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Abstract— The 3rd Generation Partnership Project (3GPP)
Long Term Evolution-Advanced (LTE-A) aims at very high
peak data rates such as 1 Gbps in local areas and 100 Mbps
in wide areas. To meet these targets, evolved multi-antenna
techniques and large spectrum allocations are required. In
this paper, we carry out a performance evaluation of uplink
single-user multiple-input-multiple-output (SU-MIMO), both
for orthogonal frequency division multiple access (OFDMA)
and single-carrier frequency division multiple access (SC-
FDMA) under LTE parameters. Different MIMO schemes
such as single-input-multiple-output (SIMO), spatial multi-
plexing (SM) and transmit diversity with space-frequency
coding (SFC) are investigated. Results show that OFDMA
tends to outperform SC-FDMA for 2 receive antennas.
However, this gap is reduced when 4 antennas are considered
at the receiver. Furthermore, it is shown that the peak-
to-average power ratio (PAPR) of the SC-FDMA signal is
increased about 0.6 dB, when SFC is employed; nevertheless,
a gain of 2 dB over OFDMA is still preserved.

Index Terms—LTE-A, MIMO, OFDMA,
FDMA, spatial multiplexing, transmit diversity

PAPR, SC-

I. INTRODUCTION

The 3rd Generation Partnership Project (3GPP) is cur-
rently specifying the minimum requirements for Long
Term Evolution-Advanced (LTE-A) systems, targeting
peak data rates of 1 Gbit/s in local areas and 100 Mbit/s in
wide areas. To cope with this ambitious requirements, ad-
vanced multiple-antenna techniques, providing high spec-
tral efficiency values and very large spectrum allocations,
in the order of 100 MHz, are expected to be deployed.
In the previous LTE Release 8 standard [1], orthogonal
frequency division multiple access (OFDMA) has been se-
lected for the downlink due to its ability to easily cope with
the frequency selectivity of wideband channels and its high
spectral efficiency. In this scheme, the modulated symbols
are split over low-rate narrowband orthogonal subcarriers
and a proper cyclic prefix (CP) is inserted allowing simple
equalization at the receiver [2]. However, due to the nature
of the transmitted signal, in which the subcarriers can
add in phase, OFDMA suffers from high peak-to-average
power ratio (PAPR). This is particularly an issue for uplink
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transmissions due to power consumption constraints in
the mobile terminals. Therefore, single-carrier frequency
division multiple access (SC-FDMA) was chosen for the
uplink of LTE. This modulation scheme presents the same
benefits in terms of multipath mitigation as OFDMA and it
is characterized for its low PAPR properties [1]. However,
it suffers from an effect called “noise enhancement”, which
degrades its performance when linear receivers are used.
Furthermore, by using an iterative approach based on
turbo equalization [3], this performance degradation can
be overcome at the expense of a higher computational
complexity. Nevertheless, the selection of the most ap-
propriate uplink access scheme for LTE-A is still under
discussion. Furthermore, uplink single-user multiple-input-
multiple-output (SU-MIMO) has not been standardized in
LTE Release 8 but it is expected to be included in LTE-A
to cope with the targeted data rates.

In this paper, we present a performance compari-
son of OFDMA vs. SC-FDMA for different open-loop
multiple-antenna schemes such as single-input-multiple-
output (SIMO), transmit diversity with space-frequency
coding (SFC) based on the well-known Alamouti scheme
and spatial multiplexing (SM) with single codeword con-
figuration. These schemes have been widely treated in
literature [4]-[5]-[6] and it is not our goal to deeply go into
their principles. However, we evaluate their performance
for LTE parameters bearing in mind their possible inclu-
sion in the uplink of upcoming standards. The main goal
is to obtain baseline results to provide a fair comparison
between the access schemes and to investigate the feasibil-
ity of the previous MIMO schemes under realistic system
assumptions. Previous work has been focused on the
comparison of OFDMA vs. SC-FDMA for single-input-
single-output (SISO) and SIMO with 2 receive antennas
under ideal conditions [7]. We instead extend this study
and relax those assumptions on a single-user scenario,
where the number of receive antennas is shown to be a
key parameter and non-ideal channel estimation is assumed
amongst other constraints.
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The rest of the article is organized as follows: in Section
II, the considered LTE-A system is described as well as the
MIMO schemes employed. The performance evaluation
between access schemes is presented and discussed in
Section III. Finally, Section IV concludes the work.

