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ABSTRACT: Currently, Multi-user Multiple-In Multiple-Out (MU-MIMO) systems are used in new generation wireless
technologies. The numbers of users and applications increase rapidly owing to ongoing improvement in wirel ess technol ogy.
At the same time, wireless communication need the high data rate and link reliability. Therefore, MU-MIMO improvements
have to consider 1) providing the high data rate and link reliability, 2) support all usersin the same and frequency resource,
and 3) using low power consumption. In reality, inter-user interference has a strong impact when more users access the
wireless link. Complicated transmission techniques such as interference cancellation are used to maintain a given desired
quality of service. Due to these problems, MU-MIMO systems with very large antenna arrays (known as massive MIMO) are
proposed. The channel vectors are nearly orthogonal, and the inter-user interference is reduced significantly with massive
MU-MIMO systems. Therefore, the users can be served with high data rate simultaneously. In this paper, we focus on the
performance analysis of massive MU-MIMO downlink system wher e the base station uses linear precoding schemes to serve
many users over Nakagami-m fading channel.
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1. Introduction

Thegoa of wirelesscommunication improvement isto provide ahigh datarate for each user. Theoretically, increasing the number of
antennas at the transmitter or receiver can improve the performance of the system in terms of data throughput and link reliability.
Multiple-In Multiple-Out (MIMO) technology is introduced in modern wireless broadband standards e.g., Long Term Evolution
Advanced (LTE-Advanced). According to 3GPPLTE standard, LTE permits up to 8 antennas at the base station [1]. Besidesimproving
the data throughput and link reliability, MU-MIMO enablesto save the transmitter energy, owing to the array gain [2]. On achannel
that fluctuates rapidly asaten of time and frequency, and where the situation allows coding across many channel coherent intervals,
theachievableratescalesasmin (M, K) log(1 + SNR) [1] whereM isthe number of base station antennas, and K isthe number of users.

With amulti-user MIMO (MU-MIMO) system, the base station is equipped with multiple antennas and serves several users.
Usually, the base station communicates with many users through orthogonal channels. More precisely, the base station
communi cates with each user in aseparate time and frequency resource[2]. However, the higher datarate can be achievedif the
base station communicates with the user in the same time-frequency resources. The main challenge of this system isinter-user
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interference, which significantly reducesthe system performance. In the downlink, dirty-paper coding can be used to reduce the
effect of theinter-user interference[3], [4]. However, it induces asignificant complexity for theimplementation.

Recently, massive MU-MIMO technology is attracting substantial attention from both academia and industry [1] —[5]. Most of the
studies considered the uplink performance. In this paper, we study massive MU-MIMO downlink system with linear precoding
schemes. We consider the system performance when the number of base station antennas and the number of single antennas users
arelarge. We study the system performance in terms of data throughput over a channel model.

Furthermoreto study the massive MU-MIM O system performance, we areinterested in the performance compari sonsamongst linear
precoders Minimum Mean Square Error (MM SE), Zero Forcing (ZF), and Maximum Ratio Transmisson (MRT) precoding. Hypotheticaly,
precoding is known as Space Division Multiple Access. Firstly, we derive the optimal linear precoding. Moreover, we simulate the
channel model with computer software. Subsequently, we cal culatethe spectral efficiency to analyzethe effect of massveMU-MIMO
downlink system over achannel model. Each linear precoding shows the best performance with each signal power regime. For the
comparison between MRT and ZF, MRT givesbetter performanceat low signal to noiseratio (SNR) while ZF performs better at high
SNR. MM SE givesthe best performance acrossthe entire SNR. These propertiesare used for improving the performance of massive
MU-MIMO in different propagation environments

Thispaper isorganized asfollows. A brief overview of MU-MIMO Downlink Systemispresented in Section 1. Section 111 and Section
IV demonstrates the performance evauation and simulation results. Conclusions and Future Work are presented in Section V and
Section V1 respectively.

