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With the rapid development of information technology, facing the problems and new challenges brought by mobile Internet
and Internet of things technology, as one of the key technologies of 5G, millimeter-wave mobile communication
(28/38/60/70GHz) which can realize gigabit (GB/s, or even higher) data transmission rate has also attracted extensive
attention of wireless researchers all over the world, it has quickly become a research hotspot in the field of wireless
communication. In the millimeter-wave massive MIMO downlink wireless sensor system, a block diagonal beamforming
algorithm based on the approximate inverse of Neumann series is improved to obtain complete digital beamforming.
Then, when designing hybrid beamforming, channel estimation and high-dimensional singular value decomposition are
required for traditional analog and digital hybrid beamforming. A low complexity hybrid beamforming scheme is designed.
An improved gradient projection algorithm is proposed in the design of analog beamforming, which can solve the
problem of high computational complexity and less damage to guarantee and rate. Simulation results show that the hybrid
beam terminal of the sensor reduces the number of RF links required for full digital beamforming and is as close to the
spectral efficiency performance of full digital beamforming as possible. The results show that the performance of the
designed hybrid beamforming scheme can still be close to that of the pure digital beamforming scheme without involving
channel estimation and SVD decomposition.

1. Introduction

With the development of mobile multimedia applications,
the improvement of end-user requirements, and the popu-
larity of devices, the demand of mobile communication ser-
vices for system data transmission rate and transmission
bandwidth is increasing day by day. On the one hand, the
current 100 megabit data rate provided by traditional cellu-
lar mobile networks and wireless LAN has been difficult to
meet the demand for higher rate of fast-growing application
services. In addition, with the development of mobile com-
munication technology and Internet of things technology,
the number of global mobile communication network equip-
ment and Internet of things equipment connections will also
increase exponentially in the future, reaching a scale of 100
billion [1]. On the other hand, at present, most of the spec-
trum resources in the low-frequency band (below 5GHz)
have been occupied by many mobile communication ser-

vices, including wireless LAN, multimedia communication,
satellite navigation communication, broadband mobile com-
munication, and wireless positioning services, which makes
the available and valuable spectrum resources increasingly
exhausted. Therefore, in order to meet the needs of future
mobile data growth, the fifth-generation mobile communi-
cation 5G system came into being. Researchers said that in
order to finally realize the 5G vision of “information comes
at will, everything touches and,” 5G system needs to have
higher performance compared with 4G system, and
millimeter-wave communication is one of the key technolo-
gies of the fifth-generation mobile communication technol-
ogy (5G), which has attracted extensive research and
attention. Because the millimeter-wave band has the charac-
teristics of high path loss and low penetration, millimeter-
wave communication needs to combine large-scale multiple
input multiple output (MIMO) technology [2], use large-
scale antenna array, and obtain strong gain through
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beamforming technology to resist high path loss and signal
attenuation. All digital beamforming requires the system to
provide the same number of RF links as the number of
antennas, which brings high cost and high power consump-
tion. In order to solve this problem, a hybrid beamforming
technology is proposed, which combines digital domain
and analog domain beamforming. Hybrid beamforming
combined with analog beamforming and baseband digital
beamforming can reduce the number of RF links required
for full digital beamforming and approach the spectral effi-
ciency performance of full digital beamforming as much as
possible, so it can effectively reduce the number of RF links
and reduce the complexity of the system.

At present, although there are many researches on
hybrid beamforming technology, it is still an open problem
to design the best hybrid beamforming algorithm suitable
for millimeter-wave communication [3]. The biggest disad-
vantage of millimeter wave is its very high propagation loss.
Due to the characteristics of the high-frequency wavelength
end, the propagation loss of millimeter wave in free space is
several dB more than that in the low-frequency band
(2.4GHz and 5GHz band) currently used (the propagation
loss in free space is directly proportional to the frequency
and inversely proportional to the wavelength). Therefore, it
is necessary to introduce beamforming technology and use
antenna array at the transmitter and receiver to obtain addi-
tional directional antenna gain. For the same size antenna,
the gain of directional antenna is much higher than that of
omnidirectional antenna used in a low-frequency communi-
cation system [4]. Therefore, the beamforming of directional
antenna can be used to compensate the excessive free space
propagation loss in millimeter-wave communication. In
addition, in the high-frequency band, millimeter-wave prop-
agation characteristics will also be affected by rain and gas.
The higher the rainfall rate, the greater the millimeter-
wave propagation loss. At the same time, due to the gas
absorption in the atmosphere, if the transmission distance
exceeds tens of meters, it will lead to considerable attenua-
tion at some frequencies of millimeter wave, such as
60GHz. In the millimeter-wave wireless communication
system, it is easy to configure and use more antenna units,
and the increase in the number of antennas means that the
traditional digital beamforming technology is still used,
which becomes unacceptable in cost and complexity [5].

