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A novel dispersion monitoring technique in W-band
radio-over-fiber signals using clustering on
asynchronous histograms

Nueva técnica de monitoreo sobre la dispersion en las senales de radio-
sobre-fibra en la banda W usando clustering en histogramas asincronos

J.d. Granada!, A. M. Cardenas? and N. Guerrero3

ABSTRACT

Radio over Fiber (RoF) systems have been proposed as a promising solution for fransmitting radiofrequency signals at high data rates
over long distances. To reach data rates in the Gbps range, studies indicate using the W-Band (75 -110 GHz). However, in this frequency
band, chromatic dispersion becomes anissue that increases the bit-error-rate. This paper presents a novel digital dispersion monitoring
technique for RoF systems based on asynchronous histogram analysis. This method quantifies the intensity level of the distortion of a
radiofrequency demodulated signal by a dispersion factor. This dispersion factor is calculated using an enhanced clustering ap-
proach, which carries out a Gaussian fitting tfechnique through the expectation-maximization algorithm. Dispersion monitoring was
performed on radiofrequency fransmission simulations using non-return-to-zero and binary phase-shift keying modulated signals over
80 km of optical fiber at 60, 75 and 100 GHz. The bit error rate is estimated and compared to the dispersion factor, showing that the
behavior of the dispersion effects are not proportional to the increase of carrier frequency, bit rate and distances. This novel monitoring
method can be used to estimate the feasibility of RoF systems for future hybrid networks under specific transmission parameters such
as fiber length, modulation format, and carrier frequency.
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RESUMEN

Los sistemas de Radio sobre Fibra (RoF), se proponen como una solucidn prometedora para transmitir sefales de radiofrecuencia a
altas tasas de transmision y sobre largas distancias. Algunos estudios proponen el uso de frecuencias portadoras en la banda W (75 -
110 GHz), para lograr transmisiones en el rango de los Gbps. Sin embargo, en este rango de frecuencias la dispersién cromdtica, se
convierte en uno de los principales factores para el incremento de la tasa de error del bit.

Este articulo presenta un nuevo método de monitoreo de la dispersion, basado en histogramas asincronos para sistemas de RoF. El
método planteado cuantifica el nivel de distorsion de la sefial de radiofrecuencia, mediante un valor adimensional llamado: factor
de dispersion. Dicho factor, se calcula mediante una técnica de agrupamiento, la cual se lleva a cabo usando ajustamiento gaus-
siano, mediante el algoritmo de mdéxima esperanza sobre histogramas asincronos. El monitoreo de la dispersidn se realiza sobre una
plataforma de simulaciéon, donde se fransmiten las sefiales de radiofrecuencia, empleando modulacién No retorno a cero (NRZ) y
modulacién binaria con desplazamiento de fase (BPSK), sobre 80 km de fibra éptica a 60, 75y 100 GHz. Asi, se estima la tasa de error
de bit y se compara con el factor de dispersiéon; dénde se evidencia que los efectos de la dispersidn no son proporcionales al incre-
mento en la frecuencia de la portadora, la velocidad de transmision y la distancia. El novedoso método de monitoreo, puede ser
usado para estimar la viabilidad de los futuros sistemas de telecomunicaciones hibridos, basados en redes de fibra y bajo ciertos
pardmetros de transmisién tales como: la distancia, el formato de modulacién y la frecuencia de la portadora.
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Introduction

The convergence of wired and wireless services suggests designing
and implementing hybrid optical telecommunication platforms that
allow signal transmissions of radio frequency (RF) carriers from
central offices (CO) to base stations (BS) through optical fiber.
Radio over Fiber (RoF) systems have been proposed as a solution
to transmit RF signals at high data rates over long distances, cen-
tralizing equipment at COs, thus overcoming free-space attenua-
tion and reducing system complexity at BSs (Taniguchi, et al,
2009). Important efforts in the standardization of research and de-
velopment for the migration to millimeter wave (mmw) frequen-
cies are in progress (Beas, et al, 2013). In RoF technology, different
studies have been reported including full-duplex 60-GHz RoF sys-
tem architecture that has enabled converged wireless services in-
cluding multi-gigabit wireless data access over both 50-km SSMF
(Hsueh, et al, 2008) and a WDM-RoF system based on remote up-
conversion over |25 km (Hsueh, et al, 2012). RoF W-Band (range
of 75 — 110 GHz) transmissions work on the availability of higher
bandwidths for signal transmission in the Gbps range by avoiding
the RF saturation of licensed bands (Stohr, et al, 2009).

