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Abstract
It is well known that the performance of orthogonal frequency division multiplexing (OFDM) is limited by phase noise, 
which depends on the laser linewidths for coherent-detection radio over fiber (RoF) systems. In this manuscript, we present 
numerical and theoretical results to analyze the combined effects of phase and additive white Gaussian noises in the per-
formance of RoF-OFDM schemes with the feasible pilot-based channel corrector. This phase-noise compensator is adopted 
due to its effectiveness as well as simplicity. It is shown that as the subcarrier modulation format increases, the required 
radio frequency linewidth for overcoming the FEC limit decreases by a factor of 10 times. Also, there is a signal–noise ratio 
penalty of 7 dB. Furthermore, it is demonstrated that the bit error rate enhances as the product of the laser linewidths and 
OFDM symbol period decreases because the pilot-assisted equalization method acts as a high-pass filter for phase noise. We 
finally discovered that the intermediate-frequency (IF) carrier suppression is not mandatory; the system performance is not 
affected by selecting properly the carrier–signal ratio and IF. To confirm the previous observation, a novel way to measure 
phase noise in RoF-OFDM signals accompanied by the IF carrier is proposed. The mean integral phase noise comes from 
the adaptation of the root mean square phase deviation of the single-carrier systems. This work serves as a guideline for the 
study and design of OFDM-based RoF schemes susceptible to direct and coherent detections.

Keywords  Additive white Gaussian noise · Laser phase noise · Orthogonal frequency division multiplexing · Intermediate 
frequency suppression · Radio over fiber systems.

1  Introduction

During the past 3 decades, the telecommunication industry 
has faced impressive growth not only in the number of sub-
scribers worldwide but also in the demand for higher-speed 
data transmissions [1]. In fact, the bandwidth required to 
deliver high-speed data in the access network will grow to 

multi-Gigabits per second for the next years. To this end, 
multicarrier modulation techniques have been considered 
owing to their capability to convey a high-speed data stream 
via multiple spectral/overlapped lower-speed subcarriers 
[2]. In particular, power line communication (PLC), digital 
subscriber line (DSL), digital audio and video broadcasting 
(DAB/DVB), wireless fidelity (WiFi), and long term evolu-
tion (LTE) technologies, for instance, have relied for their 
link interfaces on orthogonal frequency division multiplex-
ing (OFDM). OFDM is massively adopted by its robustness 
against multipath environments, high-spectral efficiency, and 
high-speed data streams [3]. Additionally, OFDM has been 
taken into account for new popular technologies, including 
the next-generation passive optical networks (NG-PON) [4], 
5th generation cellular systems (5G) [1], and visible light 
communications (VLC) [5].

Unfortunately, OFDM implementations are prone to 
some disadvantages [3]. On the one hand, a very large 
peak–average power ratio, which drives the transmitter’s 
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power amplifier into saturation, leads to both out-of-band 
power and in-band distortion [6]. In this paper, we will not 
focus on this drawback. On the other hand, since the rela-
tively long OFDM symbol length contrasted to that of the 
single-carrier signals, phase mismatch between the receiv-
er’s local oscillator and the carrier of the received signal 
deteriorates the bit error rate (BER) metric. The origin of 
phase noise is the oscillators’ instabilities [7] and/or dis-
persion caused by the propagation channel [8]. Phase error 
leads to intercarrier interference (ICI), and a rotation of each 
subcarrier, termed common phase error (CPE). In compari-
son to electrical radio frequency (RF) systems, in optically 
up-converted OFDM signals, the involved bit rates and 
linewidth oscillators are much higher (in the order of Gbps 
and MHz, respectively). Therefore, RF analyzes cannot be 
extrapolated straight-forwardly to the optical domain.

OFDM-based radio over fiber (RoF) systems have been 
tested as the solution to support secure, cost-effective, and 
high-capacity vehicular/mobile /wireless access for the 
implementation of the next-generation wireless networks, 
thanks to the integration of optical fibers and millimeter-
wave frequencies [10]. These schemes can be implemented 
via the following detection types: direct [10, 11] and coher-
ent [12, 13]. Direct optical OFDM has a simple base sta-
tion, but with the cost of a worse receiving sensitivity when 
contrasted with coherent optical OFDM. In direct-detection 
networks together with time delay pre-compensations, there 
is not laser linewidth penalty, since the beating fields after 
the photo-detection process are phase-correlated. For coher-
ent-detection schemes, the RF linewidth is the detrimental 
impairment. This fact occurs as there is no phase coher-
ence between the receiver local oscillator and carrier of the 
received signal. Regardless of the type of optical OFDM 
system, studies have concluded that the bit error rate (BER) 
improves as the laser linewidth and/or OFDM symbol period 
decrease as the phase noise variations are much slower than 
the duration of a single OFDM symbol [3]. Among the most 
famous compensators stand out the RF-pilot [14–16] and the 
pilot-assisted [17–19]. The former comes from the addition 
of an RF-pilot tone in the middle of OFDM band that is 
utilized at the receiver to revert ICI and CPE effects. The 
pilot–signal ratio as well as the spectral gap have an extreme 
relevance to avoid distortion resulted from the adjacent sub-
carriers. Meanwhile, the latter diminishes CPE by estimating 
the mean phase rotation of each OFDM symbol through sub-
carrier tones and, then, by rotating the received OFDM sym-
bols back. The system performance improves as the number 
of pilot subcarriers increases. By maintaining the simplicity 
of the digital signal processing and effective bit rate, the 
pilot-assisted equalization may be useful for reducing phase 
noise, especially the CPE part [20, 21], see Fig. 1b. For 
estimating the wireless channel, pilot subcarriers are always 
inserted along with the data subcarriers at the transmitter 