2. Brief Overview of MU-MIM O Downlink System
2.1System Mode

We consider un-coded MU-MIMO downlink system with M transmit antennas at the base station (BS) and K single-antennausersin
the system. A block diagram of such asystem modd isillustratesin Figure 1.
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Figure 1. The system model

Let 4 € €K be alinear precoding matrix, and x isa K x 1 information vector, where X, is a data symbol for user k, where

IE [|x*1 = 1, Thetrangmit vector scan bewritten ass= Ax, and its average transmission power isconstrained by [E[ s =tr (A"
A) =P,. Then, the received vector a the K usersis given by

Y=HTs+n ®

where n isa K x 1 additive noise vector. With our model, we assume that the desired signal vector x and the noise vector n are
independent and identically distributed (i.i.d.) complex Gaussian random variables with zero mean and unit variance. Further, the
transmission power isconstrained. We use thismodel to find thelinear precoding matrix in order to study the performance of massive
MU-MIMO system.

2.2Channe Estimation

Typicaly, channd estimation is done on the downlink. More precisely, each user estimates the channel using pilot sequences
transmitted from the base station, and then it feedbacks this CSl to the base station. This channel estimation over-head will be
proportional to the number of base station antennas. Therefore, with massive MU-MIMO system, thisis very inefficient. Thus, we
assume that the channel is estimated at the base station via uplink pilots, assuming channel reciprocity.

2.3Linear Precoding Schemes
We consider linear precoding schemes, which include MM SE, ZF and MRT.
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MM SE Precoding Scheme. MM SE precoding is the optimal linear precoding in MU-MIMO downlink system. Thistechniqueis
generated by the mean square error (M SE) method. Owing to average power at each transmitted antennais constrained; Lagrangian
optimization method isused for obtaining this precoder. The optimal MM SE precoder isgiven as[6]

_1 K 1
AMME_EH*(H TH* +E |K) )
r

H
ﬁ — tr(BB ) (3)
tr
whereB = H* (H TH* +EK IK)'1
tr

ZF Precoding Scheme. ZF precoding islinear precoding which the inter-user interference can be cancelled out at each other. This
precoding is assumed to implement a pseudo-inverse of the channel matrix. The ZF precoder isgiven as

AZFI% H*(H TH*)l (4)
where 3 isascalar of Wiener Filter.
_ A /tr(BBY)
B=N="F% ©)

tr

where B= H*(H TH*)*

MRT Precoding Scheme. Oneof thecommon methodsis MRT which maximizesthe SNR. MRT workswell inthe MU-MIMO system
where the base station radiates low signal power to the users. The MRT precoder can be expresses as

1
Aer = 5 H* ®)
where B is a scalar of Wiener Filter.
tr (BB" U]
B = (BB")
P

tr

where B= H*

2.4 Nakagami-m Fading Channel

Nakagami-mfading hasbeen widely used to model thefading distribution in variouswirel ess channels. Therefore, Nakagami-mfading
channel is used for modelling the channel. Typicaly Nakagami-m can be described by the Nakagami-m distribution. The PDF of
Nakagami-mfading channel can beexpressed as[7].

PR = Ba ©®

wheretheamplitudeof channel g > 0, Q= E (Rz)isan average fading power withm = % andT(m) isthegammafunctionm
and Q can be expressed as

E2[R7]
=V alR] ©
Q= E[R? 1

The complex Nakagami-m coefficient is generated by m-Gaussian random variableswhere each random val ue has zero mean and
1

varianc om inboth thereal and imaginary parts-~ (0, 2= ). ¥ ~ ~ (0.52= )[ 22]. Inthereal part, all Gaussian random variables

are squared and summed. The result gives a Chi-square distributed random number. This number is given by

ZE =X XA X @
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h =Gexp(j&) @

Nakagami-m

where G = 4 ZRi+Z|2m, and &is (0, 2m).

3. PerformanceAnalysis

This section describesthe performances analysiswhich includes achievabl e rate, spectral efficiency and energy efficiency. Using this
performance analysis, we study the tradeoff between the energy efficiency and spectral efficiency of massive MU-MIMO downlink
with linear precoding schemes. Weinvestigate the system performance with different number of base station antennas M and number
of usersK.

