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Abstract—Constant-Envelope (CE) multicarrier techniques 
have been recently proposed in order to enable the use of 
multicarrier waveforms in channels characterized by severe 
nonlinear distortions. They are based on a phase modulation 
applied to the multicarrier signal, generated in the time domain 
by means of a real-valued DFT. Such techniques, known as CE-
OFDM and CE-SC-FDMA, demonstrated their superior 
performance with respect to conventional OFDMA and SC-
FDMA, when applied to nonlinear satellite channels, at the price 
of reduced spectral efficiency. An open issue still to be evaluated 
is related to the impact of phase noise on the performance of CE 
multicarrier systems. This is especially important in view of the 
use of EHF bands for broadband satellite communications. This 
paper aims at analyzing the effects of phase noise on CE-OFDM 
and CE-SC-FDMA, highlighting the different behavior of 
conventional and CE multicarrier signals in the presence of such 
impairment. Then, simulation results will be discussed 
considering two different phase noise masks. The performed 
analysis demonstrates that CE multicarrier signals have globally 
better performance when both phase noise and nonlinear 
distortions are considered. Moreover, the sensitivity to the phase 
noise is strongly dependent from the modulation order and the 
angular modulation index.  

Keywords—Constant envelope (CE) modulations, multicarrier 
modulations, multi-user communications, phase noise, broadband 
satellite transmission. 

I.  INTRODUCTION  
The competition for the physical layer development in 4G 

terrestrial standards clearly awarded multicarrier modulations. 
LTE and LTE-A adopt Orthogonal Frequency Division 
Multiple Access (OFDMA) on the downlink, whereas Single-
Carrier Frequency Division Multiple Access (SC-FDMA) is 
considered for the uplink [1]. The reasons of such a choice are 
inherent to the peculiarities of multicarrier modulations: 
resilience to multipath propagation obtained without spending 
bandwidth in excess, flexible radio resource management that 
can be made adaptive with respect to QoS requests coming 
from users, signal processing tasks entirely performed in the 

digital baseband domain (e.g. the equalization in the frequency 
domain - FDE), etc.  

On the other hand, as far as satellite communications are 
concerned, the competition between single carrier and 
multicarrier has not yet yielded a clear winner. The use of 
multicarrier modulations in satellite communications has been 
extensively studied [2-5]. While OFDM is clearly advantaged 
against single-carrier modulations for broadband transmission 
over frequency-selective multipath satellite channels [2], SC-
FDMA, thanks to its multipath resilience due to efficiency of 
FDE, has been proposed as an alternative promising solution to 
High-Speed Uplink Packet Access (HSUPA) for enhanced S-
UMTS return channel [3]. More recently, [4] highlighted that 
SC-FDMA can exploit its improved resilience against 
frequency-selective fading in Ricean Land-Mobile Satellite 
(LMS) channels, and thus achieve better performance in terms 
of Bit Error Rate (BER) than OFDMA. On the other hand, the 
adoption of an OFDM-based radio interface for the satellite 
part of a hybrid terrestrial-satellite system could reduce 
terminal complexity. It is for this reason that OFDM has been 
adopted for DVB-SH with proper modifications [5].  

The nonlinear characterization of satellite channels, due to 
the presence of high-power amplifiers (HPAs) in the PHY-
layer chain, is a hindrance for multicarrier modulations. The 
stringent requirements in terms of increased power efficiency 
would require that the power amplifier be operated very close 
to the saturation point, in particular when broadband satellite 
applications beyond Ka-band are considered [6]. Due to their 
high envelope fluctuations, OFDM and OFDMA waveforms 
are severely affected by the non-linear amplifier characteristic 
and would require a large input back off (IBO) to achieve 
acceptable performance. SC-FDMA waveforms generally 
perform better in nonlinear channels. However they require 
some dBs of IBO as well, because their Peak-to-Average 
Power Ratio (PAPR) is not negligible, in particular when 
higher order modulations are employed for data transmission 
[7].  



