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Abstract:

Radio-over-Fiber (RoF) system refers to the radio signals which are modulated with
optical signal and transmitted over optical fiber link from Central Office (CO) to the
Remote Nodes (RN;). In this paper, RoF system with Wavelength Division
Multiplexing (WDM) and Subcarrier Multiplexing (SCM) techniques, has been
designed and simulated with different modulation schemes (such as: 4-QAM-OFDM,
16-QAM-OFDM and 64-QAM-OFDM schemes) to increase the capacity of the system
by 20x8 Ghps data rate. The simulation results show that the SCM-WDM-RoF with
16-QAM-OFDM scheme gives better performance with symbol error rate (SER) equal
to 10°, and reduces the power consumption compared with SCM-WDM-RoF system
with other modulation schemes which have been used in this work. The software
package "Optisystem version 12" has been used to simulate this system.
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INTRODUCTION
adio-over-Fiber (RoF) systems can be described as the modulation process of
microwave data signals onto an optical carrier and then transported to remote
sites or base station using an optical fiber channel [1]. Radio-over-Fiber
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technology has been developed since the late 20" century and has been used efficiently
in a range of applications for communication systems such as cellular networks,
WiMax, wireless local area networks (WLANS), cable television systems, indoor
distributed antenna systems and other RF applications [2]. Radio over fiber system is
the next generation of communication systems because it has many advantages
compared with conventional system with low attenuation, a large bandwidth,
immunity to radio frequency interference, operational flexibility, reduced power
consumption, a long signal transmission distance and extension of existing coverage
and capacity [3]. The main elements of the RoF system are; the Central Office (CO),
the Optical Link and the Remote Node (RN) [4].

Theoretical Analysis

This section presents a brief overview of the Radio over Fiber system, Quadrature
Amplitude Modulation (QAM), Orthogonal Frequency Division Multiplexing
(OFDM) technique, multiplexing techniques, and other techniques related to this work.

Quadrature Amplitude Modulation (QAM)

Quadrature Amplitude Modulation (QAM) is a combination of Amplitude Shift
Keying (ASK) and Phase Shift Keying (PSK) modulations [5]. The correct detection
of the signal depends upon the separation distance between the signal points in the
signal constellation. In PSK systems, all points located on the circumference of the
circle because of PSK signal has constant amplitude throughout. In QAM systems,
phase and amplitude of the signal are varied, thus the points will place inside the circle
also on the constellation diagram. Furthermore, increase the noise immunity of the
system and with a higher order form of modulation as a result of its ability to carry
more bits of information per symbol, this system can be used for high bit rate
transmission [6, 7]. The transmitted QAM signal for symbol k is defined by [6]:

sp(t) = \/27% ay cos(2mf.t) — \/@ by sin(2mf,t) ..(1)

where

0<t<T k=0, <1, £2,..M, a, and by are integers, and E, is the energy of the signal
with the lowest amplitude. Let (dmin /2) =+/Ey , Where dp, is the minimum distance
between any two message points in the constellation.

Orthogonal Frequency Division Multiplexing (OFDM)

OFDM is used extensively in communication systems because it is an effective
solution to Inter-Symbol Interference (ISI) problem caused by a dispersive channel.
Another advantage of OFDM s that it transfers the complexity of transmitters and
receivers from the analog to the digital domain [8]. The basic concept of OFDM is to
split a high data rate stream into multiple lower data rate streams that are transmitted
simultaneously over a number of orthogonal subcarriers. As a result the relative
amount of dispersion in time caused by dispersive channels such as optical fibers is
decreased. OFDM based design has an inherent capability to include a cyclically
extended guard time in every OFDM symbol. In the guard time, the OFDM symbol is
cyclically extended to avoid and eliminate intercarrier interference. An OFDM signal
consists of a sum of subcarriers that are modulated by using phase shift keying (PSK)
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or quadrature amplitude modulation (QAM). If d; are the complex QAM symbol, then
one OFDM symbol starting at t = t5 can be written as [9]:

Ns

- 1 , i+0.5
s(t) = Re {Zii_%dH% exp (]21'[ (fc - %) (t— ts))},ts < t <
t+T ..(2)
s(t) =0, t<ty andt>t,+T ...(3)
where
Ns is the number of subcarriers, T is the symbol duration, and f. is the carrier
frequency.

