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Abstract: With the densification of Internet of Things (IoT), the IoT application will benefit a lot from a
wide range of unused bandwidths Millimeter wave (mm wave) frequencies. Through the general theoretical
background, this paper puts forward several conventional beamforming algorithms in the mm wave environment,
and analyzes the feasibility of these algorithms based on resolution by simulation. It is found that considering the
position deviation of the virtual antenna array in M2M communication, the main lobe of the CBF, MVDR, LMS,
MUSIC algorithm obtains the maximum value in the DOA, while the beam pattern of the CBF, MVDR, LMS
algorithms have a large deviation from the directions except DOA. The beam pattern of MUSIC algorithm is
almost the same as the expected response of the uniform array. The simulation results show that MUSIC
algorithm can be used in the mm wave environment of high-performance IoT communication.
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1. Introduction

The Peak data rates, network capacity, and coverage areas are steadily increasing, mobile communication
data traffic showed an exponential growth trend. The spectrum resources of microwave under 3GHz is
increasingly scarce, it will eventually be unable to meet the growing high-speed transmission needs. Mm wave
frequency band 30-300 GHz has a very rich spectrum resources, the development of mm wave broadband
wireless communications has strategic significance. The short wavelength of mm wave can realize the integration
of antenna arrays in mm wave communication system to facilitate the hot spot area-intensive base station layout.
However, due to its short wavelength will bring serious path loss, beamforming becomes a compensation path
loss and strategies for improving transmission quality [1].

The coming service and application environment for the next decade will include smart cities and related
applications, wearable computing, smart and telemedicine and education, and security and lifeline systems. The
IoT will be the foundation for building these services [2]. At the end of 2014, there were 2.9 billion Internet
users and 7.4 billion mobile connections. The number of M2M connections is expected to increase to 3.2 billion
By 2019, reaching a compound annual growth rate of 45% [3]. The network capacity and throughput
requirements from beyond Four-Generation (B4G) mobile systems are difficult to achieve in the highly
congested 6-GHz band. The addition of billions of new M2M links is also unbearable. However, densification of
the device results in a shorter transmission distance, thus creating a suitable environment for the use of higher
frequency bands, while greater path loss is traditionally used to prevent general communication. The IoT
application will benefit from a wide range of unused bandwidths mm wave frequencies, extending from 30 GHz
to 300 GHz. Mm wave communications system has clear vision to be used in the environment of IoT [4-6].

Many nodes in the IoT cooperate to form a large antenna array, thus greatly improving the transmission range
and data rate. Beamforming is the process of combining signals from different elements to form a single output
of the sensor array. Many studies have shown that when the antenna array is properly configured, it can both
improve channel capacity and extend coverage, as well as reduce multipath fading and bit error rate (BER). The
antenna gain is proportional to the number of elements, so the peak power density of the main beam can be
several orders of magnitude higher than a single sensor. Another useful feature of an antenna array is that it can
perform temporal filtering, suppressing potentially interfering signals in the directions except the desired
directions. This feature can be easily implemented using zero techniques [7]. In summary, in view of these
advantages, beamforming can achieve the goal of building an efficient [oT.

Some beamforming algorithms have been successfully applied in traditional antenna arrays. However, these
algorithms that calculate the weights of the array elements cannot be directly applied to IoT because of
significant differences between the IoT and conventional arrays. For example, a phased array in a radar is
permanently mounted at a fixed location, i.e., the position of the element is fixed. However, nodes in IoT are
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usually deployed at random, and their relative positions are not predetermined. Since this random configuration
has a position deviation compared to an equidistant array, this will degrade the performance of the array.

This paper puts forward several conventional beamforming algorithms in the mm wave environment, and
analyzes the feasibility of these algorithms based on resolution by simulation. It is found that considering the
position deviation of the virtual antenna array in M2M communication, the main lobe of the CBF, MVDR, LMS,
MUSIC algorithm obtains the maximum value in the DOA, while the beam pattern of the CBF, MVDR, LMS
algorithms have a large deviation from the directions except DOA. The beam pattern of MUSIC algorithm is
almost the same as the expected response of the uniform array. The simulation results show that MUSIC
algorithm can be used in the mm wave environment of high-performance IoT communication.

2. Beam pattern simulation

2.1 Model establishment

With the development of micro-electro-mechanical systems (MEMS) technology, it is becoming easier to
manufacture sensors which have high signal processing and communication capabilities, and they are small in
size and cheap. These sensor nodes are deployed in the location of interest and are used to collect, process and
transmit information. However, the implementation of an effective sensor network still faces many challenges,
such as node power consumption, node controllable deployment, resource location, self-organization and so on.

