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Abstract 
In order to study smart antenna systems, firstly, the background and the 

development status of smart antennas are introduced. Then the basics of smart 

antenna array antenna and the advantages of smart antenna are discussed. 

After that, the estimated Multiple-Input Multiple-Output (MIMO) smart 

antenna transmission signal wave arrival orientation is considered. Finally, I 

simulate some experiments with direction of arrival (DOA) and bit error rate 

(BER) to analyze  some factors showing the influence of DOA. 

        The spectral efficientcy for MIMO is always better than SISO. This comes 

at a cost of increased complexity both for hardware (antennas) and signal 

processing. For a specific MIMO system, it is shown that the bit error rate 

(BER) is decreasing with a decreasing DOA. Finally the MUSIC algorithm, 

the most common method to estimate the DOA, is simulated. This algorithm 

may be helpful in extracting information from signals in a multipath 

environment. 

                Keywords: MIMO, BER, SNR, DOA, smart antennas 
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1. Introduction 

Nowadays, in the developing world, technological progress is rapidly 

growing. Third-generation (3G) wireless communication has made great 

strides forward to fourth-generation (4G) communications. The number of 

users of mobile phones and other basic communications tools has been very 

large. With the rise of data traffic and multimedia communications services 

business, the fourth generation of mobile communication has begun to enter 

the field, and we have reason to expect that this mobile communication 

technology will be popular in the future. 

4G communication technology did not break away from traditional 

communication technologies. It was based on the traditional communications 

technology, such as Global System for Mobile Communication (GSM) and 

3G using some of the new communication technologies to continuously 

improve the network efficiency and the functionality of wireless 

communications. Because the number of mobile users continues to grow, how 

to solve the spectrum resource constraints, how to solve all kinds of 

interference suppression and how to improve communication quality service 

have become serious questions. To this end, people have proposed a series of 

solutions. For example, taking cellular technology, frequency hopping 

technology, efficient coding techniques and power control techniques lead 

into the communication-intensive areas. The problems of current mobile 

communication systems such as short communication distance, small channel 

capacity and poor stability cannot be completely eradicated, although a variety 

of new technologies could solve part of the problems. However, using smart 

antennas to solve all these problems is a recent development, facilitated by 

increased signal processing capacity.  

1.1 Research background and significance 

          In 1897, M.G. Marconi used a fixed launch pad to communicate with a tug 

which was 18 sea miles apart from the pad, which lead to a wireless 

communication technology. Nowadays, GSM is the main communication 

technology in the world covering more than 85% of the global mobile 

market. [1] GSM is sometimes referred to as 2G. Mobile phones, smart 

phones are more like a small portable computer, which can easily achieve 

personal information management and access to stocks, news, weather, 

traffic, goods information, applications, downloads, music downloads and so 

on by mobile communication networks.  

           In the 21
st
 century, wireless communications developed with increased 

speed and people care more and more about the high quality of service of 

wireless communications. Existing legacy single-antenna transceiver system 

appear to be stretched in the problem of wireless communication system 

capacity and security, but 4G MIMO smart antenna gives a new direction to 

solve these problems. MIMO smart antenna increases bandwidth and 

transmitter power through propagation characteristics of multiple radio 

channels, which greatly improves system capacity and security. [2] 
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  Smart antennas are also called adaptive antennas. Correlation of signal 

carrier channel is used to overcome the multiple access interference (MAI) 

and multipath fading, which is an essential difference between traditional 

antennas and MIMO antennas. 
          Smart antenna research was initially proposed when spectrum resources 

were decreasing and demand was increasing every day. Existing single-

antenna systems were unable to meet the requirements. MIMO smart antenna 

technology communications systems are more advanced and solve that 

problem. [3] 

          A smart antenna system is different from the traditional antenna not only 

in the basic theory and core technology, but in the system design, the device 

configuration is also different. Currently three operators have gradually 

begun to use smart antennas to replace legacy antennas in the existing 

wireless communication network to improve their level of communication 

services and actively seize opportunities in the communications competition.   

1.2 Current research and development status  

          Currently, MIMO technology in standards of mobile communication has 

passed the review of the ITU (International Telecommunication Union) and 

the 3rd Generation Partnership Project (3GPP). [4] For the benefits of 3G 

brought by MIMO technology, data traffic services, systems Key 

Performance Indicator (KPI) indicators and spectrum efficiency have been 

significantly improved. So whether it is 3G or B3G, MIMO technology is 

regarded as the preferred mainstream design philosophy, which greatly 

improves the transmission performance of the communication system. 

MIMO smart antenna technology has significant advantages compared 

with the single antenna in communication distance, channel capacity and 

reliability. Therefore, wireless local area network (LAN) and mobile phone 

equipment manufacturers like to use MIMO technology in their productions 

of equipment. In the section of wireless LAN, the IEEE established in 1999 

the 802.16 Working Group which is investigating MIMO and OFDM 

(orthogonal frequency division multiplexing) technology; it has released the 

802.16, 802.16a, 802.16d and 802.16e series standards. Currently, the 

communication distance of IEEE802.16 family of chips is up to 50km and its 

rate of data transfer is up to 75Mbps which basically meets the performance 

requirements of a communication network. [5] This is only a brief review of 

MIMO wireless communication technology in the application.  
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2. Overview of antennas 

An antenna is a converter. It converts the guided-wave propagated on a 

transmission line into electromagnetic waves propagated in an unbounded 

medium, or the reverse transformation. In 1894, Popov created the first radio 

receiver in the world. After nearly a century of research, antenna technology 

is widely used in modern communication equipment systems. The main 

research and development of the antenna is toward small size, wide 

bandwidth, working in multiband. [6] 

Normally, we divide the antenna into receiving antenna and transmitting 

antenna. According to the different situations, antennas will be divided into 

communication antennas, radio antennas, TV antennas and military antennas. 

Depending on directional coverage, they will be divided into omni-

directional antennas and directional antennas.  

2.1 Traditional antenna 

The traditional antenna is a device which receives or transmits 

electromagnetic waves. When high-frequency current flows through the 

antenna conductor, an electromagnetic field will be formed. Depending on 

the position of the radiation field, it is divided into near, middle and far field. 