The block diagrams of the basic OFDM transmitter and receiver is shown in Figure
(1), the input data can be in different modulation formats, such as: BPSK, QPSK,
QAM, etc. The first processes in the transmitter are interleaving and coding. All
OFDM systems use some formats of error correction or detection because, if there is
frequency selective fading in the channel, some of the parallel data streams will
experience deep fading. After coding, the data is mapped onto complex numbers
representing the QAM or PSK constellation being used for transmission. The sequence
of complex numbers output from the constellation mapping are then serial to parallel
converted to form a vector suitable for input to the IFFT. The complex vector X = [X,
X1 X5 ... XN_l]T is the input to the IFFT, the vector has length N where N is the size of
the IFFT. Each of the elements of X is a complex number representing a particular
QAM constellation point. The complex vector X = [Xg X1 Xz ... Xn4]" is the output of
the IFFT. The remaining processes of the OFDM transmitter is the front end as
combining filtering, parallel to serial conversion and digital-to-analog conversion
(DAC). After that, the output complex signal is passed to an IQ modulator for
upconversion to the carrier frequency [8-10].
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Figure (1): The block diagram of OFDM system [9]

Optical Modulation

The electrical signal is modulated onto an optical carrier in RoF system by an
optical intensity modulation (IM). The Mach-Zehnder Modulator is preferred to be
used as an external modulator due to many advantages such as its refractive index,
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which is changed linearly with applied voltage and its stability at normal electronic
operating temperatures. The electrical signal Ezz(t), as given in Eqg. (4), is divided
into two branches in-phase E;(t) and quadrature-phase E,(t) components, via a 3 dB
splitter [11].

Erp(t) = Vrr cos(wgrp(t) + 6(0)) ..(4)

where

Vrr is the electrical signal amplitude in volts, wgp(t) is the electrical carrier
frequency, and 06(t) is the signal phase in radians. The Mach—-Zehnder Modulator
(MZM) is shown in Figure (2). The output of MZM which is denoted as Eq/p(t) as
given in Eq. (5):

Eo/p(t) =
W (exp <J' (wc(t) + v’%id;n + O () + E\t/?)) n
Where

V,p is the laser source voltage in mV, L,, is the insertion loss of MZM, w.(t) is the
optical carrier frequency, V. is the threshold voltage and V;, is the switching voltage
for MZM in volts. ®;,(t) is the phase difference of optical carrier within MZM in
radian.

\ Egp(t)
I./ >
N .
Optical Coupling Region
E () E, ()

Vip(t)

Figure (2): Mach-Zehnder Modulator (MZM) [11]

Wavelength Division Multiplexing (WDM)
The basic operation of WDM, is the combination of multiple optical channels with
different wavelengths, coming from different optical sources into a single fiber using
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multiplexers at the transmitter end, and demultiplexers in the receiver to split WDM
channels [12]. The capacity of the Radio-over-Fiber (RoF) systems can be increased
by applying Wavelength Division Multiplexing (WDM) technology in the optical fiber
feeder network, and also increases the number of base stations supported by a central

O
[ |-
0 |/
e~ &
/

WIDNM hink

B BS N A,

office. In addition to that it is an effective way to increase the usable bandwidth of the
fiber [13]. WDM-RoF networks topologies are similar to the network topology for
other optical networks, such as star network, ring network and bus network. In this
work, star network has been used as shown in Figure (3) [14].

Figure (3): Generic WDM-ROoF star network architecture [14]

Subcarrier Multiplexing (SCM)

Subcarrier Multiplexing (SCM) is one of multiplexing techniques that can be
applied in optical system in order to increase the efficiency of the bandwidth
utilization. In SCM technique of RoF system the multiple Radio Frequency (RF)
signals are multiplexed in frequency domain and transmitted by a single wavelength.
The combination of subcarrier multiplexing (SCM) and Wavelength Division
Multiplexing (WDM) may provide a more flexible for high speed optical transmission
with high optical bandwidth efficiency and high dispersion tolerance. The SCM is
more sensitive to noise effects, disadvantage, which limits the maximum subcarrier
frequencies and data rates. The basic configuration of SCM optical system is shown in
Figure (4) [15-18].
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Figure (4): Subcarrier multiplexing in optical system architecture [16]

Simulation Setup



AN R e]0] oV AL RCK N S Ve VRN A0S Radio-over-Fiber system capacity improvements
by using Wavelength Division Multiplexing
and Subcarrier Multiplexing Techniques

Radio-over-Fiber (RoF) system consists of three main parts are; transmitter, fiber

channel and receiver. The transmitter consists of two main parts: electrical
generate RF signal with SCM, and optical side to generate optical signal with

side to

WDM.