(refers to the Add Pilots stage at the OFDM modulator). At 
the demodulator, the OFDM signal is recovered by linearly 
interpolating the unknown data from the demodulated pilots 
(the equalization process) [22]. The linear interpolation is 
chosen due to its simplicity and effectiveness [23]. All these 
processes are done OFDM symbol per OFDM symbol to 
track the rapid quadrature and in-phase variations in millim-
eter-wave RoF-OFDM networks. In [24], authors recently 
evaluated the impact of phase correlation between the fields 
at the base station on the performance of pilot-based chan-
nel correction RoF-OFDM schemes, finding three system 
performance behaviors in terms of the correlation degree. 
In these transmissions, but with/without phase coherence 
at the OFDM demodulator, there is a research opportunity 
regarding the impact of phase noise in the BER.

In this manuscript, the OFDM tolerance to the laser 
phase noise and the additive white Gaussian noise (AWGN) 
in pilot-assisted RoF-OFDM systems is theoretically and 
numerically evaluated. Different (1) optical up-conversion 
techniques [25–27], such as externally modulated laser, 
dual-mode lasers, and sideband injection locking, (2) con-
figurations of the carrier–sideband ratio (CSR) and inter-
mediate frequency (IF), and (3) subcarrier modulation 
formats: quadrature phase-shift keying (QPSK) and 16-ary 
quadrature-amplitude modulation (16QAM), are taking into 
account. The contributions of this work are twofold:

•	 By considering transmission rates in the order of Gbps, 
distributed feedback (DFB) lasers are suitable for QPSK, 
whereas external cavity lasers (ECL) must be employed 
for 16QAM at half the OFDM bandwidth. Between these 
formats, the signal–noise-ratio (SNR) cost is given by 7 
dB.

•	 The transmitted OFDM signal can be recovered despite 
the IF phase noise for suitable values of the CSR and IF. 
Thus, the IF carrier suppression is not necessary for the 
optical-modulation stage. For the first time, this finding 
is explained via the introduction of the mean integral 
phase noise (MIPN), since when the IF carrier together 
with the OFDM signal are presented, the common phase 
noise measurements are useless.

Following a deductive approach, we further verify that 
the BER enhances as the laser linewidth narrows, bit rate 
increases, and/or number of subcarriers decreases. Thus, 
the system performance can be established in terms of the 
relationship between the RF linewidth and OFDM symbol 
period for general design purposes.

The rest of the paper is organized as follows. Section 2 
presents an overall optical heterodyning system without 
the IF carrier suppression; performance metrics are also 
exposed. In Sect.  3, results are reported for numerous 
OFDM signals, and phase and amplitude noises. In Sect. 4, 
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discussion of results is described and reported, focused on 
the design and implementation of RoF schemes with direct 
and coherent detections. Finally, conclusions are given in 
Sect. 5.

2 � System model and methodology

2.1 � Optical OFDM scheme

At the central station of an overall RoF system under coher-
ent detection, the reference and modulated optical tones are 
represented as follows

where Ei(t) = E0 exp{j[2�f0t + �i(t)]} models a laser electric 
field with an amplitude-stabilized E0 , an established cen-
tral frequency f0 , and a phase fluctuation �i(t) , which is a 
Wiener process with null mean and variance in terms of the 

(1)Eref(t) = En(t) exp(−j2�fRFt),

(2)Emod(t) = Em(t)[� + s(t)],

laser linewidth parameter ��i , for i ∈ {mod,ref} . Besides, fRF 
denotes the RF, � allows to control the CSR at the optical-
modulation stage, and s(t) =

∑N−1

i=0
ci exp[j2�(i∕Ts + fIF)t] 

refers to a single OFDM symbol whose duration is given 
by the OFDM symbol period Ts . The multicarrier signal 
comes from the sum of N subcarriers, which are modulated 
by symbol constellations ci , and centered at the IF ( fIF ). In 
this manuscript, we focus on the case of linear field modu-
lation to evaluate the phase noise effects from the IF pres-
ence. Fields are then combined by a standard optical coupler, 
resulting total field

Afterward, this signal is conveyed through an optical fiber 
from the central station to the base station. The maximum 
transmission rate and link length mainly depend on phase 
error, which comes from the chromatic dispersion fiber as 
well as the laser source. Loss and non-linearity of the fiber 
also limit the relationship between the bit rate and transmis-
sion distance, but these impairments and their contributions 
to the system performance do not fall in this study. In this 

(3)ET(t) = Eref(t) + Emod(t).