However, the intensity distortion of RF carriers and cyclic optical
power variations become more critical for W-band RoF transmis-
sion due to optical fiber impairments such as chromatic dispersion
(CD) and polarization mode dispersion (PMD) (Avo, et al, 2010),
(Hilt, et al, 1998).

Estimation and compensation of CD and PMD have been exten-
sively studied for the optical baseband of 40G and 100G coherent
systems (Wang, et al, 2013). Several compensation methods using
digital equalizations based on extracted information from asyn-
chronous histograms (Minglun, et al, 2009), (Kozicki, et al, 2008)
and digital signal processing in coherent optical systems (Faruk, et
al, 2010) have been demonstrated and experimentally validated.

In this paper, we numerically show the CD effects on RoF trans-
mission simulations using Non-Return-to-Zero (NRZ) and Binary-
Phase-Shift-Keying (BPSK) modulated signals over 80 km at 60, 75
and 100 GHz. Demodulated signals present undesirable intensity
levels increasing the bit error rate. Eye diagrams are obtained in a
signal analyzer and a frame of the received signal is stored to cal-
culate asynchronous histograms (AH). AHs are used as statistical
tools to recognize undesirable patterns on the expected signal
shape. A novel dispersion monitoring method is proposed, giving
a dimensionless dispersion factor (DF) to quantify the distortion
in the received signals. The DF is calculated using the Gaussian
fitting technique, grouping the points of the AH and creating dif-
ferent clusters. The paper is divided into the following sections:
RoF Systems Description, simulation framework, Chromatic Dis-
persion Effects over RoF Signals, Simulation Setup, Dispersion
Monitoring Technique Description, Results and Conclusions.

Radio over Fiber Systems Descriptions

The convergence of wireless communications and optical fiber sys-
tems have become a promising technique to provide services for
broadband wireless access in a range of applications including ac-
cessing network solutions, expanding coverage and radio network
capacities. In this sense, Radio-over-Fiber (RoF) systems provide
adequate synergy between optical and wireless communications,
allowing for the fusion of these technologies, which have been es-
sential in the development of telecommunications. It is expected
that the next generation access networks will ensure the provision
of broadband services and multimedia applications to end users at

any time and any place, trying to achieve fixed network data rates
in wireless communication (Granada, et al, 201 1).

RoF systems are telecommunication platforms, where radiofre-
quency (RF) signals are optically modulated in a central office (CO)
and transmitted into the fiber to different base stations (see figure
I). RoF systems transmit RF modulated signals over longer dis-
tance than wireless telecommunication systems due to the lower
signal power attenuation of optical fiber in comparison to air. One
of the most important advantages of RoF technology is the ability
to centralize expensive high-frequency RF equipment at the CO.
BSs are used only for the optical-electrical conversion, allowing
for easy installation and operation. Therefore, generating high-fre-
quencies in the BS is avoided (Milosavljevic, et al, 2009). Addition-
ally, BSs are small and have low power consumption (Taniguchi, et
al, 2009).

Dispersion Induced C/N penalty (dB)
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Figure 1. Dispersion induced C/N penalty vs Carrier Frequency for
a single tone transmission over the CD channel for a wavelength of
1550 nm

The high bandwidth of the optical fiber is efficiently exploited
when signals are transmitted in the millimeter-wave band. How-
ever, when the transmitted signal is radiated through free space,
it is attenuated, reaching only short distances. Therefore, mmw
band systems are being considered for applications within buildings
and indoors, using micro- and picocells. In this frequency band,
optical transmission impairments, such as chromatic dispersion,
more drastically affect the transmitted signal.