A very interesting solution to exploit the full potential of 
multicarrier modulations in satellite communications is 
represented by the generation of constant-envelope (CE) 
multicarrier waveforms, obtained by applying a nonlinear 
phase modulation to the baseband multicarrier signal. The 
phase modulation ensures that the OFDM or SC-FDMA 
symbols are constrained to lie on a circle with 0dB PAPR. CE-
OFDM and CE-SC-FDMA have been proposed by Thompson 
et. al. in [8] and [9] and by Mulinde, Rahman and Sacchi in 
[10] respectively. In particular, [10] compared the performance 
of CE-OFDM and CE-SC-FDMA transmitting data over a 
2GHz LMS channel affected by Ricean fading and nonlinear 
distortion due to non-ideal amplification. Both CE-OFDM and 
CE-SC-FDMA clearly outperformed conventional OFDM and 
SC-FDMA. The price to be paid is in terms of reduction of 
50% (and even more) of spectral efficiency with respect to 
regular multicarrier waveforms.  

However, there is an open issue still to be appreciated. It is 
known that high-frequency satellite oscillators are 
characterized by high phase noise, as clearly stated in [6]. On 
the other hand, low phase noise RF components are very 
expensive and their cost increases with the operational 
frequency. Phase noise may have detrimental effects on OFDM 
modulations as shown in the accurate analysis of [11]. This is 
another factor hindering the use of multicarrier waveforms in 
high-frequency satellite communications. Indeed, phase-noise 
introduces a Doppler effect on OFDM signal that is able at 
producing inter-carrier interference, resulting in an unavoidable 
error-floor. Similar effects can be noticed also for SC-FDMA. 
In this paper, we analyze the impact of phase-noise on the 
performance of CE multicarrier modulations, in order to 
provide a reliable answer to such a still undefined technical 
issue. At our best knowledge, the analysis of the effects of 
phase noise on CE-OFDM and CE-SC-FDMA has not yet been 
considered in literature. 

The rest of this paper is organized as follows: section II 
analyzes the transmission and detection of CE-OFDM and CE-
SC-FDMA signals in the presence of phase noise. Section III 
will present and discuss some selected simulation results. 
Concluding remarks are drawn in Section IV. 

II. CONSTANT-ENVELOPE MULTICARRIER SIGNAL 
DETECTION IN THE PRESENCE OF PHASE-NOISE 

A. CE-OFDM and CE-SC-FDMA signals 
In order to obtain a constant-envelope OFDM signal, whose 

PAPR is permanently 0dB, an analog phase modulation is 
proposed in [8] that is applied to a real multicarrier baseband 
signal u(t). In order to practically obtain u(t), an oversampled 
conjugate symmetric zero-padded symbol sequence Ŝ  is sent 
every T seconds to an IFFT operator [8-9], i.e.: 

Ŝ = 0,S1,…,SN ,Z ,0,SN
* ,…,S1

*⎡⎣ ⎤⎦    (1) 

 The effective data symbol vector is made by N symbols 
S1,…,SN{ }belonging to an M2-symbols QAM constellation. 

The rest of the sequence consists of the zero-padding vector Z  
of length Lp and the conjugate symmetric data sequence. The 

length of the vector Ŝ , denoted by NS equals to 2(N+1)+Lp. 
Denoting with 

OF  the oversampling factor, ( )2 1S ON N F= − . 
The output of the NS point IFFT is a real sequence [8]: 

un = 2 ℜ Sk{ }cos 2πnk NS( )− ℑ Sk{ }
k=1

N

∑ sin 2πnk NS( )
n = 0,1,…,NS −1

(2) 

The real-valued OFDM waveform is obtained by the D/A 
conversion of the sequence of (2) at sampling rate SN T , i.e.: 

{ } ( ) { } ( )
1

( ) 2 cos 2 sin 2
N

k k
k

u t S kt T S kt Tπ π
=

= ℜ −ℑ∑  (3) 

It is interesting to highlight that { }kSℜ  and { }kSℑ  are 
real M-PAM symbols modulating the amplitude of N in-phase 
and N in-quadrature subcarriers respectively. The RF-
transmitted phase-modulated CE-OFDM signal can be 
expressed as: 

[ ]{ }2 2 ( )( ) Re cj f t h u t
c CPx t A e T t Tπ π+ Λ= − ≤ ≤    (3)  

fc and Ac being the carrier frequency and amplitude 
respectively, 22 M PAMNσ −Λ =  is a constant used to 
normalize the input signal variance to 1 [8], CPT is the cyclic 
prefix duration and 2πh is the angular modulation index 
expressed in radians. The effective two-sided RF bandwidth of 
u(t) is 2 /W N T= . The bandwidth of x(t) depends both on W 
and on the angular modulation index. A conservative 
bandwidth evaluation reported in [8] and [9] is: 

