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Abstract

All-Optical Demultiplexing of Closely Spa;:ed Multimedia Radio
Signals Using Sub-Picometer Fiber Bragg Grating

© Hatice Kosek, 2006

Master of Applied Science
Electrical and Computer Engineering
Ryerson University

Subcarrier multiplexed (SCM) transmission of multimedia radio signals such as CATV (5-860
MHz), cellular wireless (900 MHz) and wireless LAN (2.4 GHz) over fiber is frequently used to
deliver broadband services cost effectively. These multi-channel radio-over-fiber (ROF') links
have interesting applications and can connect enhanced wireless hotspots that will support
high speed wireless LAN services or low speed cellular services to different customers from the
same antenna. The SCM signals need to be demultiplexed, preferably in the optical domain
for many reasons. Prefiltering of SCM signals with fiber-based optical filters warrants the use
of inexpensive photodetectors and increases network flexibility. However, realizing optical
demultiplexing at sub-GHz level is challenging and thus necessitates optical filters with high
selectivity and low insertion loss and distortion. We developed a novel sub-picometer all-
optical bandpass filter by creating a resonance cavity using two closely matched fiber Bragg
gratings (FBGs). This filter has a bandwidth of 120 MHz at -3 dB, 360 MHz at -10 dB and
1.5 GHz at -20 dB. Experimental results showed that the filter is capable of separating two
radio frequency (RF) signals spaced as close as 50 MHz without significant distortion. When
this demultiplexer was employed to optically separate 2.4 GHz and 900 MHz radio signals,
it was found to be linear from -38 dBm to +6 dBm with ~ 25.5 dB isolation. There was no
significant increment in the BER of the underlying multimedia data. Results verified that
the fabricated narrow bandpass filter can be a potential candidate in demultiplexing of RF

signals in networks based on subcarrier multiplexed schemes.
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Chapter 1

Introduction

N the path towards fourth-generation networks, current communication systems are chal-
Ilenged with the demand for high date rate multimedia services and ubiquitious communi-
cations. The need for the increased bandwidth will be apparent with the emergence of data-
hungry applications including video éonferencing and high definition television (HDTV). In
response to this challenge, current and future broadband wireless systems are expected to
deliver medias such as voice, data and video with high quality at the lowest cost possible.
Radio-over-fiber (ROF) schemes in conjunction with subcarrier multiplexed (SCM) radio
signals can deliver multimedia wireless services to subscribers over a single optical fiber and
address the need for abundant bandwidth cost effectively. These type of links have proven to
deliver high quality multimedia services. An evidencza of this is Utopia in Utah, USA, which
provides high speed internet access, telephony and television programming through a fiber
optic cable at 30 Mb/s to its 3000 subscribers in 14 cities. It is reported that this flexible
system can be easily upgraded to support a data rate of 1 Gb/s.

Another foreseen evolution in multimedia service provision is the integration of WLAN
network with the 3G and beyond cellular networks to typically provide hotspot coverage.
Hotspots are ideal for crowded areas such as supermarkets, subway stations and airport
concourses. Current WLAN standards based on IEEE and HIPERLAN/2 can provide data
rate up to 54 Mb/s. In the future; however, the data rate is anticipated to reach 155
Mb/s. To meet this, the third generation cellular network must be reshaped to push the



data rate to the expected level and allow internetworking with the WLAN technology. The
use of subcarrier multiplexed fiber radio scheme in this scenario should ease this transition.
For example, fastly emerging fiber-to-the-home (FTTH) and less expensive fiber-to-the-curb

(FTTC) are attractive systems for wireless access.

. Cellular
Electrical Domain LT T \\(CDMA)
--------------- Optical Domain Microcell

900 MHz
Radio oven:;l"iber (ROF) \'\

7 “Celiular-* ;
.‘\:‘ < ‘:'.‘v - " H
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““'Station” * Q O’

Electrical Optical
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- Wireless,
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“Network : ' )
s

RAP: Radio Access Point

Figure 1.1: Radio-over-fiber based wireless access system incorporating subcarrier multiplexed
cellular and wireless local area network (WLAN) radio signals

Figure 1.1 shows such a SCM fiber-to-the-curb wireless downlink, where cellular (900
MHz) and WLAN (2.4 GHz) radio signals are transmitted simultaneously from the central
base stations (CBS) to remote wireless devices via radio-over-fiber link. FTTC delivers the
voice and data oriented radio signals to the last mile wirelessly. The services can be of high
quality because fiber is brought to the last mile and the air interface is short. The cellular
signal originated from the cellular base station is electrically multiplexed with a WLAN
radio signal at a microwave power combiner. The composite RF signal intensity modulates

an optical carrier at the optical transmitter and then transmitted to the radio access point



(RAP) located at the user neighborhood. The RAP consists of simple devices and its main
function is to convert the optical signals to electrical signals and vice versa. It serves as an
extended antenna from the central base station. The RAPs with simple functions not only
are inexpensive but their compact size can save estate cost.

