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Abstract— In this paper, a performance analysis is presented the transmitter side is to assign the data rate for each user

for space-frequency block coded orthogonal frequency digion according to the channel conditions from the serving cld, t

multiplexing (SFBC-OFDM) and Frequency Switched Transmit ;
Diversity OFDM (FSTD-OFDM) schemes in the 3GPP Long gfg\%?r;?;elevel from other cells, and the noise levehat t

Term Evolution (LTE) system over MIMO fading channels. .
Analytical expressions for the average BER, average chanhe [N LTE standard, the use of MIMO has been considered as

capacity and the average throughput of the system are derivefor ~ an essential technique in order to achieve the target insterm
two different MIMO schemes, SFBC-OFDM and FSTD-OFDM,  of data throughput and reliability. MIMO is known to be a
defined in LTE, and are evaluated numerically. Monte-Carlo very powerful technique to improve the system performarice o

simulation results are also provided to verify the accuracyof irel icati t The di it d ol
the mathematical analysis. It is shown that the results obtaed ~WIr€leSS communication systems. The diversity and meitip

from Monte-Carlo simulations match closely with those obtined ing modes are the two main modes of operation of multiple
from the derived mathematical formulas. antennas systems. The principle of diversity mode is based

on transmitting the same signal over multiple antennas and
hence to improve the reliability of the system by a diversity
gain. In this mode, the mapping function of transmit symbols
used at the transmit antennas is called Space Time Block
|. INTRODUCTION Coding (STBC). On the other hand, multiplexing mode uses
To increase the capacity and speed of wireless comniwo or more different spatial streams and sends them through
nication systems, a new wireless data networks has bdew different antennas, consequently, the data rate can be
emerged and has been standardized by 3ifte Generation improved.
Partnership Project3GPP). This new standard is a natural In[1] an analysis is performed for evaluating the average bi
evolution to the existing secon8@) and third §G) generation error rate (BER) of MIMO schemes in LTE systems employing
wireless networks in order to respond to the growing dematite classical M-ary quadrature amplitude modulation (M-
in terms of data rates and speed and marketedG@dong QAM) scheme. In this paper, we provide more details about
Term Evolution (LTE). In LTE, data throughput and the speeitie system model and about the considered transmit diyersit
of wireless data are increased by using a combination sthemes in LTE and we extend the results in [1] and in
new methods and technologies like Orthogonal Frequenagidition to the average BER analysis, we present the average
Division Multiplexing (OFDM) and Multiple-Input Multiple capacity analysis as well as the average throughput asalysi
Output (MIMO) techniques. for two different MIMO schemes as defined in LTE. Then,
In the downlink, LTE transmission is based on Orthogon#ie results obtained from analytical formulas are provjded
Frequency Division Multiple Access (OFDMA), known as ashowing the performance of the considered schemes. From
technique for encoding digital data on multiple carrier-frethose results one can simply compare the benefits of using
guencies. It was shown that OFDMA is an efficient techniqumnsidered MIMO schemes. In addition, the results obtained
to improve the spectral efficiency of wireless systems. Byom Monte-Carlo simulations are also provided to verifg th
converting the wide-band frequency selective channel &toaccuracy of the analysis for each performance metric.
set of several flat fading subchannels, OFDM technique be-To study the performance of LTE systems a MATLAB based
comes more resistant to frequency selective fading thaglesindownlink physical layer simulator for Link Level Simulatio
carrier systems. As OFDM signals are in time and frequen@yLS) has been developed in [2], [3]. A System Level Sim-
domain, they allow adding frequency domain scheduling tdation of the Simulator is also available [4]. The goal of
time domain scheduling. In LTE, for a given transmissiodeveloping the LTE simulator was to facilitate comparison
power, the system data throughput and the coverage awéth the works of different research groups and it is pullicl
can be optimized by employing Adaptive Modulation andvailable for free under academic non-commercial use dieen
Coding (AMC) techniques. The role of a user scheduler E8]. The main features of the simulator are adaptive coding
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and modulation, MIMO transmission and scheduling. As the, X, € Ca,x1 is the transmit symbol vector ang, ,, ~
simulator includes many physical layer features, it can W&\V/(0,02.1) is a white, complex valued Gaussian noise vector
used for different applications in research [4]. In [5], th&vith varianceo?.
simulator was used to study the channel estimation of OFDMAssuming perfect channel estimation, the channel matrix
systems and the performance evaluation of a fast fadiagd noise variance are considered to be known at the receiver
channel estimator was presented. In [6] and [7], a method fadinear equalizer filter given by a matri;, , € Carp, x ary, 1S
calculating the Precoding Matrix Indicator (PMI), the Ranlapplied on the received symbol vectpr,, to determine the
Indicator (RI), and the Channel Quality Indicator (CQI) werpost-equalization symbol vectoy, ,, as follows [7]
studied and analyzed with the simulator.