The electric field in the near field is directly related to the current and 

voltage in a conductor. However, they do not have relationship in the far 

field. A transmitting antenna uses this characteristic of radiation field to 

radiate the signal to the desired user. [7]     

2.2 Performance index of antenna 

2.2.1 Antenna gain 

The gain of an antenna reflects the overall performance of the antenna 

system. It depends on the selection between omnidirectional antenna and 

half wave dipole antenna. Full or half-wave transmitters are transmitters 

which have the same radiation power in all directions within the coverage 

area. The difference between these is the different coverage area. 

Gain characteristics: 

1. The antenna is a passive device. There is no energy in itself. Energy can 

only be radiated  to a certain fixed direction, or it only receives the 

electromagnetic waves of the certain fixed direction. 

2. Antenna gain is defined as the power density ratio of the signals 

between the actual and ideal isotropic antennas. The gain is proportional 

to the length of the antenna squared.[8] 

 

2.2.2 Pattern 

Radiation characteristics of the antenna are the field strength, phase and 

polarization. The pattern of an antenna shows radiated electromagnetic 

fields as function of spatial coordinates. The pattern which shows the 

variation between the antenna field and position coordinate in the two-
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dimensional polar coordinates is called the power pattern. The pattern 

which shows the variation between the antenna phase and position 

coordinates in the two-dimensional polar coordinates is called the phase 

pattern. In the pattern, the radiation lobe containing the desired direction of 

maximum radiation is called the antenna main lobe, also called antenna 

beam. In addition to the main lobe, there is also the side lobe. In figure 2.1, 

the side lobe on the contrary direction of the main lobe is called back lobe. 

[9] 

 
Figure 2.1 Typical polar radiation plot for directional antenna. [Source: Wikipedia] 

 

2.2.3 Polarization 

The polarization describes the properties of the vibration direction of the 

electric field vector. Generally, the polarization direction of the 

electromagnetic wave is a space vector pointing in the maximum radiation 

direction.  

The stable electromagnetic wave at any time on the direction of field is 

called the linearly polarized wave. The wave which is 180 degrees between 

the electric field vector direction and the ground is called a horizontally 

polarized wave. The wave which is 90 degrees with the ground is called the 

vertically polarized wave.  Polarization plane is formed by the electric field 

vector and the direction of radiation. However, the polarization direction of 

the electromagnetic waves will change with changes in the surrounding 

environment. The trajectory of the electric field vector of the circularly 

polarized wave is a circle in the two-dimensional polar coordinates. If the 

trajectory is an ellipse, it called elliptically polarized wave. Circularly 

polarized waves and elliptically polarized waves have linear coherence. 

Under certain conditions, the two waves which are circularly polarized 

waves or elliptically polarized waves can be synthesized in mutually 

perpendicular linear correlation. [10] 

 

2.2.4 Typical  antennas 

1) Directional antennas 

Directional antennas are commonly used for the situation of long 

communication distance, small coverage, big density of target and high 

frequency utilization in communication systems. Increasing the effective 

utilization of radiated power in transmitting side and increasing signal 
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strength in receiving side are the main purposes of using directional receiving 

antenna. Yagi-Uda antenna in Figure 2.2 is one of the most common 

directional antennas. It has better directionality and gain of antennas than 

other directional antennas. [11] 

 
Figure 2.2 A three-element Yagi-Uda antenna used for amateur radio. (Source: 

Wikipedia) 

2) Indoor ceiling antennas 

   Indoor ceiling antennas are usually installed in the top of the wall to mainly 

cover indoor subscribers. It is mainly used in venues, hotels, office buildings, 

theaters and residential buildings.  

 
Figure 2.3 An indoor ceiling antenna. (Source: Wikipedia) 

 

2.2.5 GSM/3G antennas 

1) Monopole antennas 

     Monopole antennas are commonly used in the mobile communication 

terminal. It has good impedance characteristics and the radiation 

characteristics. For monopole antennas, its effective height characterizes the 

strength of the radiation.  The height of monopole antennas is generally less 

than a quarter wavelength. If the radiation resistance in monopole antennas is 

only a few ohms, good radiation efficiency can be ensured. 
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Figure 2.4 Monopole antenna (Source: Wikipedia) 

 

2) Primary cellular antenna 

   The primary cellular antenna is the primary communication antenna in the 

smartphone, thus it is extremely important. The primary cellular antenna will 

typically have a low band (about 700 to 960 MHz) and a high band (about 1710 

to 2700 MHz) for support of several band ranges. 
1
 

 
Figure 2.5 Example of the layout of a cellular antenna for the user terminal. The antenna is 

integrated on a PCB as a copper layer pattern. The cellular antenna of smartphone. 

                                                 
1
  GSM (2G): GSM850 (824-894 MHz), GSM900 (890-960), DCS (1710-1880 

MHz), PCS (1850-1990). 

Universal Mobile Telecommunications System (UMTS-3G): Band 5 (824-894), 

Band 8 (890-960), Band 4 (1710-1880), Band 2 (1850-1990), Band 1 (1922-2170). 

 Long-Term Evolution (LTE-4G):  Band 17 (704-746), Band 13 (746-790), Band 

5, Band 8, Band 4, Band 2, Band 1, Band 7 (2500-2690). 
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2.3 Signal diversity 

1) Frequency diversity 

   Frequency diversity is that the transmission side uses a plurality of 

different frequency bands to transmit a signal; the receiving side selected the 

appropriate diversity combining method. It will use the signal received from 

different frequencies to combine diversity, thereby obtaining frequency 

diversity gain. In the conventional mobile communication system, the 

frequency domain diversity scheme is generally not used directly, because it 

will consume excessive frequency resources, when the coherence bandwidth 

is very large. 

2) Time domain diversity 

Time domain diversity is that the transmission side uses a plurality of 

different time slots to transmit the same signal; the receiving side selects the 

appropriate diversity combining method which combines the signal received 

from different time slots to obtain a time-domain diversity gain.  

3)  Spatial diversity 

          Spatial diversity is also called antenna diversity. It uses a plurality of 

receive antennas to receive the signals and they are merged. The distance 

between the antennas must be sufficiently large to ensure that the received 

signals is not correlated. In the ideal situation, the distance between the 

receiving antennas is half the wavelength λ. [12] 

2.4 Smart antenna 

2.4.1 Introduction 

The term smart antenna can be used to describe different antenna systems, 

such as beamforming antennas and MIMO systems. Adaptive antennas use 

adaptive algorithm. The pattern has an infinite number and adjusts over time. 