{ }max 2 ,1CEB W hπ= . Therefore, the spectral efficiency of 
the CE-OFDM(A) transmission is given by: 

{ }
2log

max 2 ,1
b

CE
CE

r M
B h

η
π

= =   (4) 

If we compare the spectral efficiency of (4) with the 
corresponding one of a usual OFDM transmitting a sequence of 
N M2-QAM symbol at the same baud-rate, we can appreciate a 
penalization of at least 50%. Such a decrement is due both to 
the real-valued OFDM signal, whose RF spectrum is two-
sided, and to the modulation index 2πh that can be higher than 
1.0 rad. Such an additional bandwidth expense can be largely 
compensated by a dramatically-improved power efficiency, 
when highly nonlinear HPAs are employed. This has been 
clearly demonstrated by the thorough performance and 
capacity analysis reported in [9], where Travelling Wave Tube 
Amplifiers (TWTAs), widely used in satellite communications, 
are explicitly considered. Moreover, as shown in [9], the 
spectral efficiency of conventional OFDM may dramatically 
decrease due to spectral leakage produced by nonlinear 
amplification.  

As far as the CE-SC-FDMA is concerned, the main 
difference with respect to the CE-OFDM consists of the DFT-
based pre-coding applied to the symbol block of size B≤N 



transmitted by each user [10]. In particular, the DFT-pre-coded 
data sequence of user u be denoted by { } 1( )

0

Bu
k k
Y

−

=
 is given by: 

1
( ) 2

0

B
u u j nk B
k n

n
Y S e π

−
−

=

=∑   (5) 

( )u
nS being the data symbol belonging, like in the CE-

OFDMA case, to a square M2-QAM constellation. The B pre-
coded symbols are then mapped onto a subset of the available 
subcarrier set by the usual mapping strategies of SC-FDMA 
(Localized FDMA or Interleaved FDMA [12]). The procedure 
to generate the CE-SC-FDMA signal is the same used for CE-
OFDM, i.e.: I-FFT applied to the oversampled zero-padded 
conjugate-symmetric sequence, phase modulation applied to 
the real-valued SC-FDMA signal, using the same 
normalization constant considered for the CE-OFDM [10], and, 
finally, transmission onto the channel. For sake of clarity and 
completeness, we report in the equation below the analytical 
expression of the real-valued SC-FDMA signal: 

vn =
2
Q

α k ,uℜ Yk
u{ }cos 2πknQ NS( )

k=1

N

∑
u=1

U

∑
−α k ,uℑ Yk

u{ }sin 2πknQ NS( ) n = 0,…,NS −1

(6) 

,k uα  being the binary subcarrier allocation coefficient, 
equal to 1 if the subcarrier k is allocated to user u and 0 if not, 
Q=Ns/B is the energy spreading factor of the DFT precoding. 
The spectral efficiency of CE-SC-FDMA is the same of CE-
OFDM, as the DFT pre-coding does not change the global 
system baud-rate [10]. 

B. Phase noise analysis in CE multicarrier transmissions 
 The most significant sources of phase noise in a satellite 
system can be found in the RF up and down conversion analog 
circuitry. 

Oscillator phase noise depends both on the center frequency 
and the electronic technology, including InP heterojunction 
bipolar transistor (HBT), GaAs HBT, among others. However, 
for a given electronic technology, the phase noise increases as 
the center frequency increases (see e.g. [13]), therefore phase 
noise is an important factor in high-frequency satellite 
communications, in particular for frequency bands beyond Ka-
band. The most common metric used to quantify the phase 
noise of an oscillator is the mask of the Single Side Band 
(SSB) power spectral density of phase deviations ( )n tφ  versus 
the offset frequency. This metric will be used in the following 
to quantify the phase noise of two different sample oscillators. 

First of all, let us show in Fig.1 the block diagram of a generic 
CE multicarrier receiver for satellite communications. 
Frequency domain equalization is obliged for CE-SC-FDMA 
when transmission over a frequency-selective channel is 
performed. Phase unwrapping is required in order to avoid 
phase jumps in the event that received phases cross the π-
radian boundary [8] [10]. Decoding and symbol demodulation 
encompasses the I-DFT decoding when CE-SC-FDMA is 
considered.  

