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Abstract— In this paper, a Bit Error Rate (BER) analysis is according to the channel conditions from the serving ch#, t

presented for Multiple-Input Multiple-Output (MIMO) sche mes interference level from other cells, and the noise levehat t
in the 3GPP Long Term Evolution (LTE) system. Analytical receiver side.

expressions for the average BER of the system are derived ave

flat Rayleigh fading channels for two different MIMO schemes In LTE standard. the use of MIMO has been considered
as defined in LTE, assuming M-ary quadrature amplitude modu- ’

lation (M-QAM) schemes and are evaluated numerically. Mone- &S @n essential technique in ordgr t_O. achieve the target in
Carlo simulation results of the LTE system are also providedto terms of data throughput and reliability. MIMO is known
verify the accuracy of the mathematical analysis. It is showthat to be a very powerful technique to improve the system
th.e results obta[ned from Monte-QarIo simulatior}s match cbsely performance of wireless communication systems. The dtyers
with those obtained from the derived mathematical formulas and multiplexing modes are the two main modes of operation
of multiple antennas systems. The principle of diversitydeo
is based on transmitting the same signal over multiple awaen
and hence to improve the reliability of the system by the
diversity gain. In this mode, the mapping function of traitsm
I. INTRODUCTION symbols used at the transmit antennas is called Space Time
Block Code (STBC). On the other hand, multiplexing mode
To increase the capacity and speed of wireless comMykes two or more different spatial streams and send them

nication systems, a new wireless data networks has bggRugh two different antennas, consequently, the dagaqa
emerged and has been standardized by 3itte Generation pe jmproved.

Partnership Project3GPP). This new standard is a natural

evolution to the existing secon@@) and third §G) generation  To study the performance of LTE systems a MATLAB based
wireless networks in order to respond to the growing demad@wnlink physical layer simulator for Link Level Simulatio

in terms of data rates and speed and marketedGd.ong (LLS) has been developed in [1] [2]. A System Level Sim-
Term Evolution (LTE). In LTE, data throughput and the speedation of the Simulator is also available [3]. The goal of
of wireless data are increased by using a combination @veloping the LTE simulator was to facilitate comparison
new methods and technologies like Orthogonal Frequeneith the work of different research groups and it is publicly
Division Multiplexing (OFDM) and Multiple-Input Multiple available for free under academic non-commercial use sieen

Output (MIMO) techniques. [2]. The main features of the simulator are adaptive coding

) S and modulation, MIMO transmission and scheduling. As the
In the downlink, the LTE transmission is based on Orthogs . iiator includes many physical layer features, it can be

onal Frequency Division Multiple Access (OFDMA), known,qeq for different applications in research [3]. In [4], the
as a technique of encoding digital data on multiple carrigfyjator was used to study the channel estimation of OFDM
frequencies. It was shown that OFDMA is an efficient tec@'ystems and the performance evaluation of a fast fading

nique to improve the spectral efficiency of wireless systemg,anne| estimator was presented. In [5] and [6], a method for

By converting the wide-band frequency selective chanrtel ing5\cjating the Precoding Matrix Indicator (PMI), the Rank

a set of several flat fading subchannels, OFDM technique QRgicator (RI), and the Channel Quality Indicator (CQI) wer
comes more resistant to frequency selective fading thaglesing;,,qied and analyzed with the simulator.

carrier systems. As OFDM signals are in time and frequency

domain, they allow adding frequency domain scheduling to In this paper, the Bit Error Rate (BER) analysis of two
time domain scheduling. In LTE, for a given transmissiotransmit diversity schemes known as Space Frequency Block
power, the system data throughput and the coverage a@mdes (SFBC) and Frequency Switched Transmit Diversity
can be optimized by employing Adaptive Modulation an@FSTD) MIMO schemes in LTE system for M-QAM modula-
Coding (AMC) techniques. The role of the user scheduler &an scheme are presented in terms of SNR using the moment
the transmitter side is to assign the data rate for each ugenerating function of the SNR. The results obtained from
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the analysis are then compared to the results of Monte-Cawlbich represents the measurement for the channel quality
simulation using the Link Level LTE simulator [1] [2]. information. In this study, the SNR is defined as follows [1]:

The remainder of this paper is organized as follows. In ([H . X ||2
. niknllFE
Section I, we present the system and channel model used Ven = T NpoZ 3)
in the simulation. In Section Ill, we present a performance ] ) " 5
analysis for the average BER of SFBC and FSTD MIM&here xi . is the transmitted symbol vectof. |7 is the
schemes. The numerical and simulation results and dismsssiSquared Frobenius norm of a matrix.