Op�cal
fiber

Central sta�on Base sta�on

n( )

R|·|2

AWGN

+

Photodetector

jH{·}

BPFRF

~

+ x

Downconversion process( )

Received bits

( ) OFDM
demodulator

( )

Op�cal
coupler

+
x

α

Op�cal modulator

( )

( )

~

x

+

Laser 2

Transmi�ed bits

( )

OFDM
modulator

Laser 1
( )

( )

( )

-

( )

+ 

(a)

Op�cal signals
Electrical signals
Digital signals

( )

+ -

( )

( ) ( )

BERPRBS X

( )

O
p�

ca
l

he
te

ro
dy

ni
ng

sy
st

em X

(− )
AD

C

S/
P

Re
m

ov
e

CP

FF
T

Eq
ua

liz
er

De
m

ap
pi

ng

P/
S

ECS/
P

M
ap

pi
ng

Ad
d

Pi
lo

ts

IF
FT

Ad
d

CP

P/
S

DA
C

OFDMmodulator OFDM demodulator

(b)

( ) ( )

Fig. 1   a Block diagram of a coherent-detection RoF scheme. AWGN: 
additive white Gaussian noise, and BPF

RF
 : band pass filter centered at 

the radio frequency. b OFDM modem. PBRS pseudo random binary 
sequence, S/P serial-to-parallel, IFFT inverse fast Fourier transform, 

CP cyclic prefix, P/S parallel-to-serial, DAC digital-to-analog con-
verter, ADC analog-to-digital converter, EC error counting, and BER 
bit error rate
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paper, we focus on laser phase noise since there can not 
be additional phase error in coherent-detection RoF-OFDM 
networks (the reference and modulated fields are phase-
uncorrelated from the base station). Namely, the chromatic 
dispersion can be neglected. The heterodyning signal is 
down-converted to the electrical domain using a photode-
tector subject to a square-law transfer curve, where AWGN 
must be inserted for accounting shot and thermal noises [3]. 
The electrical current results in

with R, n(t), �RF(t) = �mod(t) − �ref(t) , and ℜ{⋅} being the 
photodetector responsivity, AWGN signal, RF phase noise, 
and real part function, respectively. In detail, the steps to 
obtain the expression (4) are exposed in the Appendix A. For 
perfectly correlated fields, ��RF matches to 0 Hz (Dirac delta 
functions are revealed in the spectrum). Meanwhile, for 
uncorrelated tones, the RF linewidth arises from the addition 
of the laser linewidths, i.e., ��RF = ��mod + ��ref , with Lor-
entzian shapes in the frequency domain. For partially decor-
related fields, an extensive investigation was recently done 
[24]. In terms of the degree of phase-decorrelation between 
the tones at the transmission stage, these spectra were dis-
covered for single carrier systems [28]. Following the down-
conversion process (filtered band pass at the RF to remove 
the low-frequency components ifiltered

pd
(t) , converted to an 

analytic signal ianalytic
pd

(t) by employing the Hilbert transform 
H{⋅} , and downconverted to the IF r(t), see Fig. 1a for more 
information) carefully presented in Appendix A, the normal-
ized input to the base station ( R = 1 A/W and E0 =

√
0.5 

V/m [23, 24]) acquires the form of

where nIF(t) refers to the analytic AWGN at IF. As seen, the 
received OFDM symbol is corrupted by phase noise as well 
as AWGN, which in turn introduces amplitude and phase 
noises. By considering the coherent approach, Fig. 1a shows 
the OFDM-based RoF scheme from the central station to any 
base station, which may represent various downlink trans-
mission techniques [29, 30].

In regards to the simulated OFDM signal, Fig. 1b details 
the modulation and demodulation stages, which are based on 
our previous work [24]. Here, phase noise is combated via 
the pilot-assisted equalization method, and rectangular filters 
at the digital-to-analog and analog-to-digital converters are 
utilized to achieve optimal SNRs. For the current research, 
notice that the following changes are realized: (1) QPSK and 
16QAM are evaluated, while higher subcarrier modulation 
formats are excluded owing to the adopted forward error 

(4)

ipd(t) =R|ET(t)|2 + n(t)

=RE2
0

(
1 + |� + s(t)|2 + 2ℜ{exp[2�fRFt + �RF(t)]

× [� + s(t)]}
)
+ n(t),

(5)r(t) = [� + s(t)] exp[j�RF(t)] + nIF(t),

correction (FEC) limit of 10−3 [31] would be unattainable 
according to realistic laser linewidths and OFDM symbol 
periods (see Sect. 3), (2) a cyclic prefix length (CP) of 1/5 
is added to avoid intersymbol interference introduced by the 
optical and wireless channels [3], and (3) the IF is not fixed 
to observe and analyze the phase noise effects due to the 
presence of the IF carrier in the BER.

2.2 � Performance metrics

Two performance metrics are used along the article to evalu-
ate the proposed scheme. These metrics are BER and MIPN.

The system performance without the IF carrier ( � = 0 ) 
and with the matched raised cosine filters is determined by 
[32, 33]

where L represents the number of levels in each dimension 
of the subcarrier modulation format, Q[⋅] denotes the Gauss-
ian co-error function [34], EVM refers to the error vector 
magnitude, namely the root-mean-square value of the dif-
ference between a collection of received symbols and trans-
mitted symbols, and SNR is the signal–noise ratio. Note 
that the relationship between the number of data subcarriers 
and transmission rate establishes the duration of the OFDM 
symbol given the subcarrier modulation format as well as 
the CP [3]. Meanwhile, taking into account the pilot-based 
channel corrector, the system performance is determined 
through Monte Carlo simulation with the direct error count-
ing method. In particular, 102 runs of 105 bits are performed 
for having a confidence level of 99% until BERs greater or 
equal than 10−5 [35].

