a fixed trajectory, and the beam direction can be directly cal-
culated by the angle information relative to the base station.
Then, the power distribution is performed according to the
beam direction. Since its trajectory is fixed, it can be calcu-
lated in advance. The performance of this method is very
good in high-speed environment. In literature [8], the posi-
tion information is also used to calculate the corresponding
height angle and azimuth angle of the direct viewing path.
Then, the calculated angle information is directly used to
build the channel matrix as the result of channel estimation,
which is applied to replacing the role of the reference signal.
This method is relatively simple, but the accuracy of the esti-
mated results is low, and other methods need to be used for
further estimation, so the final cost has not been reduced too
much. Reference proposed a coding management scheme
based on ternary symmetric polynomials. The difference is
that literature [9] is based on tree-ring model, which com-
bines coding distribution with routing establishment process
so as to reduce the energy consumption in the process of
coding negotiation. Literature [10] not only designed the
intercluster multihop routing algorithm according to the
establishment of ternary symmetric polynomial but also
introduced the network update parameters and update
authentication number in order to ensure the security of
the network in the coding update stage.

With the increasing popularity of mobile Internet, pro-
viding passengers with abundant mobile communication
services and improving the ride experience have become
another important task of the railway mobile communica-
tion system. Therefore, the number of wireless communica-
tion base stations deployed along railway, the density of base
stations in central hubs and railway line dense areas, and the

energy consumption are all increasing. At the same time,
railway lines are scattered, with many branches and diversi-
fied business types. Researching the energy-saving and emis-
sion reduction of wireless communication networks in
railway application scenarios must consider various private
networks, including railway mobile communication net-
works and public wireless communication networks. In
addition, the research on energy-saving methods and mech-
anisms of mobile communication networks in railway scenes
has important political, economic, and social significance.

Beamforming technology is a signal preprocessing tech-
nology based on antenna arrays. According to the spatial
characteristics of the channel, the interference and diffrac-
tion principles of electromagnetic waves are used. By adjust-
ing the phase or amplitude of each element in the antenna
array, a beam with high directivity is formed, thereby obtain-
ing a higher beamforming gain. The hybrid precoding algo-
rithm based on the decoupling of the transceiver or the
hybrid precoding algorithm based on the combination of
the transceiver requires the transceiver to obtain the CSI in
advance. Then, the signal can be preencoded, and the accu-
racy of CSI will directly affect the performance of the preen-
coding. However, in the millimeter-wave Massive MIMO
system, the number of array antennas is very large, and the
acquisition and feedback of CSI will become an important
difficulty. Because the channel estimation technology has
high complexity and the feedback ability of the feedback link
is limited, when the transmitter obtains CSI, the channel
may have changed, and the quality of the communication
link cannot be guaranteed. Therefore, it is necessary to
design a more efficient and faster CSI acquisition model. In
existing research, considering factors such as system com-
plexity, power consumption, and time delay, analog beam-
forming is an important selection model in the design of
millimeter-wave Massive MIMO systems. In the analog
beamforming structure, a connection can be established
through beam search. The base station and the user transmit
training beams multiple times to determine a suitable com-
munication beam pair to establish a communication link.
Compared with a mixed digital-analog structure, its beam-
forming technology does not require the sender and receiver
to obtain CSI in advance, and the implementation cost and
complexity are lower.

In order to meet the coverage reliability requirements of
the railway system, the high frequency band system is more
suitable for deployment in the railway scene dominated by
the LoS track. Therefore, this paper mainly studies the 5G
communication fast beam search model suitable for railway
systems and extends the proposed model to general 5G com-
munication. First, in order to reveal the difference between
different search models, State Utilization Efficiency (SUE),
Information Representation Efficiency (IRE), and Feedback
Efficiency (FE) are introduced, and these three concepts
are used to analyze the existing search models. The results
show that the higher the SUE (IRE), the lower the search
complexity. In 5G communication, it is deduced that Gray
coding is used to encode the coding of each subinterval,
which can make full use of the overlap state of the waveform,
and then design a beam overlap search model based on Gray
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mapping with 100% SUE and IRE. Next, it points out the
problems of low reliability of 5G communication in the
LoS scene and designs a beam search model suitable for
the NLoS environment [11]. Compared with the model
in Document 10, the proposed model has more sufficient
theoretical analysis on the model of encoding the target
beam, the hierarchical search design is more reasonable,
and the search success rate is higher. Finally, the perfor-
mance of the search model is simulated, and it is verified
that the proposed model can obtain a higher search suc-
cess rate with the lowest complexity in the railway system,
which provides a reliable guarantee for railway communi-
cation system.

The main contributions of this paper are as follows:

(1) According to the characteristics of high-speed move-
ment, frequent switching, and traffic changing with
train operation mechanism of railway mobile com-
munication network, an application service energy-
saving method is improved

(2) For the analog beam forming structure, a fast search
model suitable for LoS scenario and NLoS scenario is
designed

(3) Multivariate symmetric hybrid precoding is designed
to realize the optimal combination of transceiver
decoupling

The organization structure of this paper is as follows.
Section 1 introduces the research background and signif-

icance of this paper as well as main lines to increase the rail-
way system wireless communication data rate and leads to
beamforming technology.

Section 2 introduces the signal model, channel model,
and optimization problems of the millimeter-wave Massive
MIMO system.

Section 3 identifies the corresponding optimization
problems in the system by modeling the special situation
of the railway wireless communication system.

Section 4 is the combined design of hybrid precoding
transceiver decoupling, the beam search in the NLoS scene
has the problem of misjudgment caused by multipath com-
pared with the LoS scene, and a search model suitable for
the NLoS scene is designed.

Section 5 verifies the misjudgment probability and suc-
cess rate of the model proposed in this paper through simu-
lation, which proves the optimization effect of the research
content of this paper.

Section 6 summarizes the research work of the paper and
looks forward to the future research directions of beamform-
ing technology in 5G systems.

2. Related Work

In this paper, the beamforming technology is studied in the
order of digital precoding, analog beamforming, and hybrid
precoding. The following describes the relevant content of
each technical project.

2.1. Digital Precoding. According to different coding genera-
tion methods, the coding management scheme can be
divided into symmetrical coding management scheme and
nonstacking coding management scheme. Symmetric coding
management scheme means that the encryption and decryp-
tion codes used by both communication parties are the
same, and the codes can be calculated in their own ways.
The characteristic of this scheme is that the computing over-
head and storage overhead of the network are small.

In the traditional MIMO system, precoding is done by a
digital encoder in the baseband part. Digital precoding is
widely used in the 3rd-generation mobile communication
system TD-SCDMA and the 4th-generation mobile commu-
nication system TD-LTE; the structure is shown in Figure 1.

In it, μ represents the original signal, Ns represents the
number of data streams, ϖ represents the weight vector of
the antenna array, N1

RF, N
t
RF, and Nt represent the number

of Radio Frequency (RF) chains and the number of anten-
nas, respectively, and r represents the processed received sig-
nal [12]. For the digital precoding structure, each antenna at
the transmitter and receiver is connected to an independent
RF link. The advantage of this structure is that it can control
the amplitude and phase of the signal, has the highest flexi-
bility, can achieve the optimal precoding effect, and also sup-
ports the parallel transmission of multiple data streams [13].

