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Abstract: A single carrier frequency division multiple access (SC-FDMA), is a technique that
has a similar performance and essentially the same overall complexity as those of orthogonal
frequency division multiple access (OFDMA). The main advantage of SC-FDMA over
OFDMA is its lower peak-to-average power ratio (PAPR). In this paper, an enhancement of a
SC-FDMA by decreasing the PAPR is addressed. An efficient repeated clipping and filtering
(RCF) algorithm is applied to a SC-FDMA system, which results in a significant PAPR
reduction. System performance remains the same after applying the RCF algorithm.
Simulations show the proposed scheme provides a bit error as that of the conventional system.
That is, due to the selection of the optimum clipping ratio (CR). For more accurate validation,
simulations of the conventional system and the proposed system have been performed using
different types of channels. The proposed scheme provides a PAPR reduction by a gain of
approximately 4 dB with a slight increase of complexity.

I. Introduction

Recently, wireless communication systems offer a high data rate. Orthogonal frequency
division multiplexing (OFDM), which is a multicarrier communication technique, has
received a lot of attention in the last few years. This is due to its ability to overcome the
frequency-selective fading which is common in wireless broadband communications [1].
OFDMA is an extension of OFDM to accommodate multiple simultaneous users. Despite the
benefits of OFDM and OFDMA, they suffer a number of drawbacks such as the high PAPR
[2]. The high PAPR requires system components with a large linear range capable of
accommodating the signal. Otherwise, the nonlinear distortion occurs, which results in a loss
of subcarrier orthogonality and degrades the system performance. Lower PAPR greatly
benefits the mobile terminal in terms of transmitted power efficiency. SC-FDMA is adopted
as a possible air interface, especially in uplink broadband communications. The main
advantage of SC-FDMA compared to multi-carrier systems is its low PAPR, in addition to the
advantages of OFDMA [3]. However, a SC-FDMA system performance can be enhanced by
decreasing the PAPR. Many PAPR reduction techniques for multi- carrier systems are
surveyed in [4], which may be used by single-carrier systems. PAPR reduction techniques can
be classified into two categories. The first one is the signal distortion techniques which
introduces distortion to signals and causes degradation in the performance such as clipping
algorithm. The second category is called symbol scrambling, which may not affect the system
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performance but has an overhead and significantly increased complexity such as Partial
Transmit Sequence (PTS), SeLective Mapping (SLM) and other techniques presented in [5-
6]. Clipping is the simplest effective algorithm that can be used for PAPR reduction. But, it
introduces additional clipping noise which degrades the system performance. Clipping
introduces in-band distortion and out-of-band radiation. It is worth noting that out of band
radiation can be solved by filtering the clipped signal [7-8]. Clipping and filtering may cause
some peak regrowth letting the signal samples to exceed the clipping level at some points.
This can be solved by repeated clipping and filtering [8]. In this paper, an optimum clipping
ratio is selected to have no effect on the system performance in terms of BER.

The remainder of this paper is organized as follows; Section 2 provides an overview of SC-
FDMA system. Section 3, describes the PAPR problem in broadband communications. An
analysis of the suggested system is presented in Section 4. Simulation results and discussions
are presented in Section 5. Finally, the conclusions and the recommendations for future work
are presented in Section 6.

1. SC-FDMA System Model

The third generation partnership project (3GPP), investigates a modified form of OFDMA for
uplink transmissions by the “long-term evolution (LTE)” of cellular systems [9-10]. The
block diagram describing the SC-FDMA system is shown in Figure 1 [11].
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Figure 1: Structure of DFT SC-FDMA system over a frequency
selective channel.

At the transmitter, binary input data passes through one of many possible modulation
techniques such as QAM, or M-QAM, introducing symbols. A discrete Fourier transform
(DFT) operation is performed on each block of N symbols. Then, subcarriers are mapped in
the frequency domain. There are three types of mapping, localized, interleaving, or distributed
mapping. The inverse DFT is performed on each block of M subcarriers. After that, a cyclic
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prefix (CP) of Nc symbols is added to the resulting signal. The length of the CP must be
greater than the maximum delay spread of the channel to combat the inter-block interference
(IBI) [3-11]. The signal after DFT can be expressed as follows:

N-1 _i2z

X, =Y xe ! (1)

where X, is an N x 1 vector containing the modulated data symbols. N is a DFT length. After
the IDFT, the signal can be expressed as follows:

1 _ iz

— > XeM 2
m M Z | ( )
where X, represents the frequency domain samples after subcarrier mapping, M is the IDFT

length (number of subcarriers M>N) and X, represents the time symbols after the IDFT. The

baseband channel impulse response can, then, be expressed as follows [12-13]:
L-1

ht) =Y ho(t-7) 3)
1=0

where h, and z, are the complex fading and the propogation delay of the "™ path respectively,

and L is the number of the multipath components of the channel impulse response h(t).

