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Abstract— The main impediments for long distance signal
transmission in the fibre optic system, especially the radio over
fibre (RoF) system, are the chromatic dispersion and signal
power attenuation. Additionally, the power consumption in the
laser diode and optical amplifiers affect the signal transmission
costs; however, it is lower than in a wireless system. Therefore,
decreasing the power consumption and chromatic dispersion
and increasing the data bit rate in RoF are the demands for
present and future fibre optic system technology. In order to
increase the signal transmission distance and improve the
frequency spectrum, we study in this paper a mobile
Worldwide Interoperability for Microwave Access (WiMAX)
signal transmission over RoF via a triple symmetrical
dispersion system. The combination of three different fibres -
single mode fibre (SMF), dispersion compensating fibre (DCF)
and chirped fibre Bragg grating (CFBG) - is used to transmit
a 120Mbps mobile WiIMAX scalable Orthogonal Frequency
Division Multiple Access (OFDMA) signal with 3.5GHz carrier
frequency and 20MHz bandwidth over a RoF system. To
compensate the dispersion, the SMF and DCF are employed
and specifically the high reflector CFBG is applied to reduce
signal power loss. In our study, the WIMAX signal is
transmitted through a triple symmetrical dispersion system
consisting of 2xDCF (20 km) and 2xSMF (100 km) connected
to SMF (24 km) and CFBG. Simulation results clearly indicate
that the limited signal transmission length and data bit rate in
the RoF system, caused by fibre attenuation and chromatic
dispersion, can be overcome by the combination of SMF, DCF
and CFBG. The transmission distance in the fibre is extended
to 792 Km, SNR and OSNR are highly satisfactory;
simultaneously the power consumption is decreased.

Keywords- Worldwide Interoperability for Microwave Access
(WIMAX); Radio over Fibre (RoF); Dispersion Compensating
Fibre (DCF); Chirped Fibre Bragg Grating (CFBG); Single
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. INTRODUCTION

The communication systems such as wireless broadband
and mobile broadband systems offer better client service, by
enhancing mobility, accessibility and simplicity of
communication between people. Therefore, there has been
growing interest in WiMAX systems, WiMAX IEEE 802.16
and 802.16e-2005 mobile [1]. In comparison to Universal
Mobile Telecommunication System (UMTS) and Global
System for Mobile communications (GSM), WiMAX offers
an enlarged significant bandwidth by using the channel

bandwidth of 20 MHz and an improved modulation
technique (64-QAM).

When equipments are operating with low-level
modulation and high-power amplifiers, WiMAX systems are
capable to serve larger geographic coverage areas, and they
support the different modulation technique constellations,
such as BPSK, QPSK, 16-QAM and 64-QAMI[2][3].
WIMAX physical layer consist of OFDM, which offers
resistance to multipath. It permits WiMAX to operate in non-
line-of-sight environments (NLOS) and is highly understood
for alleviating multipath for wireless broadband. WiMAX
provides modulation and forward error correction (FEC)
coding schemes adapting to channel conditions; it may be
changed per user and per frame [2].

The electrical distribution of high-frequency microwave
signals through either free space or transmission lines causes
difficulties and costs. Losses increase with frequency in free
space, due to absorption and reflection; and in transmission
lines impedance rises with frequency, which leads to very
high losses. Therefore, expensive regenerating equipment is
required to distribute high-frequency radio signals
electrically over long distances. The alternative would be to
distribute baseband signals, radio frequency (RF) signals or
signals at low intermediate frequencies (IF) from the control
station (CS) to the base station (BS) and subsequently to the
user. The RF or baseband signals are down-converted to the
required microwave or mm-wave frequency at each BS,
amplified and transmitted. Reverse, from user to the BS, the
signals would be up-converted [4].

The radio in millimeter-wave (mm-wave) band is the
promising media to transmit the ultra-broadband signal in the
wireless telecommunication system and, since the recent ten
years, has been developing to a favorite research topic. By
optics method the mm-wave signal is readily generated and
can be transmitted through a long fiber distance. In the RoF
system, the generation of the optical mm-wave is one of the
key techniques. Several techniques to generate the optical
mm-wave at around 60 to 120GHz have been reported,
including direct modulation of laser diode (LD), heterodyne
technique with optical phase locking, electrical sub-harmonic
injection and external modulation. Of all these techniques,
the optical external modulation is an appropriate option to
generate the optical mm-wave signal with high spectral
purity [5].

RoF systems are analogue fibre optic links, which are
used to transmit demodulation signal carrier of radio
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frequency (RF) directly or indirectly from a CS to a BS
through a remote unit antenna (RAU) or radio accesses
antenna (RAP) to the client [6].