Demultiplexing of such subcarrier multiplexed signals can be done either by the optical
or the electrical domain bandpass filters. Figure 1.1 emphasizes on separating radio signals
using an all-optical demultiplexer. The split signals can then be distributed to different
RAPs, which provide voice or data services to wireless subscribers with mobile units such as
cell phones, laptops or PCs. With such arrangement, a dual-mode mobile terminal with both
cellular and WLAN interfaces can receive low-speed radio cellular service in a large coverage
area while taking advantage of the high speed WLAN service within smaller fiber wireless
(Fi-Wi) cells [1]. The advantage of an ROF based SCM architecture include reduction in
cell size that improves spectral efficiency and increases frequency reuse. A single central
base station can be connected to multiple RAPs via SCM ROF links, where flexible radio
spectrum management is possible. The cost of the CBS deployment and operation is shared
among many subscribers. Moreover, users can have network connectivity everywhere with
high data rates and reasonable mobility. Substantial increase in the capacity is especially
beneficial for dense urban areas, where hotspots can be used to respond to the needs of
congested traffic. The more detailed advantages of this internetworking are presented by
Doufexi et al. in [2].

Previous research has shown that isolation of radio signals in the optical domain can offer
a promising performance [3]. The main advantages of all-optical demultiplexing include the

following;:

e All-optical demultiplexer adds flexibility to the optical link/network by allowing the
tapping of any subcarrier at any point along the fiber length. This will enable better

radio resource management in an optical fiber based wireless network.

e The optical receiver performance requirements are eased with optical demultiplexing.

Since in this scenario, the receiver has to detect only a single RF channel, the photode-

3



tector and the following electrical devices could be of low bandwidth matched to only
that RF band. Otherwise in conventional SCM systems, the receiver has to support all
the subcarriers; therefore should be wideband. Wideband requirement increases the

cost of deploying a receiver.

o In all-optical networks, unnecessary loss, noise and distortion due to optical-to-electrical

(O/E) conversion and electrical-to-optical (E/O) conversion can be avoided.

o Cost-effective, low-loss and wavelength selective devices with high precision such as
fiber Bragg gratings (FBG) can be employed. The continuous development of such
devices allows the subcarrier multiplexed fiber systems to benefit from optical signal

processing techniques.

e Dispersion induced products can be filtered out in the optical domain before their

contribution as distortion mechanisms at the detector.
For an FBG to be an effective demultiplexer it must satisfy the following criteria:

e The filter should have a relatively low insertion loss.

e The filter must have a flat top reflection or transmission spectrum, which can be
achieved by making the grating strong, either through high reflection spectrum or by
imprinting a grating with higher length. However, the length can only be increased to
a certain extend to still be able to athermally package the grating. If the spectrum has
a constant amplitude over most of the channel bandwidth, the wavelength drift of the

filter or the source can be overcome.

e The selectivity of the filter should be high to minimize the crosstalk, the amount of
residual power leaking from an adjacent channel. This requires the filter to have a single
peak with all the higher order peaks suppressed. This can be realized with apodization

techniques, which increase the filter’s ability to remove out of band channels.



1.1 Literature Survey

Optical filtering has long been investigated in digital multiple access systems; however, re-
search has only been limited to frequency division multiplexing (FDM) or wavelength division
multiplexing (WDM). As the following literature survey shows little effort has been put into
demultiplexing of microwave SCM signals particularly at sub-GHz range due to the necessity
for very narrow optical filters with appreciable performance.