At the receiver, the CP is removed from the received signal. An M-point DFT is performed on
the received signal, to get the frequency domain signal. Then, Frequency Domain
Equalization (FDE) and subcarrier demapping are performed. An N-point IDFT is performed
on the resulting signal. Finally, demodulation is performed. After removing CP, the received
signal can be expressed as follows:

r=Hx+n 4)

where X is an Mx1 vector representing the block of the transmitted symbols and r is an Mx1
vector representing the received symbols. n is an Mx1 vector describing the additive noise.
The matrix H is an MxM circulant matrix describing the multipath channel and can be
expressed as follows [13]:

h(0) 0 hL-1) hQ)
h(0) .
. h(L-1) (5)
H=|hlL-1) . 0
0 h(L-1) .
. h(L-1) 0
0 h(L-1) h(0)

The circulant H matrix can be efficiently diagonalised by the fast fourier transform (V) and
inverse fast fourier transform (¥™). It can be written as follows [13]:

H=%"A¥ (6)
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where 4 is an MxM diagonal matrix containing the fast fourier transform of the circulant
sequence of H. The FDE complex coefficients w(m) can be derived according to the minimum
mean square (MMSE) criterion as follows [14]:

A (m,m

w(m) = — 2 ™
|A(m,m)|” +1/SNR
where SNR is the signal-to-noise ratio. The advantage of the frequency domain equalization is

its low computational complexity and its disadvantage is that require insertion of CP which
reduces the data rate.

I11. PAPR Problem Definition

The PAPR in SC-FDMA is required to be as small as possible. The output of the IDFT block
leads to the Gaussian distribution of different peak amplitude values. This causes some
challenges to the amplifier design as, in a cellular system; one should aim for maximum
power amplifier efficiency to achieve minimum power consumption. Figure 2 illustrates how
a signal with a higher envelope variation requires the amplifier to use additional input back-
off power compared to a small envelope variation. The amplifier must stay in the linear area
with the use of extra back-off power in order to prevent problems to the output signal and
spectrum mask. The use of additional back-off leads to a reduced amplifier power efficiency
or a smaller output power. This either causes the uplink range to be shorter, when the same
average output power level is maintained or, the battery energy is consumed faster due to
higher amplifier power consumption. The latter is not considered a problem in fixed
applications where the device has a large volume and is connected to the main supply, but for
small mobile devices running on their own batteries it creates more challenges.

o/p power 4
______________ } Back-off
PA
Input waveform output curve
Input level
o/p power 4 Max
Input waveform | T
Average Back-off
Input level

Figure 2: Power amplifier back-off requirement for different input waveforms.
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The high PAPR causes the peaks to enter the saturation region of the power amplifier (PA)
which results in a significant in-band distortion and out-of-band radiation when a signal
passes through a nonlinear device such a transmitter device (PA). The in-band distortion
degrades the performance by increasing BER. Moreover, the out-band radiation results in an
unacceptable adjacent channel interference [15-16]. The PAPR is defined as the ratio of peak
power to average power of the transmitted signal in a given transmission block, and is given

by:

— 2
P max (X,,)|")
PAPR = peak — 0smsM-1 | | (8)

M-1
B UMY R
m=0

The cumulative distribution function (CDF) of the PAPR is one of the most performance
measures for different PAPR reduction techniques. Most researches use complementary CDF
(CCDF) instead of CDF [17-18]. The CCDF of the PAPR denotes the probability that the
PAPR of a data block exceeds a given threshold PAPR>PAPRj.

V. The Proposed LFDMA System with Clipping and Frequency Filtering
This section presents the proposed SC-FDMA system with RCF technique. Figure 3 shows
the block diagram of the proposed SC-FDMA. This structure combines the repeated clipping
and frequency filtering (RCF).

Modulation N-DFT OFDMA
| —»{ modulation —»| Clip % DFT {9 Filtering % IDFT —

______________________________________

Figure 3: Structure of DFT SC-FDMA transmitter system
combined RCF algorithm.