2.2. Simulating Beamforming. Beamforming technology is a
signal preprocessing technology based on antenna arrays.
According to the spatial characteristics of the channel, with
the help of the interference and diffraction principles of elec-
tromagnetic waves, a beam with high directivity is formed by
adjusting the phase or amplitude of each element in the
antenna array, thereby obtaining a higher beamforming gain
[14]. What is more, the hybrid precoding algorithm based
on the decoupling of the transceiver or the hybrid precoding
algorithm based on the combination of the transceiver
requires the transceiver to obtain the CSI in advance so that
the signal can be precoded. Moreover, the accuracy of CSI
will directly affect the performance of precoding [15]. How-
ever, in the millimeter-wave Massive MIMO system, the
number of array antennas is very large, and the acquisition
and feedback of CSI will become an important difficulty.
Since the channel estimation technology has high complex-
ity and the feedback ability of the feedback link is limited,
when the transmitter obtains CSI, the channel may have
changed, and the quality of the communication link cannot
be guaranteed [16]. Therefore, it is necessary to design a
more efficient and faster CSI acquisition model. In the exist-
ing research, considering factors such as system complexity,
power consumption, and time delay, analog beamforming is
an important choice model in the design of millimeter-wave
Massive MIMO systems. Besides, in the analog beamform-
ing structure, a connection can be established through beam
search. The base station and the user transmit training
beams multiple times to determine a suitable communica-
tion beam pair to establish a communication link. Com-
pared with a mixed digital-analog structure, the
beamforming technology under this structure does not
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require the sender and receiver to obtain the CSI in advance,
and the implementation cost and complexity are lower [17].

The structure of simulated beamforming is shown in
Figure 2.

In this structure, the S terminal is the signal input, and
PA is the power amplifier. All antennas share an RF chain,
and the desired directional beam is obtained by controlling
the weight of each antenna. The advantage of the analog
beamforming structure is that the number of RF chains is
small, which greatly reduces the hardware cost and complex-
ity of the system. But the shortcomings of this structure are
also obvious [18]. On the one hand, there is only one RF
chain, which cannot take full advantage of the high degree
of freedom of Massive MIMO. It can only support single
data stream transmission and cannot be used in multiuser
scenarios. On the other hand, because the structure can only
control the phase of the signal and cannot adjust the ampli-
tude, the performance is poor. In addition, the accuracy of
the phase shifter in reality is also limited, which further
limits the performance of the system.

2.3. Hybrid Precoding. Neither digital precoding nor analog
beamforming can take full advantage of the Massive MEMO
system. In order to improve the spectrum efficiency of the
system and have the ability to transmit multiple data streams
in parallel, the academia proposed a hybrid precoding struc-
ture. The hybrid precoding structure is divided into low-
dimensional digital precoding and high-dimensional analog
precoding. Connecting through a small number of RF chains
can give full play to the advantages of the two. According to
the characteristics of the channel, this structure first accu-
rately matches the channel characteristics through low-
dimensional digital precoding, so as to improve system per-
formance and support multistream transmission. Then, in
the high-dimensional analog precoding, the analog phase
shifter is used to match the spatial characteristics of the sig-
nal in the analog domain to obtain the array gain, which
effectively compensates for the high path loss of the millime-
ter wave [19].

A public asymmetric matrix and a confidential symmet-
ric matrix are constructed by the server, and a symmetric
matrix is constructed through the two matrices as the basic

matrix for establishing shared coding between network com-
munication nodes. The program is mainly divided into the
following stages.

2.3.1. Code Initialization. In the coding initialization stage of
a network with n nodes, the server first needs to generate a
matrix G with ðλ + 1Þ rows and columns as the public matrix
and inform all nodes in the network. Secondly, the server
also needs to generate a column of ðλ + 1Þ confidentiality
symmetry matrix D and calculate the matrix A = ðG ⋅DÞT .
In it, ðG ⋅DÞT is the transpose matrix of ðG ⋅DÞ. Finally,
the server sends matrix A to each node in the network.

2.3.2. Code Establishment. After receiving the matrix distrib-
uted by the server, the nodes in the network obtain the
matrix K = A ⋅G by calculating. According to the definition
of symmetric matrix, the transpose of symmetric matrix is
equal to the symmetric matrix itself. Therefore, the formula
K = A ⋅G = ðG ⋅DÞT ⋅G =GT ⋅DT ⋅G =GT ⋅D ⋅ T =GT ⋅
ðG ⋅DÞT = KT can be deduced. Therefore, K is also a sym-
metric matrix. The communication node i and node j in
the network store the information of rows i and j of matrix
K , respectively. At the beginning of communication estab-
lishment, node i and node j exchange their row and column
information, respectively. After node i obtains the informa-
tion of node j, it extracts the information of column j from
the information of row i saved by itself as the communica-
tion code t. Similarly, node j extracts the information of line
i from its own matrix information as communication code t.
From the definition of symmetric matrix, the calculation
Kij = Kji is obtained.

3. Wireless Communication System Model and
Corresponding Optimization Problems

The mobile communication system in the railway applica-
tion scenario has diversified characteristics, such as high-
speed movement (currently up to 500 km/h), high quality
of service (QoS) requirements, severe electromagnetic envi-
ronment, high certainty of user movement lines, and large-
scale collective movement of users and load-bearing services.
Therefore, the railway construction under 5G signal system
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Figure 1: Digital precoding structure.
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has a dedicated mobile communication network and a pub-
lic mobile communication network, which usually have dif-
ferent functions and characteristics.

3.1. System Model. When the user needs to communicate,
the base station and the user can obtain user location infor-
mation. Then, the appropriate beam pair is selected by the
algorithm to simulate beamforming, and the system uses a
two-stage design method to perform hybrid beamforming.
This paper uses a symmetrical beamforming millimeter-
wave communication system, that is, both the transmitter
and receiver use analog beamforming, as shown in Figure 3.

Assuming that the number of antennas of the transmit-
ter is Nt , the number of antennas of the receiver is Nr , Nt
=Nr = P, and the number of communication beams is Q.
In order to improve the coverage of communication beams,
Qis generally satisfied. These Q = 2P communication beams
cover the entire angular range of the transmitter and
receiver, respectively, and then take AoD as an example for
analysis (all analyses are applicable to AoA). It means that
the communication beam actually divides the entire AoD
interval into Q subintervals, and these subintervals are repre-
sented by Aqðq = 0, 1,⋯,Q − 1Þ.

The purpose of beam search is that in the scenario of
unknown CSI, the communication parties use the code-
words in the code book to perform multiple searches in
the established training code book according to a certain
search model, determine the subinterval to which the AoD
belongs, and select the communication beam in this subin-
terval as a suitable communication beam to establish a com-
munication link.

3.2. Optimization Problem. This paper takes the Training
Beam Receiving Power (TBRP) of the receiver as the evalua-
tion index, which is defined as

TBRP = yHy: ð1Þ

The beam search is to search for the optimal codeword
f WBS,MS in the code book of the transceiver training beam.
Then, the communication beam pair located in the corre-
sponding subinterval of the codeword is regarded as the
appropriate communication beam pair At

qðoptÞ, A
r
qðoptÞ [20].