are presented in Section IV. Finally, Section V concludes th
paper. I1l. AVERAGE BER PERFORMANCEANALYSIS

In the following, we present a BER performance analysis for

Il. SYSTEM MODEL the2 x 1 MIMO SFBC and2 x 2 MIMO SFBC systems, over
In this section, the structure of the OFDM LTE signal islow fading channels. Using the _Moment Generating Fl_mctlon
}I%//IGF)-based approach we obtain closed-form expressians fo

described. The OFDM signal has a time and a frequen e average BER performance of the system. We then present
domains. In the time domain, the LTE signal is composed 0 9 P Y ' X

. : numerical evaluation results obtained from the closedifor
successive frames. Each frame has a duratidfy@fne= 10 : Einall t Monte-carlo simulatitm
msec Each frame is divided intd0 subframes with equal expressions. Finally, we present Monte-carlo simulatitns
length of 1 msec Each subframe consists of two equaYerlfy the accuracy of our analysis.
length time-slots with a time duration dfg|o¢ = 0.5 msec _
For a normal cyclic prefix length, each time-slot consists éf BER Analysis of SFBC
N, =7 OFDM symbols. In the frequency domain, the OFDM | TE, the transmit diversity techniques are defined only
technique converts the LTE wideband signal into several ng§r 2 and4 transmit antennas and one data stream. When two
rowband signals. Each narrowband signal is transmittechen GaNodeB antennas are available for transmit diversity djpera
subcarrier frequency. In LTE, the spacing between sul®arrithe Space Frequency Block Code (SFBC) is used [8]. SFBC
is fixed to 15 KHz. Twelves adjacent subcarriers, occupyings pased on the well known Space Time Block Codes (STBC),
a total of 180 KHz, of one slot forms the so-called Resourcg|so known as Alamouti codes for two transmit antennas [9].
Block (RB). The number of Resource Blocks in an LTE slo§TBC is employed with the UMTS and it operates on pairs
depends on the allowed system bandwidth. The minimugh adjacent symbols in the time domain. Since the signal in
number of RB is equal to 6 corresponding 1o MHz | TE s two dimensional (time and frequency domains) and
system bandwidth. Far0 MHz system bandwidth (Maximum the number of available OFDM symbols in a subframe is not
Allowed bandwith in LTE) the number of RB is equal toajways an even number, the direct application of STBC is not
100. In a MIMO system withMr receive antennas antl7  straightforward. In LTE, for SFBC transmission, the synsbol

transmit antennas, the relation between the received and Hﬂe transmitted from two eNodeB antenna ports on each pair
transmitted signals on subcarrier frequercik € 1,...K), at  of adjacent subcarriers as follows [8]:

sampling instant timex (n € 1,...N) is given by

yO1) yO@ ] _[ o @)
Yin = HinXen + i (1) y (1) yM@) | | -y a3

wherey, ,, € Car,x1 IS the received vectoH, ,, € Carp x v

represeﬁts the channel matrix on subcarkieat instant time ~ wherey(®) (k) denotes the symbols transmitted on #fé

n, Xpn € Cupxi1 is the transmit symbol vector ang, , ~ subcarrier from antenna pogt An important characteristic
CN(0,02.1) is a white, complex valued Gaussian noise vectof such codes is that the transmitted signal streams are
with variances?. Assuming perfect channel estimation, therthogonal and a simple linear receiver is required forropti
channel matrix and noise variance are considered to be knopgrformances.

at the receiver. A linear equalizer filter given by a matrix _. . .
. _cd 9 y Since OFDM converts the multipath channel intod fre-
Frn € Cunxmy 1S applied on the received symbol vector

v, . to determine the post-equalization symbol veatoy, as guency flat fading channel, we first derive the BER expression
k,n ' over flat Rayleigh fading channels, given By (E). Then, the

follows [6] overall average BER oveWN subcarriers, in each case can be
Men = Fk-,nyk,n = Fk,nHk,nXk,n + F;mn;m. (2) calculated from
N
1
The Zero Forcing (ZF) or Minimum Mean Square Error BER = szb,k (E) (5)
k=1