Aiming at the above problems, focusing on the low com-
plexity partial connection architecture, this paper studies the
relationship between the number of RF links and energy effi-
ciency and spectral efficiency, focusing on the optimal num-
ber of RF links on the premise of ensuring the gain. Firstly,
this paper analyzes the relationship between energy effi-
ciency, spectral efficiency, and the number of RF links under
the partial connection architecture and then proves that
there is an optimal power point, namely, green point, on
the premise of considering the power of link devices. Sec-
ondly, the influence of link number on energy efficiency
under the condition of given spectral efficiency is analyzed.
Focusing on the beam training process of IEEE802.11ad
standard, the sector level scanning and beam optimization
process used in a millimeter-wave communication system

are described in detail, and the antenna beam state at the
sensing end in each stage is analyzed. Then, the link-level
simulation of IEEE802.11ad is carried out, the wireless sen-
sor simulation platform is built, and the simulation curve
is given for calibration. Aiming at the problem that the feed-
back overhead of millimeter hybrid beamforming receiver is
too large, a millimeter hybrid beamforming training feed-
back design scheme suitable for IEEE802.11ad is proposed
to effectively meet the beamforming training requirements
of the millimeter-wave communication system. The analysis
shows that when the spectral efficiency is determined, there
is an optimal number of RF links, which can make the sys-
tem obtain the best energy efficiency. Finally, the relation-
ship between the optimal energy efficiency and the number
of RF links is analyzed. The analysis results show that when
the number of RF links is not related to the number of
antennas in each subarray, the optimal energy efficiency
increases monotonically with the number of RF links.

2. Related Works

Recently, hybrid beamforming technology in millimeter-
wave communication has been widely studied. Kim et al.,
the wireless communication research center of Samsung
company, proposed a hybrid beamforming algorithm based
on the idea of equivalent channel [6]. The idea of the algo-
rithm is to select the optimal analog matrix through code-
book search according to the criterion of optimal capacity
to form a low-dimensional equivalent channel matrix, and
then, according to the equivalent channel matrix, the com-
mon linear precoding algorithm is used to solve the digital
beamforming matrix. Based on the idea of equivalent chan-
nel, Samsung and Huawei American research center further
proposed a multiuser MIMO hybrid beamforming strategy
[7]. This strategy is based on RF beam control vector and
realizes analog beamforming through beam search, which
has high implementation complexity. Subsequently, Liang
of the University of Victoria proposed a low complexity
multiuser hybrid beamforming algorithm directly based on
channel state information [8]. The algorithm obtains the
analog beamforming matrix by phase extraction of channel
state information and then performs low-dimensional digital
beamforming at the baseband based on the equivalent chan-
nel idea. Another classical hybrid beamforming algorithm is
proposed by Omar EI Ayach of the University of Texas. This
kind of algorithm is a spatial sparse hybrid beamforming
algorithm based on signal recovery [9]. It fully analyzes
and makes use of the sparse characteristics of millimeter
wave. According to the criterion of optimal capacity, the
original nonconvex optimization problem is transformed
into a suboptimal convex optimization problem through
matrix decomposition operation. A feasible optimization
algorithm orthogonal matching pursuit (OMP) algorithm
is provided to solve the digital beamforming matrix and ana-
log beamforming matrix based on the idea of signal recov-
ery. Singh and Ramakrishna further proposed a low
complexity hybrid beamforming algorithm based on a feasi-
ble codebook [10]. The algorithm uses the sparse character-
istics of millimeter-wave channel to concentrate the
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codebook space of analog beamforming into the dominant
direction beam set determined by channel departure angle
(AOD) and arrival angle (AOA), reducing the cardinality
of search space. At the same time, a low complexity algo-
rithm for estimating the angle of arrival of the receiver by
using the correlation of the received subarray signals is also
presented.

