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Abstract—A large scale investigation is carried out, utilizing 

several spectral shapes as the source for the direct modulation 

based frequency dithering (DMFD) method for mitigating the 

nonlinear effect of long term evolution (LTE) radio-over-fiber 

(RoF) systems. The dithering signal types include sine, square, 

saw, sinc and Gaussian waves, whereby all of the signals have 

different characteristics in terms of the spectral width with a sine 

wave having the smallest width. We have shown that by varying 

the dithering signal type with larger spectral widths, no 

additional distortion is introduced in the linear and optimum 

optical launch power regions, which are driven by the frequency 

chirp and chromatic dispersion (CD). Additionally, it is revealed 

herein that introducing dithering signals with varying spectral 

widths (i.e larger or smaller) does not change the nonlinear 

compensator characteristic towards suppression of nonlinearity. 

The reason for this is that as long as the optical source linewidth 

is larger than stimulated Brillouin scattering (SBS) linewidth, the 

proposed method completely suppresses SBS. Finally, the degree 

of freedom for the dithering signal is infinite with improvement of 

up to 8 dB of an optical power budget at 10 dBm optical launch 

power, which can be used towards connecting multiple relay 

nodes (RNs). 

Index Terms— Long Term Evolution (LTE); Radio-over-fibre 

(RoF); Nonlinear Compensation; Optical OFDM (OOFDM) 

I. INTRODUCTION 

normous growth in mobile broadband end users is 
driving the mobile communications market towards the 

requirement of a consistently progressing technology. Such 
immense demand resulted in the 3rd generation partnership 
program (3GPP) introducing the 4th generation LTE 
technology as the development path for future mobile 
broadband services [1].  

The evolved NodeB (eNB) is a highly complex and costly 
LTE base station, due to its operating structure as a standalone 
unit without the need for a central controller. Furthermore, the 
spectral allocation for LTE is moving towards a higher 
frequency region, typically at 2.6 GHz (subject to spectrum 
availability in individual countries). Wireless propagation at 
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such frequency experiences higher path loss, especially in non-
line-of-sight connectivity, thus severely affecting high mobility 
user equipments (UEs). Such a scenario limits the cell radius 
to 1 km as a result of degradation in the signal-to-noise ratio 
(SNR) performance at the cell edge [2]. For instance, in [3], a 
2.6 GHz based LTE system with 100 Mb/s capacity could only 
deliver < 20 Mb/s throughput to UE located at the edge of the 
1 km radius due to the deterioration in SNR [3].  

In order to avoid continuous deployment of eNB at every 1 
km to accommodate the highest throughput of LTE, we 
designed and developed a relaying system. The principle of 
operation is based on simple amplifying and forwarding RNs 
with RoF acting as the interface between the eNB and RN [4-
8]. In other words, instead of eNB, the RN delivers the LTE 
signal to the UE at the cell edge. The initial LTE-RoF design 
was carried out as a half duplex link [8], subsequently 
evolving into a full duplex frequency division duplex (FDD) 
system [4].   

For commercial deployment, it would be preferable that a 
single eNB supports multiple RNs in a similar manner to a 
passive optical network, where a single optical line terminal 
supports multiple optical network units via optical splitters. 
However, there is a limitation in supporting multiple RNs due 
to the limitation on the optical launch power. A higher optical 
launch power will provoke nonlinearity in optical fiber, which 
in our case is limited to only self phase modulation (SPM) and 
SBS due to single wavelength operation. As a solution, we 
recently proposed a direct modulation based frequency 
dithering (DMFD) method for nonlinear compensation 
specifically designed for the LTE RoF system [5], which 
enabled the use of higher optical launch powers. Further 
optimizations of this method were carried out in the 
perspective of optical modulators [6] and dithering frequency 
fd with higher order modulations [7]. In [6], it is shown that 
DMFD method introduces an additional ~3 dB optical power 
penalty in comparison to external modulation while imposing a 
lower cost. It is also shown in [7] that fd has to meet the 
condition of {fL < fd < fRF}, where fL and fRF are the dithering 
boundary limit and the LTE carrier frequency, respectively. 
Ref. [7] also revealed that increasing the dithering signal 
power further improves the LTE RoF system. Since the DMFD 
method solely thrives on the characteristics of the dithering 
signal, it is important to analyze the dithering signal from 
various perspectives. Based on this type of analysis one is able 
to find the condition of {fL < fd < fRF} and provide further 
understanding in the execution of this method. The final 
degree of freedom that has not been exploited is the dithering 
signal shape itself, simply because the dithering signal 
broadens the linewidth of the laser in order to compensate for 
the optical fiber nonlinearity. Therefore the spectral shape 
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might play an inherent role for this application. All the prior 
arts only utilized a simple sine wave as the dithering signal [5-
7].  