The code book of the transmitter is defined as A and the
codebook of the receiver is defined as B, and then, the opti-

mization problem can be written as

arg max

f BS,
Wms

s:t:
f BS⊂A

wMS ∈ B

( )
:

8>>>>><
>>>>>:

ð2Þ

4. Combined Design of Hybrid Precoding
Transceiver Decoupling

The existing search models are simply divided into two cat-
egories, nonhierarchical search models and hierarchical
search models. The nonhierarchical search model refers to
traversal search. Among the hierarchical search models, the
more classic ones include the search model of IEEE
802.15.3c, the search model of IEEE 802.11.ad, the search
model based on SWR, the search model based on points,
and the fast search model based on overlapping beam
(FSSOB) [21].

4.1. Multivariate Symmetric Coding Design. According to the
properties of symmetric polynomials, multivariate symmet-
ric polynomials propose a group coding allocation mecha-
nism. The mechanism includes an authentication node,
which can randomly generate a set of sequences αij, i ≥ 0, j
≥ k for generating polynomial information. New nodes need
to be authenticated before they can join the network. The
authentication node will distribute the polynomial informa-
tion to the authenticated nodes. In this mechanism, each
node is required to have a unique ID. When two nodes
establish communication, they need to exchange their
respective ID and bring each other’s ID into polynomials
to calculate the communication code.

In the initial stage of code establishment, the authentica-
tion node will generate a bivariate polynomial of order k:

f x, yð Þ = 〠
k

i=0
aix

2yj
� �

: ð3Þ

The authentication node randomly extracts multiple
numbers from the data pool as polynomial coefficients αij, i
≥ 0, j ≥ k, which meets the conditions. Therefore, the poly-
nomial is a bivariate symmetric polynomial, which satisfies
the following properties:

f x, yð Þ = f y, xð Þ: ð4Þ

Power
amplifier RF chain RF chain
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S
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+
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Figure 2: Simulated beamforming structure.
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The authentication node distributes the polynomial to
each node. Each node brings its own ID into the polynomial
f ðx, yÞ and obtains f ðID, yÞ. Then, it saves the calculated
polynomial f ð y Þ = f ð I D, y Þ in the built-in information of
the node. Therefore, even if the node is captured, the original
polynomial cannot be obtained from the node.

4.2. Introduction to Existing Search Models. For the traversal
search method, the training beam is the communication
beam. When searching, the transmitter transmits Q commu-
nication beams in turn, and the receiver switches and
receives among the Q receiving beams and records the
strength of the received signal [22]. After Q searches, all
the transceiver beam pair combinations can be traversed.
Then, the receiver feeds back the beam number with the
strongest signal to the transmitter to complete the search.
The number of transmissions of the training beam is Q2,
the number of feedbacks is 1, and the amount of feedback
information is log2Q bits [23].

IEEE 802.15.3c uses a hierarchical search model, and the
core idea is traversal search. The search model in 802.15.3c is
divided into sector-level search and beam-level search. Some
concepts are given, and then, the 3C training mechanism is
described. For unification, the transmitter and receiver are
used to replace device 1 and device 2 in the protocol [23].
The transmitter and receiver, respectively, contain JðtÞ and
JðrÞ sectors, and the corresponding codewords are ½D0

ðtÞ,
D1

ðtÞ,⋯DðtÞ
JðtÞ−1 � and DðrÞ

0,D1
ðrÞ,⋯,DðrÞ

JðrÞ−1 �, respectively.
The number of beams contained in each sector of the trans-
mitter and receiver is KðtÞ and KðrÞ, and the corresponding
codewords are ½B0

ðtÞ, B1
ðtÞ,⋯, BðtÞ

kðtÞ−1 � and ½B0
ðtÞ, B1

ðtÞ,⋯,
BðrÞ

kðtÞ−1 �, respectively, where JðtÞKðtÞ = JðrÞKðrÞ =Q [24].
Taking Figure 4 as an example, briefly introduce the

training mechanism of 802.15.3c.
The transmitter has 4 sectors and the receiver has 8 sec-

tors, so there are a total of 4 cycles at the sector level (cycle in
the protocol). In the n cycle, the transmitter repeatedly
transmits 8 training beams along the direction of DðtÞ

n−1
[25]. Meanwhile, the receiver sequentially receives in 8

directions DðrÞ
0 ,DðrÞ

1 ,⋯DðrÞ
7 . After 4 cycles, the signal energy

of all combinations at the transceiver sector level can be
determined [26]. According to the feedback from the

receiver, determine the best sector pair, such as 0 and 3,
and then enter the beam-level search. The transmitter has
8 beams and the receiver has 4 beams, so the beam level
has a total of 8 cycles [27]. In the n cycle, the transmitter
repeatedly transmits the training beam 4 times along the

direction of BðtÞ
n−1. The receiver sequentially receives in 4

directions BðrÞ
O , BðrÞ

1 , BðrÞ
2 , BðrÞ

3 . After 8 cycles, the signal energy
of all combinations of the transceiver beam level can be
determined. According to the feedback of the receiver, the
optimal beam pair can be determined and the search can
be completed. It can be seen that the number of sending
training beams is JðtÞ JðrÞ + KðtÞKðrÞ, the number of feedbacks

is 2, and the amount of feedback information is log2
JðtÞ +

log2
kðtÞ , which is log2Q bits [28].
The agreement points out that, in Sector-Level Sweep

(SLS), the number of sectors at this stage needs to be deter-
mined. The calculation method of the number of sectors is
the total number of transmitter sectors multiplied by the
number of receiver antennas log216 = 4, and the value is
set to the total number of sectors in the SLS stage [29].
Therefore, in the SLS phase, the transmitter transmits a total

of NðtÞ
sectorNr sector-level training beams, and the receiver

receives quasi-omnidirectional reception. After completing
the search, the receiver determines the best transmitting sec-
tor based on the receiver’s feedback. Similarly, in the multi-
ple sector ID capture (MIDC), the transmitter transmits
quasi-omnidirectionally, and the receiver uses different sec-

tors for reception. After NðtÞ
sectorNr beam searches, the

receiver determines the best receiving sector. The Beam
Combining (BC) stage mainly pairs the beams in the sectors
found above and performs a maximum of s2inspections
(where S ≤ 7) to find the optimal beam pair and feed it back
to the transmitter [30]. Therefore, the number of transmis-

sions of the training beam is NðtÞ
sectorNr +NðtÞ

sectorNt + s2, the
number of feedbacks is 2, and the amount of feedback infor-

mation is log2N
ðtÞ
sector + log2Nbeam ′ = log2Q bits. The litera-

ture [31] points out that the BC stage is an optional stage,
so the number of transmissions of the training beam can

be modified to NðtÞ
sectorNr +NðtÞ

sectorNt and satisfy Nt
beamNr ≥

NðtÞ
sector.

Receive
weight vector Filter

RF chain RF chain

Transmit
weight vector

Primary
compensation

Primary
compensation

Figure 3: Simulated beamforming structure.

6 Wireless Communications and Mobile Computing



The SWR-based search model divides the search interval
into two subintervals at each stage and uses two independent
training beams for coverage, so it is also called a binary
search model. In each stage, the transceiver can get all the
beam combinations in this stage through 4 beam searches.
Then, the receiver feeds back the transmit beam number
with the highest signal strength to the transmitter and uses
this subinterval as the beam search range of the next stage
until the best communication beam is found. Therefore,
the search process of binary search is divided into log2Q
stages. In each stage, the transmitter needs to transmit 4
training beams, and the amount of feedback information is
log2Q = 1 bit. The number of transmissions of the training
beam is 4 log2Q, and the total feedback amount is log2Q bits.