In order to find leading techniques for the WiMAX
network deployment, RoF has been studied extensively in
recent years. Many studies have been focused on the fibre
[71[81[9][10], the low attenuation (0.2 dB/km), and high
performance solution for high-speed fibre based on wireless
access.

The utilization of millimeter-wave (MMW) frequency for
high-speed wireless access, in future RoF systems, would
meet the requirement of high bandwidth and overcome the
spectral congestion at low frequency. Surely, the RoF system
is the future network technology, which has on one hand the
capacity to satisfy the demands for decreasing
electromagnetic smoking, wireless traffic, power, noise, cost,
and antenna size and, on the other hand, to increase
frequency, bandwidth, data rate and capacity also eventually
improves the spectral efficiency.

So far, the investigations have been narrowed to resolve
the dispersion effect and to control the chromatic dispersion,
which is explained in Section Il, the signal distortion also
reduce the power and increase the transmission distance [11].
In our study, the compensators methods are used to equalize
the dispersion slope in a fibre and have been demonstrated in
the form of DCF and CFBG. DCF has proved to be effective
to overcome chromatic dispersion in high velocity light; with
a special design, consisting of a fibre and a negative
dispersion slope, it compensates the positive dispersion in
SMF. We also use an optical amplifier and a CFBG, due to
the high insertion loss of DCF, which is discussed in Section
Il and IV.

CFBG is a high Bragg reflector placed in a short segment
of an optical fibre, used to correct chromatic dispersion. It
can be used as a wavelength-specific reflector or as an inline
optical fibre. CFBGs are extensively employed for functions
such as dispersion compensation, stabilizing laser diodes,
and add/drop multiplexing in optical fibre systems. The
CFBGs comply with environmental requirements by
increased stability and durability (free from rust), they can be
highly multiplexed (many sensing points in a single fibre
cable), and have the advantage of low power attenuation
through transmission over several kilometers [12].

This paper studies methods to increase the WiMAX
signal transmission distance through utilizing a RoF system
with the aim to reduce power consumption and to obtain
satisfactory OSNR, SNR and high quality signal
transmission spectrums. The work focuses on WiMAX
signals transmitted over RoF by applying SMF, DCF and
CFBG. The paper is organized as follows. In Section Il, we
focus on related work; in Section 111, we describe the theory
of light dispersion in the fibre optic cable for SMF, DCF and
for CFBG. In Section IV, we introduce the system
description of WiMAX and RoF system and describe the
design of the complete system. We discuss the simulation
results in Section V and finally, conclusions are drawn in
Section VI.

International Journal on Advances in Telecommunications, vol 4 no 1 & 2, year 2011, http://www.iariajournals.org/telecommunications/

Il. RELATED WORK

As mentioned in Section I, RoF technology as a means to
deliver WIMAX signals has been studied by a number of
researchers. Based on the IEEE 802.16d-2004 specification
in the 3.5 GHz band, [13] reported about measured spectra
and Error Vector Magnitude (EVM) for different single
mode fiber spans up to 5 km.

Also, [14] investigated EVM for RoF WIMAX signal
transmission. In this approach, fiber lengths between Okm
and 5km for both uplink and downlink instances were
investigated. The results show, on the downlink, the EVM
measured was better than 3.1% between -3dBm and 10dBm.
Lowest EVM was measured at 3dBm.

A hybrid radio on dense-wavelength-division-multiplexing
(DWDM) transport system for WiMAX applications is
proposed in [15]. The researchers were able to improve the
bit error rate (BER) over a large, effective area fiber (LEAF)
of 100km.

In [16], a WiIMAX-RoF transport system is proposed and
achieved satisfactory BER performance over a 120 km SMF
length for both, down and up links.

Osadchiy et al [17] proposed a bi-directional WiMAX-over-
fiber signal transmission system. The scheme supports signal
transmission on a 2.4 GHz carrier at a bit rate of 100 Mb/s
downlink and 64 Mb/s uplink for an 80km access fiber link.
They also demonstrated a successful transport of 100 Mb/s
WiMAX-compliant signals with a 5.8 GHz RF carrier over a
78.8km deployed SMF and a 40km distribution SMF. The
results show that the WiMAX signal stayed within 5% RMS
EVM after 118.8-km fiber link transmission and air
transmission.

I1. THEORY AND ANALYSES

Dispersion is a highly important factor due to the effect
on the bit rate. There are three types of dispersions: material
dispersion, also known as chromatic dispersion, is caused by
the fact that the refractive index of the fibre medium varies
as a function of wavelengths, waveguide dispersion depends
on geometrical characteristics like shape, design and
chemical composition of the fibre core and finally,
intermodal dispersion, which is related to the fact that the
light is not transmitted as a single beam [18].