_ In this paper, analyses of the performance for two transn_1it Fhon = FrnYin = FrnHenXin + Frnlion. )
diversity schemes, known as Space Frequency Block Coding
(SFBC) and Frequency Switched Transmit Diversity (FSTD) The Zero Forcing (ZF) or Minimum Mean Square Error

M;xgmsg:femriztlrncsu?hzzzten;r'fciﬁaﬂrf:errz]é?gc?;r?f{ﬁ;e'gé(/‘-MSE) design criterion [9] are typically used for the limea
P ICS. P : ceiver and the input signal vector is normalized to unit

erage BER, the average capacity and the average through 8\tNer. In MIMO-OFDM systems, the key factor of link error

The average BER results obtained from the analysis are t €0 iction and performances is the signal to noise raticRSN

: . ; f
compared to the results of Monte-Carlo simulation using tr\%hich represents the measurement for the channel quality

Link Level LTE 5|mu|at9r [2], [3]. . . information. In this study, the SNR is defined by
The remainder of this paper is organized as follows. In

Section Il, we present the system model used in the paper. In _

Section Ill, we present performance analyses for the agerag Vi = l||Hk_,n||2|: 3)
BER, the average capacity and the average throughput of N

SFBC and FSTD MIMO schemes. The numerical and SirWherei = B,/N, is the average SNR per symbol afid 2
ulation results and discussions are presented in Section |¥ha squared Frobenius norm of a matrix.

Finally, Section V concludes the paper.

A. LTE Frame Structure

Two types of LTE frame structures are defined depending

In this section, the structure of the OFDM LTE signal andl, the duplexing mode of the transmission. Two duplexing
LTE transmit diversity schemes are described. Howeveremgpaiods are defined in LTE, namely Time Division Duplex
details can be four_ld in [8]. Th(_e OFDM s!gnal has a tw_ne a’HDD) and Frequency Division Duplex (FDD). In the FDD
a frequency domains. In the time domain, the LTE signal Rode, the downlink path (DL), from the eNodeB to user
composed of successive frames. Each frame has a duratioré&f"pmem (UE), and the uplink path (UL), from the UE to
Tirame= 10 msec Each frame is divided inta0 subframes gNqgeB, operate on different carrier frequencies. In th®TD
with equal length ofl msec Each subframe consists of tWop,oqe. the downlink and the uplink paths operate on the same
equal length time-slots with a time duration Bjot = 0.5  carrier frequency but in different time slots. In other word
msec For a normal cyclic prefix length, each time-slot consisi§ Fpp the downlink and uplink transmissions are separated
of Ny = 7 OFDM symbols. In the frequency domain, th&, the frequency domain, whereas in TDD the downlink and
OFDM technique converts the LTE wideband signal into Séygink transmissions are separated in the time domain. Type
eral narrowband signals. Each narrowband signal is tréfeini me structure of LTE is associated with the FDD duplexing

on one subcarrier frequency. S mode whereas Type 2 frame structure of LTE is associated
In LTE, the spacing between subcarriers is fixedidHz. it the TDD duplexing mode. For both types of LTE frame

Twelves adjacent subcarriers, occupying a total & KHz,  guy,ctyres, the DL and UL transmissions in LTE systems are

of one slot forms the so-called Resource Block (RB). Thgranged into radio frames. The duration of a radio frame is

number of Resource Blocks in an LTE slot depends on theaq 4t 10msec The radio frame is comprised of tenmisec

allowed system bandwidth. The minimum number of RB igptrames, which represents the shortest Transmissior Tim

equal to 6 corresponding 4 MHz system bandwidth. For ierya (TTI). Each subframe consists of two slots of diorat

20 MHz system bandwidth (Maximum Allowed bandwidth iNg 5 msec

LTE) the number of RB is equal tb00. In a MIMO system Frame structure of Type 1 LTE FDD and Type 2 TDD are

with Mp receive antennas andlly transmit antennas, theghown in Figure 1(a) and Figure 1(b), respectively. In Type
relation between the received and the transmitted signals ® Tpp frame structure. as shown in Figure 1(b), each radio

Il. SYSTEM MODEL

subcarrier frequency (k € 1,---, K), at sampling instant fame includes 2 half frames of 5 subframes each. Subframes
timen (n€1,---,N)is given by can be either uplink subframes, downlink subframes or speci
subframes. Special subframes include the following fields:
Yien = HenXin + N (1) Downlink Pilot Time Slot (DWPTS) and Uplink Pilot Time