First demonstration of optical prefiltering was done by Greenhalgh et al., who proposed
to employ a Fabry-Perot etalon to filter a subcarrier prior to detection [4]. In the paper, a
780 nm semiconductor laser was intensity modulated with two subcarriers conveying Am-
plitude Shift Keying (ASK) modulated data at 10 Mb/s. Two Fabry-Perot etalons were
implemented; one functioned as a tunable optical prefilter with instrumental linewidth of
150 MHz and the other was utilized to manage the wavelength stability of the laser by
adopting a wavelength locking mechanism. Only timing jitter performance of the demulti-
plexed subcarrier was studied under the condition of setting one subcarrier at 1 GHz with
the second subcarrier scanned from 1.1 GHz to 2.8 GHz. In this experiment, few limitations
were experienced. Despite all the efforts of locking the laser wavelength, the prefilter etalon
still managed to drift restricting demultiplexing to be performed within the span of an hour
before the selected signal experienced fading. In addition, the impact of non-ideal spectral
features of the prefilter etalon, which can contribute to signal distortion, was not evaluated
in depth.

Capmany et al. suggested assembling optical demultiplexing in a system, where both
WDM and SCM technologies were combined [5]. Isolating microwave signals in a WDM-
SCM system with a Fabry-Perot filter is quite challenging due to the Fabry-Perot’s periodical
peaks, which can have an effect on the other existing RF channels. To overcome this issue,
they reported a demultiplexer based on an FBG in conjunction with a Fabry-Perot. Digital
pseudorandom Non-Return to Zero (NRZ) modulation was applied to two microwave signals
at 2.44 GHz and 1.7 GHz at a data rate of 53 Mb/s. They realized a two-stage system, where

the wavelength channel of interest was selected by an FBG first and then the microwave



channel residing in the SCM band was extracted using the Fabry-Perot prefilter. The filter’s
bandwidth was 170 MHz with the free spectral range of 5 GHz and the finesse of 205.
The suitability of the applied technique was proved by judging the eye diagrams of the
demultiplexed signals. The eye diagram of the selected channel showed crosstalk from the
non-selected microwave channel attributed to the slope of the Fabry-Perot.

Many researchers have kept their focus on optical filtering at high microwave frequen-
cies for several reasons. Few investigated single sideband modulation (SSB), extraction of
a microwave sideband from the SCM signals, to combat chromatic dispersion. As the mi-
crowave frequency is increased, the demands on the filter characteristics are more relaxed. In
contrast, demultiplexing of densely distributed microwave signals has stringent requirements

since the filter should isolate the desired signal with no additional distortion.

1.2 Major Contributions of the Thesis

Extensive research has not been done in the area of optical demultiplexing of multimedia
signals at low frequencies, which this thesis focusses on. The major contribution of this thesis
is the experimental study of the fabricated novel Fabry-Perot based optical bandpass filter
in all-optical demultiplexing of cellular (900 MHz) and WLAN (2.4 GHz) microwave signals
[6], [7]. Mathematical analysis of an externally modulated MOF system was carried out to
examine the performance of the optical field at various stages in the link. The experimental
results were obtained when the filter was incorporated in a SCM FTTC downlink to isolate
the cellular signal from WLAN signal. Series of experiments were performed to i) determine
the selectivity of the filter ii) characterize the linearity of the filter iii) determine the minimum
allowed frequency separation between two subcarriers iv) study the distortion effect of the
filter on the reflected and the transmitted signals and v) investigate the beat noise at the

reflecting port of the optical circulator and the carrier suppression.



1.3 Outline of the Thesis

The remainder of this thesis is organized in the following manner:

Chapter 2: Introduction This chapter gives an overview of the fiber optical link, where
the external modulation of a laser is discussed in depth. The optical loss and noise sources
in these type of links are identified and explained briefly. Following, the fundamentals of
fiber Bragg grating (FBG) technology is introduced. The mathematical analysis of a MOF
link employing an ideal FBG bandpass filter is presented. Finally, the last section focusses

on the dispersion effects induced by the optical fiber and the Bragg grating.

Chapter 3: FBG Fabrication and Experimental Results The design and fabrication
of a novel narrowband Fabry Perot FBG is described in detail. Implementation of the optical
filtering technique that separates two microwave signals is detailed. The experimental results
showing various aspects of the filter and their significance are presented. Filter linearity and
distortion, system dynamic range, frequency separation, carrier suppression are few of the
areas discussed. Lastly, the relation between the strain and FBG length and its application

in the experiment is explained.

Chapter 4: Discussions and Future Work The ‘chromatic dispersion as well as power
loss and noise experienced in the SCM system are given. The remainder of this chapter
summarizes the analytical and experimental results confirming the high performance of the
filter deployed in this thesis. Suggestions for possible future implementations to improve the

results are detailed.