It changed with the variation signal and the interference. Adaptive antenna 

technology is one of the most advanced smart antennas. It used digital signal 

processing techniques and a variety of new signal processing algorithms 

which can effectively track and lock various signal types to identify the 

direction of signal arrival of user. Then it formed the antenna main beam in 

this direction which dynamically  suppressed interference to the minimum 

while the desired signal maximum.      

The systems of switched-beam antennas and adaptive antennas 

beamforming are both based on the position of users to increase the gain, but 

only the adaptive antenna system can provide optimize gain. The advantages 

of adaptive antenna array system are relatively simple algorithm and can get 

the maximum interference ratio of signal. Adaptive antenna array focuses on 

signal environment analysis and real-time optimization of the right set, but 

dynamic response speed is relatively slow. Adaptive antenna arrays are 

typically using 4-16 antenna element. Element spacing is half a wavelength. 

The most common distributed methods of antenna array elements are 

uniform circular array (UCA), uniform linear array (ULA) and planar array. 
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Switched-beam antenna has limited number of fixed and predefined 

pattern. Its antenna system may be formed of a plurality of fixed beams to 

improve the sensitivity in a particular direction. Compared with the adaptive 

smart antenna, smart antennas with fixed beam shape do not need iteration. It 

has fast response speed, but the requirement to the antenna unit and the 

channel is high. And the user signal is not necessary in the center of the 

beam. When the user is in the edge of the beam or the interference signal is 

located in the central beam, the reception is the worst, so multi-beam antenna 

cannot achieve optimal signal reception. It is generally only used as a 

receiving antenna. 

The smart antenna is a relatively complex type of antenna system. 

According to the feedback information from the desired user, it will 

alternatively make the main lobe to cover the prospective desired user. The 

side lobes are used to eliminate the interference signal. In this way, it saves 

resources and eliminates interference.  

The workflow of smart antennas is shown in Figure 2.6. By receiving the 

information from the desired users’ feedback signal and getting the 

transmitted frequency valuation of this information and direction of the 

signal wave, the uplink signal wave will be beam-forming to enhanced 

concentration of covering.  

The smart antenna array is an implementation of spatial diversity. A row 

of low gain antennas in the same orientation and the same polarization are 

arranged in a certain way. It generates strong directional pattern by using the 

principle of wave interference. 

           Smart antenna arrays include: linear array, planar array, three-

dimensional array, uniform linear array and uniform circular array. [17] 

Smart antennas include adaptive antenna and switched beam antennas. 

Smart Antenna uses space division multiple access (SDMA) technology 

which uses a    plurality of antenna unit space orthogonally and the 

difference in the signal transmission direction to separate with the signals of 

the same frequency, gap and code channel. This maximizes the use of 

limited channel resources.  

Compared with the traditional base station without the smart antenna, the 

part of the radio consists of a plurality of array antenna and a transceiver unit 

on the hardware, but the hardware of the baseband signal processing section 

is basically the same. Each radio transmitter has the ADC and DAC. They 

translate a baseband analog signal received to a digital signal, and then the 

digital signal to be transmitted is converted to a radio frequency signal. In 

terms of performance, the antenna gain on the downlink and uplink greatly 

improves, the transmit power level is reduced and the signal to noise ratio is 

improved. They effectively overcome the effect of fading in the channel 

transmission. 

The main advantages of smart antennas are: 

1. Improving the sensitivity of the receiving antenna 

2. Reducing interference from the system outside 

3. Increasing the transmission power of the transmitting antenna 

4. Improving coverage area of the antenna 
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5. Improving the spectrum efficiency benefits 

6. Reducing the construction cost of a wireless communication system 

 

         (Antennas) 

 

 

 

 

 

 

 
 

Figure 2.6 The workflow of smart antenna 

 

From figure 2.7, the basic structure of the smart antenna has two lines. 

One is the data processing, which is performed by the adaptive algorithm. 

The second is about transmitting and receiving signals. 

 

 

 

 

                

 

 

 

 

     

 

 

 
          Figure 2.7 Smart antennas architecture 

 

2.4.2 Common types of smart antennas 

          Smart antennas can be divided into switched beam antennas and adaptive 

array antennas. 

Switched beam antenna: The transmitting side channel sends a plurality of 

signals (according to the desired user feedback). Then it chooses the best 

signal. When the desired user moves from the range of the first transmitter 

to the range of the other transmitter, the switched beam antenna will replace 

the operating state to let the user get the best signal according to the 

situation. 

Adaptive array antenna: By measuring the signal strength of different 

beams, it will adjust the transmitter power to the antenna which enables 

multiple users to use the same channel and improve channel utilization. [16] 

 

Reception signal processing unit 

Transmitted signal processing 

unit 

Smart antenna system 

Adaptive model 

processing algorithms 
Antenna Array  

Mobile communication 

system operators 

(manufacturers) 

Antenna manufacturers 
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2.4.3 MIMO antennas 

Employing multiple transmit and receive antennas, namely using multi-

input multi-output (MIMO) systems, has proven to be a major discovery in 

stable communication links. It is one of several forms of smart 

antenna technology. Its concept is space-division multiple access (SDMA). 

 

a) Receiving antenna diversity: 

The distance between the antennas needs to meet some certain 

requirements, and then by using the appropriate method to merge the values 

can effectively reduce the influence of fading channels, thereby improving 

the reliability of the transmission system. The basic idea of diversity will 

process the data which is sent separately to recover the more complete 

original transmission data, and the respective transmission signals are 

mutually independent. 

 

b) Transmit antenna diversity: 

Transmit antenna diversity is the use of a plurality of separate antennas or 

antenna arrays to provide multiple copies of the transmitted signal in the 

form of spatial redundancy to each other. 

Compared with receiver antenna diversity which is widely used, the 

transmission antenna diversity is more difficult to achieve, thus less effort is 

put in research about transmit diversity. The main reason is that the different 

receivers can estimate fading channel. If it cannot estimate feedback 

information to transmitter, the transmitting side will not get the instantaneous 

channel information. 