3.1AchievableRate

System performance can be defined by severa methods. One of the methods to quantify system performanceisachievablerate. The
achievable rate is followed by Shannon theorem. This theory tells the maximum rate, which the transmitter can transmit over the
channel. The channd is assumed ergodic and all parameters are Gaussian random processes.

From Shannon theorem, the channel capacity over Additive White Gaussian Noise channel is derived by [8]
R=log, (1+SNR) (bits/s/H2) (13

With MU-MIMO downlink system, the transmitter must know the channel state information. CSl is the key of the multi-user
communication. Typically, thetransmitter transmits multiple data stream to each user simultaneously and selectively with CSI [9]. All
the receivers send the channel estimation feedback to the transmitter on the reverse link, so the transmitter obtains CSl. Hence, the
transmitter communicateswith all therecelverswith perfect CSl. WithaMU-MIMO system, theinterference consists of additivenoise
and interference between the users. Then, the achievable rate of ki user for MU-MIMO downlink system can be expressed as

R,=E [log, (1+ SNRy)| (bits/s/Hz) (14)

We analyse the achievable rate of user 1 because all of the users have the same achievable date properties. Then, we measure
the achievable rate for user 1 by measuring the achievable rate of user 1 within 10, 000 channel realization. After we obtain the
achievablerates, we averagethem.

3.2 Spectral Efficiency
Withasinglecell massve MU-MIMO system with perfect CSl, the spectral efficiency isdefined as

R.. TR, (bits/s/H2) (15)

We cal culate the spectral efficiency by multiplication of theachievablerateof user R and number of usersinthe massve MU-MIMO
system K [1]. Thespectra efficiency isgivenin (16). We usethis parameter to study the performance of massve MU-MIMO downlink

stem.
e R =KxR (bits'SH2) (16)

4. Simulation Results

This section describes analyses and compares the performance of single cell massve MU-MIMO downlink system with precoding
schemessuch asZF, MM SE and MRT in over Nakagami-mfading channdl . We conducted thesmulation using MATLAB-2013a. Each
simulation used 10,000 channel realizationsto produce a correct and smooth result. We considered asingle cell massve MU-MIMO
system, whichmeansnointra-cell interference, in two different scenarios over Nakagami-mfading channel with ZF, MRT, and MM SE
optimal linear precoding schemes. In scenario 1, al theresultsare shown- interms of spectral efficiency versusnumber of base station
antennas M. In scenario 2, all theresultsare shown in term of spectral efficiency versusnumber of singleantennausersK. Theresults
show that by increasing the m parameter it improves the system performance in term of spectral efficiency.

Scenario 1 - We increase the number of base station antennas M with different m parameter and set the number of single
antennas users. We set the number of users, K =2 and increase the number of base station antennas between 2 to 20. We set the
SNRto 0 dB. All theresultsare shown in Figure 2, Figure 3, Figure 4 and Figure 5 in the section bel ow.
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Scenario 2 - Weincrease the number of single antenna users K with different m parameter and set the number base station antennas.
We set the number of base station antennas, M = 20 and increase the number of single antenna user between 2 to 20. Furthermore, we
setthe SNRat 0dB. All theresultsare shownin Figure 6, Figure 7, Figure 8 and Figure 9 in the section bel ow.

Figure 2 shows, when m= 2 the achievablerate of user 1 with MM SE givesbetter performancethan m= 1. When mparameter islarger,
the spectra efficiency with MM SE increases significantly. For example, at M = 10, the spectral efficiency with MM SE increased about
1.3 bits/'s'Hz comparedto M =5.

Figure 3 and 4 show the spectral efficiency versusthe number of base station antennas with different parameters mfor ZF and MRT.
All the results correspond to scenario 1. When we increase the number of base station antennas, the spectral efficiency increased
sgnificantly.