Accordingly, chromatic dispersion emerges because of
variable frequency components and also signals at differing
wavelengths move at different velocities due to the refractive
index. It has the following units of measurement: ps/nm/km,
where nm is the spectral width of the pulse, ps refers to the
time spread of the pulse and km refers to the fibre length.
The chromatic dispersion of SMF is 16 ps/ nm/km at 1550
nm and 17ps/nm/km at 1552nm, and can be expressed as
follows [19]:

dt
Dony = =141 (1)
where L is the fibre length and tg is the time to dispread the

distance. For externally modulated sources, transmission
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distance limited by chromatic dispersion can also be
expressed as follows [19]:

2mc
16|D|A2B2 (2)
where B is the bandwidth; A is the wavelength and c is the
light velocity. Eq. (1) and (2) show the transmission distance
of the signal is limited due to the chromatic dispersion in the
SMF. To abolish the limitation of signal transmission in the
SMF, techniques like DCF and CFBG have been
demonstrated to be useful to compensate the accumulated
dispersion in the fibre. DCF has a dispersion characteristic
that is contrary to that of the transmission fibre. Dispersion
compensation is achieved by inserting an open loop of DCF
into the transmission path. The total dispersion in the DCF
open loop needs to be equal and opposite of the accumulated
dispersion in the SMF. This means that, if the SMF has a low
positive dispersion, the DCF will have a large negative
dispersion. With this technique, the absolute dispersion per
length is nonzero at all points along the fibre, whereas the
total accumulated dispersion is zero after some distance. The
length of the DCF should be minimized as the special fibre
used has a higher attenuation than the transmission fibre. The
attenuation is around 0.6dB/km at 1550nm compared to
0.2dB/km for SMF [20].

Because of the high power loss in DCF, the CFBG is
applied to control and tune the difference in arrival times of
the multiple frequency components resulting from a typical
dispersion. It has been shown that strong, long, and highly
reflective gratings can be wused for dispersion in
communication links in transmission with negligible loss
aspersion, by proper design of the grating. For high-bit-rate
systems, higher- order dispersion effects become important,
dissipating the advantage of the grating used in transmission.
The rules utilized for the design of the grating to compress
pulses in a near ideal technique are a compromise between
the reduction of higher-order dispersion and pulse
recompression. Bandwidths are limited with this
configuration by the strength of the coupling constant and
length of a realizable uniform period grating.
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Figure 1. The wavelength reflected in CFBG by the Bragg grating
referred to Bragg wave is A1. A2, A3 and the unwanted wavelength passes;
the spacing decreases along the fibre; accordingly, the Bragg wavelength
decreases with distance along the grating length.
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The reflected wavelength in CFBG amends with the
grating period, because the spacing of the grating varies and
is designed for a desired wavelength. The different
wavelengths reflected from the grating will be subject to
different delays; if the injected light wavelength differs from
the grating resonant wavelength, the light is not reflected. As
shown in Figure 1 , the chirp in the period can be related to
the chirped bandwidth A, of the fibre grating which is
presented in the following equation [11]:

AAchirp = zneff(Along - Ashort) =

2neffAAchirp (3)

The reflection from a chirped grating is a function of
wavelength, and therefore, light entering into a positively
chirped grating (increasing period from input end) suffers a
delay in reflection that is approximately [11].

., (Ao—A) 2Lg

T(A) - Alchirp E’
fOT' 2neffAshort <A< 2neff Along (4)

where A,is the Bragg wavelength at the center of the
chirped bandwidth of the grating, and vg is the average
group velocity of light in the fibre. By introducing a
maximum delay of 2Lg/vg between the shortest and the
longest reflected wavelengths, the effect of the chirped
grating is that it disperses light. This dispersion is of
importance since it can be used to compensate for chromatic
dispersion in optical fibre transmission systems. The figure
of merit is a high-length grating with a bandwidth important
feature of a dispersion-compensating device as at 1550 nm,
the group delay t in reflection is ~10 nsec/m. Several
parameters affect the performance of the CFBGs for
dispersion compensation: the insertion loss due to reflectivity
< 100%, dispersion, bandwidth, and polarization mode-
dispersion, deviations from linearity of the group delay also
group delay ripple. Ignoring the first and the last two
parameters momentarily, we consider the performance of a
chirped grating with linear delay characteristics, over a
bandwidth of Ai chirp.

The dispersion coefficient Dg [ps/nm/km] for the linear
CFBG is given by the following simple expression [8]:

2n

Dy =7 — )

¢AAchirp

where n is the average mode index, c is the light velocity, AL
is the difference in the Bragg wavelengths at the two ends of
the grating. Eq. (5) represents that Dy of a chirped grating is
ultimately limited by the bandwidth A); the increase in the
transmission distance will be possible only, if the signal
bandwidth is reduced.
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V. SYSTEM DISCRIPTION OF WIMAX OVER ROF

An important difference between fixed and mobile
WIMAX is the physical layer. Mobile WIMAX uses
OFDMA as its physical layer transmission scheme instead of
plain Orthogonal Frequency Division Multiplexing (OFDM).
OFDMA can also be used as a multiple access mechanism
when groups of data subcarriers, called sub channels, are
allocated to different users. Mobile WiMAX also introduces
more scalability into the actual physical layer parameters.
Cyclic prefix durations and channel bandwidths in multiple
OFDMAs, which have different amounts of subcarriers, are
utilized to allow the wireless link design to be optimized
according to the environment where the system is deployed.