Chapter 2

Background and Analysis of ROF
Link

2.1 Radio over Fiber Link

Radio-over-fiber (ROF) schemes employing subcarrier multiplexing (SCM) promise good per-
formance in internetworking of WLAN and cellular radio signals. ROF link is an interface
between the central base station and the base stations. Such a link consists of a laser trans-
mitter or a laser transmitter with an external modulator, which superimposes the microwave
signal onto an optical carrier to allow transmission over fiber. The types of fiber may be multi
mode or single mode and generally the latter is preferred due to its low loss and low disper-
sion. At the last mile of FTTC technology, an optical receiver consisting of a photodetector
converts the optical signal back to the corresponding microwave signal. There are several
notable advantages of fiber optics. Fiber is an excellent low-loss transmission medium allow-
ing the distribution of RF signals over long distances in a broad bandwidth (several THz).
Other benefits include flexibility, light weight and resistance to electro-magnetic interference

(EMI), which generally contributes to noise during signal transmission.

2.1.1 External Modulation

The optical modulation of RF signals are often done using the two widely accepted mod-
ulation techniques classified as direct modulation and external modulation. In the direct

modulation scheme, the RF signal directly modulates the bias current of the optical source
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laser. External modulation on the other hand uses an intensity modulation device such
as Mach-Zehnder (Y-branch interferometer) modulator following the laser. This modula-
tor switches the laser light on and off without having an influence on the operation of the
laser. Figure 2.1 shows the schematic representation of a point-to-point externally mod-
ulated radio-over-fiber optical link. Direct modulation of laser transmitter is simple and
cost-effective to implement, but it has several constraints depending on the operating wave-
length. Modulation bandwidth of the laser, which is typically 10 GHz at maximum, is a
limiting phenomenon in applying direct modulation. There are also reports on lasers han-
dling up to 40 GHz or even higher but these diodes are rather costly or commercially not
available [8]. Clipping and frequency chirp are few of the inherent issues associated with this
type of modulation. Alternatively, external modulation, which offers wide bandwidth, can be
used to overcome the limitations imposed by direct modulation. Mach-Zehnder modulator
is a highly developed and a widely used device and can support radio frequencies reaching
over 110 GHz [9], a level that is impossible with direct modulation.

The operation of Mach-Zehnder modulator relies on the electro-optic effect, the basis in
forming an intensity modulator. The optical signal emerging from the laser is divided into
two beams, which initially have zero phase difference. The externally applied electric field
on the electrodes imposes a small change in the refractive index of the electro-optic material
(typically lithiumniobate LiNbO3) in the modulator. Consequently, the optical field in that
arm is phase shifted while the beam in the lower branch retains its original state. When an
electric field F is applied across the two electrodes, the transversing light experiences phase

shift given by

7I'VM (t)
L:Vy

where, n(E) reflects the refractive index of the medium as a function of the applied electric

(pm(t) = n(E)koLt = Po — (21)

field, k, = 2m/), is the free-space wave number and ¢, is the initial phase constant of the
optical waveguide. L, is the electrode length and Vj(¢) denotes the time varying voltage

applied to the modulator. V is the half-wave voltage needed to achieve a differential phase
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Figure 2.1: A point-to-point externally modulated ROF link and the transfer characteristics of
the Mach-Zehnder modulator
shift of ™ between the two beams. At this voltage, the modulator’s transmission is zero. Vj

is expressed as

_dy,
- LtTn3

where, T is the electro-optic coefficient and d is the distance where V() is applied across.

v, (2.2)

The two optical fields at the output are combined resulting in an intensity modulated optical

signal.
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The performance of the modulator is determined by several factors: applied voltage,
impedance, optical loss, maximum input power the modulator can handle, bandwidth, lin-
earity and sensitivity to temperature and polarization. Polarization dependent modulator,
for instance, requires polarization controller to be included following the laser. The laser,
which is typically linearly polarized, must match the state of the modulator to maximize the
output optical power.

Al-Raweshidy and Komaki described a model, where they derived the relation between
the applied voltage constituting of DC and RF voltages and the Mach-Zehnder modulator
output [10]. The rms complex envelope of the optical field strength at the modulator output
is

E,-nej

¢ . .
E(t) = 5 (e73%0Lt 4 g=dom(BILe) (2.3)

where E;;, is the rms optical field at the modulator input. In the case of assuming the length
of the electrodes to be much smaller than the modulating signal wavelength, the optical

power can be written as

Preplt) = 1B(0) = 2211 + cosl(i, — om(t)) L] (2.4)

With the assumption that ¢, (t) = @, — (7Var)/(LtVy), the instantaneous power at the

output of the modulator becomes

Pop

in Vam(t
Pt op(t) = ——2"—[1 + cos™ "‘/‘ ( )] (2.5)

where P, in refers to the power available at the output of the laser.