The Process of Approximating Uniform Linear Array by 10 Array Random Array
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Figure 1. The diagram of the IoT Figure 2. The process of a series of nodes

approximate the uniform linear array

The application scenario depicted in Figure 1 is used in this paper. The space Cartesian coordinate system
Oxyz represents a three-dimensional space. A set of sensor nodes are deployed at locations of interest to obtain
the desired information, which may be any representation of the signal (sound, video, etc.). The control node
establishes a connection with the sensor network above the sensor area to obtain the collected data. According to
some geometric criteria, a central node (cluster head) tries to find a set of nodes whose topology is uniform
linear or planar array. On the premise that only the distance between nodes is available, some algorithms try to
find the optimal sensor subset which minimizes the average position deviation [8]. In Figure 1, &, and @, are the

elevation and azimuth of the transmitted signals of the control node, respectively, which subject to
0'<6,<90,0<¢g <360 .Figure 2 illustrates this process, in which a series of sensor nodes approximately

forms a uniform linear array with an interval of A/2, and A is the incident signal wavelength. After finding the
best set of nodes, some beamforming schemes are applied to obtain the weighting coefficients.

2.2 Beamforming algorithms

It is well-known that the basic beamforming algorithms include cbf, mvdr, lms, rls, music, etc., and there are
many improved algorithms based on these algorithms. This paper focuses on these four basic algorithms, CBF,
MVDR, LMS and MUSIC. The CBF is simple to implement, but it has low angular resolution. MVDR is a
classic beamforming algorithm, and it can also be used to estimate DOA, but its resolution is relatively low. The
calculation of LMS algorithm is small, but it requires training sequences, and convergence is slow. MUSIC
algorithm has a universal applicability and a high resolution, but it cannot distinguish the strong correlation
signal. Next, we introduce the implementation of these algorithms, considering the impact of the Internet of
Things in mm wave environment.
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2.2.1 CBF algorithm
The beamformer is an extension of the conventional beamformer, but it takes into account random position

deviation. In this method, for a uniform linear array, the weight w is selected to match the steering vector a(6)),
and the maximum gain of the main lobe is obtained in the direction of the DOA §, . If the steering vector

—_— . . . . . . T
a(go) - I:l e j27x,/ Asin 6, e Jj271x3/ Asin 6, e ‘/annMsmg(,] (1)

The received signal is X = [x1 ® x, (1) ... x, (t)]T, where (D)T represents the transpose of the vector (D),
n denotes the number of elements.

Then w= Té’o) . The amplitude of each element of the weight vector is 1, and the phase is the same as the
corresponding element of the steering vector. As a result, the array responds

—_H —
F. () =w Ra(6) 2)
The covariance matrix R = F [XX " J , Where (D)H represents the conjugate transpose of the vector (D) , and

the maximum value of F_,.(8) is in the DOA 6.

The distance x1, x2, ... , xn between the element and the reference node is not a multiple of the ideal
distance A/2 due to the position deviation in the sensor array. However, the selected weight vector can still be
matched to the steering vector in the DOA 6, . In the sensor network, this implementation is very simple, in order
to simplify the problem, make the following assumptions:

1) Each node can accurately calculate the distance from the reference node location.

2) For the hierarchical structure of the cluster, the relative position of the node and the cluster head is
decentralized.

3) The desired direction of the input signal to the central node is known.

These assumptions also apply to other algorithms.

2.2.2 MVDR algorithm
MVDR is an adaptive beamforming algorithm based on the maximum signal-to-interference-to-noise ratio

(SINR) criterion. In this method, the steering vector a(8,), the received signal X , covariance matrix R are the
same as the above. The weight vector

w=uR"a(8) (3)

1

— (D)_1 represents the inverse of the matrix (D) . As a result, the array responds is
a(8,) R_la(eo)

Where (=

—_H ——
Frypp(0) =w a(6) 4)
And the maximum value of F,,,,(6) is in the DOA 6, .

2.2.3 LMS algorithm
LMS algorithm has the characteristics of low computational complexity and good convergence, and is the

most widely used adaptive algorithm. In this method, the steering vector a(f,) , the received signal X,
covariance matrix R are the same as the above. The expected response is d (k). The iterative formula of weight

vector is

wik +1) = w(k) + ux(k)e(k) (%)
Where 4 is the step size parameter, which subject to 0 < {/ <¢r(R), where tr(D) represents the trace of

the matrix (D) . % represents the instantaneous error between the array output and the expected response
dk).