Figure 2 illustrates the schematic simulation setup of
WIMAX over RoF, including the dispersion model
techniques SMF, DCF and CFBG. In this simulation, the BS
deployed the data of mobile WiMAX IEEE 802.16e-2005 to
the fibre system as a RF signal; firstly, to the RAU antenna
as an electrical signal; subsequently, converted to the fibre
optic signal by modulating the RF to the laser beam, which a
laser diode has injected into the SMF; this modulation
operation arises in the Mach Zehnder Modulator (MZM).

In future work, it would be possible to use a WiMAX
Femtocell instead of a BS because it has several advantages.
It can be use in microcell, pico-cell area and indoor; the
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typical cell radius ranges between 50-100m[17]. The
proposed scheme would not require to be changed, because,
at the end of fibre, the optical signal is converted to the
electrical RF signal, which would radiate via Femtocell to
micro or pico-cell. The WiMAX transmission signal is
centered at 3.5 GHz; comprising 128 subcarriers and
64QAM (6 bit-per-symbol) modulates each; the bandwidth is
20MHz, and the transmitted bit rate is 120Mbps. The
important component in WiMAX is the scalable orthogonal
frequency division multiplexing (S-OFDMA). In the basic
version of OFDMA, one sub-carrier is assigned to each user.
The spectrum of each user is quite narrow, which makes
OFDMA more sensitive to narrowband interference. The
core of an orthogonal multi-carrier transmission is the Fast
Fourier transform (FFT) respectively, inverse FFT (IFFT)
operation; synchronization and channel estimation process
together with the channel decoding play an important role.
To ensure a low cost receiver (low cost local oscillator and
RF components) and to enable a high spectral efficiency,
robust digital synchronization and channel estimation
mechanisms are needed. The throughput of an OFDM
system does not only depend on the used modulation
constellation and Forward Error Correction (FEC) scheme,
but also on the amount of reference and pilot symbols spent
to guarantee reliable synchronization and channel estimation
[23].
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Figure 2. Schematic shows the setup of WiMAX downlink integrated in the RoF system which consist of SMF, DCF and CFBG for the increased fibre
length of 792km.
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OFDMA utilized in mobile WiMAX is scalable in the ability
that by flexibly adjusting FFT sizes and channel bandwidths
with fixed symbol duration and subcarrier spacing, it can
address wide spectrum needs in different area regulations in
a cost competitive approach. The S-OFDMA consists of a
flexible and large fast Fourier transform (FFT) size changes
from 128 to 2048, and it is used in IEEE802.16e-2005 [3].

The transmitter's (TX) source data in the WiMAX are
encoded, and then modulated by QAM®64, buffered and
manipulated through serial to parallel (S/P) mechanism so as
to make an appropriate vector for IFFT. The signal is
transmitted to the fibre as a RF signal; subsequently,
converted to an optical signal by the RAU antenna by being
indirectly modulated through the MZM. Intensity modulators
are important components for high bit rate light wave
systems operating at a wavelength of 1552nm.

The MZM structure is composed of an input optical
branch, where the incoming light is split into two arms, and
two independent optical arms, which are subsequently
recombined by the output optical branch. As shown in Figure
3, the continuous wave (CW) laser diode (LD) emits a light
wave into an optical input of the MZM; the WiIMAX_RF
radiates into two electrical inputs of MZM. The bias voltage
of V1, 25 = Va/2 controls the degree of interference at the
output optical branch and accordingly the output intensity.
The MZM is based on an electro-optic effect, the effect that
in certain materials, e.g., LiINbO3, the refractive index n
changes with respect to the voltage V applied across
electrodes. The optical field at the output of the modulator is
given by following equation [24]:

Eoue(®) = 3lexp (J-1(0) + exp (V2 (O)1 B (©)

where 17, is the modulation voltage, which is the differential
drive voltage (V1-V2=I},) resulting in differential phase shift
of mr rad between two waveguides. Ein (t) is the optical field
applied to the input of the modulator. The MZM modulated
electrical signal refers to WiMAX-RF; optical beam

. Bias
Modulation  yoltage
WIMAX- RF 3.568z  (DC)

=4

Vi
£l
optical powar
Modulated
output

—

)
WiIMAX- RF 3.5GH=

Figure 3. Schematic shows Mach- Zehnder LiNbO3 (MZM) optical
input from laser diode CW and two electrical inputs from WiMAX_Tx

refers to the CW laser and is injected in the output as an
optical power signal over fibre. The CW LD technology is at
the standard telecommunications wavelength of 1552.52 nm.
The CW LD output power is too low and would require
additional amplification. The CW LD has an average output
power of 3 dBm for laser frequency 193.1 THz with a
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linewidth of 10 MHz and relative noise dynamic of 3dB and
a noise threshold of
-100dB .