Chromatic Dispersion Effects over RoF Sig-
nals

Optical fiber impairments affect the transmitted information signal
to a greater or lesser extent depending on the type of fiber, trans-
mission distance, modulation formats and detection techniques
used. One of the most influential impairments is the chromatic
dispersion (CD). CD has been widely studied in optical baseband
system and successfully compensated using several electrical and
optical techniques. CD was not considered an important degrada-
tion factor in the first RoF systems due to their low data rates and
carrier frequencies lower than 10 GHz ( Mitchell, 2009). However,
the next generation of RoF systems are foreseen as high-capacity
systems (above Gbps), reaching distances greater than a km in the
W-Band (75 — 110 GHz) carrier frequency. For W-band RoF sys-
tems, intensity distortions of RF carriers and cyclic optical power
variations due to CD become more critical.
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CD is a linear effect inherent of the optical fiber, which results
from differences in the propagation time (delays) of the different
spectral components of the transmitted signal. CD is caused by
the interaction of 2 dispersions effects: i) material dispersion and
ii) waveguide dispersion (Agrawal, 1997). CD in Optical fiber can
be modeled as a bandpass filter (Gliese, et al, 1996) as follows:

/12

H(fy=e ™" )

where z is the distance of propagation, D is the dispersion param-
eter of the fiber defined by the manufacturer, f is the offset fre-
quency of the optical carrier, and c is the speed of light. The optical
signal at the output of the fiber, Y.+ (f), is given by

Y. (=Y, (HHH(f) @)

where Y, (f) is the Fourier transform of the input signal (unmod-
ulated) in the optical channel, Y;,(ft), defined as

Y,.()=Y,(/HH(S) €)

where fo,; is the frequency of the optical carrier and f: is the ra-
diofrequency carrier. The output signal in the time domain can be
observed in equation (4), where its power intensity has a cyclical
behavior depending on the systems parameters:

- c
Ynur (t) = 1 + Sln(27z' Ct)e'lz fopt T
! JDA’z

After detection, the transmitted signal has a power loss that de-
pends on the different transmission parameters and mainly from
the fc. From equation (4), we can derive that the transmitted signal
power has a cyclical behavior due to sinusoidal functions. It can be
shown in a carrier to noise ratio (C/N) plot as in figure 2, where
C/N is induced by CD. A single carrier is transmitted without
modulation through the channel modeled by equation (I). It is ob-
served that the C/N penalty changes for each value of the carrier
frequency in a non-logarithmic way for transmission distances of
I, 20, 40 and 80 km. Hence, the C/N and carrier frequency rela-
tion is not proportional to the transmission distance. For example,
for fc= 20 GHz the lower C/N penalty is reached for 80 km and
the higher C/N penalty is reached for | km, but for fc = 50 GHz,
the opposite case holds.

: ) BPSK/NRZ N Optical \
PulseShaping Modulator < Modulator >-
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Figure 2. RoF System Layout

In RoF, the power penalty effects due to CD cannot be character-
ized as in figure 2 because each of the transmission parameters,
including the modulation format, changes the transmitted signal

drastically. Furthermore, the CD effects with other physical im-
pairments, such as polarization mode dispersion, attenuation, scat-
tering, non-linear effects, among others, can deteriorate the signal
to a greater extent or even improve it due to the cancellation of
some effects (Berceli, et al, 2008).