1. Closed-loop transmit diversity 

           For closed-loop transmit diversity system, you can choose the different 

weighting factors to transmitted modulated signals from multiple antennas. 

For the maximum received signal power or the maximum channel capacity, 

we need to select weighting factor of the transmitting antenna according to 

the channel state information.  

2. Open-loop transmit diversity 

   In an open loop transmit diversity system, the data transmitted is typically 

sent out from the transmitting side first, and then emitted from the plurality 

of antennas. In order to use the inherent diversity of signal, the receiver side 

needs to design a reasonable signal processing solution. Signal detection 

techniques are used to recover the transmitted data at the receiving end. [18] 

 
                      Transmitting antennas                                        Receiving antennas  

 Input signal                                                                                                                           Output signal 

 

 

 
Figure 2.8 The block diagram of a MIMO communication system 

 

Data 

processing 

Data 

processing 
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2.4.4 MIMO Channel model 

In MIMO systems, the transmitter sends multiple signals by multiple 

transmitting antennas. The transmitting signals go through a matrix channel 

of all paths between the    transmitting antennas and    receiving antennas. 

After that, the receiver gets and decodes the receiving signals into the 

original information by the multiple receiving antennas. In Figure 2.9, the 

schematic diagram for MIMO channel model is shown. 

 
Figure 1.9 MIMO channel model (Source: Wikipedia) 

 

2.4.5 Array implementations 

For a uniform linear array, the direction vector is: 

                         | |            | |(   )        

       
  
 

            
  
 

(   )        

In which  
  

 
 is the wave number;   is the direction of arrival (DOA) 

which is the angle between the incident signal and the normal of the array; d 

is the distance between each antenna element array. The element spacing of a 

uniform linear array must be less than half the wavelength to ensure the 

independence of each vector in direction of the matrix. The phase difference 

between the array elements is    
  

 
     .  

We assume that the array element number of the uniform antenna array is 

M. The number of providing independent signal output is P. And the number 

of the array element M is less than the number of independent sources P. The 

parameter of the direction of arrival of the transmission signal wave is 

defined as         . The complex envelope of the transmitted signal is 

respectively    ( )     ( ). In the     transmit antenna element, the     

sample is  

  ( )  ∑   ( )   
  

 
(   )       

      ( )   ( )             . 

           We can indicate the     sample on each of the receiving antenna array 

elements as: 

 ( )    ( )   ( ) 
          Since the multi-antenna array can get a lot of real-time user data, the data 

will be collected and analyzed to increase the accuracy of the detection 

system and the degree of sensitivity of parameter estimation, but the data 

does not mean the simple accumulation of data directly, because the value of 
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S(t) varies with changes in the value of k when the initial phase is uniformly 

distributed in the frequency domain.[15] 

 
Figure 2.10 Schematic diagram of smart antenna element beam reception 

 

2.4.6 MIMO-OFDM system 

Multiple input, multiple output-orthogonal frequency division 

multiplexing (MIMO-OFDM) is the dominant air interface for 4G and 5G 

broadband wireless communications. 

 In broadband wireless communication, the signal bandwidth transmitted 

is typically larger than the coherence bandwidth of the channel. So the signal 

sent will go through frequency selective fading of the channel which will 

cause the received signal symbol interference and restrict higher data rates. 

The OFDM systems make the frequency-selective multipath fading channel 

convert to a flat fading channel to reduce the impact of multipath fading. 

MIMO technology can improve the spectrum efficiency in the situation 

where the spectrum bandwidth does not increase, so that the data transfer 

rate improves. MIMO-OFDM technology has other obvious advantages, it 

cannot only achieve high volume data transmission, but also improve the 

stability of the system. [19] 

2.5  Smart antenna signal processing 

2.5.1 Beamforming 

Beamforming is the method used to create the radiation pattern of the 

antenna array by exporting the each element of the antenna array in certain 

geometry arrangement. After handling the elements, they will form spatial 

directivity. Normally, the finite impulse response tapped delay line filter can 

do this to provide optimal beamforming. In smart antenna, it is a 

significantly improved solution to reduce interference levels and improve the 

system capacity. Each user’s signal is transmitted and received by the base 

station only in the direction of that particular user. [20] 

 

2.5.2 DOA 

In array signal processing, direction of arrival (DOA) estimation which is 

sometimes also called angle of arrival (AOA) detection has typically played 
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a key role. The goal of direction-of-arrival (DOA) estimation is to use the 

data received on the uplink at the base-station sensor array to estimate the 

directions of the signals from the desired mobile users as well as the 

directions of interference signals. Normally, multiple signal classification 

(MUSIC) algorithm is used to resolve multipath signals DOA estimation. 

MUSIC actually has become an important cornerstone of the spatial 

spectrum estimation methods and theory. The MUSIC algorithm uses the 

covariance matrix of the received data to separate the signal subspace and 

noise subspace. Then it constitutes space scanning spectrum to search the 

peaks in the whole field by using orthogonality between the signal 

directional vector and noise subspace, in order to estimate signals DOA.[21] 
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3 DOA Estimation  

3.1 Introduction to DOA estimation 

     DOA refers to the direction of arrival of the signal. It is one of  important 

concepts of the spatial spectrum estimation theory, and the spatial spectrum 

estimation is one of the research directions of array signal processing. There 

are a number of possible propagation paths and angles of arrival. If several 

transmitters simultaneously work, each source will process the potential 

multi-path components at the receivers. Therefore,  it is important that the 

receiving antennas can estimate those angle of arrival to know the possible 

location of transmitters. 

If the received radio wave is to meet the condition of far field narrowband, 

it can be considered as a plane wave to replace the front of the radio wave. 

The estimated DOA is taken from N snapshots of data, and uses an algorithm 

to estimate the value of DOA. 

For normally far and wide signals, DOA estimation is the use of array 

antennas and phase difference at the receiving side. When the same signal 

reaches several array elements, a phase difference between the arrival array 

elements will be seen. It is the basic principle of DOA estimation that uses the 

phase difference between the array elements of the signal to estimate the location 

of signal source. [13] 

DOA estimation results can be affected by many factors. Here are a few 

common factors: 

1. Number of array elements 

The array element is one of the scalar data items that make up an array. 