Slot (UpPTS). Depending on the length of the Cyclic Prefix
Wherey,m € Cupx1 is the received vectoHy, ,, € Cyvxmr  (CP) and the subcarriers spacing, each time slot consists of
represents the channel matrix on subcarkieat instant time 6 or 7 OFDM symbols. In fact, the cyclic prefix represents
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(a) Type 1 LTE FDD Frame Structure.
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(b) Type 2 LTE TDD Frame Structure.
7 OFDM Symbols
(Normal Cyclic Prefix) Cyelic Prefix
\/’— Main Body
I #0 I #1 I #2 I #3 I #4 I #5 I #6 I
160 Ts 144 Ts 31 Ts 144 Ts }4 Ts }4 Ts }4 Ts \
2048 Ts 2048 Ts 2048 Ts 2048 Ts 2048 Ts 2048 Ts 2048 Ts
7 x 2048 Ts
+6x 144 Ts
+1x 160 Ts
15360 Ts = 0.5 ms Ts=1/30720 ms

(c) Structure of the symbols in one slot with Normal Cyclieft.

6 OFDM Symbols
(Extended Cyclic Prefix Cyelic Prefix

\/— Main Body
I #0 I #1 I #2 I #3 #4 I #5 |
512 Ts 512 7Ts 512 7Ts 512 7Ts 5127Ts 512 7Ts

2048 Ts 2048 Ts 2048 Ts 2048 Ts 2048 Ts 2048 Ts

6 x 2048 Ts
+6x 512Ts

15360 Ts = 0.5 ms Ts=1/30720 ms

(d) Structure of the symbols in one slot with Extended Cyé&lrefix.

Fig. 1. LTE Frame Structure.
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Fig. 2. OFDM Signal Generation.

a guard period at the beginning of each OFDM symbal transformation from frequency domain to time domain.
which provides protection against multi-path delay sprdad Accordingly, the transmitted signal is defined in the fregme
effectively combat the delay spread of the channel, thetitura domain. This means that the complex modulated symbols are
of the cyclic prefix should be greater than the duration of thmnsidered as the coefficients in the frequency domain. The
multi-path delay spread. At the same time, cyclic prefix alddock diagram of an OFDM signal generation is shown in
yields an overhead which should be minimized. Figure 2. The serial input data stream of sizeare converted
Two types of CP were specified in LTE, namely the norméhto M parallel data elements denoted a block given by
CP and the extended CP. The structure of the symbols in a 8.5= (S, S1, 52, ..., SM_l)T. Then, M parallel data streams
msectime slot with normal cyclic prefixand extended cyclic (S;, ¢ = 0,1,..., M — 1) are independently modulated (e.g.,
prefix are shown in Figure 1(c) and Figure 1(d), respectiveli)-QAM modulation) to form a vector of comglex modulated
As shown, in normal CP, each slot includes 7 OFDM symbolsymbols given byX = (Xg, X1, X2, ..., Xpr—1) -
whereas in extended CP each slot includes only 6 OFDM sym-The vectorX is then applied to the input of a-point
bols. The duration of the first cyclic prefix and the subsetjueimverse Fast Fourier Transform (IFFT). The output of this
prefixes in terms of sampling timel{) are also shown in operation is a set oV complex time-domain samples, given
Figure 1(c).T; represents the basic time unit and is given by x = (z¢, 21, 22, ...7xN_1)T . In practical implementation
T, = 1/(15000 x 2048) seconds. It can be noticed that thef an OFDM system/N the size of IFFT is greater thah/
duration of the first cyclic prefix is larger than the subsequethe number of modulated symbols (i.&/, > M).
cyclic prefixes. For the normal cyclic prefix the durationloét  As shown in Figure 2, for the remaining subcarrie¥s<{ M
first cyclic prefix is defined a$60 x 7', whereas the duration subcarriers) are being padded with zeros. The next importan
of subsequent cyclic prefixes is onlg4 x T;. For extended operation in the generation of an OFDM signal is the creation
cyclic prefix, all prefixes have the same length5a2 x T,. of a guard period at the beginning of each OFDM symbol by
The normal cyclic prefix length is proposed to be sufficieniserting a Cyclic Prefix (CP). This CP is simply generated by
for the majority of radio environment scenarios, while theaking the lastG samples of the IFFT output and appending
extended cyclic prefix is intended for radio environmentwitthem at the beginning of vectat. This yields the OFDM
particularly high delay spreads. As we will see later, thelicy symbol in the time domain, as a vector of sizgé+ N,
prefix of sizeG is the copy ofG last elements from an OFDM given by (xx_g, ..., N1, T0, T1, T2, ...7xN_1)T as shown
block including NV elements. in Figure 2. The last step in the OFDM signal generation
is the parallel to serial conversion of the IFFT output an
. then its transmissions through the transmit antennas. The
B. OFDM Symbol Generation generated OFDM signal will be transmitted over multiple
An OFDM symbol can be generated using the Inverdeansmit antennas using the transmit diversity schemesto b
Fast Fourier Transform (IFFT), which is an operation ofxplained in the following.
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Fig. 3. Space Frequency Block Coding (SFBC) Scheme in LTE [11
/
Antenna Port # 0 Antenna Port # 1 Antenna Port # 2 Antenna Port # 3
g Empty Resource Element
Space Domain
Fig. 4. Frequency Switched Transmit Diversity (FSTD) ScheémLTE [11].
C. Transmit Diversity Schemes in LTE Block Coding. The principle of SFBC transmission is shown