Subsequently, the optical signal is transmitted over the
RoF system, which is composed of a triple symmetrical
dispersion system: each consisting of DCF (20 km), SMF
(100 km) SMF (100 km) and DCF (20 km), connected to the
SMF (24 km) and to the CFBG, which is added after every
264 km. This setup allows a compensation of the positve
dispersion signal in SMF; therefore, the signal transmission
is increased to 264km fibre length.

The SMF dispersion parameter is 16 ps/nm/km and the
SMF length is set up to 100km; the SMF signal attenuation is
0.2dB/km; therefore, total accumulated dispersion is
16x100=1600 ps/nm. The dispersion slope will be sharper
with the increment of the transmitting fibre length L as
expressed in Eq. (2). DCF is configured to negative
dispersion -80ps/nm/km at 1552nm to compensate the
positive signal dispersion in SMF, considered in Eq. (7). It is
proved to be effective to reverse chromatic dispersion in
high-velocity light and it is highly important to increase the
signal transmission distance and bit rate by a DCF function
to keep the wavelength at a zero dispersion, which is called
the “zero-dispersion wavelength” ().

(Dsmg X Lsymg) + (Dpcr X Lpcp) =0 (7)

where Dy, is the dispersion factor in the SMF, L, is
the fibre length of the SMF , Dj, . is the dispersion factor in
the DCF and the Ly is the length of the DCF.

16ps 80ps
(—/km X 100km> + <——/km X 20km) =0
nm nm

®)

Eqg. (8) shows the result of the accumulated dispersion in
combined DCF and SMF. SMF is configured to a fibre
length of 100km and DCF is configured to the negative
dispersion of -80ps/nm and used over a 20km fibre length to
reduce the chromatic dispersion and, as explained before,
DCF is added to keep the transmission signal of
zerodispersion for a long distance.

20
SMF
Uy il e far el
I
10 1 |
I
Dispersion I
(paim-km) ¢ +—r—pp e |
1250 0 1350 1400 1450 1500 1560 1600
51
<10 4
5- Wavelength (nm)
Figure 4. Illustrates the dispersion character for the wavelength
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As shown in Figure 4, the dispersion of the light signal in
fibre optic is zero by 1330nm and 16 ps/nm/km by 1550 nm
wavelength. The advantage of using a wavelength of 1552nm
compared to a wavelength of 1330nm lies in low power
attenuation. The devices working with the 1330 nm
wavelength are able to transmit a high amount of power but
the modulation constraints of the laser source can make the
design more complicated. The wavelength of 1550nm is the
most used in terrestrial communication systems and a wide
range of devices are available[25]; the Doppler Effect is
lower than at other frequencies and for this carrier it is
possible to carry out DPSK (Differential Phase Shift Keying)
and QAM modulation schemes.

Figure 5 illustrates the affected DCF of the signal
dispersion in SMF; the signal transmitter TX injects the
WIMAX RF in the fibre after modulation through the laser
diode and MZM. In the fibre system the SMF is configured
for a fibre length of 100km because of the SMF’s dispersion
character of 17ps/nm/km at 1552nm, the 20km DCF is
added and configured to the negative dispersion of
-80nm/ps/km to keep the transmission signal of zero
dispersion.

As described in Section 11, the DCF has a high-power
attenuation and cannot be used in this system for a distance
longer than 20 km; therefore, the EDFA is employed after
100Km of SMF, being configured to 12.8 dB. The CFBG

Dispersion

fiber span
DCF Modules

Figure 5. Illustrates that for every 100km SMF fibre length there are 20
km long DCF modules to compensate the accumulation dispersion in the
SMF.