On the other hand, phase noise is quantified via the intro-
duction of a novel phase noise metric, termed as the MIPN. 
For single-carrier systems, a slight simplification to measure 
phase noise given a certain frequency offset comes from the 
single-sideband phase noise L(f ) , which may be seen as the 
noise that spreads out from the carrier as one sideband [36]. 
The root mean square phase deviation represents a useful 
approach for expressing the quality of a single broad laser 
[36]. It is expressed as follows

where the integral limits ( fstart and fstop ) define the off-
set-frequency region of interest according to the studied 

(6)BER =
2(1 −

1

L
)

log2L
Q

{[
6log2L

L(L2 − 1)EVM2

]1∕2}
,

(7)EVM =

[
1

SNR
+ 2 − 2 exp

(
− 2���RFTs

)]1∕2
,

(8)��SC
rms

=

[
2∫

fstop

fstart

L(f )df

]1∕2
,
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communication technology. Instead, for OFDM signals, 
the phase-noise strength is calculated by the relative phase-
noise bandwidth, defined as the product between the 3-dB 
linewidth of the local oscillator and the OFDM symbol 
period [37]. This measurement cannot be utilized for this 
investigation, where the IF carrier together with the OFDM 
signal is presented. Indeed, for any combination of the CSR 
and IF, the relative phase noise bandwidth would be the 
same. By adjusting over all subcarriers, the definition of the 
root mean square noise employed in single-carrier schemes 
and by discarding the impact of AWGN in the system per-
formance, the MIPN is consequently proposed for the first 
time as follows

where f i
start

= fIF + i∕Ts denotes the i-th subcarrier frequency, 
f i
stop

= fIF + (i + 0.5)∕Ts is the half of the i-th subcarrier 
bandwidth, and Li(f ) = Sr(f )∕Sr(fIF + i∕Ts) refers to the sin-
gle sideband phase noise at the i-th subcarrier. The previous 
boundaries are fixed for accounting the integral phase noise 
of each subcarrier just for once. From the expression (9), it 
can be seen that the new phase-noise metric depends on the 
CSR ( � ), IF ( fIF ), number of subcarriers (N), and normalized 
RF linewidth ( ��RFTs ). For an OFDM symbol, the derivation 
of the MIPN metric is revealed in the Appendix B.

3 � Results

In this study, we evaluate the OFDM tolerance to phase 
noise and AWGN in optical systems with and without phase 
coherence between the tones at the base station. To this end, 
Table 1 illustrates the used parameters, which were based 
on [24]. In particular, we choose laser linewidths in the 
order of MHz and kHz to properly model DFB [38] lasers 
and ECLs [39], respectively. For practical purposes, the 
results are presented in terms of the RF carrier linewidth, 
which comes from the mixing process; remember that the 
RF linewidth is given by the arithmetic sum of each laser 
linewidth ( ��RF = ��mod + ��ref ). For instance, an RF car-
rier with a 1-MHz linewidth might model the heterodyning 

(9)

��OFDM
rms

=

[
2

N

N−1∑

i=0
∫

f i
stop

f i
start

Li(f )df

]1∕2

≈

{
2

�2��RF

��2
RF
+[fIF+N∕(2Ts)]

2
+ �Ts coth(���RFTs)

×

(
�2 arctan

{ ��RFTs∕2

(��RFTs)
2 + [(fIFTs + N∕2)]2

}

+

N−1∑

i=0

arctan
[ ��RFTs∕2

(��RFTs)
2 + (N∕2 − i)2

])}1∕2

,

of two lasers, each of a 500-kHz linewidth. For the moment, 
the IF carrier is suppressed ( � = 0 ) for the sake of simplicity, 
and the IF is fixed to the baseband for maximizing spectral 
efficiency.

3.1 � Combined effects of laser phase noise 
and AWGN

We present results taking into account uncorrelation and per-
fect-correlation cases, the latter as a BER limiting reference. 
For diverse bit rates and number of subcarriers, Figs. 2 and 3 
reveal the BER against SNR with the RF linewidth as param-
eter according to different subcarrier modulation formats 
by QPSK and 16QAM, respectively. Whereas, solid lines 
consider the pilot-based channel correction method, dotted 
lines match to the situation of no phase-noise reduction.

Realistic results (prone to pilot-assisted equalization) are 
firstly explained. For a 0-Hz RF linewidth (solid curves with 
the circle marker), the BER does not change in terms of 
the OFDM parameters (transmission rate and the number of 
subcarriers). However, the BER depends on the number of 
constellation symbols, simply meaning that higher spectral 
efficiency formats have poorer sensitivity. In the presence 
of phase noise (solid curves with pentagram, square, and 
triangular markers), the system performance improves as 
the number of subcarriers decreases and/or as the bit rate 
increases. For instance, considering QPSK with 2-MHz 
linewidth and 5-Gbps transmission rate, the FEC limit can-
not be reached for 128 subcarriers; whereas for 64 subcar-
riers, a 17-dB SNR suffices to overcome this threshold (see 
Fig. 2b, e). Regarding 16QAM, a 10-fold laser phase-noise 
reduction and an SNR penalty of 7 dB is identified with 
respect to QPSK. Consequently, the transmitted OFDM 
signal can be recovered when the SNR exceeds 24 dB. It 
is worth mentioning that Fig. 2b, d are identical, as well as 
Figs. 2c, e. Corresponding Fig. 3 also have the same behav-
ior. Hence, the BER depends on the relationship between 
the bit rate and number of subcarriers, and since this ratio is 
inversely proportional to the OFDM symbol period ( Ts ) [3], 
the BER depends directly on it.