The receiver consists of optical part and RF part. Figure (5) shows the transmitter part
of four RF channels (2.4 GHz, 5.8 GHz, 10.8 GHz and 18 GHz) with different
modulation schemes such as: 4-QAM, 16-QAM and 64-QAM schemes, in addition to

orthogonal frequency division multiplexing (OFDM) technique.

The transmitter part of 8-Ch-WDM and optical fiber channel is shown in Figure (6),
each optical channel consist of 4 RF channels at 5 Gbps data rate for each RF channel,
and thus a 32-channel RF is produced. The simulation parameters of the transmitter

model and fiber channel of RoF system are listed in Table (1).

Table (1): Simulation parameters of transmitter part of RoF system

Parameter Value Parameter Value
Bit rate of one optical channel spacing of
channel 20 Gbps WDM MUX 100 GHz
No. of Subcarriers of BW channel of
OFDM modulator 128 WDM MUX 25 GHz
No. of FFT point of length of fiber
OFDM modulator 1024 10 - 100 km
RF 24,58 10,8, 18 GHz | [lberattenuation 0.2 dB/km
power of CW laser 5100 dBm dlspe'rs'lon 16 (ps/nm.km)
coefficient
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Figure (5): Transmitter side of SCM with 64-QAM-OFDM
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Figure (6): Transmitter part of SCM/WDM RoF system

The receiver part of SCM/WDM RoF system is shown in Figure (7-a) and Figure
(7-b) illustrates the RF receiver of the system. After the signal converted from an
optical form into an electrical form by a photodetector with responsivity of 1 A/W, the
received signal is amplified by an electrical amplifier to compensate the power which
is wasted due to the fiber attenuation. In addition, it is passed through Fork to
duplicate the input signal into 4 output signals. Band pass cosine roll off filter is
utilized to choose the desired signal (defined RF) from other signals. A quadrature
demodulator is used to demodulate the signal from the RF modulated wave, then the
signal is demodulated by an OFDM demodulator to extract the symbols and then
decoded to get the original bits.
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Figure (7-b): The RF receiver part of SCM/WDM RoF system
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Simulation Results

In this section, the simulation results are presented for the combination of wavelength
division multiplexing (WDM) with subcarrier multiplexing (SCM) techniques for
radio over fiber (RoF) link.

Figure (8) shows the optical spectrum of transmitted signal for 32-channel RF (32 RF

channel carried by eight optical channels) of 4-QAM, 16-QAM and 64-QAM schemes
with OFDM technique.
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Figure (8): Optical spectrum of SCM/WDM ROoF link
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Figure (9) shows the constellation diagram of SCM/WDM RoF link with 4-QAM-
OFDM, 16-QAM-OFDM and 64-QAM-OFDM for the first and the fourth RF channel

carried by third optical channel after 20 km of fiber length.
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Figure (9): The constellation diagram of SCM/WDM RoF link
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Each RF channel has 5 Gbps data rate, and thus the data rate for each optical
channel equal to 20 Gbps. The data rate of this system equal to 20x8 Gbps. These
systems have a high capacity due to combine the properties of the Wavelength
Division Multiplexing (WDM) and the Subcarrier Multiplexing (SCM) techniques.
The symbol error versus the received optical power for SCM/WDM RoF link with
different modulation schemes (4-QAM, 16-QAM and 64-QAM) with OFDM
technique after 50 km of fiber length is shown in Figure (10). The performance of
SCM/WDM RoF system with 16-QAM scheme and OFDM technique is better than
the performance of this system with 4-QAM-OFDM and 64-QAM-OFDM. The
symbol error of 16-QAM-OFDM at -14 dBm received optical power equal to 10%°
while it is equal 107 for 64-QAM-OFDM at the same received optical power. In
addition, the RF signal power of 4-QAM, 16-QAM and 64-QAM with OFDM
technique versus fiber length is shown in Figure (11). The RF signal power for
SCM/WDM with 64-QAM-OFDM is higher than the RF signal power for this system
with 16-QAM-OFDM and 4-QAM-OFDM. It can be concluded that the RF signal
power increases with the increase of the level of M-ary QAM for the same bit error
rate

4-QAM-OFDM ©16-QAM-OFDM 64-QAM-OFDM

log of Symbol Error (dB)

-10
-18.5 -17.5 -16.5 -15.5 -14.5 -13.5

Received Optical Power (dBm)

Figure (10): Symbol error versus received optical power for SCM/WDM RoF link
after 50 km of fiber length

11



AN R e]0] oV AL RCK N S Ve VRN A0S Radio-over-Fiber system capacity improvements
by using Wavelength Division Multiplexing
and Subcarrier Multiplexing Techniques

v 4-0AM 16-0AM 64-QAM
-45
-50
-55
-60
-65
-70

-75

RF Signal Power (dBm)

