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ABSTRACT 

“Single Carrier Frequency Division Multiple Access” (SC-
FDMA) is a strong candidate for uplink transmissions in the 
3G Long Term Evolution (LTE) standard. SC-FDMA is a 
multiple access scheme that uses DFT spreading prior to 
OFDM modulation to map the signal from each user to a 
subset of the available subcarriers. SC-FDMA has a 
significantly lower peak-to-average power ratio (PAPR) 
compared to OFDM/OFDMA. This greatly improves its RF 
power amplifier efficiency and also the mean power output 
from a battery driven mobile terminal. In this paper, the 
impact of radio resource allocation and pulse shaping on the 
PAPR of SC-FDMA signals are investigated, especially for 
localized FDMA (LFDMA) signals. It is shown that 
distributed FDMA (DFDMA) signals with raised cosine 
filtering experience reduced PAPR as α  increases. However, 
for LFDMA signals the PAPR increases with increasing α  
and further varies according to the allocated resource unit.  

I. INTRODUCTION 

Broadband wireless communication systems must achieve 
high data rates in a spectrally efficiency manner. For this 
reason, Orthogonal Frequency Division Multiplexing 
(OFDM) [1,2] has been widely employed in systems such as 
the IEEE 802.11a/g standards. Orthogonal Frequency 
Division Multiple Access (OFDMA) is a multiple access 
scheme for OFDM that works by assigning each user a unique 
set of subcarriers. OFDMA is currently employed in the IEEE 
802.16 standard. One major drawback of OFDM and 
OFDMA is the high peak-to-average power ratio (PAPR) that 
results from a multicarrier signal [2]. High-PAPR transmit 
signals require significant back-off in the power amplifier and 
this reduces their power efficiency and mean power output. 
This can be problematic – particularly on the uplink where 
battery powered terminals struggle to match the data rate and 
range of the downlink. 

3G Long-Term Evolution (LTE) is standardized by the 
Third Generation Partnership Project (3GPP) and is an 
evolution to existing 3G technology in order to meet 
projected customer needs over the next 10-15 years. 3GPP2 is 
developing CDMA2000 1x Evolution Data-Optimized 
(1xEV-DO) Revision C as its 3G long term evolution. These 
standards, along with IEEE 802.16e (Mobile-WiMAX) and 
IEEE 802.20 (Mobile Broadband Wireless Access), provide a 
route to 4G technology that supports high mobile data rates.  

In order to solve the high PAPR problem seen in the uplink 
of OFDM/OFDMA, research is now addressing techniques 
such as a Single-Carrier with Frequency Domain Equalization 
(SC-FDE). It was proposed in [3] to use OFDM on the 
downlink and SC-FDE on the uplink. Similarly, the 3G LTE 

standard uses OFDMA on the downlink and SC-FDMA on 
the uplink [4]. SC-FDMA has significantly lower PAPR than 
OFDMA and therefore can greatly improve the power 
efficiency, operating range or data rate of the mobile 
terminals. The base station can tolerate high power 
consumption and greater signal processing complexity. 

Interleaved Frequency Division Multiple Access (IFDMA) 
was proposed in [5]. This approach can be viewed as a single 
carrier system with the ability to achieve multiple-access in 
the frequency domain, where each user shares the spectrum 
using a different set of equi-distant subcarriers spaced across 
the spectrum. Each user has a unique phase vector to multiply 
with the transmit signal so the equi-distant subcarrier 
mapping is performed in the time domain. IFDMA is very 
similar to distributed FDMA (DFDMA). The difference is 
that IFDMA signals are generated in the time domain whilst 
DFDMA signals are generated in the frequency domain. 

SC-FDMA (or DFT-spread OFDM) is used in the context 
of the 3G LTE standard [4]. Here the term “spread” refers to 
subcarrier allocation for the multiple users. This technique is 
referred to as OFDM-FDMA with DFT spreading in [6,7]. 
Only distributed subcarrier mapping was considered in [6,7] 
since it results in a PAPR that is as low as conventional 
single-carrier systems. In the 3G LTE standard, both 
distributed FDMA (DFDMA) and localized FDMA 
(LFDMA) are under consideration [4]. Each subcarrier 
mapping scheme has its own strengths and weaknesses. For 
example, a FDMA system with localized subcarrier mapping 
is more robust to multiple access interference [8], but 
DFDMA has a lower PAPR. More importantly, DFDMA is 
more sensitive to timing and frequency error. Overall, 
LFDMA still offers significant PAPR improvements 
compared to OFDMA [9]. An overview of SC-FDMA for 
uplink transmission is given in [10]. 