In LTE, two main transmit diversity schemes are employedf! Figure 3, similarly to the one reported in [11]. As can be
the first one (SFBC scheme) with 2 transmit antennas ap@en from Figure 3, the SFBC diversity scheme is, in fact, the
the second one (FSTD scheme) with 4 transmit antennas [1fffauency domain implementation of the well known Space
Both schemes use only one data stream (one signal) [11].Tf§h€ Block Coding technique, developed by Alamouti [12].
LTE, one data signal (also called data stream) is referrenas The fundamental_char_actenstlc of this family of codinghiatt
codeword because only one transport block (TB) is used g8g transmitted diversity streams are orthogonal and tiagy c
data stream. In order to ensure uncorrelated channels betw® Simply decoded at the receiver.
different antennas and hence maximizing the diversity,gasn ~ STBC operates on pairs of adjacent symbols in the time

antennas should be well separated relative to the wavélengtomain. Since the signal in LTE is two dimensional (time
and frequency domains) and the number of available OFDM

1) SFBC scheme in LTBVhen a physical channel in LTE symbols in a subframe is not always an even number, the direct
is configured for transmit diversity operation using two eNapplication of STBC is not straightforward. Therefore, $FB
odeB antennas, the diversity scheme is called Space Freguestheme is proposed to be employed.
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In LTE, for SFBC transmission, the symbols are transmittéthe channel capacity and throughput results can be coesider
from two eNodeB antenna ports on each pair of adjacess a performance limit in terms of bits/sec/Hz for the LTE

subcarriers as follows [10]: system. Finally, the numerical results, obtained from eibs
©) (9 ©) (9. form expressions as well as the results obtained from Monte-
Yy (2.7) Yy (27 + 1) _ ‘sz ‘T2j+1 H : H
(1) (o 1) (o = * " (4) carlo simulations, are presented to verify the accuracyunf o
y(2)) v+ 1) QESTER analysis.

where 3P)(k) denotes the symbols transmitted on the

th subcarrier from antenna poft x2; and ;11 (j = A Average BER Performance Analysis

0,1,2,..., % — 1) are two adjacent subcarriers in the OFDM i ]
modulated signals, explained earlier. An important charac " the following, we present the average BER analysis for
teristic of such codes is that the transmitted signal steeaffi® SFBC and SFTD systems. For each case, we first briefly

are orthogonal and a simple linear receiver can be used #§Scribe the transmit diversity and space frequency coding
detection and decoding of the signal. scheme. Then, using the Moment Generating Function (MGF)-

based approach, closed-form expressions are obtainetidor t
2) FSTD scheme in LTEThe diversity scheme in caseaverage BER performance of the systemZor 1 SFBC and
of four transmit antennas (operating on port 0 to port 3) ix 2 FSTD MIMO schemes.
called Switched Transmit Diversity [10]. The transmission
structure for FSTD diversity scheme is shown in Figure %
similarly to the one explained in [11]. In the FSTD schemg, . .
. : . IMO system employing space frequency block coding over
a pair of modulated symbols are transmitted using SFB OEDM subcarriers
scheme over two antennas, whereas the other two antenna§ i : . .
" : ince OFDM converts the multipath fading channel info
are not transmitting. In other words, in the FSTD scheme, ”f]reeq

LT ? . . uency flat fading sub-channels, we first derive the BER
transmission is switched between a pair of transmit antenna : . . :
%(Presswns over flat Rayleigh fading sub-channels, giyen b
(

at each fr_equency slot. This means thgt in the first frequen E). Then, the overall average BER ovaT sub-channels,
slot the first two symbols are transmitted through antenng
S . in each case can be calculated from

port 0 and antenna port 2, whereas nothing is transmitted on
antennas ports 1 and 3. Then, in the next frequency slot for
transmission of next two symbols, antenna ports 1 and 3 are
used, where antenna ports 0 and 2 are not transmitting. In LTE
the space frequency block code, designed for FSTD employing
4 transmit antennas is defined as follows: where the indext (subcarrier/sub-channel index) is ignored

for the sake of brevity. In addition, the impact of cyclic fixe

1) BER Analysis of SFBCAs explained earlier for Figure
SFBC-OFDM transmit diversity scheme is in facR & 1