InFigure5all precoding schemesfor scenario 1 are compared. MM SE givesthe best spectral efficiency with different parameters of
mat 0 dB. At smaller number of base station antennas, the spectral efficiency between ZF and MRT are very close with all the
parametersfor m. When weincrease M, ZF gives better spectra efficiency compared to MRT with all them parameters.
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Figure 2. The spectral effiiciency over Nakagami-mfading channel with different number of base station antennasfor MM SE
atK=2and SNR=0dB.
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Figure 3. The spectral efficiency over Nakagami-mfading channel with different number of base station
antennas for ZF at K=2and SNR=0dB.
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Figure 4.The spectral efficiency over Nakagami-mfading channel with different number of base station
antennafor MRT at K =2 and SNR=0dB.
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Figure 5. The spectral efficiency versus the number of base station antennas over Nakagami-m fading channel with MM SE,
ZF,andMRT at K =2 and SNR=0dB.

Figure 6 shows the spectral efficiency of massive MU-MIMO system with MM SE over Nakagami-m fading channel. The spectral
efficiency dropswhen many single antenna users access the system. At the beginning, the spectral efficiency with MM SE increases
by increasing the number of single antenna users. The spectral efficiency increases gradually till K =14. At K > 16, the spectral
efficiency dightly reduces. The optimal numbers of single antennausersfor MM SE are about 16 users.

Figure 7 shows the result of spectral efficiency with ZF. The spectral efficiency increases rapidly when the number of single
antenna users increase. At K > 12, spectral efficiency decreased gradually. The optimal numbers of single antenna usersin
massive MU-MIMO system with ZF are about 12 users.
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Figure 6. The spectral efficiency over Nakagami-mfading channel with different number of single antenna
userswith MMSE at M =20 and SNR=0dB
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Figure 7. The spectral efficiency over Nakagami-m fading channel with different number of single antennauserswith ZF at
M=20and SNR=0dB.

Figure 8 showsthe spectral efficiency with MRT, whereit increases slowly asthe number of single antenna user increases. The
spectral efficiency increases whereas the numbers of single antenna users are approaching the numbers of base station
antennas.

All theresultsfor scenario 2 are compared in Figure 9. The figure showsthat massive MU-MIM O system with MM SE precoding
scheme gives the best the spectral efficiency as the number of single antenna users increases. Morever , ZF precoding
schemegives higher spectral efficiency than MRT precoding scheme. Neverthel ess the spectral efficiency differences between
ZF and MRT precoding schemes are very narrow as the number of single antenna user approaches the number of base station
antennas.
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Figure 8. The spectral efficiency over Nakagami-mfading channel with different number of single antennauserswith MRT at
M=20and SNR=0dB.
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Figure 9. The spectral efficiency versusthe number of single antenna users over N akagami-m fading channel with MM SE,
ZF, and MRT at M =20 and SNR=0dB.

5. Conclusion

A massive MIMO system introduces the opportunity of increasing the spectral efficiency in terms of bits/s/Hz. This systemis
ableto utilise simple processing schemes such as MM SE, ZF, and MRT at the base station and using channel estimation from
the uplink. Generally, ZF gives better performances at high transmission power while MRT givesbetter performance at thelow
transmission power. However, MM SE givesthe best performance at low and high transmission power. Apart from massive M U-
MIMO can use asimple processing, the propagation environment does not affect much on the system. With a practical channel
model without interference such as the Nakagami-mfading channel, the massive MU-MIMO system with the linear precoding
improves the performance with different m parameters when the number of antennas wasincreased. Therefore, massive MU-
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MIMO systems are the key to the next wireless systems. Furthermore, this system offers advantagesin term of achievable rate
and spectral efficiency.

6. FutureWork

Presently, wireless generation such asLTE, MU-MIMO system uses orthogonal Frequency Division Multiplexing (OFDM) to
modulate the digital data to multiple sub-carrier frequencies. The advantages of OFDM on the MU-MIMO systems are to
change the multipath environments from frequency selectiveto flat fading, and to eliminate inter-symbol interference (1Sl).

In the simulations, we do not consider massive MU-MIMO system over afrequency selective fading channel. We assume that
the multipath environment isflat. Our system model captureswell the OFDM system with flat fading. Therefore we can apply
thissystem in apractical way. The next step in our research isto investigate the performance of massive MU-MIMO downlink
systeminapractical system, which includes orthogonal frequency division multiplex (OFDM), amplifier, reliability, and phase
noise.
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