The simplest approach to reduce the PAPR of SC-FDMA is to clip the high amplitude peaks.
Such clipping introduces in-band distortion and out-of-band radiation. Out-of-band radiation
can be reduced by filtering. Filtering results in some peak regrowth as in other clip and filter
technique. Repeated clipping-and-filtering operations can be used to reduce the overall peak
regrowth [8]. In this paper, the in-band clip distortion is improved by selecting an optimum
clipping ratio. That results in no degradation in system performance. The clipping function is
performed in the time domain, and the process is described by the following expression:

| X, [<=A

c Xy
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where x°% is the clipped signal, x, is the base-band signal, A is the peak amplitude and

#(x,) is the phase of the baseband signal which has no change due to clipping. The clip ratio
(CR) is calculated using this formula:

2
CR = F’?— , (10)

v

where P,, is the average of the signal (expectation of the energy signal). It is expected that

the proposed system provides a good enhancement in terms of PAPR with some additional
complexity, by introducing DFT, filtering and IDFT components. The method of applying
RCF algorithm is summarized as follows:

1. The binary input signal is passed through the modulator, introducing blocks of data
symbols.

2. Each block of data symbols are arranged in parallel and then converted to frequency
domain by DFT operation.

3. After DFT spread, OFDMA modulation is applied to the block of symbols which includes
subcarrier mapping and IDFT operation.

4. After that, the RCF technique is applied, which starts by clipping the amplitude of the
signal in the time domain based on the optimum selected CR. This optimum CR is selected
by simulation of BER with CR for different signal-to-noise ratio (SNR). The optimum CR
is selected such that the BER is not degraded. Then, the block is transformed to the
frequency domain and a low-pass filtering is applied. Finally, filtered data is converted
back to time domain using IDFT, and the process is repeated until we get the required
clipping threshold.

V1. Simulations and Results

Computer simulations are performed using MATLAB to validate the results provided in the
next subsections. Localized mapping which is used by LTE in 3™ generation partnership
project (3GPP) for uplink transmission [19] is implemented. The simulation parameters are
listed in Table 1.

Table.l. Simulation Parameters

Description Parameters
Transmitter | System bandwidth 5 MHz
Modulation QPSK
CP 20 samples
Transmitter IDFT size M =512
Subcarrier spacing 9.765625 kHz
SC-FDMA input block size 128 symbols
Subcarrier mapping Localized

Channel Channel model Vehicular A outdoor channel and Fixed
channel
Noise environment AWGN
Receiver Channel estimation Perfect, and MMSE channel estimator

Equalization

MMSE
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Performance evaluations of the proposed SC-FDMA are provided under different wireless
channels. The SUI3 channel, the vehicular A outdoor channel, and the additive white
Gaussian Noise (AWGN) channel are used in the simulations. The BER is evaluated by the
Monte Carlo simulation method with 10* run times. The conventional SC-FDMA scheme is
also simulated for comparison purpose. One of six channel models adopted by IEEE 802.16a
standard for evaluating the performance of broadband wireless systems in the 2-11 GHz band
is the SUI3 channel [20]. It has three Rayleigh fading taps at delays of 0, 0.5 and 1 ms, with
relative powers of 0, 25, and 210 dB, respectively. The vehicular A outdoor channel has six
Rayleigh fading taps at delays of 0, 310, 710, 1090, 1730 and 2510 ns, with relative powers of
0, 21, 29, 210, 215 and 220 dB, respectively [21]. The vehicular A outdoor channel has a
mobile speed of 120 km/h. A mobile speed of 120 km/h corresponds to a Doppler spread of
223 Hz for a carrier frequency of 2 GHz. The BER is evaluated by the Monte Carlo
simulation method with 10* runs. The conventional SC-FDMA scheme is also simulated for
comparison purpose.

1. Simulations for Optimum CR
In order to select the optimum CR, many scenarios of simulation are performed for different
parameters. The BER versus CR for different SNR, QPSK modulation under vehicular
channel is simulated and shown in Figure 4

10o E
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Figure 4: Bit error versus clipping ratio of SC-FDMA for different
SNR values, QPSK modulation, and Vehicular channel.

It is clear that for values of CR greater than or equal to 2 dB, the system performance, BER,
approaches to be constant. Since, smaller CR results in smaller PAPR, we choose CR equal to
2 dB as the optimum. Moreover, for more verification Figure 5 shows the simulation of the
system with fixed channel.
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Figure 5: Bit error vs. clipping ratio of SC-FDMA for different signal-to-noise
ratio, QPSK modulation, and fixed channel.