(MMSE) design criterion [7] are typically used for the limea

receiver and the input signal vector is normalized to unithere the index: (subcarrier index) is ignored for the sake
power. In MIMO-OFDM systems, the key factor of link errorof brevity. In addition, the impact of cyclic prefix in OFDM
prediction and performances is the signal to noise ratidR)5Nis assumed to be negligible.
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For the2 x 1 SFBC MIMO scheme, the probability densitywhere the closed-form expression by(.,.) can be obtained
function of the SNR for each subcarrier is given by a chirom [11](eq.5A.24) as follows

square distribution function as follows [10]: P .9 n
T, (¢, D) 1/ ( sin” 0 ) do <4<
n 9 = - 9 . ~ I - > =T
2 2 ™ Jo sin? 0 +D

f(v) = 576_?” (6)

. . T T 2 — q (4 (1 =+ D))q
wherey is the average SNR per symbol givenipy= E,/Ny. q=0

n—1 ¢q
; ; ; . - (g—p)+1
The moment generatmg fu.nct|on (MGF) can be determined sin (tan 1a) Z Z a +Pz))q [cos (tan 1a)]
using the following equation: g=1 p=1
(14)
Mx(s) = / e %7 dry. 7 _ -1
5(s) ; f(y)dy @) whereT,, — ( 2qq ) K 2((161_;9) >4p [2(q_p)+1@ ,
8= ,/H%sgngb, and a = —fScot ¢.
Inserting (6) into (7) and solving the integral yields
M(s)= -2 (8) B. BER Analysis of FSTD
(s + 2)2

In LTE, the frequency space code, designed4dransmit

antennas is defined as follows:
The average BER expression for M-QAM modulation

scheme can be obtained from [11] (equation (8.111; Pagg 255)

y 1) y92) yOB) yO)
V2| g y 1)y D@ yIE) YD) |
nE=pY = [ e @ yO1) yO(2) yO3) yO)
=1 "0 yP(1) y2) y®E3) ¥4
where A; ¢ = %(M%n and B is defined by Ty xe 0 0
0 0 T3 T4
ot . (15)
Boa¥YM 1 ! 10 o
Then, using the MGF expression in (8), we obtain For the4 x 2 FSTD MIMO scheme, we can show that
the instantaneous SNR of the system, ksth subcarrier, is
M(Arg) = 4 (11) equivalent to that for & x 2 STBC MIMO system. Therefore,
T0) = o ([i-1)? 3 5\’ the probability density function of the SNR is given by a chi-
v ({2sin29 (Mfl)} + 5) square distribution function as follows [10]:
=B e 16
Substituting (11) into (9) and after some manipulations, we Fon = 3_,747 e (16)

obtain
In this case, the MGF expression can be obtained by

m/Q /2 ) 2 . . . .
1 0
P, (E)~ B Z _/ ( . 82111 ) a0 (12) substituting (16) into (7), which yields
— 7 Jo sin” 0 + ¢; 16
M5(s) = 07— 17)
h _ 3(2i=1)% 5 s+ =)
wherec; = 55—y 3-
The average BER performance as a function ef E, /Ny Similarly to the SFBC case discussed in previous Section,

can be evaluated by numerical evaluation of the integral2) ( InSerting (17) into (9), the average BER expression with M-
for M-QAM modulation schemes. Alternatively, by solvingsth @AM modulation for FTSD can be written as

integral, we obtain a closed-form expression for the awerag VM /2 /2 9 4
BER of M-QAM modulation as follows P,(E)~B Z 1 _sin"0 do (18)
b —~ 7 Jo sin? @ + ¢
VM2 3(2i—1)% 5 ;
P (E)=B Z To ()2, ¢:) (13) where.cz- = 2((1\1471)) 7, and the integral can be calculated
P numerically.
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Alternatively, by solving the integral, we obtain a closed-

; X TABLE |
form expression for the average BER of M-QAM modulation SIMULATION SETTINGS
as follows
V)2 Parameter  Setting
~ Transmission Schemes SISO 1 SFBC;4 x 2 FSTD
P (E)=B Y Iy(r/2,c) (19) Bandwidth 5 MHz
i=1 Simulation length 5000 subframes
. . Channel Type Flat Rayleigh
where the closed-form expression fby(.,.) can be obtained Channel knowledge  Perfect
from (14). CQI 9 (16-QAM) and 16 (64-QAM)

Finally, for the sake of comparisons, we express the average
BER of the SISO case, that has been derived for Rayleiah
fading channels for M-QAM signals [11] (eq. 8.112; Pag

- 10 T :
256), as follows: ' <4 Simulation SISO
— Numerical SISO
" o 1S\Iunulatlo? 22>< 11
E — Numerical 2 x 1§
\/_/2 1.5(2i — 1)?7log, M Ty S o Simulation 4 x 2
Py(E) = B/2 1-— — Numerical 4 x 2
M—1+152z—1) ~log, M 107

(20)
where B is defined earlier.