Pulse shaping is required for a single-carrier system to 
bandlimit the transmit signal. We extend the PAPR analysis 
first reported in [9] for pulse shaped SC-FDMA and further 
investigate the impact of resource allocation. When raised 
cosine pulse shaping is applied to DFDMA signals, the PAPR 
reduces with increasing α  and the allocation of radio 
resource does not affect the PAPR. This paper demonstrates 
two interesting pulse shaping effects for LFDMA signals: (1) 
an increase in PAPR with increasing α  and (2) a variation in 
PAPR as a function of resource allocation.  

This paper is organized as follows: Section II gives an 
overview of SC-FDMA and describes the time-domain 
signals for DFDMA and LFDMA with varying resource unit 
(RU) allocation. Section III analyzes the simulation results of 
a PAPR comparison for DFDMA and LFDMA with varying 
resource unit allocation and raised cosine pulse shaping.  
Section IV concludes the paper. 
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Fig. 1: Baseband system model of SC-FDMA 

II. SC-FDMA SYSTEM 

A. Overview of SC-FDMA 
A baseband system model of SC-FDMA is shown in Fig. 1. 
The mathematical notation used in this paper follows that 
reported in [9]. M represents the total number of available 
subcarriers, where NQM .= . Q denotes the spreading factor 
and N represents the number of subcarriers assigned to each 
user. We further assume that each user occupies the same 
number of subcarriers, so in this case Q also represents the 
number of users. Each user p, 1,...,0 −= Qp  , generates a 

block of N complex-valued symbols, )( p
nx , 1,...,0 −= Nn . 

By applying an N-point DFT to )( p
nx , the frequency domain 

symbols )( p
kX can be described as   
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The frequency domain symbols are then mapped onto a set 
of user-dependent subcarriers. Fig. 2 shows an example of a 
frequency division multiple-access scheme with distributed 
and localized subcarrier mapping. There are 16 available 
subcarriers shared by 4 users and each user occupies 4 
subcarriers. Each user must map its frequency domain 
symbols onto the assigned resource unit (RU) and zeros are 
inserted for the remaining subcarriers. In DFDMA, the RU 
for each user is a set of interleaved subcarriers across the 
available transmission band. DFDMA is robust against 
frequency selective fading since it better exploits the available 
frequency diversity [10]. In LFDMA, the RU for each user is 
a set of adjacent subcarriers. LFDMA can potentially achieve 
multiuser diversity if for each user the localized section of 
allocated bandwidth experiences high channel gain. This form 
of multiuser diversity requires independent frequency 
selective fading per user combined with intelligent radio 
resource unit allocation [10].  

Subcarrier
Index(b) Localized Mode

(a) Distributed Mode
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RU#2
RU#3

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 Subcarrier
Index
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*RU#: Resource Unit Number

 
Fig. 2: Multiple access scheme of SC-FDMA:  

(a) distributed mode, (b) localized mode.  
An example of M = 16, Q = 4 and N = 4.  

The frequency domain samples )(~ p
lX  after the subcarrier 

mapping process (distributed and localized) are represented 
by equations (2) and (3) respectively 
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where l represents the subcarrier index going into the M-point 
IDFT, 1,...,0 −= Ml  and p is the resource unit number 
(RU#). It should be noted that p can also denote the user 
index, i.e. 1,...,0 −= Qp . After subcarrier mapping, the 

sampling period T~ is reduced, i.e. TMNT )./(~ = , where T is 
user input symbol period. 

The frequency domain samples )(~ p
lX  are transformed back 

into the time domain by an M-point IDFT. The output time 
domain samples of SC-FDMA before the application of pulse 
shaping can generally be described as 
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B. Time-Domain Signal of DFDMA 
The derivation of time domain signals for SC-FDMA in [9] is 
valid when RU#0 is used (see Fig. 2). However, the phase 
rotations within the SC-FDMA signal are related to the RU 
being used. Here the RU allocation is taken into account and 
the method described in [9] is used to derive the SC-FDMA 
time domain signals. Therefore the DFDMA time domain 
samples can be obtained by substituting (2) into (1). Let 

iNqm += , where 1,...,0 −= Qq  and 1,...,0 −= Ni . The 
time domain samples for DFDMA can be described as 
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where i = n, which allows ix  to be written as nx .  
The resulting DFDMA samples mx~  are a repetition of the 

user input symbols nx , with a phase rotation based on the 
particular allocation of subcarriers (i.e. RU#). The repetition 
is determined by the spreading factor, Q. Equation (5) shows 
that time domain samples are “localized” when the frequency 
domain samples are interleaved. One simple way to 
understand the resulting time domain samples in a DFDMA 
system is to exploit the duality between time and frequency. 
Upsampling a time domain signal by inserting zeros between 
the input samples results in frequency spectrum repetition. 
Hence, by exploiting duality, an interleaved subcarrier 
mapping scheme should result in sequence repetition of the 
time domain signal. 