Table 1   Simulation parameters

Parameters Value

Order of the laser linewidths, ��
RF

kHz, MHz
Bit rates 2.5, 5, 10 Gbps
Subcarrier modulation formats QPSK, 16QAM
Number of data subcarriers 55, 110
Number of pilot subcarriers 9, 18
Cyclic prefix length 1/5
Oversampling factor 100 GSps
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Comparing the dotted curves (without phase-error 
reduction) with the solid lines (with pilot-assisted equal-
ization), it may be seen the BER improvement resulted 
from the phase-noise compensator. The pilot-based chan-
nel correction effect is superior as the product between 
the RF linewidth and OFDM symbol period ( ��RFTs ) 
increases, because of CPE dominating over ICI [17]. For 
a null laser linewidth, the previous BER behavior does 
not happen as the theoretical and experimental BERs 
have different pulse shaping filters to combat AWGN, see 
Sect. 2. As noted for solid curves, dotted lines confirm 
that (1) the system performance improves as the OFDM 
symbol period decreases, and (2) between 16QAM and 
QPSK formats, the SNR penalty corresponds to 7 dB as 
long as 10 times the linewidth is diminished.

3.2 � Pilot‑assisted phase estimation

The previous result, namely the degradation system falls 
as the bit rate per number of subcarriers decreases, can 
be explained to a worse phase tracking resulted from the 
pilot-based equalization for longer OFDM symbol peri-
ods. Figure 4a, b represent the simulated and estimated 
phases for some OFDM symbol periods considering 
high and low AWGN values. For demonstration pur-
poses, QPSK scheme with an RF linewidth of 2 MHz is 
adopted. During a single OFDM symbol, the phase-noise 
compensator can be modeled by subtracting the phase 
mean value to the phase error fluctuations (CPE mitiga-
tion). Consequently, the residual phase errors (ICI + CPE 
not mitigated) accompanied by its standard deviation � , 

Fig. 2   BER vs. SNR with the 
RF linewidth as parameter for 
QPSK-OFDM. The bit rates 
and number of subcarriers cor-
respond to a 2.5 Gbps and 128, 
b 5 Gbps and 128, c 10 Gbps 
and 128, d 2.5 Gbps and 64, e 5 
Gbps and 64, and f 10 Gbps and 
64, respectively. Dotted curves 
do not use phase-noise reduc-
tion, while solid lines utilize 
pilot-assisted equalization

Fig. 3   BER vs. SNR with the 
RF linewidth as parameter for 
16QAM-OFDM. The bit rates 
and number of subcarriers cor-
respond to a 2.5 Gbps and 128, 
b 5 Gbps and 128, c 10 Gbps 
and 128, d 2.5 Gbps and 64, e 5 
Gbps and 64, and f 10 Gbps and 
64, respectively. Dotted curves 
do not use phase-noise reduc-
tion, while solid lines utilize 
pilot-assisted equalization
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are displayed in Fig. 4i–iv. We distinguished that both 
measurements decrease (the BER improves) as the OFDM 
symbol period decreases (the number of subcarriers 
decreases or bit rate augments). The reason behind these 
outcomes come from that as the OFDM symbol period 
decreases, the low-frequency components of phase noise 
(mainly CPE) disappear, thanks to the pilot-based chan-
nel correction technique. In the presence of AWGN, the 
remaining phase fluctuations increase because of AWGN 
also contributes to CPE as well as ICI, see Eq. (5). For 
this observation, an SNR of 17 dB is adopted for demon-
stration purposes.

3.3 � RF linewidth and SNR requirements 
for reaching the BER threshold

The RF linewidth and SNR requirements at the FEC limit 
with the OFDM symbol period as parameter are shown 
in Fig. 5. For the same OFDM symbol period, results for 
—16QAM and QPSK modulations are obviously differ-
ent owing to constellation symbols of 16QAM are closer 
than QPSK. The minimum SNRs, respectively, correspond 
to 15 dB and 22 dB for QPSK and 16QAM. Below these 
values, the system performance is limited by AWGN. As 
the SNR increases, the use of noisier lasers also augments. 
Above 25-dB SNR for QPSK and 32-dB SNR for 16QAM, 
the BER threshold remains unattainable by the laser phase 

Fig. 4   With the OFDM symbol 
period as parameter, simulated 
and estimated phases a in the 
absence of AWGN and b in the 
presence of 17-dB SNR. A rela-
tive � offset is added between 
curves for enabling visibility. 
Subfigures: phase error accom-
panied by its standard deviation 
for each of the studied OFDM 
symbol periods. For all these 
observations, the QPSK scheme 
with a 2-MHz RF linewidth is 
considered
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Fig. 5   The RF linewidth and 
SNR requirements for a BER 
= 10−3 with the OFDM symbol 
period as parameter accord-
ing to the following subcarrier 
modulation formats: a QPSK 
and b 16QAM
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noise. According to the smallest OFDM symbol periods, the 
maximum RF linewidths are 3.8 MHz for QPSK and 380 
kHz for 16QAM. If the duration of a single OFDM symbol 
is halved, the RF linewidth requirement is relaxed by a factor 
of two. As a consequence, the system performance depends 
on the relationship between the RF linewidth and OFDM 
symbol period ( ��RFTs).