 
Fig. 1. Block diagram of a generic CE multicarrier receiver for satellite 

communications  

In order to better focus on the effects of phase noise on CE 
multicarrier modulations, in this section we are not considering 
the presence of distortions in the link. Phase-noise is 
introduced by the oscillators. Under such hypothesis, the 
received low-pass equivalent signal is given by: 

( ){ }( ) exp 2 ( ) ( ) ( )norm nr t A j hC u t t z tπ φ= + +   (8) 

A is the carrier amplitude, ( )n tφ  is the phase noise and 
( )( ) ( ) zj t

zz t A t e Φ=  is the low-pass equivalent of the bandpass-
filtered additive white Gaussian noise, having one-sided power 
spectral density N0.  

The received CE multicarrier signal of (3) processed after 
arctangent phase demodulation can be expressed as follows: 

ϕ̂(t) =ϕ(t) +φn (t) +ϑ (t)   (9) 
where ϕ(t)=2πCnormu(t) and: 

ϑ (t) = arctg
Az t( )sin Φ z (t) −ϕ(t) −φn (t)( )

A+ Az t( )sin Φ z (t) −ϕ(t) −φn (t)( )
⎛

⎝
⎜

⎞

⎠
⎟  (10)  

It is interesting to notice that phase noise in CE multicarrier 
transmission becomes an additive noise contribution. The 
direct DFT operation practically works as a bank of matched 
filters, one for each subcarrier. If A>>Az(t), the output of the k-
th matched filter is given by the sum of three contributions [8]: 

( ) ( ) ( ) ( )ˆ ( ) 2
2

k h k k kπ ΛΑ = Ι +Φ +Θ   (11) 

 I(k) is the symbol transmitted over the k-th subcarrier. The 
noisy terms added to I(k) are related to phase noise ( ( )kΦ ) and 

to Gaussian noise ( ( )kΘ ) respectively. Denoting with ( )k tµ  
the sinusoidal carrier of index k, we obtain that: 



Φ k( ) = 1T φn (t)µk (t)dt
0

T

∫ k =1,…,N   (12) 

Θ k( ) = 1T ϑ (t)µk (t)dt
0

T

∫ k =1,…,N   (13) 

The variance of the AWGN term of (12) has been computed in 
[8], under the hypothesis that the phase random process ( )tϑ  is 
periodical on a wide time scale and, therefore, ( )kΘ  can be 
regarded as the Fourier coefficient of the random process itself 
[14]. Under such an assumption, the variance of ( )kΘ  can be 
approximated by the power spectral density of ( )tϑ  sampled at 
the subcarrier frequency k/T. Such a computation yields to the 
following result:  

var Θ k( )( ) ≈ 1T
N0
A2

∀k     (14)  

Eb is the energy transmitted per bit. Using the same approach 
of [8], under the same assumption of large-scale periodicity of 
( )n tφ  we can compute the variance of the phase noise term as: 

var Φ k( )( ) ≈ 1T Sφ
k
T

⎛
⎝⎜

⎞
⎠⎟
k =1,…,N    (15) 

( )S fφ Δ being the one-sided power spectral density of the phase 
noise process expressed in rad2/Hz as a function of the 
frequency shift from the fundamental fΔ . For CE-OFDM, it is 
possible to compute the destination signal-to-AWGN and 
signal-to-phase noise ratios for the subcarrier k as follows: 

( ) ( )2 2
0

2 log b
k

ES h M k
N

ϑ π
⎛ ⎞

= ∀⎜ ⎟
⎝ ⎠

  (16) 

S φn( )k =
2πh( )2
Sφ k T( )

log2M
2rb

k =1,…,N   (17) 

 As far as CE-SC-FDMA is concerned, the B-point I-DFT 
decoding does not change the variance of the signal term and 
noisy sequences of (12) and (13). Therefore, the post-detection 
signal-to-phase-noise ratio is the same computed for CE-
OFDM. As expected, the signal-to-AWGN ratio of (16) 
depends on the 0bE N ratio, but also on the square power of 
the angular modulation index. Apparently, system performance 
may improve simply by increasing 2 hπ above 1.0 rad and 
paying the price of a further reduction of spectral efficiency. 
Actually, this is not always true due to the limitations of the 
discrete-time arctangent phase demodulation and phase 
unwrapping. As observed in [8], high modulation indexes may 
introduce phase jumps that cannot be solved by the unwrapping 
operation, thus producing an irreducible floor in BER curves. 
On the other hand, the choice of modulation indexes below 1.0 
rad prevent the failure of phase demodulation, but involve a 
considerable reduction of the signal-to-noise ratio with respect 
to the conventional multicarrier transmission schemes. 