The number of array elements in basic array will affect the estimation 

performance. Normally, the estimation performance of the algorithm is 

proportional to the number of array elements, when the parameters of the 

array elements are the same. 

2. SNR 

Signal-to-noise ratio (often abbreviated SNR or S/N) is a measure used in 

science and engineering to compare the level of a desired signal to the level 

of background noise. SNR is often expressed using 

the logarithmic decibel scale because of its very wide dynamic range. 

Assuming the signal and the noise are measured across the same impedance, 

and the power of the signal source is   
  and the noise power is   

 , then in 

this case the the general expression of SNR can be given as     

      (
  

  
) . 

SNR directly affects the height of spectrum peaks in the DOA estimation 

algorithm. At low SNR, the peaks drop dramatically. However it hardly 

affects the angle of arrival. DOA estimation and how to improve the 

performance of spectrum peaks in low SNR conditions is a research 

direction. [14] 

3. BER 

The bit error rate or bit error ratio (BER) is the number of bit errors 

divided by the total number of transferred bits during a studied time interval. 
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BER is a unit-less performance measure, often expressed as a percentage. 

The Bit error rate is considered to be one of the most important performance 

measures for communication systems. In a noisy channel, the BER is often 

expressed as a function of the normalized carrier-to-noise ratio to measure 

denoted   /   (energy per bit to noise power spectral density ratio), so the 

BER as function of the   /   is given by             (√
  

  
). 

BER directly affects the performance of allowable error of DOA 

estimation. At different BER, the estimated DOA fluctuates  differently. 

3.2 Impact of DOA on BER 

3.2.1 BER in MIMO channels 

Now, we assume the modulation schemes for the MIMO system under 

investigation are binary orthogonal frequency-shift key (BFSK). We need to 

discuss the non-coherent and coherent situations. The signals have the same 

frequency in the coherent case. The transmitting and receiving units are 

aligned in phase and SNR increases. If signals are non-coherent, they will 

not be aligned in phase and SNR will be reduced completely for 

implementation. 

For discussing the performance about BER in MIMO channels, we can 

consider about the relationship between DOA and BER. 

So, at first, we need to consider the formula for BER. In a fading channel, 

we can average the conditional bit error ratio probability through the 

probability density function of instantaneous the average bit error ratio 

probability to obtain the average error.  

Therefore, we can get the formula between BER and SNR.  𝑃𝑒  

∫ 𝑃( |𝛾)
∞

 
𝑃(𝛾) 𝛾  where γ is th  i sta ta   us   R.  

Then, in order to get 𝑃(𝛾), we can use the operation of the inverse Fourier 

transform to get the characteristic function of 𝛾. The general expression is 

given as: Φ𝛾(w)  |𝐼 𝑟
−  𝑤

𝛾

 
 |    .  

In the formula of Φ𝛾(w), w= t/p and p is the transmit SNR; m indicates 

the fading distribution properties.  R is the channel correlation matrix. [23] 

In the non-coherent case, the conditional BER is given as: 

    
 

 
 xp(−𝛾 ) 

In this formula,   is the modulation constant which for BFSK corresponds 

to     /  . The average BER can be written as: [22] 

𝑃𝑒
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In turn, for the coherent case, the conditional BER is given as: 

    
 

 
     (√𝛾 )    

The average BER can be given as: [22] 
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Now, we get the relation between BER and DOA. 

 

3.2.2 Impact of DOA (AOA) 

In a ULA MIMO system,  when the antenna spacing is the same and the 

decay factor is the same and small (such as 3), BER is also increasing when 

the arrival angle θ is increasing because of the increasing spatial correlation. 

However, in the case of a large decay factor such as 30, the performance of 

BER is normally changing in small amplutide. When AOA is almost equal 

to 90 degrees,  BER is  almost not changed with the decreasing decay factor. 

Only if the decay factor is too small, it will decrease abruptly. But when 

AOA is small such as 30 degrees, the situation will be different. BER is 

decreasing obviously when the decey factor decreases. Figure 3.1 is a 

schematic diagram of MIMO antennas in ULA.[22] 

 
Figure 2.1 MIMO antennas in ULA 

3.3 4G MIMO BER 

To help maintain the current high performance network, the plurality of 

interference  sources in the MIMO system in the context of bit error rate 

analysis is very important. BER performance analysis for broadband 

wireless networks plays an important role in the respect of reaching 

maximum capacity and maintaining good service quality. 

             In many countries, the deployment of 4G- Worldwide Interoperability 

for Microwave Access (WiMAX) technology has recently begun. In order 

to achieve the aim of enabling users to enjoy cheap and reliable internet 

services, it is a critical issue to plan these high capacity networks in the 

presence of multiple interferences. A deterministic approach is used for 

simulating the Bit-Error-Rate (BER) of initial MIMO antenna 

configurations which are considered for the deployment in  a high capacity 
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4G-WiMAX network. A 4 × 4 antenna configuration with optimally 

suppressed side lobes has been suggested for future network deployment, 

because the estimate of the average BER performance in a 4x4 antenna 

configuration is less affected by multiple interferers, compared with 

Adaptive 2x 2 MIMO antenna configuration which are used in network 

deployment.  [25] 

3.4 MUSIC algorithm 

The main function of the MUSIC algorithm is finding the most relevant 

signal. 

The MUSIC algorithm uses matrix equations to decompose signals in 

space. The received signal is decomposed into the signal subspace and the 

noise subspace. Signal subspace is the set of the desired signal received by 

the antenna array. It is composed of the corresponding eigenvectors in the 

covariance matrix. The noise subspace is composed by the corresponding 

eigenvector of all the noise variance in the covariance matrix. 

 The specific process is as follows: 

1. Find the array output X (t) = AS (t) + N (t) 

     (t) is th   utput  u  ti    (t) is   i   si  a   u  ti    (t) is   is    
  u  ti     is a  a  a t   a  at ix       ti    

2. Find the correlation matrix R of X (t) 

       Find the eigenvalues of R. The resulting eigenvalues are arranged according 

to certain rules, and adjust the corresponding eigenvectors. 