3.4 � Impact of the noise source on the system 
performance

The AWGN and laser phase noise effects in the recep-
tion of OFDM signal with the product of the RF linewidth 
and the OFDM symbol period ( ��RFTs ) as parameter 
are depicted in Fig. 6. For achieving a fair comparison 
between the noises, the noise power spectral density is set 
to − 153 dB/Hz for QPSK and − 157 dB/Hz for 16QAM. 
The OFDM power is fixed to − 7 dBm. Therefore, the 
SNR is inversely proportional to the signal bandwidth and 
directly proportional to the symbol period. It is the reason 

because the BER increases as the normalized linewidth 
decreases for only AWGN case (dotted curves). The FEC 
limit is achieved as long as ��RFTs exceeds 11 × 10−3 
(SNRs greater than 15 dB) for QPSK, and 2.2 × 10−3 
(SNRs greater than 22 dB) for 16QAM. Meanwhile, 
in the presence of amplitude and phase errors (dashed 
curves), the superior ��RFTs matches to 22 × 10−3 (SNR 
= 18 dB) for QPSK, and 4.4 × 10−3 (SNR = 25 dB) for 
16QAM. Finally, for only laser phase noise situation (solid 
curves), the BER threshold may be surpassed subject to 
𝛥𝜈RFTs < 44 × 10−3 for QPSK and 𝛥𝜈RFTs < 8.8 × 10−3 for 
16QAM. Here, the SNR axis is meaningless. At the same 
time, in Fig. 6, the identified points denote the BER at 
the best OFDM symbol period with amplitude and phase 
noises for the diverse noise types. This BER values are 
illustrated via constellations in Fig. 6. Constellations with 
both noises possess more dispersion and, as expected, the 
BER is worse. In contrast, constellations with only AWGN 
are more disperse than constellations with only laser phase 
noise, but this assumption is not valid as these noises have 
different probability distribution functions [40].

Fig. 6   BER as a function of the 
the normalized RF linewidth 
and SNR for distinct noise 
sources. By considering a -7 
dBm OFDM signal power, the 
subcarrier modulation format 
and noise power spectral density 
are a QPSK and -153 dB/Hz, 
and b 16QAM and -157 dB/
Hz, respectively. Constellations 
a.i–a.iii and b.i–b.iii correspond 
to QPSK and 16QAM schemes, 
respectively
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3.5 � Phase noise induced by the IF carrier

For many normalized RF linewidths expressed in the order 
of 10−3 , Fig. 7 depicts the BER in terms of the CSR and nor-
malized IF [the IF divided by the signal bandwidth (BW)] 
for (a) QPSK and (b) 16QAM schemes. To focus on phase 
noise owing to the IF carrier and its impact on the BER 
metric, AWGN is discarded. The BER improves as the CSR 
and/or IF increase. It occurs as the IF moves further away 
from the OFDM signal, the in-band contribution of its phase 
noise decreases. We also learn that the IF carrier suppression 
is unnecessary for no BER degradation, as long as the CSR 
and IF parameters are properly established. For example, 
the system performance is not affected by phase noise which 
resulted from the IF carrier when the CSR is less than − 35 
dB and the normalized IF is greater than 2.5. This result is 
explained through the novel phase-noise metric introduced 
in Sect. 2.2. Taking into account (a) QPSK and (b) 16QAM 
formats, the MIPN as a function of the CSR and IF with the 
normalized RF linewidth as parameter is displayed in Fig. 8. 
This metric proves that for the OFDM performance, the IF 
carrier effect can be negligible for some values of the CSR 
and IF. Notice that the observations regarding the simulated 
BER and theoretical MIPN are not exactly the same by the 
presence and absence of the pilot-assisted equalization, CP, 
and pulse shaping filters, respectively. Furthermore, it is 
demonstrated that the system performance critically depends 
on the normalized RF linewidth and subcarrier modulation 
format, as could be noted by theoretical curves in Figs. 2 
and  3. Finally, it is confirmed that the system performance 

enhances for narrow laser linewidths and for few symbol 
constellations.

4 � Discussion of results

According to the proposed system model, our results can be 
useful for the study and design of numerous RoF systems 
[29, 30] with low complexity and high precision, i.e., by 
employing pilot-based channel corrector.

In the downlink transmission technique by mixing two 
uncorrelated lasers, optical tones at the transmitter are already 
completely phase-decorrelated and, therefore, phase noise 
resulted from the fiber chromatic dispersion results negligi-
ble [25, 26]. This method is laser linewidth sensitive; recall 
from Sects. 3.1, 3.2, and 3.4, a decrease of 10 times of the RF 
linewidth enables to double the spectral efficiency prone to 
an SNR penalty of 7 dB. Considering practical bit rates and 
number of subcarriers in optical communication networks, 
DFB lasers can be used with QPSK-OFDM. To match the 
performance in 16QAM-OFDM, ECLs are the right ones. 
For a point-to-point link, the FEC threshold is achieved by 
normalized RF linewidths less than 44 × 10−3 for QPSK and 
8.8 × 10−3 for 16QAM, refer to solid lines in Fig. 6. However, 
the laser linewidth tolerance could be relaxed by employing the 
well-known RF-pilot-based phase-noise compensation method 
[14–16], where a DC tone is inserted leaving an RF guard 
band between it and the OFDM signal. For this purpose, the 
IF carrier presence could be an attractive solution in terms 
of bandwidth-consuming pilot tones, but its study is left for 

Fig. 7   For various normalized RF linewidths expressed in the order of 10−3 , the BER is a function of the CSR and the ratio of the IF and signal 
bandwidth taking into account a QPSK-OFDM and b 16QAM-OFDM schemes. The analysis does not include AWGN deterioration
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future work. For now, Sect. 3.5 reveals for the first time that 
by setting the CSR and IF, the system performance does not 
experiment deterioration by the IF phase noise. Evidently, the 
lowest values of both parameters are the most convenient from 
the point of view of power and spectral efficiencies. Due to the 
standard phase noise measurement for OFDM systems do not 
consider the presence of the OFDM signal accompanied by 
the IF carrier, the no BER deterioration by the IF phase noise 
is confirmed by the MIPN, which comes from the root mean 
square phase error for single-carrier systems. As another pend-
ing task, based on this novel phase noise metric, the theoretical 
BER performance could be determined.