N
1
BERuwy = 5 D_ Por (E) 6)
k=1

yO(45) yOUj+1) yOUj+2) yO4j+3) in OFDM is assumed to be negligiblg.
yO(45) yD(4j+1) yD(Ej+2) yO(4j+3) For the2 x 1 MIMO system employing SFBC scheme, the
y @ (47) ;/(2)(4j +1) y@j+2) y@j+3)| " probability density function of the SNR for each subcariger
y® (45) 1/(3)(4j +1) 1/(3)(4j +2) U(g)(4j +3) given by a chi-square distribution function as follows [13]
x4 Taj41 0 0 2 2y
= — Y 7
0 0 T4j42  Taj43 ) () 72 e @)
Tagr T4y . wherey is the average SNR per symbol givenhy= E, /No.
0 0 —%43 Ty

The moment generating function (MGF) can be determined
where 3(P) (k) denotes the symbols transmitted on th¢h using the following equation:

subcarrier from antenna past x4;, T4j+1, T4j42, aNdzy;43,

(j=0,1,2,..., %—1) are 4 adjacent subcarriers in the OFDM N ° sy

modulated signals, explained earlier. My(s) = 0 e f(y)dy. (8)

In the following, we present a performance analysis and
evaluation for three important metrics, namely the average
BER, the average capacity, and the average throughput of the A
considered MIMO systems in LTE. Me(s) — 9

'Y( ) ’72(S+ %)2 ( )

Inserting (7) into (8) and solving the integral yields

Ill. PERFORMANCEANALYSIS ) )
The average BER expression for M-QAM modulation

In the following, we first present a performance analys'gcheme can be obtained from 141 (equation (8.111: Page 255
for the average BER o x 1 MIMO SFBC and4 x 2 I [14] (equation (8.111; Pagg 255)

MIMO FSTD systems, over slow fading channels. Then an VM /2 )

lysis for the channel capacity of the considered systems ~ L
analy : P(E)~B > = M5 (A ) do (10)
is presented, followed by the average throughput evaloatio - TJo
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(2i—1)2
25sin? 6 (]\I 1)

B_4<%1> (I091M>'

Then, using the MGF expression in (9), we obtain

whereA4,; g = and B is defined by

(11)

4

_ 2i—1)? 2"
72 ({(Qsin% (M:il)} + g)

M5(Aip) = (12)

7

For the 4 x 2 MIMO system employing FSTD-OFDM
scheme, we can show that the instantaneous SNR of the sys-
tem, for k-th subcarrier, is equivalent to that foRa< 2 STBC
MIMO system. Therefore, the probability density functioh o
the SNR is given by a chi-square distribution function as
follows [13]

(17)

In this case, the MGF expression can be obtained by

Substituting (12) into (10) and after some man'pUIat'°n§ubst|tut|ng (17) into (8), which yields

we obtain

\/_/2 /2
sin® 6
~ B
Z / (Sm 20+ ¢
3(2i—1)2
2(M—1)

2
) as

The average BER performance as a functiory ef E /Ny

(13)

wherec; =

wl{w

can be evaluated by numerical evaluation of the integral in P, (

(13) for M-QAM modulation schemes.

Alternatively, by solving the integral, we obtain a closed-
form expression for the average BER of M-QAM modulatio¥here ¢ =

as follows

VM/2
P (E)=B Y Iy(r/2,c) (14)
i=1

where the closed-form expression fBy(.,
from [14](eq.5A.24) as follows

1 [? in?9 \"
In(éf’,D):;/o (ﬁjﬂ) de, —-r<¢<7
(15)
9 B (2 1
‘%‘%{(2“&’“ )g(q)@(lw»q
+sm tan a Si Trq cos(tan a)]z(q p)+l}
q:lp:l 1+D
(16)

whereT},, = <2q) [(2(q_p)) 4P 2(q — p) + 1]]_1, B=

q q—p

,/1+D sgng, and a = —f cot ¢.

2) BER Analysis of FSTDAs discussed earlier for Figure;

4, FSTD-OFDM transmit diversity scheme istax 2 MIMO

.) can be obtained

16
THs +2)*
Similarly to the SFBC case discussed eatrlier, inserting

(18) into (10), the average BER expression with M-QAM
modulation for FSTD can be written as

\/_/2

/2 sin“ 60
=~ B df 19
Z / (sm 9+CZ) (19)
?;((2]\7711))2 1, and the integral can be calculated

numerically.
Alternatively, by solving the integral, we obtain a closed-
form expression for the average BER of M-QAM modulation

for FTSD as follows
VM/2
P (E)=B > I)(r/2,c) (20)
=1

where the closed-form expression tby(.
from (16).