II. SYSTEM MODEL

A simplified baseband MIMO OFDMA/SC-FDMA sys-
tem is depicted in Fig. 1 with Np transmit antennas and
Npg receive antennas. On the transmitter side, the data
bits are encoded, interleaved and mapped onto QPSK,
16QAM or 64QAM symbols yielding the vector d. Then, a
discrete Fourier transform (DFT) is performed in the case
of SC-FDMA, spreading each data symbol over all the
subcarriers, obtaining the vector s. For OFDMA instead,
each data symbol is mapped onto one subcarrier, i.e.,
s = d. The complex symbols s are then fed to the MIMO
encoder block which performs spatial transformation of
the input symbols giving as an output the encoded MIMO
symbols x. Next, pilot symbols are inserted in predefined
positions to enable channel estimation at the receiver.
Finally, an inverse fast Fourier transform (IFFT) is applied
and CP is appended.

fic|
MIMO

Data Encoder

QPSK/QAM
Mapper

Interleaver

Channel
Coding

IFFT +
CP Insertion

Pilots

SC-FDMA Specific

QPSK/QAM
De-mapper

MIMO
Receiver

Estimation
Fig. 1. Simplified OFDMA/SC-FDMA block diagram.

Assuming that the channel is static over the duration
of an OFDMA symbol and that the CP is long enough to
cope with the maximum delay of the multipath channel, the
received signal after CP removal and fast Fourier transform
(FFT) can be expressed as:

ylk]= (1

where x[k] =[ x1(k),z2(k),..., 2N, (k) T is a vector
containing the encoded MIMO complex transmit symbols
at subcarrier k from the Np transmit antennas, w[k] =

H[k)x[k]+ wlk]

[wy (k), wa(k),...,wn,(k) T is the additive white Gaus-
sian noise vector with E[w;(k)w;(k)*]= o2 and
hy (k) hing (k)
HK- | : @
hNRl(k> hNRNT(k)
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is the channel transfer function matrix at subcarrier k.
hj (k) denotes the complex channel gain from the transmit
antenna j to the receive antenna i. In this study, it is
assumed that FE[s(k)s(k)*]=  and that the transmitted
power is equally distributed among the transmit antennas.

The signal y is fed to the MIMO receiver block which
performs equalization of the received symbols to compen-
sate for the amplitude and phase distortions introduced
by the channel. To do so, an estimate of the channel
transfer function is provided by the channel estimation
block. The rest of the receiver chain performs the reversal
operations of the transmitter side. Note that the inverse
discrete Fourier transform (IDFT) is the responsible of the
noise enhancement of SC-FDMA systems since the noise
contribution of each subcarrier is spread over all symbols.

The next subsections will introduce the principles of the
MIMO schemes considered in this work.

A. SIMO

In this scheme there is only one transmit antenna. Hence,
it can be written:

z1(k)= s(k) (3)

with & =0 ... Ny — 1, being N the number of data
symbols per OFDMA symbol. At the MIMO receiver
block, maximal ratio combining (MRC) is performed for
OFDMA [4] and minimum-mean-squared error (MMSE)
equalization for SC-FDMA [8].

B. SFC

For SFC, we consider Alamouti-based transmission on

2 antenna ports as suggested in 3GPP specifications [9]. If

we only take the first block with subcarrier index 1 and 2

as example, the encoded MIMO vector x is shown to be:
[ z11) sO) 5D

1) } _ 1 [
z2l)  22D) V2 [ —s® " syt
At the receiver, the signals from different antennas
are coherently added with the MRC principle assuming

that the neighboring two subcarriers experience the same
channel.

] “)

C. SM

Finally, in this scheme the symbols s(k) are transmitted
in parallel onto the different antennas to increase the
spectral efficiency of the system. Therefore, it can be
expressed:

(k)= s(kNp +j — 1) )

1
VNt
with j denoting the transmit antenna index. In this case,
MMSE detection is performed to mitigate the inter-stream
interference [6].
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TABLE I
SIMULATION PARAMETERS

Sampling frequency 15.36 MHz
Subcarrier spacing 15 KHz
FFT size 1024
Used subcarriers 600
CP length 5.29/4.68" g
Slot duration 0.5 ms
Symbols per slot 7

MIMO schemes (1x2, 1x4) SIMO; (2x2, 2x4) SFC;
(2x2, 2x4) SM
3 kmph
QPSK: 1/6, 1/3, 1/2, 2/3
16QAM: 1/2, 2/3, 3/4

64QAM: 172, 2/3, 3/4

User speed
MCS settings

“First OFDMA/SC-FDMA symbol in a slot.
bot _ 7h OFDMA/SC-FDMA symbol in a slot.

III. PERFORMANCE EVALUATION

In order to evaluate the performance of the previously
introduced MIMO schemes for both OFDMA and SC-
FDMA, 10 MHz LTE configuration parameters [9] are
taken as a reference to run Monte Carlo simulations. These
parameters are gathered in Table I as well as the modula-
tion and coding scheme (MCS) formats employed. Realis-
tic channel estimation based on robust Wiener filtering [10]
is assumed. Furthermore, the considered channel coding is
based on a rate 1/3 turbo encoder following 3GPP Release
8 specifications [11]. Results are presented for SCM-A
channel model [12] in terms of link adaptation curves rep-
resenting spectral efficiency (bits/s/Hz) vs. signal-to-noise
ratio (SNR). These curves have been obtained by selecting
the MCS which maximizes the average throughput for a
given SNR point.