In this paper, for the first time, we investigate the impact of 
the spectral shape of the dithering signal on fibre nonlinear 
compensation and its relative impact on the LTE RoF system. 
The spectral shapes under investigation are comprised of both 
baseband and passband dithering signals. Furthermore, 
dithering causes linewidth broadening and a wider linewidth is 
known to introduce additional distortion. Therefore, as part of 
the findings, we investigate whether varying the spectral shape 
of the dithering signal limits the system performance due to the 
increased phase modulation/linewidth broadening. The rest of 
the paper is organized as follows, Section II introduces the 
experimental system, Section III presents and discusses the 
findings and Section IV draws conclusions on the new 
findings.         

II. EXPERIMENTAL SETUP FOR NONLINEAR COMPENSATION 

ANALYSIS WITH VARYING SPECTRAL SHAPES 

The proposed setup of the DMFD method for the LTE RoF 

system is depicted in Fig. 1. The vector signal generator, 

Agilent ESG E4438C is preprogrammed to generate the LTE 

signal, which is composed of quadrature phase shift keying 

(QPSK), 16-quadrature amplitude modulation (QAM), and 64-

QAM mapping schemes. These schemes are then multiplexed 

with the inverse fast Fourier transform to generate an 

orthogonal frequency division multiplexing (OFDM) signal. 

The transmission rate of the LTE signals are 33, 66 and 

100 Mb/s for QPSK, 16-QAM and 64-QAM, respectively, 

configured according to the LTE standard [9]. The baseband 

OFDM signal is then up-converted to 2.6 GHz SRF(t).  

Agilent 81180B arbitrary waveform generator (AWG) is 

used for the generation of various dithering signals Sd(t) at 

100 MHz, namely sine, square, sawtooth, sinc and Gaussian 

waves as mentioned. Among these signals, sine, square, 

sawtooth, and Gaussian are passband waveforms, while sinc is 

a baseband waveform. For further information on the selection 

of 100 MHz, refer to [7]. The ideal spectral shapes of the 

waveforms are shown in Fig. 2. As depicted in Fig. 2(a), the 

sine wave is ideally composed of a single frequency signal, 

although in practical system some harmonics will arise. 

However, the square and sawtooth waves, shown in Fig. 2(b) 

and 2(c), respectively, exhibit harmonics. Therefore, square 

and sawtooth waves operating at non-ideal conditions such as 

for the DMFD method, have the potential of further 

broadening the laser linewidth and potentially more rigorously 

compensate the nonlinearity. The sinc baseband waveform 

(Fig. 2(d)) covers the entire baseband segment with a cutoff at 

100 MHz. Finally, the Gaussian wave (Fig. 2(e)) acting as a 

passband signal, has similar characteristics to a sine wave, 

while having a larger spectral width, translating into a wider 

linewidth.  

The LTE and dithering signals are passively combined to 

directly modulate the distributed feedback laser (DFB) 

operating at the wavelength of 1551.11 nm. As a result, the 

DFB laser is frequency chirped and its linewidth broadened 

with the dithering signal. The frequency chirping phenomena 

in a direct modulation condition will conventionally induce 

additional distortion due to its inherent phase modulation and 

linewidth broadening. However, in our prior work, we found 

that using a sine wave as a dithering signal to induce frequency 

chirp does not further distort the LTE signal. Here, we will 

unveil if varying the spectral shape of the dithering signal 

might prove otherwise due to the increased phase modulation.     