The basic idea of hybrid beamforming is as follows: at
the antenna end, based on the characteristics of millimeter
wave length, using large-scale antenna array and directional
beam can not only reduce the interference between users
and channels but also increase the signal strength and resist
attenuation. At present, the antenna technology in the low-
frequency band generally realizes beamforming in the digital
domain. In the millimeter-wave band, due to the increase of
the number of antennas, all digital beamforming cannot be
realized. Therefore, millimeter-wave beamforming is carried
out in both the digital domain and the analog domain. Gen-
erally, analog beamforming (ABF) is realized at the antenna
array, and digital beamforming (DBF) is implemented in the
baseband. Such beamforming technology is called
millimeter-wave hybrid beamforming (HBF) technology.
Reference [11] considered the hybrid beamforming design
in a broadband system with orthogonal frequency division
multiplexing and transformed the analog beamforming
design of frequency selective channel into that of flat fading
channel. Reference [12] uses the alternating minimization
algorithm based on coordinate descent to obtain mixed dig-
ital and analog beamforming and proves that it can obtain
the optimal performance under low-resolution phase shifter.
Under the multiuser channel model, Reference [13] uses a
hierarchical codebook training method to design hybrid
beamforming. However, the size of the codebook always
increases linearly or even exponentially with the number of
antennas, resulting in the complexity of analog beam search.
In Reference [14], we designed a two-layer alternating opti-
mized spectrum sharing framework based on the interfer-
ence alignment (IA) method. Reference [15] studies the
hybrid analog and digital beamforming design of the multi-
user millimeter-wave communication system based on the
minimum mean square error standard. In Reference [16],
the penalty double decomposition method is used to solve
the nonconvex hybrid beamforming problem of the
millimeter-wave multiuser MIMO system, which can ensure
the convergence of the PDD method. In Reference [17], con-
sidering the optimal user combination and power allocation,
the nonconvex constraint problem for hybrid beamforming
is transformed into a convex positive semidefinite problem.
The focus of the above research is to maximize the system
spectral efficiency in the design of hybrid beamforming in
millimeter-wave communication, but little attention is paid
to how to reduce the computational complexity of the
algorithm in the design of hybrid beamforming. In the
millimeter-wave massive MIMO downlink communication
system, a block diagonal beamforming algorithm based on
the approximate inverse of Neumann series is improved to
obtain complete digital beamforming, and then, the alter-
nating minimization algorithm is used as the main design
principle to determine the hybrid digital beamforming and

analog beamforming. In the design of analog beamform-
ing, an improved gradient projection algorithm is pro-
posed, which can solve the problem of high
computational complexity and less damage to guarantee
and rate.

3. Millimeter Hybrid Beam Sensor Terminal
Array Architecture

3.1. Hybrid Beam Sensor Terminal Wireless Channel Model.
Beamforming is to weight the signals on multiple antenna
reduction elements by feeding and then combine them to
form the required highly directional signals. From the per-
spective of antenna pattern, sample transportation is equiv-
alent to forming a directional beam and simulation
parameters was shown in Table 1. In practice, digital beam-
forming is used for beamforming [18], and each antenna is
connected with a radio frequency chain (RF chain), includ-
ing a mixer, power amplifier (PA), and phase shifter. The
amplitude and phase of the signal are controlled in the dig-
ital domain after the signal is converted into a digital signal
by an A/D converter. Moreover, due to the limitation of
antenna size and other factors, the number of antennas is
small, and there are not too many antennas on the equip-
ment, so the cost and overhead are not very large, as shown
in Figure 1.