chirped bandwidth is AA=2 nm; n=0.0006 and lengths of 110
mm. The optical power is converted to the current electrical
signal by a photo detector diode (PIN for dark current 10nA
and centre frequency 193.1 THz). The electrical bandpass
Gaussian filter is used to minimize the electrical signal noise
and group delay becomes constant for all frequencies. In a
receiver, a bandpass Gaussian filter allows signals within a
selected range of frequencies to be heard or decoded, while
preventing signals at unwanted frequencies from getting
through the centre frequency (fy). As mentioned before, f; is
set up to 3.5GHz for a bandwidth of 20MHz.
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The applied RAU antenna can offer a small antenna size
for broadband operation. The RAU can convert the incoming
RF signal to the fibre and subsequently to an electrical signal.
The incoming optical signal is detected by a photodiode (PD)
and converted to the RF signal, then amplified and
transmitted over the wireless path for 300m to the BS
antenna and to the WiMAX RX. At the WiMAX receiver
the RF signal is demodulated by the Quadrature
demodulator, which implements an analog demodulator
using a carrier generator for Q and | Quadrature components;
it consist of two low pass filter. 7GHz cutoff frequency of
low pass filter is configured; the OFDM demodulator is
implemented by a complex point 1024 FFT; in OFDM the
FFT is used to realize multi-carrier modulation, which
reduces the complexity of OFDM systems greatly.
Generating OFDM symbols with high data rate requires a
high-speed FFT processor. Moreover, an FFT processor with
low area and low power consumption is needed by the
portable feature of OFDM systems. In the QAM sequence
decoder, the bit sequence is split into two parallel
subsequences; each can be transmitted in two quadrature
carriers when building a QAM modulator. This is achieved
by using a serial to parallel converter.

V. RESULT AND DISCUSSION

The simulation results clearly show that the fibre
attenuation and the chromatic dispersion, which are the main
cause for a limited signal transmission length and data bit
rate in the RoF, can be controlled by transmitting the
WiIMAX-OFDMA for 120 Mbps bit rate via a combination
of different fibers, namely SMF, DCF and CFBG. The
results indicate that the use of a accumulated dispersion
compensation method, which consist of a triple symmetrical
compensator system and, in addition, a CFBG for each
system, is the means to control the chromatic dispersion,
keep the transmission signal of zero dispersion and to
increase the transmission distance to 792 km.

Total Poveer 1 (dBm)

Figure 6. Illustrates the total power dBm in the DCF for a DCF length

from 17 to 22km and the wavelength is 1552nm
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Figure 6 shows the total of the signal power in dBm
according to the DCF length from 17km to 22km. At 17km,
the signal power is 16.2dBm; at 22km, the signal power is
8dBm, due to the high signal power loss the CFBG and the
EDFA are used. The red colour refers to the optical power,
the power is focused in the centre of the fibre and the green
colour refers to the noise in the DCF, which is caused by the

laser diode.
0 —
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Figure 7. lllustrates the delay in the CFBG for the wavelength from1546

nm(1.546um) to 1554 nm (1.554um); the delay is measured in ps.

Apart from the combination in the order of DCF-SMF-
SMF-DCF-SMF with a fibre length of 20-100-100-20-24
km, a 55mm long CFBG is added at every 264 km to
compensate the chromatic dispersion. Figure 7 shows the
reflectivity and delay characteristics of the chirped gratings
operating in 10-55mm grating length. It is noted that the
reflection wavelength of 1548 to 1552 nm has the delay time
of 50ps; respectively the delay in the CFBG is important to
balance the wavelength and to control the chromatic
dispersion, due to the different frequency velocities in the
fibre.
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Figure 8. Shows the cumulative phase of the transmission and reflection
wavelength.

The control of the chromatic dispersion is essential in the
fibre optic system network, due to the increase of the signal
transmission distance, as well as the data bit rate. The CFBG
can be implemented in DWDM and in this research is used
as signal tuneable. The cumulative phase difference between
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transmitted and reflected wavelength is shown in Figure 8.
The blue line refers to the reflective wavelength in the
CFBG and the red line represents the forward wavelength
transmission. Any delay in the wavelength in the CFBG
refers to phase delay 75ps at wavelength 1552nm.
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TABLE I. OSNR INPUT AND OUTPUT
Input Signal Input Output Output
dB OSNR Signal OSNR(dB)
(dB) (dB)

CFPG 10mm | -0.06141464 99.9856 -8.5112 26.63
CFBG 32mm | -0.0141464 99.9856 --11.2111 | 23.62
CFBG 55mm | -0.06141464 99.9856 -13.4115 | 19.62621

(nm) (nm) (nm) (nm)
Wavelength 1552.5244 1552.524 | 1552.52 1552.524

As mentioned in Sections | and 11, the wave delay in the
CFBG is important because the light spectrum in SMF and
DCF travels with different velocity, which means that it
consists of different wavelength, which reaches the end of a
fibre optic cable delayed. Therefore, the CFBG is used to
control the chromatic dispersion and power attenuation, as
well.

Table (1) shows the input parameter at transmitter after
MZM and the output parameter after 792km. The WiMAX-
RF modulated to laser for frequency 193.1THz for a
wavelength of 1552.5244nm. The difference between the
input OSNR and output OSNR ranges at ~ -74dB; if the
chirped gratings are set up to 10mm, the input signal power
is at -0.0614 dBm and the output signal power is at -8.5112
dB. The difference between input and output power is -
8.4498 dB, when the chirped grating of CFBG is 10mm for a
fibre length of 792km. The result is highly satisfying
because the optical amplifier only used 192 dB for the fibre
length of 792km.