3. Define a noise subspace matrix E which is composed of the corresponding 

eigenvectors in all minimum eigenvalues to construct the spectral function in 

the two-dimensional space, and scanning the spectrum peaks. [26] 

   The spectral function:   ( )  
 

‖  
  𝛼( )‖

 

     

          So, the value of     corresponding to the      largest eigenvalue is the 

arrival angle of the     transmission signal. If we assume that the number 

of transmission signals is infinite, and the voltage of the output signal and 

SNR are relatively high, then the MUSIC algorithm is able to accurately 

estimate the DOA of the signal. 
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4. Simulations 

4.1 Simulation of Spectral Efficiency for SISO and MIMO   

In this simulation, I assumed a MIMO antenna system having 2 

transmitter antennas and 2 receiver antennas. The range of SNR is 0-50dB. 

In Figure 4.1, we get the relationship between spectral efficiency and 

average SNR. Signal detection at the receiver is based on the zero-forcing 

algorithm. No matter MIMO or SISO (Single Input-Single Output) 

antennas, the value of spectral efficiency is proportional to the value of 

SNR for SNR < 45dB, but the growth rate of spectral efficiency is 

decreasing as the value of SNR grows. When SNR >45dB, the growth rate 

of spectral efficiency is small. It reached the maximum of 12bps/Hz for 

MIMO 2*2 and 6bps/Hz for SISO.  

 The magnification between spectral efficiency of MIMO 2*2 and SISO 

is 2. It is the same with the magnification of the number of transmitters 

and receivers, so we can get the conclusion that the magnification of 

spectral efficiency is proportional to the magnification of transmitters and 

receivers of antennas. From this conclusion, we can foresee that MIMO 

antennas will be used to replace SISO antennas in several communication 

applications. 

 
Figure 4.1 Spectral Efficiency for SISO and MIMO 2*2 with average SNR 

4.2 Simulation of the relationship between BER and SNR for BFSK in 

the non-coherent case and coherent case 
           In this simulation, I show the relationship between BER and SNR for 

BFSK in the non-coherent case and coherent case in Figure 4.2. Here I 

assume the modulation schemes for the MIMO system under investigation 

are binary orthogonal frequency-shift keying. In both cases of the theory 

and simulation, the value of BER is decreasing with increasing value of 

SNR. In the simulation, simulation value and theoretical value is 

approximate, so we can sum up the formula: 
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Figure 4.2 The relationship between BER and SNR for BFSK in the non-coherent case and 

coherent case 

    
 

 
 xp (−𝛾 )  for the non-coherent case and     

 

 
     (√𝛾 )  for the 

coherent case, where 𝛾 is the SNR and   is 1/2 for BFSK. The result show 

that using BFSK the transmission can tolerate a SNR of >10-12dB. The bit 

error rate BER gets rapidly worse as the SNR drops below 8dB. We can see 

that the BER performance of the coherent case is better than the BER 

performance of the non-coherent case after about 8db SNR.  
 

4.3 Simulation of the relationship between BER in dB and the angle of 

arrival (AOA) for ULA 

  For the convenience of simulation, an average BER of coherent BFSK is 

applied to evaluate the BER performance of the MIMO system. A ULA is 

present at the transmitter and a ULA is located at the receiver. I assumed that 

the number of transmitters and receivers is 2, SNR is 15dB, fading 

distribution properties is 1 and the modulation constant for BFSK is 1/2. The 

result is shown in Figure 4.3. The BER is presented in dB. 

We can see in Figure 4.3 that BER increases when the central AOA 

increases. This is because the ULA’s spatial correlation level increases as the 

central AOA gets larger, towards    . To the left of the cross point, the BER 

of ULA is good. But on the right hand side, ULA’s performance is not better 

and the value of BER reaches the maximum when the central AOA is almost 

90 degrees.  
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Figure 4.3 The relationship between BER and the angle of arrival (AOA) for ULA 

4.4 Basic simulation of MUSIC algorithm for DOA estimation with 

different SNR 

In this experiment, I assumed that the number of antennas is 16, the signal 

directions of two independent narrow-band signals are 25 degrees and 45 

degrees and the number of snapshots is 100. Those two signals are not 

correlated. SNR is respectively 0dB, 20dB and 30dB. The simulation results 

are shown in Figure 4.4, 4.5 and 4.6. 

          As seen in Figure 4.4, 4.5 and 4.6, the MUSIC algorithm can construct 

two needle spectrum peaks at 25 and 45 degrees which show that it can 

finely estimate the number and direction of the incidence signal. In figure 4.4, 

its SNR is 0dB. We can see that the spectrum peak is about 20-25dB. The 

concussion of the rest of the spectrum is serious. Compared with the Figure 

4.5 (SNR=20dB) and 4.3 (SNR=30dB), the amplitude of the spectrum peak 

is proportional to the dimension of SNR. It is 33-38dB as SNR is equal to 

20dB and 44-51dB as SNR is equal to 30dB. Also, the concussion of the rest 

of the spectrum is more and more stable in figure 4.4 and 4.5. So the 

accuracy of DOA estimation under high SNR improves. 
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Figure 4.4 Basic simulation of MUSIC algorithm for DOA estimation in 0dB 

(SNR) 

 
Figure 4.5 Basic simulation of MUSIC algorithm for DOA estimation in 20dB 

(SNR) 

 
Figure 4.6 Basic simulation of MUSIC algorithm for DOA estimation in 30dB 

(SNR) 
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5. Discussion and conclusion 

At first, I investigated the relationship between DOA estimation with 

different SNR. We can see that if we have a high SNR, the amplitude of 

spectrum is bigger than the one with small SNR and the spectrum is more 

stable. Then, I studied the relationship between BER and SNR in the non-

coherent case and coherent case. The coherent case has better BER 

performance. 

 After that, I discuss about the spectral efficiency for SISO and MIMO 

antennas with SNR. We can see that the spectral efficiency of MIMO is 

always better than the SISO one. Their magnification is related to the 

magnification of the number of transmitters and receivers of antennas. So we 

can use MIMO antennas to improve the spectral efficiency with the same 

SNR. This comes at a cost of increased complexity both for hardware 

(antennas) and signal processing. 

         For a specific MIMO system, the bit error rate (BER) is shown to decrease 

with a decreasing DOA. This is according to expectations. 