Due to the high path loss characteristics of millimeter-
wave signals and the limited scattering characteristics of
millimeter-wave channels, existing studies [19] have used
geometric channel models to model millimeter-wave chan-
nels. Under this model, based on the unified linear array
(ULA), the discrete-time narrowband channel matrix H in
the system can be expressed as

H = 〠
Ncl

i=1
〠
Nray

l=1
γαiat

Har ϕið Þ θi,lð Þ, ð1Þ

where Ncl and Nray represent the number of scattering
clusters in the channel and the number of propagation mul-
tipaths in the cluster, respectively, αi,l, ϕi,l ∈ ½ϕi,min, ϕi,max�,
and θi,l ∈ ½θi,min, θi,max� represents the complex gain power
value, angle of arrival (AOA), and AOD angle of the lth mul-
tipath in the ith scattering cluster of the channel, respec-
tively, where ϕi,l ∈ ½ϕi,min, ϕi,max� and θi,l ∈ ½θi,min, θi,max�
represent the angular diffusion interval of AOA and AOD
angles of the ith scattering cluster, respectively, and Ejαi,l j2
= σ2i,α. γ is a constant so that constraint EkHk2F =NtNr holds

and satisfies γ = ðNtNrÞ1/2ðNray∑
Ncl
i=1σ

2
i,αÞ

−1/2
. Finally, atðθÞ

and arðϕÞ represent the antenna array response vectors of

Table 1: Simulation parameters.

Prf circuit P0 W N0 ηPA Channel gain

1W 1W 6 × 1010 Hz 10-17 dBm/Hz 0.375 -100 dB
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BS end and end user, respectively, and atðθÞ and arðϕÞ can
be expressed as

at θð Þ =N−1/2
t 1,⋯eikd Nt−1ð Þ sin θ

h iT
,

ar ϕð Þ =N−1/2
r 1,⋯eikd Nr−1ð Þ sin θ

h iT
,

ð2Þ

where k = 2π/λ and d = λ/2 represent the spacing
between antenna array elements and λ indicates the wave-
length of the signal.

Therefore, this paper also uses this channel model to
model the channel of each user, and the user channel matrix
h obtained by rewriting equation (1) can be expressed as

h = 〠
Ncl

i=1
〠
Nray

l=1
γα2i,lat

H θi,lð Þ: ð3Þ

In addition, during channel modeling based on the sce-
narios considered in this chapter, in order to better distin-
guish the primary cluster and secondary cluster space of
each user, it is assumed that the complex gain change power
of the primary cluster is much greater than that of all other
secondary clusters, that is, to meet the following require-
ments:

σi,a > >σj,a ∀j ∈ 1,⋯Nclf gð Þ: ð4Þ

3.2. Planar Array of Wireless Sensors. Planar array refers to
the arrangement of multiple array elements in the form of
rectangular grid to form a planar array [20]. In the rectangu-
lar coordinate system, the number of elements on the x-axis
is defined as M and the number of elements on the y-axis is
defined as N to obtain an M ×N-element two-dimensional
rectangular plane array. Compared with linear array, planar
array has a more control factor because it is a two-
dimensional antenna array, which makes it have more sym-
metrical pattern and lower side lobe. The schematic diagram
of a planar array is shown in Figure 2.

Suppose the spacing dx ofM array elements and its array
function f αðθ, φÞ. As shown in

f ax θ, φð Þ =〠Iml exp j m − 1ð Þ kdx sin θcosφ + ξxð Þ, ð5Þ

where I is the amplitude of the current on the x-axis and
is the initial phase of the current. Similarly, we can get

f ay θ, φð Þ =〠In exp j n − 1ð Þ kdy sin θ sin φ + ξy
� �

: ð6Þ

The matrix function of the M ×N-element planar array
is shown in

f a = 〠
M

m=1
Im exp j m − 1ð Þψx 〠

N

n=1
In exp j n − 1ð Þψy, ð7Þ

where ψx = kdxðsin θ cos φÞ + ξx and ψy = kdyðsin θ

cos φÞ + ξy.
The above formula shows that the matrix function of a

two-dimensional rectangular plane array is the product of
two one-dimensional matrix functions along the x-axis and
y-axis. If the amplitude of the current on the y-axis is pro-
portional to the amplitude of the current on the x-axis, the
current amplitude of the ðm, nÞ-th antenna element on the
planar array can be expressed as

Imn = Im1I1n: ð8Þ

It is further assumed that the amplitudes of the currents
of all elements in the array are equal (Imn = I0), so the nor-
malized array function is