As shown in Figure 9, the configuration of the CFBG
chirp length has an influence on the OSNR: the shorter the
chirp length the higher OSNR. The higher output OSNR
after 792km is 26.63dBm, when the chirp grating is set up to
10mm length, and lower OSNR, when the chirped grating is
set up to 55mm. Additionally, the figure shows that the
OSNR has decreased linearly, which is an important result
because it let the signal in a stable condition and the signal
quality is affected positively. This means, that the
configuration of the CFBG can improve the signal quality in
the RoF system and can be used as a band pass filter and
tuneable component, as well.
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- where B,optical bandwidth is for wavelength 1552nm; c is
Legend Bl light speed; A2 is the wavelength square.
B Output: OSNR 1 (dB) (Length (mm) }

25
t

Figure 11 (B) shows the optical bandwidths for a fibre
length of 792km at a wavelength of 1552nm. At all fibre
lengths, the optical bandwidth is 300nm. The intensive green

24
t

) L L
z colour at 1552nm (1.55um) refers to the noise intensity in the
gl bandwidth. The red colour refers to the signal power at
H -25dBm.
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As shown in Figure 10, the total gain power measured at Tann Tean b Tenn D
CFBG chirp length from 10mm to 55mm at wavelength Wavetength (nm)
1552nm decreases linearly. At a chirp length of 10mm the
power is -8.5112dB, at 32mm -11.2111dB and at 55mm, the

power is 13.4115 dB.
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Figure 11 (A) shows the optical bandwidths for a fibre g S e 8 et B B
length of 264 and 792km at a wavelength of 1552nm. At all - A A A A
fibre lengths, the optical bandwidth is 300nm. There is a Eo
minor change in the optical signal power after the signal has = = = =l®m = = =
travelled for 528 km: at 264 km, the signal power is -5 dBm, P L P | P Y
at 792 km the signal power is -14 dBm; however, a limited i
optical amplifier was used. The green area refers to the noise, = = ® ®m]m ®m ®=m =m
which is produced by the laser diode, and the red area refers - - ; R =
to the optical bandwidth, which is expressed in terms of Amplitude -1 (a.u.)
wavelength rather than frequency, using the following Figure 12. Constellation diagram of 120-Mbit/s WIMAX QAM-64
equation [26]: transmission downlink for fibre length 792Km
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Figure 12 shows a constellation diagram, which is a
representation of a signal modulated by a digital modulation
scheme It clearly shows the electrical constellation at the
WIMAX transmitter which is a representation of 6 bit-data
per symbol of the 64-QAM modulator, of WiMAX TX for
OFDM 1024 and modulator 64- QAM 8 bit by SNR 116.78
dB; the signal is clear and noise free.

Figure 13 shows the electrical constellation diagram at
WIMAX-TX receiver. The signal at the receiver is
transmitted over RoF via the combined SMF and DCF for a
length of 528km. The DCF length is 4x20km and the SMF
length is 4x100km, respectively 2x24km. Compared to
Figure 11, a change in the 6 bit QAM 64 can be recognized
because of noise and power attenuation, which are added to
the signal through the wavelength deployed over a distance
of 528km in the fibre. The black colour refers to the noise
and the red colour refers to the total signal.
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receiver downlink for fibre length 528Km
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and was converted to an electrical signal by the photo
detector diode. The signal has a noise, which is shown in
blue, due to the laser diode noise; the red colour refers to the
WIMAX signal total signal. The comparison of Figure 12
and Figure 13 shows that the noise has slightly increased by
the extended signal transmission distance from 528km to
792km. The reason for this is the long transmission distance;
the signal power becomes weak due to the laser noise and the
DCF attenuation. To reduce these effects, an increase of the
optical power amplifier is needed. This result shows the
maximum signal transmission distance for a limited fixed
power amplifier.

Figure 15 shows the RF spectrum of WiMAX 3.5 GHz
carrier frequency for bandwidth 20 MHz at the WiMAX
transmitter before transmitting over fibre, the bandwidth is in
the frequency range of fo-f,fo fo.fy (3.5-3.49, 3.5, 3.5+3.51)
GHz, the spectrum of the signal power, displayed in blue,
measured at 100 dBm and the green colour refers to the
noise, which is measured as 22 dBm.