Figures 3.c and 4.a show an eye diagram of a 250 Mbps RoF trans-
mission for 40 and 80 km, respectively. In spite of the eye-opening
and a low power loss, the rising and falling edge in figure 3.c has a
large slope, indicating a sensitivity to timing error. In figure 4.a, the
signal distortion is represented by an appreciable jitter. In the eye
diagram of figure 4.c the eye diagram is observed to have several
amplitude power levels. In this case, a | Gbps RoF transmission at
40 km, the information cannot be recovered.
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Figure 3. a) eye diagram obtained from an ideal rectangular pulse
sequence, b) ideal binary histogram, c) Eye diagram of 250 Mbps
BPSK RF modulated transmission over 80 km and d) the obtained
AH
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Figure 4. a) AH and b) eye diagram obtained from a 250 Mbps BPSK
transmission over 40 km at 60 GHz. d) AH and e) eye diagram of 1
Gbps BPSK transmission over 40 km at 75 GHz
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As we have mentioned and explained in (Maeda, et al, 2014), the
received RF power level suffers from periodic power fading caused
by cyclical changes in the relative phase between the lower side-
band and the upper side band in the optical domain. This phenom-
enon is called dispersion-induced fading frequency. Optical single side
band modulation using optical filtering has been proven to alleviate
the fading effect. However, it also causes additional signal distor-
tion (Chen, et al, 2013). In addition, the dispersion-induced phase
noise increases with greater dispersion (different types of fibers)
and wider laser linewidth, which was evaluated in (Wei, et al,
2014) for W-band transmission. Thus, monitoring dispersion is
needed in W-Band RoF systems.

Simulation Setup

Radio-over-Fiber (RoF) transmission simulations, with Non-re-
turn-to-zero (NRZ) on-off keying and Binary-phase-shift-keying
(BPSK) modulation, evaluate the impact of the Chromatic disper-
sion (CD) effects in the demodulated signals. The simulation setup
(figure 2) is carried out in the Virtual Photonics Inc (VPI) software.

The transmitter consists of an optical source of continuous waves,
with a linewidth of 2 MHz in the 1550 nm range. The output of
the laser is connected to an optical external intensity modulator
with ideal characteristics. The bit sequences are digitally modu-
lated in an electrical format, and NRZ and BPSK have carrier fre-
quencies of 60, 75 and 100 GHz. The optical power of the laser
is | mW. The optical fiber model used is a standard single mode
fiber (SSMF) with a length of 40 and 80 km. At the receiver, trans-
mitted signals are detected with a photodiode that has a respon-
sivity of | A/W. Electrical NRZ signal demodulation is performed
using an envelope-detector Gaussian filter and electrical BPSK sig-
nal demodulation is carried out using a local oscillator which op-
erates at the same frequency as the RF transmitter signal.

The recovered electrical signal is analyzed in the temporal domain
to build asynchronous histograms, and a digital dispersion moni-
toring technique is performed from this.

Dispersion Monitoring Technique Descrip-
tion

The proposed digital dispersion monitoring technique is explained
as follows:

i) Asynchronous histograms (AH) are generated by projecting the
eye diagram of the electrical demodulated signal on its vertical axis
and normalizing its amplitude. Figure 3a shows an eye diagram ob-
tained from an ideal rectangular pulse sequence, the AH obtained
from this eye diagram is shown in the figure 3.b. Cumulative fre-
quencies represent the number of times that a specific amplitude
value is repeated in the time domain signal. Intensity distortion due
to the chromatic dispersion (CD) effects are seen as variations in
the cumulative frequencies in the AH. For example, figure 3d
shows an AH obtained from the eye diagram (figure 3c) of a RoF
BPSK 250 Mbps transmission over 40 km at 75 GHz.

if) The points of an AH are grouped in different clusters. The num-
ber of peaks and valleys in the AH are calculated. Each “peak” in
the AH, means an intensity level in the time domain signal. The
number of clusters (n) is defined as the number of peaks. How-
ever, if there is a valley in the x-axis center of the AH (figure 4.b),
the number of clusters (n) is equal to the number of peaks plus
one (figure 4.d).

iii) A Gaussian fitting technique using an expectation-maximization
(EM) algorithm (Alder, 2001) is performed to calculate the number

of points belonging to each cluster. The data inputs in the algo-
rithm are n, points of an AH, and number of iterations.

iv) According to the total number of points in the AH, the statis-
tical mean value (p) for each cluster and the points proportionally
(P) belonging to each cluster are calculated, as follows:

_ #points of cluster,
#points of the AH

®)

v) With n, y, and P, a dimensionless dispersion factor (DF) is pro-
posed in equation 6, the numerator is associated with the 2 clus-
ters that represent the 'l' and the '0' logic in the demodulated
signal, and the denominator represents the cluster or the clusters
located in unwanted regions of the AH. Therefore, a low-disper-
sion demodulated signal will have higher DF values than a high-
dispersion demodulated signal.