F θ, φð Þ = sin M/2ð Þψxð Þ
M · sin ψx/2ð Þ ·

sin N/2ð Þψy

� �
N · sin ψy/2

� � , ð9Þ

where ψx = kdxðsin θ cos φÞ + ξx and ψy = kdyðsin θ

cos φÞ + ξy.
The cross-sectional direction of the plane array is shown

in Figure 3.
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Figure 1: Schematic diagram of digital beamforming receiver.
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3.3. Millimeter Hybrid Beamforming System Architecture.
Assuming that the number of data streams, radio fre-
quency (RF) links, and antennas are N and NM, in order
to cascade digital beamforming and analog beamforming,
Figure 4 shows the architecture of two hybrid beamform-
ing systems. There are N RF links and NM antennas in
each figure. The difference between the two architectures
is that in architecture (a), each RF link is connected to
all NM antennas, which is a fully connected architecture.
All data is first digitally beamformed, then processed by
each RF link, and then transmitted using all antenna ele-
ments. Each RF link in architecture (b) is only connected
with M antennas and only partially connected. Multi-
stream data is first digitally beamformed and then trans-
mitted to the analog beamforming module through a
dedicated RF link, and then, M antennas are used to form
a subantenna array to transmit signals. Obviously, the full

connection architecture is more complex than the partial
connection architecture, because the full connection archi-
tecture requires each RF link to be connected with all
antennas, and the signal must go through N2M signal pro-
cessing paths, while there are only NM partial connec-
tions. However, the beamforming gain that can be
achieved in partial connection architecture is small [21],
which is 1/N less than that can be obtained in full connec-
tion architecture. Smart antenna belongs to array antenna,
which is composed of multiple identical omnidirectional
antennas. The array structure can take many forms, and
the two-dimensional array is used in this paper. Because
the purpose of this paper is to reduce the number of dig-
ital links on the premise of ensuring the gain, this paper
focuses on some connection architectures.

Suppose there are N downlink users, and each user has
only a single antenna. Then, the received signal can be
expressed as y =HADs + n. Where H is the downlink chan-
nel, we assume that there are N downlink users and the
number of antennas is NM, so the dimension of downlink
channel is N ×NM, A is the analog beamforming matrix,
and the dimension is N ×NM. D is the digital beamforming
matrix, and the dimension is N ×N ; s is the data of N users,
and the dimension is N × 1; N is the noise vector. As shown
in Figure 4(a), the signal is transmitted to the NM antenna
after passing through the digital beamforming matrix D
and the analog beamforming matrix A in the baseband. Col-
umn i in matrix A is the weighting of the NM antenna to the
signal on the ith RF link. For the partial connection architec-
ture in Figure 4(b), the signal on each RF link can only be
transmitted to M antennas. Therefore, the form of analog
beamforming matrix A is different from the full connection
architecture, as shown in

Y =

H1

H2

⋮

HN

2
666664

3
777775

A1 ⋯ 0
⋮ ⋱ ⋮

0 ⋯ AN

2
664

3
775D

S1

S2

⋮

SN

2
666664

3
777775 + n, ð10Þ

where H is the downlink channel; Hi is the channel cor-
responding to the ith user, and the dimension is 1 ×NM; A
is the analog beamforming matrix; a represents the analog
beamforming matrix on the ith RF link, and the dimension
is M × 1.

3.4. Sensing Terminal Energy Efficiency and Spectrum
Efficiency. Referring to the partial connection architecture
in Figure 4(b), assuming that there are N users, theM anten-
nas on each subarray point to a user and ensure that there is
no interference before N users; the sum of the capacity of N
users can be expressed as

C = 2N ·W log2MηPAPW
−1N−1

0 , ð11Þ

where W is the bandwidth, P is the total power of
power amplifiers (PA) on a subarray, ηPA is the power
amplifier efficiency, and N0 is the noise density. Assuming

M
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𝜃

Figure 2: Schematic diagram of planar array antenna.
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that the channel gain is 1, the spectral efficiency (SE) of the
architecture is

ηSE = C ·W−1 = 2N log2MηPAPW
−1N−1

0 : ð12Þ

Accurate power models are needed to calculate energy
efficiency, but in actual use, different base stations have dif-
ferent types and are usually produced by different suppliers.
Therefore, the simplified power model adopted in this
paper is

Ptotal =NP0 + Pcommon +NMPrf circuit, ð13Þ

where Ptotal is the total power, NP is the power of N RF
links, and Pstatic is the basic power for normal operation of
the equipment, including the basic power NP0 describing N
RF links, the basic power Pcommon independent of the num-
ber of links, and the circuit power NMPrf circuit related to
the total number of antennas NM.