Using RU#0 as a reference, the other RU# can be seen as 
frequency shifted versions of RU#0, as shown in Fig. 2(a). 
Hence different RU# give different phase rotations in the 
DFDMA time domain samples, as shown in (5). 

C. Time-Domain Signal of LFDMA 
The time domain samples for LFDMA can be derived by 
substituting (3) into (1). Let qQim += , where 1,...,0 −= Ni  
and 1,...,0 −= Qq . If 0=q , the LFDMA time domain 
samples can be described as 

 ( ) iqQim x
Q

xx .1~~ == +  (6) 

where i = n, which again allows ix  to be written as nx . If 
0≠q , the LFDMA time domain samples are 
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From (6), the LFDMA time domain samples mx~  have exact 
copies of the input symbols nx  at Q-multiple sample 
positions, which are independent of the RU# being used. It 
also shows that time domain samples are “interleaved” when 
the frequency domain samples are localized. The in-between 
samples of the LFDMA signal are shown in (7). 

Localized subcarrier mapping can be viewed as frequency 
domain over-sampling. Frequency domain over-sampling can 
be performed by padding zeros onto unused subcarriers. This  
results in the interpolation of the input time-domain samples. 
Similarly, the LFDMA time domain samples mx~  are 
effectively an interpolated version of the input symbols nx . 
Given this situation it is possible for the resulting waveform 
to produce a high output peak. As a result, LFDMA has a 
higher PAPR than DFDMA without pulse shaping [9].   

The summation term in (7) indicates that the in-between 
samples are strongly correlated with their adjacent input 
symbols nx . The first exponential term in (7) represents the 
phase rotation in the LFDMA time domain samples according 
to the chosen RU, p. This occurs since the other RU# are 
frequency shifted versions of RU#0, as shown in Fig. 2(b). It 
should be noted that phase rotation could make the correlated 
LFDMA signals more in-phase or out-of-phase depending on 
the RU#.  

D. Pulse Shaping and PAPR 
In a single-carrier system, pulse shaping is required to 
bandlimit the signal and ensures it meets the spectrum mask. 
Generally speaking, there is a trade-off between spectrum 
efficiency and PAPR reduction in conventional single-carrier 
systems [4], but this is not necessarily the case in LFDMA. In 
this paper, a raised cosine filter is used to pulse shape the SC-
FDMA signals.  

PAPR is a measure of the peak-to-average power ratio 
quoted in dB. A transmit signal with high PAPR requires 
large back-off to ensure the power amplifier operates within 
its linear region. This reduces the power efficiency of the 
amplifier and results in a lower mean output power for a 
given peak power rated device. Hence, a transmit signal with 
low PAPR is highly desirable for battery powered terminals, 
where power efficiency is paramount. After pulse shaping, the 
PAPR of the transmit signal, x(t), can be calculated using the 
following equation, where }{⋅E  denotes the expected value.  

 
}|)({|

}|)(max{|
2

2

txE
txPAPR = . (8) 

III. RESULTS 
The effects of pulse shaping on the PAPR of SC-FDMA 
signals with different RU# are investigated in this section. In 
the simulation, the total number of subcarriers M is set to be 
512 and each user has access to 64 subcarriers (N = 64) with a 
spreading factor Q of 8. The baseband modulation is QPSK 
and 100,000 input data blocks are used to calculate the CCDF 
(Complementary Cumulative Distributed Function) of the 
PAPR. Time-domain pulse shaping is performed using a 
raised cosine filter with its impulse response truncated from 

T~6−  to T~6 , where T~  represents the time period of the SC-
FDMA time-domain samples, mx~ . The power of the raised 
cosine filter is normalized to unity for all α . SC-FDMA 
signals are over-sampled by 8 times for pulse shaping.  

Fig. 3 shows the effects of pulse shaping on the CCDF of 
the PAPR for DFDMA and LFDMA with RU#0, RU#1, 
RU#2 and RU#3 respectively. Fig. 3(a) with RU#0 is 
consistent with the PAPR simulations in Fig. 7(a) of [9]. For 
DFDMA, the convolution of random samples with the raised 
cosine filter gives a smaller output peak power with 
increasing α . The output mean power is always the same 
when filtering random samples with different α , and hence 
the PAPR decreases as α  increases. The DFDMA time 
domain samples remain random with a phase rotation that
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(c) RU#2 
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(b) RU#1 
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Fig. 3: CCDF of PAPR for DFDMA (dashed line) and LFDMA (solid line) signals using  
raised cosine (RC) pulse shaping filter with α = 0, 0.2, 0.4, 0.6, 0.8 and 1. *ro = rolloff factor,α . 