M Hy
PP
DF =In| 2 |5 n>3 (6)

n=1 l;
Zi:zl ?’

Resulis

Tables | and 2 show the dispersion factors (DF) and the bit error
rate (BER) calculated for different RoF transmissions. Because the
EM algorithm can converge with approximate values, DF was av-
eraged after 5 runs. BER is calculated in the VPI simulator using a
probabilistic estimation with a Gaussian distribution.

Table 1. Dispersion factor estimated for BPSK modulation

BPSK modulation

Carrier Frequency /

Bit rate — distance 60 GHz 75 GHZ 100 GHz
DF 2,876 6,192 1,451
250 Mbps — 40 km
BER 4,75e-13 0 le-10
DF 6,165 6313 3.708
250 Mbps — 80 km
BER 0 0 0
DF -2,4039 3413 -2.263
| Gbps — 40 km
BER 6,36e-4 3,77e-9 3e-2
DF -3.704 -3,904 -3,314
| Gbps — 80 km
BER le-1 Se-1 1,77e-1
Table 2. Dispersion factor estimated for NRZ modulation
NRZ modulation
Carrier Frequency | g4 Gy, 75 GHZ 100 GHz
Bit rate — distance
D 34014 3.0924 3.937
| Gbps — 40 km
BER 0 0 0
2.542 2.338 -1.363
| Gbps — 80 km
BER 7,53e-12 3,72e-9 3,24-8
DF 2.426 1.772 1,515
2,5 Gbps — 40 km
BER 3,74e-14 2,85e-11 1,83e-13
DF -0.4472 -1,323 1,123
2,5 Gbps — 80 km
BER 1,43e-10 9,29e-8 1,5e-10

According to table | and 2, in most cases, NRZ shows better per-
formance with higher DF values and lower BER values than the
BPSK case. It is observed, comparing the results of the NRZ case
for the | Gbps transmission over 80 km, that the DF values are
between -1.363 and 2.542 for different carriers, whereas in the
BPSK case, the DF values are between -3.314 and -3.904. Never-
theless, with a 75 GHz carrier frequency, the BPSK case shows
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better performance than the NRZ case, with a DF value of 3.413
compared to a DF of 3.094 in the NRZ case. Otherwise, making a
comparison among the 3 different carrier frequencies (60, 75 and
100 GHz), the DF and BER values are not proportional as the car-
rier frequency increase. For example, in the BPSK case, a 250 Mbps
transmission over 40 km, shows better DF and BER values with a
75 GHz carrier than with 60 GHz and 100 GHz carriers. In a 250
Mbps BPSK transmission, a better transmission performance is ob-
tained over 80 km than over 40 km. However, at | Gbps a better
performance was obtained over 40 km than over 80 km.

Dispersion effects are not proportional with the increase of car-
rier frequency, distances and bit rate because CD effects are re-
lated to the power penalty, which was explained in section lIl,
where a non-logarithmic curve represented the carrier variation
according to the distance (figure 2). Hence, BER has an inverse
relation with regard to DF: when BER increases, DF values de-
crease. However, in some cases, transmissions have similar DF
values but different BER values because CD is not the only param-
eter that increases physical impairments and other noises affect
the transmission systems. Tables | and 2 prove that small variations
in the parameters of RoF systems can significantly change the re-
ceived signal quality.

Conclusions

In this paper, we proposed a novel dispersion monitoring method
using asynchronous histograms. The EM algorithm performs
Gaussian distribution fittings, and it estimates the statistical mean
and the cardinality of each cluster generated in histograms and
from these values, equation (6) determines the dispersion factor
of the demodulated signals. DF values showed that small variations
in the parameters of RoF systems such as fiber length, carrier fre-
quency and data rate can significantly change the quality of the re-
ceived signal. For future network scenarios, this method can be
used to estimate the feasibility of implementing RoF systems that
work with certain optical network conditions.
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