Therefore, the relationship between energy efficiency
(EE) and spectral efficiency is

ηEE = C · P−1
total = ηSE

N0N
MηPA

2ηSE/N − 1
� ��

+W−1 NP0 + Pcommon +NMPrf circuitð Þ
)−1

:

ð14Þ

In the hybrid beamforming architecture, in order to
save power as much as possible, we hope to find the best
working point of the system. The best working point can
be found on the EE-SE curve, also known as the green
point on the EE-SE curve. The basic idea is to optimize
the system parameters so that the maximum energy effi-
ciency (EE) can be obtained within the specified spectral
efficiency (SE) range.

4. Experiment and Analysis

4.1. Signal-to-Interference Noise Ratio and Spectral
Efficiency. This scheme is mainly evaluated by signal-to-
interference plus noise ratio (SINR) and spectral efficiency
(SE). After hybrid beamforming, the medium-term expected
user power of the output signal is

Pexpectation = FABFWDBFð ÞHa θ1ð Þs1 nð Þ�� ��: ð15Þ

The interfering user power in the output signal is

Pinterfere = FABFWDBFð ÞHn nð Þ�� ��: ð16Þ

The noise power in the output signal is

Pnoise = FABFWDBFð ÞHn nð Þ�� ��: ð17Þ
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Figure 4: Two hybrid beamforming architectures: (a) full connection; (b) partial architecture.
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The signal-to-interference noise ratio can be obtained
from (15) to (17):

SINR = Pexpectation Pinterfere + Pnoiseð Þ−1: ð18Þ

According to the signal-to-interference noise ratio, the
expression of spectral efficiency can be obtained as follows:

SE = log2 1 + SINRj j: ð19Þ

In the experiment, make the step size μ = 0:0001. The
output of the first stage is used as the input of the LMS adap-
tive algorithm. After the algorithm is executed, the conver-
gence of the error during the algorithm execution can be
observed through Figure 5. It shows that as the signal-to-
noise ratio (SNR) increases, the error convergence acceler-
ates; When SNR = 20 dB, 50 iterations can achieve conver-
gence. The classification accuracy expresses the similarity
between the test set and the classification set. The more sim-
ilar the classification accuracy is, the closer it is to 100%,
indicating that the more stable the whole system is, the lower
the energy level is. Experiments show that the smaller the
convergence error is, the closer the classification accuracy
is to 100%. That is, the longer the time, the less energy.

The signal-to-interference noise ratio and spectral effi-
ciency are shown in Figures 6(a) and 6(b), respectively. It
can be seen that the signal-to-interference noise ratio and
spectral efficiency increase with the increase of signal-to-
noise ratio. The SNR and spectral efficiency of the proposed
hybrid beamforming scheme are much higher than that of
pure analog beamforming and close to that of pure digital
beamforming.

4.2. Simulation Results and Analysis. In the simulation envi-
ronment, the settings are described as follows: the number
of transmitting antennas of the base station Nt = 128, the
number of receiving antennas of each user Nr = 32, the
number of users k = 4, the transmission angle and arrival

angle are evenly distributed within ½0, 2π�, and the
antenna interval of the base station D = λ/2. The data
stream of each user is Sr = 4, the data stream of the base
station is st = KSr , the total transmission power is P = K
Sr , and the scattering path between the base station and
each user is LK = 8.

Figure 7 shows the speed and performance comparison
between the block diagonal beamforming algorithm based
on singular value decomposition and the proposed algo-
rithm based on approximate inversion of Neumann series
for complete digital beamforming. As can be seen from
Figure 7, the sum rate of this algorithm is close to the algo-
rithm based on singular value decomposition. Because the
approximate inversion based on Neumann series is used
instead of singular value decomposition, it has lower compu-
tational complexity than the algorithm based on singular
value decomposition [22].

Figure 8 shows the user and rate conversion curve when
the number of RF links is 3-8 under the signal-to-noise ratio
RSN = 0 and RSN = 10dB. As can be seen from Figure 8, with
the increase of the number of RF links, the user and rate of
this algorithm continue to approach complete digital beam-
forming, and the performance of this algorithm is basically
the same as that of the MO algorithm [23].