IV. SIMULATION AND ANALYTICAL RESULTS

Average-BER
=
1S

In this section, we provide the results obtained from tF
mathematical expressions derived in this paper. MontdéeCa 5

. . ) 107k
simulation results are also provided to show the accuracy
the analysis. The common simulation settings for MonteleCar
. . . . -6
. 1 Il 0
simulations are summarized in Table | 0 0 10 2 2 20 %
Es/N, (dB)

The average BER performance as a functiofyef E's/Ny
for SISO and MIMO schemes are shown in Fig. 1 and Fig.2. _ _ ) _
Fig. 1 shows the results for 16-QAM modulation and Flg glg 1. Numerical Evaluation and Monte-Carlo Simulatiorighte average
g . ER for 16-QAM modulation.
presents the results for 64-QAM modulation. It can be seen
that the average BER performances of 16-QAM and 64-QAM
schemes at high SNRs decrease by factdrsy?, and¥*, for
SISO,2 x 1, and4 x 2 cases, respectively. Thus, the d|verS|tj

order (slope of the curves) are equalt® and4, respectively, 10 % <4 Sumulation SISO
for the considered cases. As stated earlier, sinde<ian FSTD, f — Numerical SISO

; : 4 o Simulation 2 x 1
at each time-slot/frequency-sidtout of 4 transmit antennas 10t — Numerical 2 % 11
are in use, therefore the diversity order will Pex 2 = 4. In LIS\Iimula.ti?? Z%&22
fact, the corresponding average BER curve fox 2 FSTD - umerca

is somehow like the classical x 2 STBC system, when the
channel is not a time-varying channel.

From the figures it is clear that the BER performance in
proves as the number of transmit or receive antennas iresea
as expected. It can be observed that the negative slope
the BER curve for the SISO case is equal 1tp meaning
that the diversity order for the SISO case is equall taas 1056
expected. The second curves in Fig.1 and Fig.2 represent
BER results of the x 1 diversity scheme. Asymptotically, the
slope of these curves can be observed to be equaldich 10° ‘
corresponds to the diversity order ®fx 1 system. An SNR E,/N, (dB)
(E's/Np) gain improvement can also be observed comparcu
to the SISO scheme. From Fig.1, it can be observed thatlﬂie 2. Numerical Evaluation and Monte-Carlo Simulatioriste average
achieve the BER value af0~3, the 2 x 1 diversity scheme BER for 64-QAM modulation.
needs about( dB less |nEs/N0, compared to the SISO case.

Average-BER
=
1S

-4

50
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In Fig.2 for 64-QAM modulation, the BER o0~ is

achieved atF's/Ny = 39 dB in SISO configuration, however [1]

the same value of BER is achieved with onlyf¢/Ny = 29
dB in the 2 x 1 diversity scheme. Thus a SNR gain b

dB is clearly observed for theé x 1 diversity scheme. The 2
BER results of thel x 2 diversity scheme for both modulation [3]
schemes 16-QAM and 64-QAM are also shown. As described
earlier, in high SNR region the slope of that curve tends to b
equal to4. This value corresponds to the diversity order of a

2 x 2 system.

5

Finally, it can be observed from Fig.1 and Fig.2 that[]
numerical evaluation results obtained from BER formulas
match closely to the BER results obtained from Monte-Carlgg;
simulations. This verifies the accuracy of the mathematical

analysis.

V. CONCLUSION

In this paper, we have presented an average BER perfo[?—]
mance analysis for MIMO schemes in the 3GPP Long Terrif]
Evolution (LTE) system over a flat Rayleigh fading channel.
The theoretical analysis for two different MIMO schemes ifoj
a 5 MHz bandwidth LTE system were presented. To verify
the accuracy of the analysis the results of Monte-Carlo si
ulation for the studied schemes were provided and compare
with the theoretical analysis. To show the BER performance
improvement in the MIMO schemes, the performance of a
SISO configuration was also presented. The results show a
good agreement between numerical results and Monte-Carlo

simulation results.
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