In the k subsearch model, each stage divides the search
interval into k parts, and a total of logkQ stages are required
(assuming that logkQ is a positive integer). In each stage, the
transceiver passes K2K beam training to determine the best
transceiver beam for this stage and feeds it back to the trans-
mitter as the search range for the next stage. Therefore, the
number of transmissions of the training beam isK2 logkQ,
the number of feedbacks is logkQ, and the total feedback
amount is log2K × logkQ = log2Q bits. Comparing k sub-
search and binary search, it can be found that if k is set to
2 in k subsearch, k subsearch is binary search, that is, binary
search is a special case of k subsearch. So, the subsequent
analysis will be performed with the binary search as the rep-
resentative of the k subsearch.

In the search process of FSSOB, each stage uses log2ðH
+ 1Þ training beams (H + 1 is an integer power of 2) to
divide the search interval into Q subintervals. In theory,
the FSSOB model requires a total of loghQ stages, and each
stage uses log2H bit binary to represent Q subintervals. So,

the total amount of feedback is log2H × loghQ = log2Q bits.
However, in the FSSOB scheme, Q and H do not satisfy
the relationship of integer powers, and the number of search
stages needs to be rounded up. Therefore, the actual number
of times the training signal is sent is log22ðH + 1Þ½logHQ�, and
the actual feedback amount is log2ðH + 1Þ½logHQ�, which is
greater than log2Q bits. Taking H = 3,Q = 8 as a concrete
example is to illustrate. This algorithm requires the dlog38e
= 2 stage, the number of training beams required for each
stage is log22ð3 + 1Þ = 4, and the actual feedback amount is ½
log38� × log22ð3 + 1Þ = 4 bits, which is larger than the theoret-
ical log2Q = log28 = 3 bits.

According to the above analysis, for the Q communica-
tion beams, in the traversal search, 802.15.3c, 802.ll.ad,
binary search, and K subsearch models, their actual total
feedback is log2Q bits, while the amount of total feedback
in the FSSOB model is greater than log2Q bits. Besides, the
number of transmissions of the training beam in different
search models is different, that is, the complexity is different.
In order to explore the essential differences of different
search models, the concepts of SUE, IRE, and FE are intro-
duced, and the SUE, IRE, and FE of the existing search
models are analyzed.

4.3. Search Model Based on Beam Overlap in LoS Scenarios.
In this section, based on theoretical analysis, it is first
deduced that if Gray mapping is used to encode the subin-
terval numbers of each stage, 100% SUE with the highest
success rate can be obtained. Then, the target beam is deter-
mined according to the code of the subinterval number of
each stage, and the training beam is designed by minimizing
the mean square error between the training beam and the
target beam. Finally, a search model based on beam overlap

D1
(t)

D1
(t)

D0
(t)

D2
(t)

D3
(t) D4

(t)

D5
(t)

D6
(t)

D7
(t)

D2
(t)

D3
(t)

D0
(t)

Transmitter

(a)

(b)

Receiver

B1
(t) B1

(t)

Figure 4: Schematic diagram of IEEE 802.15.3c training mechanism.
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is proposed, and the SUE, IRE, FE, and complexity of the
model are analyzed.

4.3.1. Coding Model Analysis. According to the analysis of
the existing search model, although the SUE of the FSSOB
model with the overlapped waveform state does not reach
100%, it is much higher than the other search models that
do not use the overlapped state. Therefore, only by encoding
the subinterval numbers in each stage according to a certain
coding model as the FSSOB model can the target beam and
the training beam in each stage overlap. Meanwhile, more
states with fewer beams can be obtained to get 100% SUE.

In order to encode the subinterval number of each stage,
it is necessary to determine the theoretically required num-
ber of bits of the encoding at this stage. In addition, since
the target beam needs to be designed according to this code
and there are two types of coverage of the target beam in
each subinterval, namely, covering or not covering, which
can be represented by two states of “1” and “0,” binary num-
bers are used to encode the subinterval numbers of each
stage, and the number of binary numbers is also the number
of target beams and training beams in this stage. Assume
that the n stage contains NðnÞ

area subintervals and NðnÞ
area is an

integer power of 2, that is, NðnÞ
area = 2B (Q = 2P is a positive

integer). Since the state of NðnÞ
area subintervals is fed back

and the amount of information required in theory is log2
NðnÞ

area = B bits, the number of bits in the binary number must
be log2NðnÞ

area = B in order to obtain 100% FE. In addition,
when the B-bit binary number is used to represent the
NðnÞ

area subintervals, all the states of the stage are used in each
stage, so 100% SUE can be obtained. In order to facilitate the
analysis and understanding, the coding model is explained
by taking 8 subintervals as an example, which will be gener-
alized to the general situation.

(1) Coding Model of 8 Subintervals. According to the above
analysis, the number of the 8 subintervals should be coded
with log28 = 3-bit binary numbers. These 3 binary numbers
correspond to 3 target beams, and the number is also the
number of training beams. When numbering, the corre-
sponding binary number code is “1” for the interval covered
by the target beam, and the corresponding binary number
code is “0” for the uncovered interval. Therefore, according
to the Binary Mapping Coding Scheme (BMCS), 8 subinter-
vals can be coded as “000,” “001,” “010,” “011,” “100,” “101,”
“110,” and “111.” The corresponding subinterval coverage is
shown in Figure 5.

In Figure 5, target beams 1, 2, and 3, respectively, corre-
spond to the first, second, and third positions in the serial
number. Meanwhile, in this paper, the area covered by the
target beam is defined as the main lobe, and the other areas
are defined as side lobes. Therefore, the target beams 1, 2,
and 3, respectively, have 1 main lobe, 2 main lobes, and 4
main lobes. In addition, different target beams have different
gains in the corresponding coverage area, which is to clearly
distinguish different target beams in the figure. In fact, the

gains of different target beams in the corresponding cover-
age areas are the same.

When performing beam search, the training beam with
the criterion of minimizing the mean square error between
the training beam and the target beam is first designed,
and then, multiple beam searches are conducted between
the transceivers. What is more, the receiving end judges
the best AoD interval according to the strength of the
received signal and feeds it back to the transmitter. Since
the edge of the main lobe of the actual training beam is
not steep enough, there is a possibility of misjudgment. For
example, in Figure 5, if AoD is located at the right edge of
the “001” subinterval, it is not only close to the right edge
of training beam 3, but also close to the left edge of training
beam 2. If the gain of the training beam 2 at this position is
not reduced to a sufficiently low level, the receiver will mis-
judge the subinterval of the best AoD as “011.” Therefore,
for the search model based on beam overlap, it is necessary
to minimize the number of main lobe edges of all target
beams in order to reduce the probability of misjudgment.
In addition, it is necessary to analyze the coding perfor-
mance of 3-BMCS.

In order to quantify the performance of different coding
models, the Hamming Distance (HD) dðxi,xjÞ in informa-
tion theory is introduced, which represents the number of
different characters at the corresponding positions of two
strings of equal length. Analyzing the HD of 3-BMCS, the
result is shown in Figure 6.