Since MIMO smart antenna technology has significant advantages in 

communication distance, channel capacity and reliability compared to  single 

antenna technology, wireless LAN and mobile phone manufacturers will be 

eager to use MIMO technology in their equipment even though complexity is 

increased. The current operators have gradually begun to use smart antennas 

to replace existing legacy antennas in wireless communication networks to 

improve their level of communication services and actively seize 

opportunities in the communications competition. 
 

5.1 The main trends of MIMO antenna technology in the future 

1. Under the conditions used by one single user, in order to make the amount 

of traffic of personal business more effectively received by termination, 

the intelligent design of the transmitter is particularly evident. MIMO 

smart antenna must be the first choice that mixes the key technology of 

MIMO-OFDM and CDMA. The overall stability of the system, the 

efficiency of the data transmission rate and the spectrum would be a great 

improvement. 

2. The complexity of the network environment and requirements of MIMO 

smart antennas may lead to the use of multiple antennas, multiple slots and 

multiple carriers. System integration needs to be improved in the future. 

3. With the development of technology, wireless communication theory is 

more and more mature. In many places MIMO smart antenna technology 

is applied.  Many professional research institutions actively promote the 

standardization process of MIMO technology and constantly update the 

existing theory to meet LTE MIMO smart antenna communication system 

requirements. 

4. With the continuous development of integrated technologies, the size of 

communications equipment in the future will be smaller and lighter. This 

necessarily requires MIMO smart antennas which use more powerful 
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chips, so the related industries will have to improve the level of design and 

production. 
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Appendix 

MATLAB codes for simulation 1 
clear;   
M=2; N=2;                     % Number of transmitter and receiver antennas  

snr = [0 : 5 : 10 : 35];             % Signal to noise ratio  

PT = 10.^(snr/10);               % Total power according to snr  

rate = [ 0 1 2 4 6 ];  

penalty = [ 1 0.283 ];  

  

Ns = 100;                                  % Number of simulation  

Np = length(snr);  

Ng = length(penalty);  

  

% Generation of random channel matrices  

H = 1/2^0.5*(randn(N,M,Ns)+i*randn(N,M,Ns));  

  

for m=1:Ng  

 for k=1:Np  

     Prem = zeros(2,1);  

  avg_pw = 0;  

     

     for n=1:Ns  

              lambda = [];  

          [U S V] = svd(H(:,:,n)*H(:,:,n)');  

        lambda = diag(S);  

              [R, Pw_vec, mu]=space(PT(k), lambda, penalty(m));  

              [P, R] = sr(Pw_vec, lambda, penalty(m), rate, mu); MIMO(n,k,m) = 

sum(R);  

              avg_pw = avg_pw + sum(P);  

  end  

    

     avg_pw = 10*log10(avg_pw / Ns)  

 end  

end  

  

figure;  

plot(snr, mean(MIMO(:,:,2),1),  snr, mean(MIMO(:,:,2),1)/2  );  

  

xlabel('average SNR (dB)'), ylabel('spectral efficiency (bps/Hz)'); grid on;  

legend('MIMO 2*2','SISO'); 

 

function [cap, Pw_vec, mu_final]=space(PT, lambda, penalty)  

  

if PT < 0  

   PT = 0;  

end  
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% Sort lambda in ascending order  

[lambda, index] =sort(lambda);  

m = length(lambda);  

Pw = zeros(m,1);  

  

% The following loop finds the optimal threshold level (mu) for water-filling   

%  and computes the capacity  

  

for K=1:m  

    mu=1/(m-K+1)*(PT+sum(1./lambda(K:m)/penalty));  

    if mu>=1/lambda(K)/penalty  

        if (K==1) | (mu<1/lambda(K-1)/penalty)  

            mu_final = mu;  

            cap = sum(log2(penalty*lambda(K:m)*mu_final));  

            Pw(K:m) = mu_final - 1./lambda(K:m)/penalty;  

            break;  

        end  

    end  

end  

  

Pw_vec = Pw; 

 

function [Pw_vec, R] = sr(P, lambda, penalty, rate, mu)  

  

M = length(lambda);  

  

R = zeros(M,1);  

  

for m=M:-1:1,  

     

      if mu == 0 & P(m) > 0  

         R(m) = log2(1+penalty * lambda(m) * P(m));  

      else  

         R(m) = log2(penalty*lambda(m) * mu);  

      end  

        

      if R(m) < 0  

         R(m) = 0;  

      end  

        

    [R(m) I]= rate_roundoff(R(m),rate);  

  

      if mu == 0  

       P(m) = (2^R(m)-1)/lambda(m)/penalty;  

      else  

       P(m) = mu*(1-1/(2^R(m)));    
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      end  

end  

  

Pw_vec = P; 

 

function [ rate, ind_rate ] = rate_roundoff(r, rate_level);   

  

rate = zeros(size(r));  

ind_rate = zeros(size(r));  

  

for n=1:length(r),  

   x = r(n)-rate_level;  

   k = find(x>=0);  

   [ Y I ] = min(x(k));  

   ind_rate(n) = k(I);  

   rate(n) = rate_level(ind_rate(n));  

end 

 

MATLAB codes for simulation 2 
clear all;  

SNRindB1=0:1:15; 

for k=1:length(SNRindB1)    

           snr_in_dB = SNRindB1(k);      % simulated error rate  

           N=10000;   

            Eb=1;   

            d=1;         

            snr=10^(snr_in_dB/10);      % signal to 

noise ratio per bit   

            sgma=sqrt(Eb/(2*snr));       % noise 

variance    

            phi=0;                        % generation of the data source follows 

  

            dsource = randint(1,N);    % detection and the 

probability of error calculation   

           numoferr=0;   

      for i=1:N,    % demodulator output     

    if (dsource(i)==0),    

        r0c(i)=sqrt(Eb)*cos(phi)+sgma*randn;    

        r0s(i)=sqrt(Eb)*sin(phi)+sgma*randn;    

        r1c(i)=sgma*randn;    

        r1s(i)=sgma*randn;    

    else    

        r0c(i)=sgma*randn;    

        r0s(i)=sgma*randn;    

        r1c(i)=sqrt(Eb)*cos(phi)+sgma*randn;    

        r1s(i)=sqrt(Eb)*sin(phi)+sgma*randn;    

    end;   



 