- -

e(k) =d(k)—w(k) x(k) (6)

And the array responds can be expressed as
—_H ——
Flus(@)=w a(6) 7

2.2.4 MUSIC algorithm

The MUSIC algorithm is a method based on matrix feature space decomposition. The observation space of
signal processing is decomposed into signal subspace U, and noise subspace U, by the following equation

R=US U/ +UZ,U" (8)
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After the eigen-decomposition of R , k larger eigenvalues constitute diagonal matrix % , the
corresponding eigenvectors constitute the signal subspace Uy, k is the number of signals, the rest eigenvalues
constitute diagonal matrix U, ,and the corresponding eigenvectors constitute the signal subspace U, .

And it is clear that these two spaces are orthogonal. The MUSIC algorithm utilizes the orthogonality between
the two complementary spaces to estimate the azimuth of the spatial signal. MUSIC algorithm greatly improves
the direction of the resolution, while adapting to any shape of the antenna array. The array responds can be
expressed as

[T, R — ©)
(@' U,U," a(6)

3. Simulation and results

The array element spacing is generally set to A/2 in the uniform linear array, so the position deviation is set
to be 0.44/2 in the simulations, which is large enough and the actual position of the sensor node is closer to the
corresponding node in the uniform linear array. The DOA of the expected signal is 6, = 0. The graph is the

average beam pattern after 50 times simulation. Figure 3, Figure 4 and Figure 5 show that, when using CBF,
MVDR and LMS algorithms ,the main lobes of the beam patterns in the DOA g, get the maximum, the same as

the maximum value of uniform linear array (ideal). However, the beam pattern indicates a large deviation from
the other directions. That is, the performance of the array approaches the uniform linear array in the vicinity of
the DOA direction, but the performance degrades significantly in other directions.

Figure 6 shows the main lobe of the beam pattern in the DOA 6, get the maximum. The beam pattern of

MUSIC algorithm indicates a slight deviation from other directions. That is, the performance of the array
approaches the uniform linear array in the vicinity of the DOA, and the performance degrades a little in other
directions.

Figure 7 compares different beamforming algorithms for a 10 x 1 linear array with a position deviation
0f0.44/2 . Because CBF algorithm is ideal, so just three algorithms, MVDR, LMS and MUSIC, are compared.
It is clear to see from the figure that the MUSIC algorithm has the best resolution when there is a position
deviation, followed by the MVDR algorithm, and the LMS algorithm suffers the biggest performance loss. The
reason is that, using MUSIC algorithm to determine the weight can indeed eliminate the impact of position
deviation.

In summary, MUSIC algorithm is a good choice when we put the IoT into the mm wave environment to
realize high-performance communication using beamforming.

Normalized Spatial Spectrum(dB)
Normalized Spatial Spectrum(dB)
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Figure 3. Comparison of beam patterns for a 10 x 1 Figure 4. Comparison of beam patterns for a 10 x 1
linear array with position deviation and 10 x 1 linear array with position deviation and 10 x 1
uniform linear array using CBF algorithm uniform linear array using MVDR algorithm
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Figure 5. Comparison of beam patterns for a 10 x 1 Figure 6. Comparison of beam patterns for a 10 x 1
linear array with position deviation and 10 x 1 linear array with position deviation and 10 x 1
uniform linear array using LMS algorithm uniform linear array using MUSIC algorithm
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Figure 7. Comparison of different beamforming algorithms for a 10 x 1 linear array with a position deviation
0f0.41/2

4. Conclusion

According to the general theoretical background of the IoT, this paper presents several conventional
beamforming algorithms in the mm wave environment, and analyzes the feasibility of these algorithms based on
resolution by simulation. Because the beam pattern of the CBF, MVDR and LMS algorithms have a large

deviation from directions except DOA, so they are no longer applicable in the mm wave environment for the IoT.

The MUSIC algorithm achieves almost the same response of the uniform linear array, so it can be used as the
basic beamforming algorithm in the mm wave environment.

In traditional arrays, beamforming is performed by a single processor, and all information is collected in a
central processing node responsible for solving the beamforming problem. In the IoT environment, because a
single node takes on the whole arduous computing task, if the node fails, the beamforming problem must be
solved once more. Therefore, by improving the algorithm to effectively distribute the processing burden in the
entire 10T to reduce the average power consumption of nodes and improve the robustness of the network, further
research is needed.
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