The Van-der-Pol model can be used to describe the laser 

noise arising from linewidth broadening given by [10]: 
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Fig 1: Experimental setup to investigate the spectral shape impact on the DMFD method for LTE RoF system. AWG: arbitrary waveform generator, VSG: 

vector signal generator, DM: direct modulation, DFB: distributed feedback laser, SMF: single mode fiber, VOA: variable optical attenuator, EDFA: erbium 

doped fiber amplifier, OBPF: optical bandpass filter, PD: photodetector, LNA: low noise amplifier, SA: signal analyzer.  
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where α is the linewidth enhancement factor, n is the number 

of photons in the laser resonator, τp is the photon lifetime,  

is the fraction of spontaneous emission, and τcoh is the 

coherence time of the laser, which is related to the full 

width at half maximum (FWHM) of the DFB laser 

linewidth by: 

coh

FWHM

2


v           (2) 

Frequency dithering with a dithering signal is approximately 

equivalent to producing multiple random spontaneous 

emission events, leading to a Wiener process in the phase of 

the DFB laser defined as [11]: 
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where τcohd is the coherence time of the dithering signal at 

the optical layer. It is important to note that the original 

coherence time of the DFB laser is τcoh. Applying the random 

phase modulation with the dithering signal reduces the 

coherence time of the laser with FWHM of: 

cohdcohcoh
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where the reduced coherence time is equivalent to a broaden 

linewidth. As shown in (4), co-modulating a dithering signal 

broadens the linewidth of LTE signal, which is capable of 

blocking the formation of an SBS grating, thus resulting in 

reduced back-reflected power. 

 A detailed investigation of the DMFD method is conducted 

among the linear, optimum and nonlinear optical launch power 

regions by varying the optical launch power over the range of -

8 to 10 dBm [5]. In Fig. 1 the LTE signal is directed towards 

Link A for lower optical launch power, while Link B is used 

for higher optical launch power in order to induce nonlinearity.  

 Single mode fibers (SMFs) are employed as the RoF 

medium with the transmission range fixed to 10 km and 

50 km. After propagating through SMFs, signals are 

detected via a photodetector with the direct detection 

(DD) method. Following photodetection, the received 

radio frequency LTE signal RRF(t) is passed through a low 

noise amplifier for amplification and subsequently 

demodulated via the electrical signal analyzer (SA), 

Agilent 9020A MXA. 

III. RESULTS AND DISCUSSION 

The quality of the received signals are characterized both 
in analogue and digital domains by means of measurement 
metrics, namely the electrical power penalty and error vector 
magnitude (EVM), respectively. The power penalty as a 
function of optical launch power measurements are shown in 
Figs. 3(a), (b), and (c) for QPSK, 16-QAM and 64-QAM 
systems, respectively. The measurements are performed for 
uncompensated and compensated links with transmission 
distances of 10 and 50 km. The power penalty is measured as a 
function of back-to-back SNR. Fig. 3 is categorized into three 
regions: I) linear region – frequency chirp and chromatic 
dispersion (CD) induced distortion, II) intermixing region – 
reduced distortion achieved by the interaction between CD and 
frequency chirp with SPM and SBS, and III) nonlinear region 

– nonlinearity based distortion from SPM and SBS effects. For 
further details on the fundamental nonlinear response within 
region III, refer to [8]. 