By comparing Figures 5 and 6, when the number dðxi,xjÞ
between the two adjacent subintervals in Figure 6 is n, there
are n main lobe edges between the two adjacent subintervals
in Figure 5. For example, if dðxi,xjÞ between the subintervals
“001” and “010” in Figure 6 is 2, the number of main lobe
edges between the corresponding target beams in Figure 5
is also 2. Define the sum of the number of main lobe edges
in all target beams as the total edge number (Total Edge
(TE)). Since one main lobe corresponds to two edges, the
half of TE is the number of main lobes. In Figure 5, the num-
ber of main lobes of the target beam is 7, and the TE is 14. In
addition, as the number of binary digits increases, there will
be a large HD between some adjacent codes in BMCS. This
phenomenon is also known as the Hamming Cliff, which
will greatly increase the probability of misjudgment by the
search model.

Due to the fact that the edge of the main lobe in the
actual training beam is not steep enough, it is necessary to
minimize the number of main lobes in the target beam in
order to reduce the probability of misjudgment by the search
model, namely, the design criterion of the coding model is to
minimize TE. Since the numbers of the 8 subintervals are
different, the HD between adjacent subinterval numbers is
at least 1. In other words, it is necessary to encode the num-
ber of each subinterval so that the HD between the numbers
of two adjacent intervals can be as small as possible or even
always equal to 1. After research, it is found that Gray Map-
ping Coding Scheme (GMCS) can meet the requirement.
Additionally, the 3-digit Gray code is used to encode the
numbers of the 8 subintervals, which is abbreviated as 3-
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GMCS. Since in 3-GMCS, the HD between the numbers of
two adjacent subintervals is always 1 and its TE is 8, which
means that the number of main lobes of the three target
beams is 4, only one of the target beams has two main lobes,
and the other two target beams each have one main lobe.
Next, 3-GMCS will be analyzed.

Since the start codewords of Gray mapping are different
and different Gray codes will be obtained, there are many
encoding forms. For 3-GMCS, when 8 codewords are con-
nected end-to-end since in the angular space, 8 subintervals
are connected end-to-end, there are 12 types that still meet
the above rules. Through analysis, it can be found that the
target beams designed based on these Gray codes are basi-
cally the same. Therefore, in the paper, the most representa-
tive 3-bit Gray code is taken as an example to encode the
number of the subinterval, whose HD is shown in Figure 7.

3-GMCS is used to design the target beam, and the result
is shown in Figure 8.

In Figure 8, both target beams 1 and 2 have only one
main lobe, and target beam 3 has two main lobes, which is
completely consistent with the above analysis.

Compared with 3-BMCS, 3-GMCS has the following
advantages:

(1) Reduce the possibility of misjudgment: the reason
for the misjudgment of the search model is that the
edge of the training beam is not steep enough.
Therefore, the more main lobes of the training beam
is, the greater the possibility of misjudgment will be.
Since this model designs the training beam by
approaching the target beam, the main lobe of the
target beam is used for analysis here. From
Figures 4–8 and Figures 4–11, it can be found that
3-BMCS has 7 main lobes, while 3-GMCS has only
4 main lobes, so 3-GMCS can effectively reduce the
possibility of misjudgment. In addition, it can be
seen from the HD of 3-BMCS and 3-GMCS that 3-
GMCS can effectively reduce the possibility of multi-
bit simultaneous misjudgment. For example, in
Figures 4–8, if the AoD is located at the junction of
the subintervals “101” and “110,” the second and
third positions of the subinterval may be misjudged
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000 001 010 011
90º AoD–90º

110 111100

Target beam 1 
Target beam 2
Target beam 3

3

Figure 5: Target beam designed according to 3-BMCS.
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Figure 6: HD of 3-BMCS.
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Figure 7: HD of 3-GMCS.
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at the same time. However, 3-GMCS will only cause
a 1-bit misjudgment, which reduces the possibility of
multiple-bit simultaneous misjudgments

(2) Reduce the impact of misjudgments: compared
with 3-BMCS, when an error occurs in 3-GMCS,
the interval number obtained by the wrong judg-
ment is actually adjacent to the optimal interval,
which means that the suboptimal interval is found,
and it can still provide relatively significant gain.
For example, in Figures 4–10, when the interval
is on the right edge of “011,” the situation men-
tioned above will exist. If the received power of
target beam 3 does not reach the threshold, the
receiver will judge the third bit of the interval as
“0,” and the result of the erroneous judgment is
“010,” which is next to the best interval “011.” It
is suboptimal interval

(2) Coding Model under General Conditions. In each stage,
the target beam has only one main lobe. For 16 subintervals,
whether it is 4-GMCS (only one stage) or 2-GMCS (two
stages), the number of times sending training signals is 4
times, and the amount of feedback information is 4 bits.
The only difference is that the former only gives feedback
once and the latter gives feedback twice.

For the case where the number of subintervals is greater
than 16, the hierarchical thinking is adopted for design.
Compared with Figures 4–11 and Figures 4–12, it can be
seen that the main lobe of each target beam in 2-GMCS is

less. Therefore, when designing the hierarchical search
model, 2-GMCS is the main method. If necessary, increase
3-GMCS at most once. Then, discuss the situation of NðnÞ

area
= 2B (B is a positive integer greater than 4):

(1) When B > 4 and B = 2c (aðθÞ is a positive integer),
aðθÞ times 2-GMCS will be adopted

(2) When B > 4 and B = 2c + 1, c − 1 times 2-GMCS and
once 3-GMCS will be adopted

Therefore, the GMCS coding model can solve the coding
problem of any subinterval number at each stage.

(3) Application of GMCS in Different Communication Beam
Scenarios. In the above analysis, the design model of the
GMCS coding model in different subintervals of each stage
is analyzed. However, in actual communication, the beam
search model in different communication beam scenarios
is considered, which mainly includes the number of stages
of the search model and the search model for each stage.
Therefore, the GMCS model under different communication
beam scenarios will be analyzed next. Denote the communi-
cation beam Q as Q = 2M (M is a positive integer), and dis-
cuss the search models in different communication beam
scenarios, as shown in Table 1.

It can be seen from the analysis results that the proposed
search model based on GMCS is feasible regardless of the
value of Q.

4.3.2. Design of Training Beam and Search Model

AF
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90ºAoD–90º

110 111100

Target beam 1 
Target beam 2
Target beam 3

Figure 8: 3-GMCS design target beam.
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Figure 9: Schematic diagram of 2-GMCS target beam coverage.
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(1) Design of Training Beam. The idea of designing a layered
code book can be divided into two types according to the
usage of the antenna. One is to increase the number of
antennas layer by layer, and the other is to use all antennas
on each layer. Both design ideas have their own advantages
and disadvantages. The first idea is to control the number

of antennas in each layer by switching to generate training
beams of different widths, whose advantage is that the train-
ing beams are better, but since the number of antennas in
the first few layers is small, the transmission power is lower,
reducing the coverage of the antenna and cause misjudg-
ment by users who are too far away to receive the signal.
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Figure 11: Schematic diagram of misjudgment due to multiple paths in the 2-GMCS model.
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Figure 12: Schematic diagram of the 8-point search model for 5 paths.
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In addition, since each layer has to switch the antenna
through hardware, the complexity of the system is increased.
The advantage of the second model is simple operation and
fixed transmission power, whose disadvantage is that the
shape of the wide beam generated by the first few layers is
not very ideal, reducing the search success rate of the search
to a certain extent. After comprehensive consideration, the
second design idea is adopted in the paper, that is, all anten-
nas are used on each layer.