In [27], the sideband injection locking is investigated as 
a generation method based on optical up-conversion, where 
two slave lasers become phase-correlated through the con-
trolled injection from a modulated master laser. The system 
performance of such technique is laser linewidth insensitive 
because as long as the slave lasers remain stably locked to the 
modulation sidebands of the master laser, they share phase 
coherence. At this scenario, the BER behavior is shown in 
Figs. 2, 3, 5 and 6 with null linewidths. From Fig. 5, we 
determine the SNR requirement at the FEC limit: 15 dB for 
QPSK and 22 dB for 16QAM. These performances do not 
depend on the OFDM symbol period. Nevertheless, when 
the signal power and noise power spectral density can not 
be controlled, the BER deteriorates as the product between 
the RF linewidth and OFDM symbol period increases, see 
dotted curves of Fig.  6. Above ��RFTs = 11 × 10−3 and 
��RFTs = 2.2 × 10−3 for QPSK and 16QAM, respectively, 
there can be a successful communication.

5 � Conclusions

In this manuscript, we observed and evaluated the coherent-
detection RoF-OFDM signals corrupted by the laser phase 
noise and AWGN, and assisted by the feasible pilot-based 
equalization method. Numerical results depicted that in 
the presence of the laser phase noise, the BER improves as 
the number of subcarriers decreases and bit rate increases, 
namely for small OFDM symbol periods. Meanwhile, the 
BER does not depend on the OFDM symbol period given 
a laser linewidth of 0 Hz. These facts are because the pilot-
assisted channel corrector acts as a high-pass filter for phase 
noise during a single OFDM symbol. Also, we learned that 
for standard transmission rates in the order of Gbps, there 
is an SNR penalty of 7 dB between QPSK and 16QAM 
subcarrier modulation formats to overcome the FEC limit. 
For QPSK-OFDM schemes, DFB lasers are suitable. Mean-
while, 16QAM-OFDM systems demand the use of ECLs. In 
the case of not being able to control the power of the RoF-
OFDM signal (non-common context), the BER is minimized 
under a certain relationship between the RF linewidth and 
OFDM symbol period as long as phase and amplitude noises 
are presented. Otherwise, the BER enhances as the normal-
ized RF linewidth augments for the case of only AWGN. 
It is worth indicating that performance evaluations can be 
presented in terms of this metric to facilitate the design 
and implementation stages. Finally, theoretical and simu-
lated results show that phase noise induced by the IF carrier 
can be negligible by controlling CSR and IF values. For 
this observation, the MIPN should be introduced, since no 

Fig. 8   With the normalized RF linewidth expressed in the order of 10−3 as parameter, the MIPN is in terms of the CSR and normalized IF for the 
following subcarrier modulation formats: a QPSK and b 16QAM. In the propagation channel, the SNR tends to infinity
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phase-noise metrics exist for OFDM signals in combination 
with the IF carrier. Finally, we believe that this manuscript 
will have an impact in the analysis and evaluation of RoF-
OFDM schemes because perfect phase correlation in the 
optical fields at the central station along with pilot-assisted 
equalization is normally present.
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Appendix 1

After the photo-detection process, the electrical current is 
given by

By inserting the total field in Eq. (10), it may be written as

By using the well-known relationships in the complex 
domain ( |z|2 = zz∗ , (z1 + z2)

∗ = z∗
1
+ z∗

2
 , and ℜ(z) =

z+z∗

2
 , 

where z, z1 , and z2 represent overall complex numbers, and 
∗ denotes the conjugate operator) and taking into account 
that Eref(t) and Emod(t) correspond to complex signals, the 
photo-generated current acquires the form of

By considering the expressions of the reference and modu-
lated optical tones, it can be expressed as follows

Through a band pass filter centered at RF, the low frequen-
cies are then discarded in Eq. (13), namely

where �RF(t) = �mod(t) − �ref(t) refers to the RF phase 
noise and nRF(t) represents the filtered AWGN. Keeping in 
mind the definition of the transmitted OFDM symbol (see 
Sect. 2.1) as well as the Euler’s formula for any real number 
t ( exp(jt) = cos(t) + j sin(t) ), the previous signal results in

(10)ipd(t) = R|ET(t)|2 + n(t).

(11)ipd(t) = R|Eref(t) + Emod(t)|2 + n(t).

(12)

ipd(t) =R[Eref(t) + Emod(t)][Eref(t) + Emod(t)]
∗ + n(t)

=R[Eref(t) + Emod(t)][Eref(t)
∗ + Emod(t)

∗] + n(t)

=R[Eref(t)Eref (t)
∗ + Eref(t)Emod(t)

∗ + Emod(t)Eref(t)
∗

+ Emod(t)Emod(t)
∗] + n(t)

=R[|Eref(t)|2 + 2ℜ{Eref(t)
∗Emod(t)} + |Emod(t)|2] + n(t).

(13)

ipd(t) =R(E2
0
+ 2ℜ{E2

0
exp{j[2�fRFt + �mod(t) − �ref(t)]}[� + s(t)]}

+ E2
0
|� + s(t)|2) + n(t).