In Fig. 3, signals in regions I and II with sine wave dithered 
shows no variation compared to the uncompensated LTE RoF 
signal, which conforms with our prior findings [5-7]. 
Additionally, dithering with square, saw, sinc and Gaussian 
waves shows no changes as well when compared to the 
uncompensated LTE RoF signal. Concentrating on nonlinear 
propagation, region III depicts that the DMFD method is only 
effective for an optical launch power of > ~6 dBm and 
successfully compensates SBS induced distortion. Optical 
launch powers < ~6 dBm within region III are dominated by 
SPM and hence the DMFD method does not suppress the 
distortion. In principal, SPM introduces nonlinearity in the 
form of harmonics and intermodulation products arising from 
the refractive index based random phase modulation, while 
SBS is a nonlinearity that induces scattering and back-
reflection with a strong dependency on the linewidth with a 
threshold limit. Therefore, the DMFD method broadens the 
linewidth of an optical source and only effectively 
compensates SBS. For an optical launch power of > 6 dBm, it 
is clear that with the changes in dithering spectral shapes, the 
system improvements at 8 dBm and 10 dBm are approximately 
uniform. The uniformity is because all spectral shapes have 
successfully broadened the linewidth and suppressed the SBS 
up to the fundamental limit. 

The findings herein are twofold, first showing that the 
DMFD method with varying dithering signals do not introduce 
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additional distortion in regions I and II, despite the 
increase/decrease in the linewidth due to varying spectral 
shapes in the dithering signal introducing an additional 
frequency chirp. Fundamentally this is because the DMFD 
method with a DFB laser does not initiate optical mode re-
growth similar to a Fabry-Perot laser, thus regions I and II 
remain more or less unchanged. Secondly, our thorough 
investigations show that as long as the broadened linewidth is 
larger than the SBS linewidth, then SBS is successfully 
suppressed, and therefore the investigation has revealed that 
the dithering signal can be of any shape, as long as it has a 
spectral width that is larger than a sine wave, which is 
achievable by any waveform.     

Since the power penalty describes the system performance 
in terms of the out-of-band distortion, we conducted a detailed 
qualitative analysis based on EVM. Figs. 4(a), (b) and (c) 
illustrate the measured EVM of the QPSK, 16-QAM and 64-
QAM systems, respectively. It is of paramount importance to 
achieve an EVM close to 8% in the system design according to 
the 3GPP LTE requirement [12]. The categorization of regions 
in Fig. 4 is similar to Fig. 3. At 10 km transmission span, the 
uncompensated link for 8 dBm and 10 dBm optical launch 
powers still falls below 8% EVM. However, with varying 
dithering signals, LTE RoF signals across QPSK, 16-QAM 
and 64-QAM at 8 dBm and 10 dBm achieved EVMs similar to 
region II. 

However, QPSK, 16-QAM and 64-QAM in Figs. 4(a), (b), 
and (c), respectively, at 8 dBm (10 dBm) resulted in average 
EVMs of ~12.5% (~14.8%) for the 50 km transmission span. 
By introducing the DMFD method with varying dithering 

signals at 50 km transmission span, the average EVMs 
improved to ~8% (~9%) for 8 dBm (10 dBm) optical launch 
powers, respectively whereby showing that 50 km is the 
transmission limit of the proposed system.  

Through EVM measurements, it is shown that with any 
type of  dithering signals, the LTE RoF system can achieve 
close to 8% even at 10 dBm optical launch power, whereby 
providing an additional power budget of 8 dB compared to 2 
dBm optical launch power that falls within region II.    

IV. CONCLUSION 

In this paper, we have proposed and thoroughly 

investigated the DMFD method with varying dithering signals 

for the nonlinear compensation of the LTE RoF system. 

Herein, it was revealed that any type of dithering signals can 

be used for the DMFD method, provided that the spectral 

width is larger than a sine wave. Finally, it was also shown that 

despite the fact that DMFD induces frequency chirp, it does 

not deteriorate the signal propagating in the linear and 

optimum optical launch power regions even with larger 

spectral width based dithering signals.  
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Fig. 4: Optical launch power against EVM for (a) QPSK, (b) 16-QAM, and 

(c) 64-QAM, with uncompensated (no dithering) and dithering with signals 

shaped as sine, square, saw, sinc, and gaussian. 