The number of antennas in each layer is determined, and
then, the beam weight vector w of the training beam will be
designed. Denote the beam response of the training beam as
AFðθÞ, whose form is shown in (4). Moreover, the beam
response AFTBðθÞ of the target beam can be obtained, and
then, the target function will be established with the criterion
of minimizing the mean square error between the training
beam and the target beam, which is defined as follows.

f wð Þ =
ðπ/2
−π/2

AF θð Þ −AFTB θð Þj j2dθ =
ðπ/2
−π/2

wHa θð Þ −AFTB θð Þ�� ��2dθ:
ð5Þ

Therefore, the design problem of the training beam is
transformed into the following function.

argw min f wð Þ
s:t:  wij j = 1, 0 ≤ i ≤ P − 1ð Þ:

ð6Þ

MATLAB’s own global search function (global search) is
used to solve the problem, and the design results of the train-
ing beam will be given in the subsequent simulation.

(2) Threshold Design. In this search model, all zero states are
used in each stage, that is, there are subintervals that are not
covered by all training beams in each stage, such as ½Cð0,0Þ,1�1.
If the LoS path is in this interval, that is, there is no LoS path
in the interval covered by training beams 1 and 2, and the
power of training beams 1 and 2 received by the receiving
end will be close. If the threshold is not set, it is impossible
to judge whether the LoS path lies in ½Cð0,0Þ,1�1 or ½Cð0,0Þ,1�1.
Therefore, a threshold is needed to be set in the paper to dis-
tinguish the situation where the LoS path is located within
and outside the coverage of the training beam. In addition,
since the received power is not only related to the path loss
of each receiver but also related to the transmit power, the
following settings are made for easy comparison.

First, the received power of the receiver plus the corre-
sponding path loss is defined as the equivalent received
power, namely, prðdBÞ = PrðdBÞ + PLrðdBÞ, to eliminate
the influence of distance on the received power. Then, the
ratio of the received power to the transmit power is defined
as the relative received power, that is, β = �Pr/Prto eliminate
the influence of the transmit power. In addition, the relative
received power within a certain range can be used as the

threshold to make judgments. More threshold analysis will
be shown in subsequent simulations.

(3) Fast Search Model Based on Gray Mapping. Focusing on
2-GMCS, combined with Figures 4–14, and taking 16 com-
munication beams as an example, the beam search is divided
into 2 layers.

Layer 1: the transmitter is in interval AoDt
ð0ÞΣ½−90∘, 90∘�

, which transmits training beam 1 and training beam 2 in
sequence, and the receiver is in interval AoDt

ð0ÞΣ½−90∘, 90∘
�, where the quasi-omnidirectional mode is applied to receiv-
ing and recording the received power. If only when the
transmitter transmits training beam 2, the received power
will be higher than the threshold. The interval number of

transmitter AoDt
ð1Þ is Aðt,1Þ

qðoptÞ =
}01}, and Aðt,1Þ

qðoptÞ will be fed

back to the transmitter. Then, the transmitter transmits the
same training beam twice along the AoDt

ð1Þ direction, and
the receiver uses training beam 1 and training beam 2 to
receive them in turn, and the received power is recorded at
the same time. If only the received power of training beam
1 is greater than the threshold, the section number of

receiver AoDð1Þ
r will be Aðr,1Þ

qðoptÞ =
}10}. Then, the next stage

will be entered.
Layer 2: the transmitter transmits training beam 1 and

training beam 2 in sequence in interval AoDð1Þ
r ∑½0∘, 45∘�.

Meanwhile, in section AoDð1Þ
r ∑½−90∘,−45∘�, the receiver uses

the quasi-omnidirectional mode to receive and records the
received power. If the received power of the transmitter is
higher than the threshold when the transmitter transmits
training beam 1 and training beam 2, the section number

of transmitter AoDð2Þ
t will be Aðt,2Þ

qðoptÞ =
}11}, and Aðt,2Þ

qðoptÞ will

be fed back to the transmitter as AðtÞ
qðoptÞ. Then, the transmit-

ter transmits the same training beam twice along the AoDð2Þ
t

direction, and the receiver uses training beam 1 and training
beam 2 to receive in turn. Meanwhile, the received power
will be recorded. If the power received by using training
beam 1 and training beam 2 is less than the threshold, the

interval number of receiver AoDð1Þ
r will be Aðr,1Þ

qðoptÞ =
}00},

which is regarded as AðrÞ
qðoptÞ and the search is completed.

Table 1: Search models in different communication beam
scenarios.

M
2-GMCS

execution times
3-GMCS

execution times

M = 2,Q = 4 1 0

M = 3,Q = 8 0 1

M = 4,Q = 16 2 0

M > 2,Q = 2M M = 2nð Þ n 0

M > 4,Q = 2M M = 2n + 1ð Þ n − 1 1
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After the above two layers of search, the transmitter and
receiver can use the best communication beam to communi-

cate with AðtÞ
qðoptÞ, A

ðrÞ
qðoptÞ .

In order to facilitate the understanding of the proposed
fast search model based on Gray mapping, given a general
scenario, namely, Q = 2M (M is a positive integer), the pseu-
docode of the model is as follows.

4.4. Design of Target Beam. In order to design the training
beam required by this model, the design method of the tar-
get beam needs to be given. According to the above analysis,
only 2-GMCS and 3-GMCS are actually used, so only the
target beams in these two cases need to be designed. The tar-
get beam of 2-GMCS is firstly analyzed. Taking QQ16 as an
example, the coverage of the target beam of the 2-layer 2-
GMCS at each stage is given, as shown in Figure 9.

The format in Figure 9 is ½Cðm,nÞ,d�ℓ, where ½m, n� repre-
sents the coverage of different target beams in the interval.
The first bit represents target beam 1, and the second bit rep-
resents target beam 2; 0 represents no coverage, and 1 repre-
sents coverage. d represents ½m, n� the
number−90∘ + 4ðd − 1Þw +w,−90∘ + 4ðd − 1ÞW + 3W� of
times such a combination appears in this layer, and l repre-
sents the number of layers.

It can be seen by observation that in the ½BðrÞ
0 , BðrÞ

1 ,⋯,
BðrÞ
KðrÞ−1� layer, 2 target beams can divide the layer area into

D = 2l subintervals, the width of each subinterval is W = π/
D, and the subintervals of each layer will be equally divided
into 22 = 4 parts in the next layer. Therefore, the AoD range
covered by d target beam 1 of the l layer is −90∘ + 4ðd − 1Þ
w +w,−90∘ + 4ðd − 1ÞW + 2W�, and the AoD range covered

by d target beam 2 of the l layer is −90∘ + 4ðd − 1Þw +w,−
90∘ + 4ðd − 1ÞW + 3W�.

Then, taking log2Q as an example give the coverage of
the target beam of 3-GMCS at each stage, as shown in
Figure 6.

The format in Figure 10 is ½Cðx,y,zÞ,d�l, where ðx, y, zÞ rep-
resents the coverage of different target beams in the interval,
the first bit represents target beam 1, the second bit repre-
sents target beam 2, and the third bit represents target beam
3; 0 represents no coverage, 1 means coverage; d represents
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the number of times that the combination of ðx, y, zÞ
appears in the layer, and l represents the number of layers.