(14)
ifiltered
pd

(t) = 2RE2
0
ℜ{exp{j[2�fRFt + �RF(t)]}[� + s(t)]} + nRF(t),

In order to recover the quadrature component of OFDM 
symbols, the analytical representation of the filtered photo-
current must be obtained, which is given by

with H{⋅} being the Hilbert transform. Based on the useful 
transformation H{cos(t)} = sin(t) [34], the analytic signal 
acquires the form of

where nanalytical
RF

(t) = nRF(t) + jH{nRF(t)} denotes the analyti-
cal representation of nRF(t).

Finally, the input to the OFDM demodulator after the 
down-conversion process at the IF can be obtained as follows

(15)

ifiltered
pd

(t) = 2RE2
0
ℜ
{
exp{j[2�fRFt + �RF(t)]

}

×

{
� +

N−1∑

i=0

ci exp[j2�(i∕Ts + fIF)t]}

}
+ nRF(t)

= 2RE2
0
ℜ
{
� exp{j[2�fRFt + �RF(t)]}

+

N−1∑

i=0

ci exp{j[2�(i∕Ts + fIF + fRF)t + �RF(t)]}

}
+ nRF(t)

= 2RE2
0

{
� cos[2�fRFt + �RF(t)]

+

N−1∑

i=0

ci cos[2�(i∕Ts + fIF + fRF)t + �RF(t)]

}
+ nRF(t).

(16)i
analytic

pd
(t) = ifiltered

pd
(t) + jH{ifiltered

pd
(t)},

(17)

i
analytic

pd
(t) = 2RE2

0

{
� cos[2�fRFt + �RF(t)]

+

N−1∑

i=0

ci cos[2�(i∕Ts + fIF + fRF)t + �RF(t)]

}
+ nRF(t)

+ j2RE2
0

{
� sin[2�fRFt + �RF(t)]

+

N−1∑

i=0

ci sin[2�(i∕Ts + fIF + fRF)t + �RF(t)]
}
+ jH{nRF(t)}

= 2RE2
0

(
�{cos[2�fRFt + �RF(t)] + j sin[2�fRFt + �RF(t)]}

+

N−1∑

i=0

ci cos[2�(i∕Ts + fIF + fRF)t + �RF(t)]

+j

N−1∑

i=0

ci sin[2�(i∕Ts + fIF + fRF)t + �RF(t)]

)

+ nRF(t) + jH{nRF(t)}

= 2RE2
0

(
� exp{j[2�fRFt + �RF(t)]}

+

N−1∑

i=0

ci exp{j[2�(i∕Ts + fIF + fRF)t + �RF(t)]}

)

+ n
analytic

RF
(t),
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with nIF(t) being the analytic AWGN at IF.

Appendix 2

In order to focus on the RF carrier and its contribution in 
the BER metric, AWGN is discarded. Hence, the electrical 
OFDM signal at the base station acquires the form of

(18)

r(t) = i
analytical

pd
(t) exp(−j2�fRFt)

= 2RE2
0

(
� exp[j�RF(t)] +

N−1∑

i=0

ci exp{j[2�(i∕Ts + fIF)t + �RF(t)]}

)

+ n
analytical

RF
(t) exp(−j2�fRFt)

= 2RE2
0

(
� +

N−1∑

i=0

ci exp{j[2�(i∕Ts + fIF)t + �RF(t)]}

)
exp[j�RF(t)]

+ n
analytical

RF
(t) exp(−j2�fRFt)

= 2RE2
0
[� + s(t)] exp[j�RF(t)] + nIF(t),

By applying the Wiener–Khinchine theorem [34], assuming 
that all data symbols are uncorrelated [41], and considering 
the Lorentzian frequency profile of the laser source [28], its 
power spectral density results in

By adopting the root mean square phase error from single 
carrier signals to OFDM systems, the MIPN may be writ-
ten as

(19)

r(t) =

{
� +

N−1∑

i=0

ci exp[j2�(i∕Ts + fIF)t]

}
exp[j�RF(t)].

(20)

Sr(f ) =F{< r∗(t)r(t + 𝜏) >}

=
𝛼2𝛥𝜈RF

𝜋(𝛥𝜈2
RF

+ f 2)
+

N−1∑

i=0

𝛥𝜈RF

𝜋[𝛥𝜈2
RF

+ (f − i∕Ts − fIF)
2]
.

(21)

��OFDM
rms

=

[
2

N

N−1∑

i=0
∫

fIF+(i+0.5)∕Ts

fIF+i∕Ts

Sr(f )

Sr(fIF + i∕Ts)
df

]1∕2

=

[
2

N

N−1∑

i=0

({
�2 arctan

[ ��RFTs∕2

(��RFTs)
2 + (fIFTs + i + 1∕2)(fIFTs + i)

]

+

N−1∑

j=0

arctan

[
��RFTs∕2

(��RFTs)
2 + (i − j + 1∕2)(i − j)

]}

×

{
�2��RF

��2
RF

+ (fIF + i∕Ts)
2
+

N−1∑

j=0

��RF

��2
RF

+ [(i − j)∕Ts]
2

}−1)]1∕2

≈

{
2

�2��RF

��2
RF
+[fIF+N∕(2Ts)]

2
+ �Ts coth(���RFTs)

×

(
�2 arctan

{
��RFTs∕2

(��RFTs)
2 + [(fIFTs + N∕2)]2

}

+

N−1∑

i=0

arctan
[ ��RFTs∕2

(��RFTs)
2 + (N∕2 − i)2

])}1∕2

.
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The previous approximation comes from the next assump-
tions: (1) the central subcarrier behavior can approximate 
the integral OFDM performance, and (2) the OFDM signal 
has several subcarriers.
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