 
Table 1: Phase rotation of LFDMA in-between samples vs. RU#, *SF: Spreading Factor 

 

Phase rotation RU#0 RU#1 RU#2 RU#3 RU#4 RU#5 RU#6 RU#7 
SF (deg) 22.5 22.5 22.5 22.5 22.5 22.5 22.5 22.5 

SF and RU# (deg) 0 45 90 135 180 -135 -90 -45 
Total phase rotation (deg) 22.5 67.5 112.5 157.5 -157.5 -112.5 -67.5 -22.5 

relates to the choice of RU. As a results, the PAPR of a 
DFDMA signal does not change with the choice of RU, as 
shown in Fig. 3. 

For pulse shaped LFDMA signals, the PAPR of RU#0, 
RU#1, RU#2 and RU#3 are the same as the PAPR of RU#7, 
RU#6, RU#5 and RU#4 respectively. Given this relationship, 
Fig. 3 is limited to showing the CCDF of the PAPR from 
RU#0 to RU#3. The link between the PAPR and the RU# 
arises after pulse shaping because of the phase rotation 
introduced into the LFDMA in-between samples. Table 1 
illustrates that the magnitude of the phase rotation of the 
LFDMA in-between samples is identical for the RU pairs 
with matching PAPR. It should be noted that the phase 
change is inverted between each of these matching pairs. The 
second row of Table 1 shows the phase rotation due to the 

spreading factor (SF) Q, which is generated from 
q

Q
j

e
π2

1−  in 
(7). The third row shows the phase rotation due to the SF, Q 

and the RU#, p, i.e. the 
qp

Q
j

e
π2

 term in (7). Since the total 
phase rotation of the LFDMA signals are effectively the 
same, it follows that the PAPR will be identical. 

The phase rotation makes the LFDMA samples combine 
through the pulse shaping filter to be in-phase or out-of-
phase, which results in the observed variation of output mean 
power. Fig. 4 shows the ratio of the output mean power to the 
input mean power (defined relative to the pulse shaping 
block) for LFDMA signals with different RU. For RU#0 the 
LFDMA signal results in a strong in-phase combination 
(given the phase rotation of °5.22 ) after pulse shaping, so the
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Fig. 5: Comparison of CCDF of PAPR at 0.01-percentile for 
DFDMA (dashed line) and LFDMA (solid line) signals with 

raised cosine pulse shaping 
 
output mean power increases. For RU#3, the phase of the 
LFDMA samples are strongly out-of-phase (phase rotation 
of °5.157 ) and hence the output mean power decreases. For 
the same α , the output mean power shows the following 
trend RU#0 > RU#1 > RU#2 > RU#3, as shown in Fig. 4. 

Due to the phase rotation described earlier, it is unlikely 
that the LFDMA samples will all add up constructively to 
produce a high output peak after pulse shaping. From the 
simulations, the output peak often occurs when the input peak 
sample convolves with the peak RC filter tap. Since the raised 
cosine filter power is normalized to unity, the peak power of 
the raised cosine filter tap becomes larger with larger α . This 
implies that after pulse shaping the output peak power of the 
LFDMA signal increases with increasing α .  

Fig. 5 shows a comparison of the CCDF of the PAPR at the 
0.01-percentile for DFDMA and LFDMA signals with raised 
cosine pulse shaping. This was produced using the simulation 
results shown in Fig. 3. It is shown that DFDMA has a lower 
PAPR than LFDMA when pulse shaping is applied. This is 
also true without pulse shaping, as mentioned in Section II. 
For DFDMA, the PAPR is the same for all RU# and the 
PAPR decreases with increasing α . For LFDMA with RU#0, 

both the output peak power and the output mean power 
increase after pulse shaping. Overall, for RU#0 the PAPR 
barely changes with α . However, when other RU# are 
selected the resulting PAPR is dominated by the variation in 
the output mean power after pulse shaping. The PAPR 
increases when the output mean power decreases (see Fig. 4 
and Fig. 5) and as such the PAPR of an LFDMA signal tends 
to increase with increasing α . 

IV. CONCLUSIONS 

In this paper, the effects of pulse shaping and the choice of 
RU on the PAPR of SC-FDMA were investigated. SC-FDMA 
is attractive for uplink transmissions since it reduces the high 
PAPR seen with OFDM/OFDMA. Pulse shaped DFDMA 
experiences a lower PAPR with increasing α . Furthermore, 
the PAPR does not vary with the choice of RU. Pulse shaped 
LFDMA tends to result in an increased PAPR with increasing 
α . The PAPR was also shown to vary with the choice of RU. 
For LFDMA, the time-domain interpolation effect and the 
phase rotations that result from the choice of RU result in 
variations in the output mean power after the application of 
pulse shaping. Hence the resource allocation scheme must 
take this into account to avoid saturating the RF devices. 
Overall, in terms of PAPR, DFDMA is shown to be better 
than LFDMA (with and without pulse shaping). However, in 
practice it is likely that LFDMA will be easier to implement.  
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