349G ISG 331G 332G

Frequency (Hz}
Figure 15. 3.5GHz WiMAX-TX for bandwidth 20MHz and FFT 1024
before transmitting over RoF .
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381G
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Figure 14 illustrates the electrical constellation diagram
64QAM for 6 bit at the receiver after the WiIMAX
transmission signal travelled over a fibre length of 792km

Figure 16. WiMAX carrier frequency 3.5GHz for bandwidth 20MHz at
WiMAX-RX after tranmission over RoF for fibre length of 792km.
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Figure 16 shows the 20MHz bandwidth after a fibre
length of 792 km for an output power of 60dBm; the noise is
measured as 26 dBm. The spectrum consistes of the signal
and noise, which is illustrated in blue and the red area refers
to the signal without noise.

The power loss between the transmitter and receiver is
30dBm. The signal is deployed over SMF, DCF and tuned by
a CFBG filter for fibre length 792km. At the end of the 792
km fibre length, the optical to noise ratio (OSNR) is 26.64
dB. Typically, the larger the OSNR value, the lower the
receiver sensitivity.

Table (Il) shows the parameter at the electrical
transmitter at electrical input of MZM; the maximum value
of SNR is 116.78512 dB for WiMAX_RF 3.5GHz; the total
power is 16.785116 dBm.

TABLE II. TOTAL POWER AND SNR AT TRANSMITTER
Total Power (dBm) [ Signal Power (dBm) | Noise Power (dBm) [ SNR (dB)
Min valug -100 -100 -100 0
Max Value 16785116 16783116 -100 116.78512
Ratiomaximin | 116.78512 11678512 0 116.78512
(Hz) (Hz) (Hz) (Hz)
Frequency at min | 0 0 0
Frequency at max | 3.5e+003 3564009 3.5e+009 3.5e+009

Table (111) shows the parameter of the electrical signal
after having been converted from optical at the photo
detector diode; the SNR is 31.318564 dB; the diffrence
between input and output is 85.466556 dB; considering the
WiIMAX signal has been transmitted over a fibre length of

792km , this result is highly satisfactory

TABLE III. TOTAL POWER AND SNR AT THE RECEIVER
Total Power (W) Signal Power (W) | Noize Power (W) | SNR (dB)

Min value 2326439015 0.39134784e-024 | 2326439015 0
Max Value 0.13552317e-009 | 0.13547414e-009 | 49.022992e-015 31315564
Ratio max/min 5525.3479 MB.AT33e+012 | 047456081 31315564

(Hz)

(Hz)

(fz)

{Hz)

Frequency at min

50e+006

50e+006

50e+006

508+006

Frequency at max

3.5e+009

3.5e+009

3.5e+009

3.5e+008

Figure 17. Signal transmitted in SMF for fibre length of 264km
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Figurel7 shows an optical signal transmitted over SMF
fibre; the red colour refers to the optical power, which is to
be seen clearly in the centre of the SMF after 264km fibre
length.

The SNR is measured as 31.31856 dB at the receiver in
comparison to the SNR of a WiMAX transmission signal
over air, which is typically 21dB for a code rate of % [20].
The BS-TX propagation loss via air according to the Egli
calculator[26] ranges at 167.57 dB for 5km. Compared to the
transmission of the signal over fibre, which has travelled 792
km, using a laser diode of 5 dBm for fibre attenuation 180dB
per 792km (SMF+DCF) attenuation, the result is highly
satisfactory.

VI. CONCLUSION

This paper proposed a method for transmitting RF signals
over fibre, using a WiMAX system downlink deployed via
SMF/DCF and CFBG over a RoF system. The system is able
to carry a WiMAX S-OFDMA signal of 128 subcarriers with
an FFT of 1024 for a 3.5GHz carrier frequency and
bandwidth of 20MHz. The bit rate for WiMAX increased to
120Mbps with 64-QAM over a RoF system for a fibre length
of 792km. We compared the chirp length 10mm to 55mm in
CFBG with OSNR and proved the best OSNR result with
10mm chirp. The results show that by using SMF with a
DCF setup for dispersion of -80 and a CFBG setup for a
length of 10 to 55mm, we achieved an increase in the
WIMAX transmission over fibre distance to 792km. This
method is able to control the chromatic dispersion affected in
the fibre. This means that the power budget of the WiMAX
downlink signal can be improved compared to the energy
consumed in a WiMAX transmission BS antenna 167.57dB
for 5 km; the data bit rate increased to 120Mbps. Finally, the
bandwidth spectrum stayed relatively constant over the long
fibre distance, and the result of SNR and OSNR are highly
satisfactory; the power consumption is very low between the
input and output of the fibre.

In summary, with the described setup, we reached the aim
to increase the transmission distance, to improve the
frequency spectrum and to reduce the power consumption.
Additionally, as future work, it is possible to further increase
the signal transmission distance for various mobile and fixed
broadband systems, such as the WiMAX and UWB system
by utilizing more than three circuits, consisting of the triple
symmetrical dispersion system SMF, DCF and CFBG.
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