Simulation results discussed in [8-9] evidenced that spectrally-
efficient CE multicarrier schemes (using, e.g. 64-QAM or 256-
QAM symbol constellations) generally requires higher 
modulation indexes (like 1.0, 1.5 or even 2.0 rad) in order to 
efficiently work. On the other hand, robust modulation 
constellations, like 4-QAM and 16-QAM, require modulation 
indexes less than 1.0 rad in order to avoid the error-floor. CE-
SC-FDMA can exploit higher modulation indexes with lower 
order modulation constellations, as shown in [10]. Eq. (17) 
shows that signal-to-phase noise ratio does not depend on the 
signal power, just on the phase noise PSD sampled at the 
subcarrier frequency k/T and on the bit-rate rb. This may clearly 
induce an error-floor if the phase noise contribution is 
significantly high. We can expect that, fixing rb, for larger k, 
the amount of phase noise at the input of the symbol 
demodulator should decrease. This is because Sφ(Δf) is globally 
decreasing with Δf. The presence at the numerator of the 
modulation index suggests that an appropriate choice of this 
parameter may contribute to alleviate the impact of phase noise 
on system performance. By the way, we must consider the side 
effects that an arbitrary setting of 2πh may produce.   

III. SIMULATION RESULTS 

A. Simulation scenario and parameters 
In this Section, we show the performance of CE-OFDM 

and CE-SC-FDMA in presence of different level of phase 
noise, nonlinear distortions, different modulation indexes and 
constellation orders. The comparison will be done with the 
regular OFDM and SC-FDMA transmission occupying the 
same bandwidth and achieving the same spectral efficiency.  

In particular, for the phase noise, we have considered two 
phase-noise masks that are shown in Fig. 2. In the rest of this 
Section, we denote with “oscillator#1” the oscillator whose 
mask is drawn by the green curve of Fig.2 and “oscillator#2” 
the one shown by the red curve of Fig.2. It is worth outlining 
that the considered phase noise masks are rather realistic. In 
particular, the mask of oscillator 2 is similar to the one 
considered in the DVB-S2 standard [15]. Being CE-SC-
FDMA inherently a multi-user transmission techniques, we 
simulate a multi-user transmission also for CE-OFDM, which 
becomes in practice a CE-OFDMA (the same will be done for 
regular OFDM). The transmission parameters used for the 
simulations are reported in Table I. We suppose to use a fixed 
amount of bandwidth equal to 33 MHz (i.e. the DVB-S2 
transceiver passband [15]). The oversampling factor has been 
chosen equal to 4 according to [8] and [10]. Higher values of 
FO may help to remove the error floor due to incorrect phase 
demodulation and unwrapping at the cost of higher sampling 
rates and, therefore, increased system complexity [8]. 

 
Tab. I. Simulation parameters settings 

PARAMETER VALUE 
 Available bandwidth (BCE) 33 MHz 
Oversampling factor (FO) 4 

Total number of subcarriers (NS)  512 
Symbol vector length (N) 63 

Number of users (U) 4 
Size of user symbol block (B) 15 symbols 



 
Fig. 2. One-sided phase noise masks  

In our simulations (performed in MATLAB 2014a 
environment), we have neglected multipath distortion, because 
we are focusing our attention to a high frequency satellite 
transmission scenario where multipath propagation is not 
generally an issue. On the other hand, a big open issue of the 
considered scenario is related to nonlinear distortions 
introduced by saturating HPAs. The usual Saleh’s memoryless 
non-linear characteristics [16] has been used in order to model 
the Amplitude-to-Amplitude (AM/AM) and the Amplitude-to-
Phase (AM/PM) characteristics of the HPA. The 
parameterization of the model has been done according to [9] 
and the resulting AM/AM characteristic requires IBO of at 
least 7dB to resort to the linear zone. It is worth noticing that 
CE multicarrier modulations do not require any IBO and can be 
transmitted at the maximum power efficiency. Localized-
FDMA (LFDMA) subcarrier allocation strategy has been 
considered both for CE-SC-FDMA and regular SC-FDMA. 