32 
 

 

    end  % square law detector outputs    

     r0=r0c.^2+r0s.^2;     r1=r1c.^2+r1s.^2;   % decision is made next 

   

       for i=1:N    

           if (r0(i)>r1(i)),     

               decis(i)=0;    

           else     

               decis(i)=1;    

           end;   

       end    

      numoferr = sum(decis~=dsource);   

      smld_err_prb(k)=numoferr/(N);  

   end   

SNRindB2=0:0.1:30;  

for i=1:length(SNRindB2)    

    SNR=exp(SNRindB2(i)*log(10)/10);      % signal to noise ratio    

   theo_err_prb(i)=(1/2)*exp(-SNR/2);     % theoretical symbol error rate  

   theo_err_prb1(i)=(1/2)*erfc((SNR/2)^1/2); 

end   

% Plotting commands follow  

semilogy(SNRindB1,smld_err_prb,'*');  

hold  

semilogy(SNRindB2,theo_err_prb,'-+'); 

semilogy(SNRindB2,theo_err_prb1); 

xlabel('E_0/N_0/dB'); 

ylabel('BER'); 

legend('Simulation value','Noncoherent Theoretical value','Coherent Theoretical 

value');  

 

MATLAB codes for simulation 3 
clear all; 

syms phi; 

Imr=eye(2); 

nR=2;nT=2;              %number of transmitters and receivers 

sq2=sqrt(0.5);         

SNRindB2=15;            %SNR is 15dB 

m=1;                    %fading distribution properties 

a=1/2;                  %modulation constant 

SNR=10.^(SNRindB2/10); 

%-------channel correlation matrix----------% 

Rt=[1 0.3;0.3 1];       

Rr=[1 0.9;0.9 1]; 

H_iid=sq2*(randn(nR,nT)+1i*randn(nR,nT)); 

H=(Rt^0.5)*H_iid*(Rr^0.5); 

H_corr=H'*H/nT; 

%--------rapznt---------------------------------% 

z=0:1*pi/180:90*pi/180; 
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for i=1:length(z) 

theo_err_prb(i) = 1/pi*int(det(Imr+a*SNR*H_corr/(m*(sin(phi)^2)))^(-

m),phi,0,z(i)); 

BER(i)=10*log(theo_err_prb(i)); 

end 

plot(z*180/pi,BER); 

xlabel('Central AOA(Deg)'); 

ylabel('BER(dB)'); 

 

MATLAB codes for simulation 4 
% by yaobin 

clear; 

%%%%%%%%% Generate data %%%%%%%%% 

 % Number of antennas 

 M=16; 

% Signal directions 

 phi1=25*pi/180; 

 phi2=45*pi/180; 

% Noise variance 

sigma_n1=10^(0/10); 

sigma_n2=10^(-20/10); 

sigma_n3=10^(-30/10); 

% noise variance, 0dB , -20dB, -30 dB 

% Array response vectors for two signal directions 

 a1=exp(-j*pi*(0:M-1)'*sin(phi1)); 

 a2=exp(-j*pi*(0:M-1)'*sin(phi2)); 

% Number of snapshots (number of samples) 

 N=100; 

% generate array data with signal variance = 1 

 s1=(randn(1,N)+j*randn(1,N))/sqrt(2); 

 s2=(randn(1,N)+j*randn(1,N))/sqrt(2); 

 X1=a1*s1+a2*s2+sqrt(sigma_n1/2)*(randn(M,N)+j*randn(M,N)); 

 X2=a1*s1+a2*s2+sqrt(sigma_n2/2)*(randn(M,N)+j*randn(M,N)); 

 X3=a1*s1+a2*s2+sqrt(sigma_n3/2)*(randn(M,N)+j*randn(M,N)); 

%%%%%%%%%%%%% DOA estimation %%%%%%%%%%%%%%% 

% estimate covariance matrix 

 Rhat1=X1*X1'/N; 

 Rhatinv1=inv(Rhat1); 

 % Eigendecomposition 

[Q,L]=eig(Rhat1); 

% The so called noise subspace 

 Qn=Q(:,[1 2]); 

 % angular domain 

 phivec=(-90:0.1:90)*pi/180; 

 % DOA estimators MUSIC 

Pmusic=zeros(length(phivec),1); 

 for   k=1:length(phivec) 
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       phi=phivec(k); 

       a=exp(-j*pi*(0:M-1)'*sin(phi)); 

       Pmusic(k)=1/(a'*Qn*Qn'*a); 

 end 

 figure(1) 

 hold on 

 plot(phivec*180/pi,10*log10(Pmusic),'-.') 

 xlabel('angular/degree');ylabel('spectrum of DOA/dB'); 

hold off 

grid on 

zoom on 

Rhat2=X2*X2'/N; 

Rhatinv2=inv(Rhat2); 

 

% Eigendecomposition 

[Q,L]=eig(Rhat2); 

% The so called noise subspace 

Qn=Q(:,[1 2]); 

% angular domain 

phivec=(-90:0.1:90)*pi/180; 

% DOA estimators,MUSIC 

Pmusic=zeros(length(phivec),1); 

 for   k=1:length(phivec) 

       phi=phivec(k); 

       a=exp(-j*pi*(0:M-1)'*sin(phi)); 

       Pmusic(k)=1/(a'*Qn*Qn'*a); 

 end 

figure(2) 

hold on 

plot(phivec*180/pi,10*log10(Pmusic),'-.') 

xlabel('angular/degree');ylabel('spectrum of DOA/dB'); 

hold off 

grid on 

zoom on 

Rhat3=X3*X3'/N; 

Rhatinv3=inv(Rhat3); 

% Eigendecomposition 

[Q,L]=eig(Rhat3); 

% The so called noise subspace 

Qn=Q(:,[1 2]); 

% angular domain 

phivec=(-90:0.1:90)*pi/180; 

% DOA estimators MUSIC 

Pmusic=zeros(length(phivec),1); 

for   k=1:length(phivec) 

       phi=phivec(k); 

       a=exp(-j*pi*(0:M-1)'*sin(phi)); 
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       Pmusic(k)=1/(a'*Qn*Qn'*a); 

end 

 figure(3) 

 hold on 

 plot(phivec*180/pi,10*log10(Pmusic),'-.') 

 xlabel('angular/degree');ylabel('spectrum of DOA/dB'); 

 

 hold off 

 grid on 

 zoom on 

 