-80

10 30 90

50
Length (km)

Figure (11): RF signal power versus the length of optical fiber for SCM/\A/DM
RoF link

Conclusion

In this paper, the capacity of the system performance is improved by combining the
properties of WDM and SCM techniques to obtain high data rate capacity of 160 Gb/s
with 32 RF channel carried by 8 optical channels. Three modulation schemes with
OFDM technique were used in this system such as 4-QAM, 16-QAM, and 64-QAM.
The simulation results show that the system with 64-QAM-OFDM gave the highest
value of RF signal power, but it has little difference of RF signal power with 16-QAM-
OFDM. It can be concluded that this system of 16-QAM with OFDM technique gives
the acceptable performance as well as reduces power consumption and the system
complexity using high level of modulation formats.

References

[1] Hamed Al-Raweshidy and Shozo Komaki, "Radio over Fiber Technology for
the Mobile Communications Networks", Artech House, INC., Norwood, 2002.

[2] Michael Sauer et al, "Radio Over Fiber for PicoCellular Network
Architectures”, IEEE Lightwave Technology, Vol. 25, No. 11, pp. 3301 - 3320,
November, 2007.

[3] Joaquin Beas et al, "Millimeter-Wave Frequency Radio over Fiber Systems: A
Survey", IEEE Communications Surveys & Tutorials, Vol. 15, No. 4, pp. 1593 - 1619
, November, 2013.

[4] Christina Lim et al, "Radio-over-Fiber Systems"”, IEEE Communications and
Photonics Conference and Exhibition (ACP), Asia, November, 2009.

12



AN R e]0] oV AL RCK N S Ve VRN A0S Radio-over-Fiber system capacity improvements
by using Wavelength Division Multiplexing
and Subcarrier Multiplexing Techniques

[5] Behrouz A. Forouzan, "Data Communications and Networking", McGraw-
Hill Forouzan Networking Series, Fourth Edition, 2007.

[6] Simon Haykin, "Communication Systems", John Wiley & Sons, INC., Fourth
Edition, 2001.

[7] J. S. Chitode, "Digital Communications”, Technical Publications, Second
Revised Edition, 2009.

[8] Anibal Luis Intini, "Orthogonal Frequency Division Multiplexing for wireless
Networks", University of California, Santa Barbara, December, 2000.

[9] Jean Armstrong, "OFDM for Optical Communications”, IEEE journal of
Lightwave Technology, Vol. 27, No. 3, pp. 189 - 204, February, 2009.

[10] Van Nee, and Prasad R., "OFDM for wireless Multimedia Communications",
Artech House, Boston, pp. 80-81, 2000.

[11] A. Bahrami et al, "Performance Evaluation of Radio-over-Fibre Systems
Using Mach-ZehnderModulator”, London Communications Symposium (LCS), UK,
September, 2010.

[12] Biswanath Mukherjee, "Optical WDM Networks", Springer Science+Business
Media, Inc., 2006.

[13] Masuduzzaman Bakaul, "Technologies for DWDM Millimetre-Wave Fibre-
Radio Networks”, Ph.D. Thesis, Department of Electrical and Electronic Engineering,
University of Melbourne, Australia, January, 2006.

[14] David Castleford, "Optical Crosstalk in WDM Fiber-Radio Networks", Ph.D.
Thesis, Department of Electrical and Electronic Engineering, University of Melbourne,
Australia, September, 2002.

[15] M. Arsat and S. M. Idrus, "Performance Analysis of Sub carrier Multiplexed
System for Radio over Fiber Technology"”, IEEE Telecommunication Technologies,
2" Malaysia Conference on Photonics. NCTT-MCP. 6™ National Conference, pp. 226
- 229, 2008.

[16] Nathan J. Gomes et al, "Next Generation Wireless Communications Using
Radio over Fiber", John Wiley & Sons, Ltd., First Edition, 2012.

[17] Rongging Hui et al, "Subcarrier Multiplexing for High-Speed Optical
Transmission”, IEEE Journal of Lightwave Technology, Vol. 20, No. 3, pp. 417 - 427,
March, 2002.

[18] Fulvio Grassi et al, "Experimental Evaluation of the Transmission in a Low
Cost SCM/WDM Radio over Fibre System Employing Optical Broadband Sources and
Interferometric Structures”, 11" International Conference on Transparent Optical
Networks, pp. 1 - 4, July, 2009.

13