As shown in the previous figure, the behavior of the proposed scheme with fixed channel is
the same as that of the vehicular channel. This indicates that the selected CR as optimum is
not affected with changing the channel.

2. Simulations of BER versus SNR at the Optimum CR
In this subsection, simulation of BER versus SNR at the optimum CR = 2dB is presented. To
verify that the selected CR is the optimum, simulations of the BER versus SNR for the
proposed scheme with clipping is compared to the conventional scheme is shown in Figure 6.
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Figure 6: Bit error versus SNR of SC-FDMA for CR,: = 2 dB, QPSK
modulation and Vehicular channel.

The previous figure compares the proposed scheme to the conventional scheme under
vehicular channel. It is shown that BER for the proposed system matches the conventional
system. That is due to choosing the optimum CR that does not affect the performance.
Moreover, the proposed scheme is compared to the conventional scheme under fixed channel
as shown in figure 7.
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Figure 7: Bit error vs. signal-to-noise ratio of SC-FDMA for CR=2, QPSK
modulation, and fixed channel.

It is shown that BER for the proposed system the same as the conventional system. And there
IS no effect due to the clipping of the signal. As shown in the previous figures, the selected

clipping ratio does not affect the system performance. However, it will provide an
enhancement in PAPR as it will be shown in next subsection.

3. Peak-to-Average Power Ratio Reduction

The proposed SC-FDMA system combined RCF algorithm is compared to the conventional
SC-FDMA system in terms of PAPR. PAPR represents the fluctuation of the signal which is
the peak to average signal power. To evaluate the PAPR of individual system configurations,
a transmission of 10* blocks of symbols is simulated. After calculating PAPR for each block,
the data is presented as an empirical CCDF (Complementary Cumulative Distribution
Function). The CCDF is the probability that PAPR is higher than a certain PAPR value,
PAPRy (Pr {PAPR > PAPRy}). Figure 8 simulates the CCDF for the PAPR of the
conventional SC-FDMA and the proposed system with QPSK modulation.
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Figure 8: CCDF of PAPR for SC-FDMA for 1, 2, 3 iterations of RCF,
OPSK modulation.
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It is shown in Figure 6 that the proposed system outperforms the conventional system in terms
of PAPR. For example, at 0.001 CCDF, the PAPR for the proposed system provides a
significant and comparable enhancement to PAPR of the conventional system, by an
enhancement gain of approximately 4 dB. However, the system has no performance

degradation as shown in the previous subsection. That is due to the selection of the optimum
CR.

Finally, Figure 9 shows the CCDF for PAPR of the proposed system compared to SC-FDMA
system. Different CR values 2, 2.5 and 3dB are used.

10 S —
« 1 “‘1 ™~ SCFDMA
) ‘l || =———— Clipped SCFDMA CR=2
— 1 Clipped SCFDMA CR=2.5
= -1 \ :
& 10 A i Clipped SCFDMA CR=3
S b h
[ i ' A
% \ i \\
2 !
5 : " )\\
N 3 I ! 3
a 10 == \
9 e {
1 1 \
i H \
1 -
107 [ [ | 3

PAPR, [dB]

Figure 9: CCDF of PAPR for LFDMA and CR=2, 2.5 and 3 dB,
QPSK modulation.

There is a significant PAPR reduction for different CR values. As the clipping ratio increases

the PAPR reduction decreases. This provides a freedom for selecting the CR that provides the
best BER and therefore, reduces the PAPR of the signal.

VI1I. Conclusions and Future Work

It has been shown that the SC-FDMA is a promising alternative uplink transmission system.
That is due to its lower PAPR compared to OFDMA system. In this work, a significant PAPR
reduction on SC-FDMA is provided. In this paper, a RCF algorithm is applied for PAPR,
which uses clipping and frequency domain filtering for PAPR reduction combined with SC-
FDMA system. Simulation results show that the proposed scheme outperforms the
conventional system, in terms of PAPR. The optimum CR which does not degrade the system
performance is selected and verified by simulations. The RCF algorithm provides a good and
significant PAPR reduction up to 4 dB. However, RCF technique increases the system
computation complexity by adding DFT, IDFT and filtering operations. It is recommended as

a future work, the use of a one iteration clipping and filtering rather than repeated clipping
and filtering as in [22].
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