Finally, for the sake of comparisons, we express the average
BER of the single-input single-output (SISO) system, theg h
been derived for Rayleigh fading channels for M-QAM signals
[14] (eq. 8.112; Page 256), as follows:

\/_/2

1.5(2i — 1)27log,
P.(E)=~=B/2 1-
b(E) / ( \/M—1+1522—1)7|092]V[

(21)

,.) can be obtained

where B is defined earlier.

B. Average Channel Capacity Analysis

The channel capacity of the MIMO-OFDM system employ-
ing a space-frequency code for theh subcarrier ati-th time
instant can be written as [15], [16]:

system employing space frequency block coding ower 5

OFDM subcarriers, in which only 2 transmit antennas out of Chin = Re log, ( N R. ~or He, ”|F) (22)
4 antennas are used at each transmission slot. In this case,

considering two consecutive slots, in the first slot onlyeant It Can be also expressed as

ports 0 and 2 are used for transmissions and in the second slot

only antenna ports 1 and 3 are employed for transmissions. Ciyn = Re logo(1 + vi,n) (23)

2014, © Copyright by authors, Published under agreement with IARIA - www.iaria.org



International Journal on Advances in Networks and Services, vol 7 no 1 & 2, year 2014, http://www.iariajournals.org/networks_and_services/

8

whereqy, ., = %RCIIHJMII% and R, is the SFBC code rate, Similar to the2 x 1 SFBC MIMO-OFDM case, substituting
that is equal to oneK, = 1) for Alamouti space-time coding (17) into (24), we can obtain
used in SFBC and FSTD schemes.

3

. . . . 1
The average capacity averaged over time instarior k T = As | Pa(—p) By (p) + Z = Pi(p) Paj(—p1) | (29)

subcarrier can be written as =

— o0 whereA = R, log,(e)/3 andy = % Then the overall average
Cr=E{Ckn} = /0 Re 1ogy (14 71n) frnn (i) d¥kn channel capacity can be obtained from (25).
(24)

Finally, by aver_aging oveN supchannels, the overall average. Throughput Analysis
channel capacity can be obtained from
In a frequency selective fading channel, the subchannels
| N=1 corresponding the OFDM subcarriers have different ampli-
Cavg = N Z Ck. (25) tudes. To obtain a better throughput or a spectral efficiency
k=0 the transmission mode on each subcarrier can be chosen
according the subchannels state information. Using thevkno

_ _ channel state information (CSI), the transmitter can choos
1) Channel Capacity of SFBC MIMO-OFDMEor the2x1 o hast modulation mode and can adapt the transmission

SfFE:]C MIMOf—OFDMhschgme,_the_ prqbabilti)ty density functionate andjor transmit power on each OFDM subcarrier. Here,
of the SNR for each subcarrier is given by (7). Inserting ({Q)¢ consider an adaptive modulation with constant-power and

into (24), we obtain adaptive-rate transmission while satisfying a qualityerfvice
(QoS) indicator such as a predefined target BER or a target
2 2, Block error rate (BLER). We use a rate adaptive modulation
—e 7 dy assumingL-mode square M-QAM modulations.
© 9 2 To perform adaptive modulation we divide the entire SNR
=R, 10g2(€)/ — In(1+7)ye 77dy. (26) region intoL+ 1 fading regions. Then, according the instanta-
o 7 neous SNR value on each subchannel in each SNR region, we
To solve the above integral, we use the following result [1&ssign the best modulation mode. This method can provide the
largest throughput while satisfying a target BER value [15]
In this case, the throughput (in Bits/Sec/Hz) for the consid

Ci = / R logy (14 7)
0

_r - 0 2) (w1 o=k gy ered MIMO-OFDM systems is defined as [15], [16], [18]:
(M_l)!/o In(1+a)(pe)Mterd y i [
M-—1
1 N-1
= Pu(=p) Ex(p) + ; 7 Pilw) Prr—s(=p) - (27) Topg = % SN BIK [Fy(ay,,) — Fy(e,)]  (30)
k=0 =1

wherePy;(.) is the Poisson distribution defined B, (z) = wheref, [k] is the number of bits assigned isth SNR region
M_Bl 2’ ¢—= and wheref, (.) is the exponential integral of for k-th OFDM subcarriery, anda, ., are the switching SNR
first order. defined by, () = [ t~te~tdt for z > 0. thresholds forl-th SNR region.F, () is the cumulative dis-

x

Therefore, using (27) and after performing changes §fPution function (CDF) defined a&’, () = J=% () d,
variables together with some simplifications, we obtain tHéheref,(7) is defined earlier for each MIMO-OFDM scheme.
solution of integral in (26) as We can simply show that substituting thfe(y) expressions

for 2x1 SFBC MIMO-OFDM and4 x 2 FSTD MIMO-OFDM
respectively given by (7) and (17) in it we obtain