4.3. Relationship between Optimal Energy Efficiency ηEE
∗ and

N of Sensor. Given the spectral efficiency (SE), whether N
M = L or N and M are independent of each other, there is
only one optimal number of RF links N ∗ to obtain the best
energy efficiency (EE). According to the existing analysis, it
is concluded that when only the changes of energy efficiency
(EE) and spectral efficiency (SE) are considered, there is only
one green point on the EE-SE curve. At the same time, for a
given spectral effect (SE), the optimal number of RF links N
is only one. However, the relationship between the optimal
energy efficiency point ηEE

∗ and the number of RF links N
is not clear. When the number of RF links N changes,
whether the optimal energy efficiency point ηEE

∗ obtained
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Figure 5: Error convergence.
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at the green point is really the optimal energy efficiency that
can be obtained.

When the spectral efficiency (SE) is given, the impact of
the number of digital links N on energy efficiency is shown
in Figure 9.

Because N andM must be integers, only (1,200), (2,100),
(4,50), (5,40), (8,25), and (10,20) are valid combinations of
ðN ,MÞ in the graph with NM = 200. We can see the
following:

(i) On each curve, there is an N value that can get the
highest energy efficiency (EE). For example, when

the value of SE is 20 b/s/Hz, the best N = 4; when
the value of SE is 12 b/s/Hz, the best N = 2

(ii) When the value of N is small, the energy efficiency
(EE) is more sensitive to the change of N . When
the value of N increases, the value of energy effi-
ciency (EE) is almost unchanged

When N andM are independent of each other, the effect
of N on energy efficiency (EE) is shown in the right figure in
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Figure 9. Where M = 40, other parameters remain
unchanged. Similar to the case of NM = 200, there is an opti-
mal N value on each curve. For example, when the value of
SE is 40 b/s/Hz, the best N = 5; when the value of SE is
16 b/s/Hz, the best N = 2. In particular, when N and M are
independent of each other, the energy efficiency (EE) is very
sensitive to N , and the energy efficiency (EE) first increases
and then decreases with the change of N value.

5. Conclusion

This paper analyzes the training process of millimeter hybrid
beamforming for 5G and analyzes the antenna beam state of
the transceiver in each stage. Then, the link level simulation
of 802.11ad is carried out, the simulation platform is built,
each module of the platform is described in detail, and the
simulation curve is given for calibration. At the same time,
the digital domain beamforming is verified. Then, through
the study of a cascaded hybrid beamforming architecture,
the effects of RF link number N and antenna number NM
on the performance of millimeter-wave wireless communi-
cation system are analyzed, including spectral efficiency
(SE) and energy efficiency (EE). Firstly, the relationship
between energy efficiency (EE), spectral efficiency (SE), and
RF link number N under partial connection architecture is
analyzed. It can be proved that there is an optimal power
point, namely, green point, on the premise of considering
the link device power. Secondly, the influence of link num-
ber N on energy efficiency under the condition of given
spectral efficiency (SE) is analyzed. The analysis shows that
when the spectral efficiency (SE) is determined, there is an
optimal RF link number N∗ which can make the system
obtain the best energy efficiency (EE). Finally, the optimal
energy efficiency is analyzed η. The results show that when
the number of RF links N is not related to the number of
antennas M in each subarray, ηEE

∗ increases monotonically
with N ; when NM = L, the optimal energy efficiency (EE)
can be obtained only when N meets certain conditions.
The conclusion of these relations can be used to guide the
design of millimeter-wave communication hybrid beam-
forming architecture to obtain better energy efficiency.

Compared with the traditional hybrid beamforming
technology, which needs high complexity operations such
as high-dimensional channel estimation and SVD decompo-
sition, this paper combines beam scanning and adaptive
algorithm to avoid high complexity operations such as chan-
nel estimation and SVD decomposition. In the first stage, the
analog domain beam scanning obtains the beam closest to
the desired user direction; the adaptive algorithm in the sec-
ond stage fine tunes the beam obtained in the first stage. The
simulation results show that when the number of RF links is
only 16, the beam pattern obtained by hybrid beamforming
can accurately point to the desired user and produce a deep
“null” in the direction of interfering users. In terms of signal-
to-interference noise ratio and spectral efficiency, the pro-
posed hybrid beamforming scheme can well approach pure
digital beamforming.
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