Two different spectral efficiencies have been considered:  

• 1b/s/Hz resulting in a 4-QAM modulation and 2πh≤1.0 rad 
for CE multicarrier systems and BPSK modulation for 
regular OFDM and SC-FDMA; 

• 2b/s/Hz resulting in a 16-QAM modulation and 2πh≤1.0 
rad for CE multicarrier systems and 4-QAM modulation 
for regular OFDM and SC-FDMA. 

B.  Performance assessment 
 Figs 3 and 4 show the BER performance of CE-OFDM vs. 
regular OFDM and CE-SC-FDMA vs. regular SC-FDMA 
respectively, for spectral efficiency equal to 1b/s/Hz. Two 
different modulation indexes are considered for CE 
multicarrier modulations and for each of them, three curves are 
shown: no phase noise (namely: ideal oscillator), oscillator#1 
and oscillator#2. The comparison of those curves allows 
relieving the sensitivity with respect to the phase noise. IBO 
equal to 7dB for OFDM and 5dB for SC-FDMA have been 
chosen in order to limit the effects of nonlinear distortion on 
such waveforms. It can be noticed that both CE-OFDM and 
CE-SC-FDMA with higher modulation index (0.7 rad.) are 
almost insensitive to the effect of phase noise. When a lower 
modulation index is considered (0.3 rad.), the sensitivity to 
phase noise increases but modest level of phase noise (i.e. 
oscillator#1) are well tolerated. However, when the phase noise 
becomes important (oscillator#2), both CE-OFDM and CE-SC-
FDMA curves show an error floor that is not noticed for 

regular OFDM and SC-FDMA. This behavior is mainly due to 
the antipodal BPSK modulation, which is very robust against 
phase drifts. However, both OFDM and SC-FDMA pay the 
penalty due to the IBO, which is necessary to avoid the 
waveform disruption.  

 Results for higher spectral efficiency (2b/s/Hz) are shown 
in Fig. 5 and 6. Higher order modulations used by CE-OFDM 
and CE-SC-FDMA (16-QAM) require higher modulation 
indexes to get more robustness to the phase noise. Best results 
are obtained with 2 hπ =0.7 rad. for CE-OFDM and 2 hπ =1.0 
rad. for CE-SC-FDMA respectively (0.5 rad. and 0.7 rad. are 
the alternative choices). However, even if higher sensitivity is 
observed with respect to 4-QAM, the phase noise of 
oscillator#1 is still well tolerated. The error floor affects all the 
compared techniques when the noise mask of oscillator#2 is 
considered. Regular OFDM and SC-FDMA with 4-QAM 
modulation and IBO=7dB and 5dB respectively always 
performs worse than CE-OFDM and CE-SC-FDMA, when the 
proper best modulation index is chosen. Some negligible 
improvement is noticed for regular multicarrier techniques only 
when lower angular modulation indexes are used for CE.  

 To sum up, the use of constant-envelope modulations looks 
convenient with respect to regular OFDM or regular SC-
FDMA in the presence of phase noise and nonlinear 
distortions, provided that the proper value of the angular 
modulation index is chosen. 

IV. CONCLUSION 
In this paper, the impact of phase noise on constant envelope 

multicarrier transmission techniques (CE-OFDM and CE-SC-
FDMA) has been analyzed. Such a performance evaluation 
step is essential to assess the viability of multicarrier 
modulations for broadband satellite communications, where 
phase noise may represent a serious impairment.  

The theoretical analysis and the simulation results evidenced 
that CE-OFDM and CE-SC-FDMA are quite robust against 
moderate levels of phase noise, provided that the modulation 
index is properly chosen. On the other hand, high level of 
phase noise can involve an irreducible error-floor also on CE 
multicarrier waveforms, in particular for higher order 
modulations. The comparison with regular OFDM and SC-
FDMA is globally in favor to CE techniques, due to their 
inherent resilience to nonlinear distortions. 
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Fig. 3. CE-OFDM vs. OFDM: BER performance in the presence of phase noise 
and nonlinear distortions; spectral efficiency 1b/s/Hz 

 
Fig. 4. CE-SC-FDMA vs. SC-FDMA: BER performance in the presence of 

phase noise and nonlinear distortions; spectral efficiency 1b/s/Hz  

  
Fig. 5. CE-OFDM vs. OFDM: BER performance in the presence of phase noise 

and nonlinear distortions; spectral efficiency 2b/s/Hz  

  
Fig. 6. CE-SC-FDMA vs. SC-FDMA: BER performance in the presence of 

phase noise and nonlinear distortions; spectral efficiency 2b/s/H

 