—— OFDMA 1x2 SIMO
OFDMA 1x4 SIMO

—— SC-FDMA 1x2 SIMO

—— SC-FDMA 1x4 SIMO

Spectral Efficiency [bit/s/Hz]
n

-0 -5 0 5 10 15 20 25
SNR [dB]

Fig. 2. SIMO results for SCM-A.
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Fig. 2 depicts spectral efficiency results for SIMO
configuration. It can be observed that the performance is
highly leveraged for 4 receive antennas for both OFDMA
and SC-FDMA. Furthermore, the 1 dB gap at medium-high
SNR range between both access schemes for 1x2 configu-
ration disappears when the number of receive antennas is
set to 4. This is due to the increase of diversity branches,
which averages the channel seen at the receiver. Extending
the number of receive antennas will further smooth the
deep fades of the channel, hence reducing the noise en-
hancement suffered by SC-FDMA and yielding the same
performance for both access schemes. In Fig. 3, we present
some results regarding transmit diversity with SFC. As for
SIMO, there is a significant improvement when increasing
the number of receive antennas. Moreover, for this MIMO
scheme, OFDMA is shown to slightly outperform SC-
FDMA with a gain of around 0.5 dB regardless the number
of antennas at the receiver.

Regarding SM, spectral efficiency results are shown in
Fig. 4. In the case of 2 receive antennas, OFDMA clearly
outperforms SC-FDM with a gain of around 3 dB at high
SNR. Here, we can easily see the effect of the noise
enhancement on SC-FDMA, which severely degrades its
performance compared to OFDMA. However, the gap
between these access schemes is reduced to 0.5 dB when
the receiver employs 4 antennas. Furthermore, we can
appreciate that both access schemes perform similarly for
low SNR range. Let us point out that the high spectral
efficiency achieved by this MIMO scheme makes it a very
attractive solution to achieve high peak data rates when
favorable SNR conditions can be met.

3.5
—— OFDMA 2x2 SFC

3t OFDMA 2x4 SFC 1
) —— SC-FDMA 2x2 SFC
3 2.5 | —— SC-FDMA 2x4 SFC |
[2]
i
> 2 1
C
o
o
£ 15} 1
w
s
§ o f
Q.
w

0.5¢ 1
0 ‘ ‘ ‘ ‘ ‘
-0 -5 0 5 10 15 20 25

SNR [dB]

Fig. 3. SFC results for SCM-A.

Finally, some considerations regarding the PAPR of
the transmitted signal must be done. Fig. 5 presents the
complementary cumulative distribution function (CCDF)
of the PAPR. As it can be seen, the PAPR of the SC-
FDMA signal is increased by 0.6 dB with respect to the
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Fig. 4. SM results for SCM-A.

SISO case due to the SFC processing. However, there is
still a gain of around 2 dB compared to OFDMA. Due
to the particularities of the SFC scheme considered, this
PAPR increase only affects the second transmit antenna
since in the first one, the symbols are transmitted without
any modification. Furthermore, there is not appreciative
degradation in the case of OFDMA. For clarity only the
PAPR of the SFC signal has been plotted.

10 : : :
—— SC-FDMA SISO
—— SC-FDMA SFC
OFDMA SFC
107 1
[T
a
O
(&)
107} E
107° : :
6 7 8 9 10 1 12
PAPR [dB]
Fig. 5. PAPR of SC-FDMA for 16QAM.

IV. CONCLUSIONS

In LTE-A, SU-MIMO is expected to be introduced in
uplink to cope with its ambitious data rate requirements.
In this work, we have presented a performance comparison
between OFDMA and SC-FDMA for different MIMO
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schemes, which have been approved in the downlink of
LTE. Specifically, SIMO, SFC and SM have been studied
under realistic system assumptions. Results showed that,
for 2 receive antennas, OFDMA outperforms SC-FDMA,
especially for SM with a gain of 3 dB at high SNR.
However, when the number of antennas at the receiver
is increased up to 4, the gap between access schemes is
highly reduced. Finally, it has been shown that there is a
PAPR increase for SC-FDMA of 0.6 dB due to the spatial
processing of SFC. This degradation is only appreciable
in the second transmit antenna due to the considered SFC
scheme. Nevertheless, a gain of 2 dB over OFDMA is still
preserved.

As a future work, advanced non-linear receivers based
on turbo equalization are to be investigated to boost SC-
FDMA performance. It is expected that, with such a
receiver, SC-FDMA will perform as good as OFDMA.
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