Therefore, in the ½BðrÞ
0 , BðrÞ

1 ,⋯,BðrÞ
KðrÞ−1� layer, 3 target

beams can divide the layer interval into D = 23l subintervals,
the width of each subinterval is W = π/D, and the subinter-
vals of each layer will be equally divided into 23 = 8 parts
in the next layer. The AoD covered by d target beam 1 of
the l layer includes two parts: −90∘ + 8ðd − 1ÞW +W,−90∘
+ 8ðd − 1ÞW + 3W�
and−90∘ + 8ðd − 1ÞW + 5W,−90∘ + 8ðd − 1ÞW + 7W�; the
AoD range covered by d target beam 2 of the l layer is 90∘
+ 8ðd − 1ÞW + 2W,−90∘ + 8ðd − 1ÞW + 6W�, and the AoD
range covered by d target beam 3 of the l layer
is90∘ + 8ðd − 1ÞW + 2W,−90∘ + 8ðd − 1ÞW + 6W�.

When generating 2-GMCS and 3-GMCS target beams, it
is only necessary to set the value of the AoD area covered by
each target beam to 1 and the value of 0 for the uncovered
AoD area. The beam response of the target beam is uni-
formly recorded as AFTB, which is expressed as

AFTB θð Þ = 1, θ ∈ α, β½ �
0, else

, ð7Þ

where ½α, β� represents the AoD area covered by the tar-
get beam.

For 2-GMCS and 3-GMCS, in addition to the above-
mentioned target beams, it is also necessary to design target
beams for each section of each layer to facilitate subsequent
omnidirectional pattern search. When designing, each target
beam only needs to cover an interval separately, that is, the
beam response is 1 only in this interval.

4.5. Search Model Based on Beam Overlap in 5G
Communication. The beam search model under 5G commu-
nication is studied. In order to make the model universal and
widely used, it is necessary to study the beam search model
under 5G communication. It should be pointed out that
since this paper is for single-user single data stream research,
Therefore, under 5G communication, only the strongest
path needs to be found for communication, instead of mul-
tiple paths [32].

The width of the training beam based on the hierarchical
search gradually narrows, and the path resolution capability
gradually increases. Since there are multiple paths in 5G
communication, if the original search model is still used
and searched layer by layer, there will be a great probability
of misjudgment. Taking 2-GMCS as an example briefly
explain the phenomenon of misjudgment due to the exis-
tence of multiple paths, as shown in Figure 11.

Assuming there are 5 paths, the relative strength of the
path is 7, 3, 6, 3, and 6, respectively (the relative strength
here is only to indicate the relative strength of the path
and has no actual physical meaning). In theory, the number
of the strongest path that should be found is 1, and the cor-
responding interval is “10.” However, since there are two
paths 1 and 2 in the range covered by training beam 1, there
are 3 paths 2, 3, and 4 in the range covered by training beam
2. During the search process, the paths within the coverage

of the training beam will overlap each other so that the
sum of the relative intensities of the single coverage area of
beam 1 is 7, the sum of the relative intensities of the overlap-
ping coverage areas of beams 1 and 2 is 3, and the sum of the
relative intensities of the separate coverage area of beam 2 is
9. It can be concluded that the interval number of the stron-
gest path at this stage is the interval covered by beam 2
alone, that is, “01” instead of “10,” which leads to
misjudgment.

In order to effectively distinguish multipath, it is neces-
sary to reduce the probability of misjudgment as much as
possible. The K subsearch model is adopted in the first layer,
that is, the entire interval is equally divided into K parts in
the first-layer transceivers, and a traversal search is per-
formed to determine the interval where the strongest energy
path is located. The larger the K , the stronger the resolution,
the lower the probability of misjudgment caused by multi-
path, and the higher the complexity of the search. Therefore,
considering comprehensively, let the number of partitions in
the first layer K be the smallest integer power of 2 not less
than the number of multipaths, where K is not less than
the number of multipaths to ensure resolution and K is an
integer power of 2. It is to ensure the execution of the subse-
quent search model. For example, if the number of multi-
paths is 5, an 8-point search model can be used, as shown
in Figure 12.

In the METIS (Mobile and Wireless Communications
Enablers for the Twenty-Twenty (2020) Information Soci-
ety) project established by the European Union in 2012,
based on extensive measurement activities and analysis,
computer simulation is combined to develop a new channel
model. The number of clusters in different scenarios in the
report is listed, as shown in Table 2.

The base station spacing in Umi (urban micro cell) is less
than 1 km, and the base station antenna is located at the
height of the roof. The distance between base stations in
Uma (urban macro cell) is about 3 km, and the base station
antenna is higher than the roof height. O2O (outdoor to out-
door) and O2I (outdoor to indoor) are two link topologies,
which are outdoor to outdoor and outdoor to indoor,
respectively. Therefore, refer to the data to design the appro-
priate K value for the first-level search.

After the K subsearch of the first layer is completed, the
misjudgment caused by multipath can be avoided with great
probability. Then, the search model in 5G communication
can be used for subsequent searches. In order to facilitate
the understanding of the proposed search model under 5G

Table 2: Number of clusters in the channel based on measurement
and research in 5G communication.

Urban micro
cell (Umi)

Urban macro
cell (Uma)

O2O O2I O2O O2I

Cluster minimum 16 12 20 12

Cluster maximum 25 12 20 12

Carrier frequency 0.45-63GHz 0.45-5GHz
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communication, the pseudocode of the model is given as
follows.

5. Simulation Results and Analysis

This paper considers a single transmitter. In a 5G communi-
cation with a single receiver, both the transmitter and the
receiver use 8 half-wave uniform antenna arrays, and use
the N (N = 16)-phase codebook to generate 16 communica-
tion beams. In 5G communication, the number of antennas
at the transceiver end is 16, and a 32-phase codebook is used
to generate 32 communication beams. The number of mul-
tipaths in the channel is 5, and the angles and strengths of
different paths are random. Using the S-V channel model,
AoDs at the transmitter and AoAs at the receiver are uni-
formly distributed on ½−π/2, π/2�. The carrier frequency of
the system is 28GHz, the bandwidth is 100MHz, and the
path loss factors in 5G communication and 5G communica-
tion are 1.73 and 3.83, respectively. In the simulation, AoDs
at the transmitting end and AoAs at the receiving end are
randomly generated to generate the corresponding channel
matrix. Then, the best communication beam pair is found
through beam search at the transceiver end. All simulation
results in this paper are the average value of 5000 random
channels.

5.1. Target Beam and Training Beam Simulation Results. For
the scenario of 8 antennas and 16 communication beams, a
two-stage 2-GMCS is used to design the training beam,
and the design result of a two-stage 2-BMCS is also given,
as shown in Figure 13.

For the target beams of the two models in Figure 13, the
solid line represents the generated training beam. The design
results of 2-BMCS are put on the ½−3π/2,−π/2� interval, and
both are in the ½−π/2, π/2� interval. The target beam and
training beam of the first stage, it can be seen that 2-
GMCS training beam 1 and training beam 2 and 2-BMCS
training beam 2 are the same, because the intervals covered
by these training beams are consistent, that is, the continu-
ous π/2 interval. The target beam 1 of the 2-BMCS has
two main lobes, and the training beam is not steep enough
at the edge of the main lobe. The target beam and training
beam of the second stage show that the 2-GMCS-based
training beam has a very good effect, the main lobe edge is
steep, and the side lobe energy is very low. The training
beam effect based on 2-BMCS is poor. The two main lobes
of the training beam 1 are asymmetric in the corresponding
coverage interval, and the side lobes have high energy, which
will affect the success rate of the beam search.