Cr = A1 [Pr(—p) By (p) + Pr(p) Pi(—p)] (28)

2 2

where A; = R, log,(e) andu = % Then the overall average E)=1-e7" (1 + ;) (31)
channel capacity can be obtained from (25).

and

2) Channel Capacity of FSTD MIMO-OFDMAS men- _z2 2 2 8

tioned earlier, for thet x 2 FSTD MIMO-OFDM scheme, BO)=1-e7 (1 + 5 + 52 + 3_73> ' (32)
we can show that the instantaneous SNR of the system, for
k-th subcarrier, is equivalent to that fora< 2 SFBC MIMO- Finally, closed-form expressions for the average throughp

OFDM scheme. For thé x 2 SFBC MIMO-OFDM scheme, of 2 x1 SFBC MIMO-OFDM and4 x 2 FSTD MIMO-OFDM
the probability density function of the SNR for each subiearr systems can be obtained by inserting the corresponding CDF
is given by (17). expressions (31) and (32) into (30), respectively.
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TABLE |
SIMULATION SETTINGS 9

Parameter  Setting
Transmission Schemes  SISOx 1 SFBC;4 x 2 FSTD
Bandwidth 5 MHz El
Simulation length 5000 subframes
Channel Type  Rayleigh Fading
Channel knowledge  Perfect
CQI 6 (QPSK), 9 (16-QAM), and 16 (64-QAM)

< Simulation SISO | |
—Theoretical SISO| |
o Simulation 24 | ]
—Theoretical 2x1 | 1
» Simulation 4x2
—Theoretical 4x2 | 4

IV. SIMULATION AND ANALYTICAL RESULTS

Bit Error Rate

In this section, we provide the performance results obthin
from the mathematical expressions derived in this papethfor
average BER, the average capacity and the average thraug! 0
of the considered MIMO systems in LTE, and assunfing
E,/Ny and R, = 1. Monte-Carlo simulation results are alsc
provided to show the accuracy of the analysis. | |

The common simulation settings for Monte-Carlo simule 0 5 0 B ES/NZOO(dB) 5 R % 40
tions are summarized in Table I.

Fig. 5. Numerical Evaluation and Monte-Carlo Simulatiorigte average

A. Average BER Performance results BER for QPSK modulation.

The average BER performance as a functioffef E's/Ny
for SISO and MIMO schemes are shown in Figure 5, Figure
6, and Figure 7. In Figure 5, the average BER results ¢ 0
provided assuming 4-QAM, i.e., QPSK modulation. Figur
6 shows the results for 16-QAM modulation and Figure Tls\ﬁﬁf;ltf&ll 2SIXS(1)
presents the results for 64-QAM modulation. 107 Eg Ol , — Numerical 2 x 11

It can be seen that the average BER performances of QP N 8 Simulation 4 x 2
16-QAM, and 64-QAM schemes at high SNRs decrease — Numerical 4 x 2
factors¥!, 72, and¥*, for SISO,2 x 1, and4 x 2 MIMO 10

K] Simulétion SISO

- . . o
cases, respectively. Thus, the diversity order (slope ef t H
i ; m
curves) are equal tb, 2 and4, respectively, for the considered "} 143,
cases. As stated earlier, sincedn< 2 FSTD, at each time- ¥
. . -
slot/frequency-slo2 out of 4 transmit antennas are in use ¢ By
therefore the diversity order will be x 2 = 4. In fact, the < 10 ¢

corresponding average BER curve fior 2 FSTD is somehow
like the classical x 2 STBC system, when the channel is no 5
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 10
as expected. It can be observed that the negative slope of
BER curve for the SISO case is equalltomeaning that the
diversity order for the SISO case is equallioas expected. Fig. 6. Numerical Evaluation and Monte-Carlo Simulatioristtee average

The second curves in Figure 5, Figure 6, and Figure BFR for 16-QAM modulation.
represent the BER results of tBex 1 SFBC diversity scheme.
Asymptotically, the slope of these curves can be observed to
be equal t®, which corresponds to the diversity orderof 1 . :
SFBC system. An SNRKs/No) gain improvement can alsoscheme. Thg BER results.of thex 2 diversity scheme for
be observed compared to the SISO scheme. From Figuré)%t,h modulation _schemes_, €., 1§'QAM and 64."QAM are also
it can be observed that to achieve the BER valuel®f®, shown. As described earlier, in high SNRs region the slope of

the2 » 1 diversity scheme needs abolit dB less inEs/No, that curve tends to be equal o This value corresponds to
compared to the SISO case. the diversity order of 2 x 2 system.

In Figure 7 for 64-QAM modulation, the average BER of Finally, it can be observed from Figure 5, Figure 6 and
103 is achieved atZs/Ny = 39 dB in SISO configuration, Figure 7 that numerical evaluation results obtained from
however, the same value of BER is achieved with only average BER formulas match closely to the average BER
Es/No = 29 dB in the 2 x 1 diversity scheme. Thus anresults obtained from Monte-Carlo simulations. This vesfi
SNR gain of10 dB is clearly observed for th2 x 1 diversity the accuracy of the analysis.

20 30 40 50
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20
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spectral efficiency of the system for different cases.
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B. Average Channel Capacity and Throughput Results

10

12

— Simulation 4
o Analysis 4
= = =Simulation 2
I o Analysis 2
1

1

Capacity Limit

=
o

—#— Simulation
o Analysis

[ee]

Adaptive
Modulation

Spectral Efficiency (Bits/S/Hz)
I o

30 35

15 20 25 40
Average SNR (dB)

Numerical Evaluation and Monte-Carlo Simulatiorigte average
spectral efficiency of the system for different cases.

{4,16,64}) and a no-transmission mode. For example, when
16-QAM modulation and no-transmission modes are consid-
ered, when the SNR of the subchannel is below a certain
threshold we use 16-QAM for transmission, otherwise no data
is transmitted, i.e., no-transmission mode. The SNR tluiesh

is obtained according the target BER value. It can be obderve
in Figure 8 that the capacity fof x 2 FSTD MIMO-OFDM
system is superior than those »fx 1 SFBC MIMO-OFDM,

and SISO cases, as expected.

It is also shown thak x 1 SFBC MIMO-OFDM system
can provide superior capacity performance compared to the
SISO system. It can be observed that in a two-mode trans-
mission case, using a higher modulation mode (e.g., 16-QAM
instead of 4-QAM) yields a throughput increase at high SNRs.
However, at low SNR values, for example between 8 to 20 dB,
4-QAM transmission can provide a higher throughput than 64-
QAM case. This is due to the fact that the SNR threshold for
4-QAM is much less than that for 64-QAM, and a two-mode
transmission using 4-QAM starts the transmission at a lower
SNR than for a two-mode transmission using 64-QAM.

To obtain a better throughput, we use more modulation
modes in the transmission. In Figure 9, we assume a case
using several transmission modes, including a no-trarssoms
mode, and a four-transmission mode using BPSK, 4-QAM,

In the following, we show the results for the average capat6-QAM, 64-QAM schemes. In this case, we obtain 4 SNR
ity and the average throughput (average spectral efficjenthiresholdso; (I = 1,2, 3,4) corresponding to the considered
results for the considered systems. The results are oltaimeodulation schemes and satisfying the target BER0oP. It
from the mathematical formulas presented in previous@ectican be seen that transmissions occur in a wide range of SNR
as well as from Monte-Carlo simulations. Figure 8 and Figusalues. In1 x 1 SISO system, and i@ x 1, and2 x 4 MIMO
9 show the channel capacity limits as well as the throughmytstems, the throughput values reach a maximum rate of 6

of 2 x 1 SFBC MIMO-OFDM, 4 x 2 FSTD MIMO-OFDM,

bits/sec/Hz that is equal to the average bits transmitte@dby

and SISO-OFDM systems. For evaluating the throughout, VBAM, the highest mode considered. To verify the analysis
assume several cases considering a target BER of.
In Figure 8, we assume a case using two transmigrovided. It can be seen that the numerical results obtained

sion modes, i.e., one M-QAM transmission mod¥ (€

the results obtained from Monte-carlo simulations are also

from the formulas match closely to the simulation results.

2014, © Copyright by authors, Published under agreement with IARIA - www.iaria.org



International Journal on Advances in Networks and Services, vol 7 no 1 & 2, year 2014, http://www.iariajournals.org/networks_and_services/

V. CONCLUSION

In this paper, we have presented performance analyses
for the average BER, the average channel capacity and the
throughput of MIMO schemes in the 3GPP Long Term Evo-
lution (LTE). The theoretical analysis for two different MO
schemes in & MHz bandwidth LTE system were presented.
To verify the accuracy of the analysis the results of Monte-
Carlo simulation for the studied schemes were provided and
compared with the results obtained from theoretical aiglys
To show the 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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