5.2. Search Success Rate. This paper gives two definitions of
the search success rate. The first is to find the optimal com-
munication beam, and the second is to find the optimal
communication beam or suboptimal communication beam.
In the simulation, through 5000 random simulations, the
communication beams searched each time are compared
with the actual optimal or suboptimal communication
beams to calculate the search success rate. In practical appli-
cations, for specific scenarios, the model requires a large
number of simulations to obtain the optimal threshold
range. Then, in the subsequent search of this scene, it can
be directly applied without setting the threshold again.

Input: Q, M. The initial search interval of the transceiver is AoDð0Þ
t Σ½−90∘, 90∘�, AoDð0Þ

t Σ½−90∘, 90∘�
1. if M = 2n (n is a positive integer) do
2. for i = 1 : n do

3. The transmitter transmits training beams 1 and 2 in sequence according to 2-GMCS in the corresponding AoDði−1Þ
t interval. The

receiver adopts the quasi-omnidirectional mode to receive in the AoAði−1Þ
r interval. The receiver compares the received power with

the threshold to find the stage Aðt,iÞ
qðoptÞ and feeds it back to the transmitter, and the transmitter updates the search interval AoDðiÞ

t

of the next stage

4. The transmitter transmits the same training beam twice along the AoDðiÞ
t direction, and the receiver uses training beams 1 and 2 to

receive within the range of AoAði−1Þ
r . The receiver finds the optimal receiving beam number Aðr,iÞ

qðoptÞ at this stage by comparing the

received power with the threshold and updates it to the search interval AoDi
r of the next stage

5. end for
6. else
7. Perform Step 3 and Step 4 ðn − 1Þ times in sequence, and the output is marked as ½α, β�, AoAðn−1Þ

r
8. The transmitter transmits training beams 1, 2, and 3 in sequence according to 3-GMCS in the corresponding AoDn−1

t interval. The

receiver adopts the quasi-omnidirectional mode to receive in the AoAr range. Meanwhile, the receiver finds this stage AðtÞ
qðoptÞ by com-

paring the received power with the threshold and feeds it back to the transmitter. The corresponding search interval is AoDn
t

9. The transmitter transmits the same training beam three times along the AoDn
t direction, and the receiver uses training beams 1, 2,

and 3 to receive within the range of AoDn−1
r . The receiver finds the optimal receiving beam number AðrÞ

qðoptÞ at this stage by comparing

the received power with the threshold and completes the search
10. end if

Output: AðtÞ
qðoptÞ, A

ðrÞ
qðoptÞ

Algorithm 1: The fast beam search model based on GMCS in the LoS scenario.
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Input: Q, M, Nray , the initial search interval of the transceiver AoDð0Þ
t ∈ ½−90∘, 90∘�

Output: AðtÞ
qðoptÞ, A

ðrÞ
qðoptÞ

1. Begin
2. The value of K is determined according to Nray , and a codebook based on K (K = 2m) score search is designed

3. The transceiver searches through all codebook combinations, and the receiver records the corresponding power. Through K2

searches, it is determined that the region of the strongest path corresponding to the transceiver is AoDð1Þ
t and AoAð1Þ

r

4. Algorithm 1 is executed to find AðtÞ
qðoptÞ and AðrÞ

qðoptÞ
5. End

Algorithm 2: The paper swarm hybrid precoding algorithm [33].
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The simulation results of the proposed model under 5G
communication are given. Assuming that the number of
antennas at the transceiver end is 8 and the number of com-
munication beams is 16, the entire search model is divided
into two-stage 2-GMCS (2-BMCS). The relationship
between the search success rate and the threshold of the
two coding models is given, as shown in Figure 10.

The horizontal axis represents the threshold, and the
vertical axis represents the search success rate of different
models. According to Figure 10, the following conclusions
can be drawn:

(1) Based on the GMCS and BMCS search models, the
search success rate under definition 2 is higher than
the search success rate under definition 1, and the
optimal threshold points under the two definitions
are not necessarily the same

(2) Under the two definitions, the GMCS-based search
success rate is close to 100%, which is much higher
than that of the BMCS-based search model. This is
caused by the excessive number of main lobes of
the BMCS training beam and the unsatisfactory
actual shape

(3) The search model based on BMCS is more suscepti-
ble to the influence of the threshold than the search
model based on GMCS. Because BMCS-based train-
ing beams are not symmetrical in the coverage inter-
val, multiple training beams will be affected when the
threshold changes

Furthermore, the thresholds of the two models are both
set as the optimal thresholds, and simulations are carried
out for 5000 times. Next, 80 simulations are taken out to
observe the search results of the two models, as shown in
Figure 15.

In Figure 15, the horizontal axis represents the simula-
tion serial number, which is randomly selected in all simula-
tions and then output according to the selected order. The
vertical axis represents the number of the communication
beam.

For the two models, when the searched point overlaps
with the blue box, it means that the optimal communication
beam has been found. The search model based on BMCS
seeks out 1, but no suitable communication beam is found.
It can also be seen from the figure that the success rate of
the BMCS-based search model is lower than that of the
GMCS-based search model.

Finally, the simulation results of the proposed model
under 5G communication are given. When searching, the
8-point search model is used to perform the first-level search
to avoid misjudgments caused by multipath as much as pos-
sible, and 2-GMCS (2-BMCS) is used for the second-level
search. The relationship between the search success rate
and the threshold of the two coding models is given, as
shown in Figure 16.

Comparing with Figure 11, it can be seen that the search
success rate of the two search models under 5G communica-
tion has dropped significantly. There are two reasons for this

phenomenon. On the one hand, the 8-point search model
cannot completely avoid the misjudgment phenomenon
caused by multipath, that is, there are still multiple paths
located in a training beam at the same time. According to
the simulation data, the misjudgment probability of 8-
point search is 10% on average. On the other hand, due to
the relatively large number of communication beams, the
width of the second-layer training beam is relatively narrow.
Therefore, the probability of obtaining the suboptimal
beams on the left and right sides of the optimal beam will
be greatly increased, which also makes the success rate of
the search model based on GMCS much higher than that
of the search model based on BMCS.

6. Conclusion

This paper mainly focuses on the beamforming technology
in the millimeter-wave Massive MIMO of the railway system
and considers the design of a low-complexity, approximately
optimal beamforming model for the railway system. In the
digital-analog hybrid architecture, the main research is the
hybrid precoding algorithm with decoupling of transceivers
and the hybrid precoding algorithm with transceivers, which
can provide a variety of compromise models between perfor-
mance and complexity. In the analog beamforming struc-
ture, a multilayer beam search model based on the main
lobe overlap of Gray mapping, which is suitable for single-
path and multipath scenarios, is proposed; it can obtain a
higher search success rate with the lowest complexity. The
proposed model provides a certain theoretical basis for the
application of beamforming technology in millimeter-wave
Massive MIMO systems. The algorithm in this paper needs
a certain amount of training data to achieve, but in practice,
the training data cannot be obtained directly, and it is diffi-
cult to measure artificially. The follow-up study can use
incremental SVM to evaluate each classification result and
add it to the training data, so as to achieve the goal of classi-
fication with a very small number of samples.
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