As seen clearly from the transfer function of the modulator in Figure 2.1, a drawback
associated with external modulation is the sinusoidal behavior exhibited by Mach-Zehnder
modulator. The non-linear nature of the modulator limits its linear region to small range
requiring biasing to be done at a half power (-3 dB) point. It is also known as the quadrature

point representing the most linear region of operation.

11
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2.1.2 Power Loss in the ROF Link

In the radio-over-fiber link, loss due to electrical-to-optical (E/O) conversion, connectors,
fiber attenuation, optical-to-electrical (O/E) conversion and impedance mismatching be-
tween the 50 Ohms RF system are generally of concern. The overall power loss in the ROF
link can be given by

PROFloss,dB = Pccmv + 2(nch + aLf + nspLsp) (26)

PROFIOSS e IO(PROFlon.dB/IO) (2.7)

Preony is the accumulative loss of E/O conversion using the Mach-Zehnder modulator and
O/E conversion at the receiving end. The second term reflects the loss experienced in
the connectors. The number of connectors used in the link is n., L. is the connector loss
(typically 0.2 dB/connector). Third term is the fiber loss, « is the fiber attenuation (in
dB/km) acquired within the fiber length of L;. Attenuation in the fiber is wavelength
dependent. For example, at 1550 nm, signal attenuation is only 0.2 dB/km. Nevertheless,
fiber is still an excellent transmission medium compared to other existing channels such as
coaxial cable. The last term in the above equation accounts for the loss due to splicing,
permanent connection of two fibers. Ly, is splicing loss and n,, is the number of splices.
Splicing is generally required for longer links since fiber comes in spools of 1 to 5 km. Also,
splicing can be used to avoid the larger loss incurred by overly used fiber connectors or
pigtails. Typical splice loss with fusion splicing (in which fiber is aligned and fused to

combine the two ends) is less than 0.03 dB.

2.1.3 Noise Sources in the ROF Link

Due to the electronic devices used in the detectors and the conversion process of photons to
electrons, various noise sources such as shot(quantum) noise, thermal noise and dark current
noise exist in the ROF link. In addition, laser also contributes a noise mechanism namely

relative intensity noise (RIN) into the system.
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Relative Intensity Noise

The intensity of laser output light is not stable. The fluctuations in the output signal
are caused by the random spontaneous emission and temperature variations. There are
also contributions by the noise from Brillouin scattering and intensity noise (interferometric
noise) induced by multiple optical reflections back into the laser’s active region. However,
the optical reflections can simply be eliminated by inserting an optical isolator after the
laser. All these noise sources are collectively referred to as relative intensity noise (RIN),
which is solely dependent on the type of laser and the optical power.

The expression for the mean-square value for the RIN noise current is given by the

following [11]

(I3;n) = Prin®R2P2B (2.8)

where, Pryy is the relative intensity noise parameter typically given in dB per unit bandwidth
(dB/Hz). B is the bandwidth of the modulated signal, ® is the detector responsivity in
mA/mW and P, is the mean optical power. The parameter Pg;y is generally assumed to
be constant for a given laser diode and ranges from -135 to -155 dB/Hz depending on the
laser type. The RIN parameter is described as the ratio between the mean-square intensity
fluctuation of the laser diode output optical power (A P?(t)) to the square of the mean optical

power (FP,)

(AP2(1))
P2

We can rewrite (2.8) by substituting Pryy with the expression given in (2.9) and get

Ppiy = (2.9)

(I3 ) = (AP%(t))R*B (2.10)

The conventionally accepted intrinsic RIN expression (2.8) in directly modulated links
only holds under small signal modulation single channel cases, where optical modulation

index m < 0.3. However under large modulation conditions, RIN needs closer attention since
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it is observed to also vary with m in subcarrier multiplexed multimedia over fiber (MOF)
links. Traditionally, m used to be small; however, with the advent of optical signal processing
techniques m can be very high. It was validated both analytically and experimentally by
Fernando and Kosek in [12] that as the modulation index is increased, the relation of RIN
power with m cannot be ignored. An improved expression for the RIN was derived with the
assumption that the instantaneous optical power output P(t) from the laser with the input

electrical signal s(t) is

P(t) = [1 +ms(¢)][P, + AP(t)) (2.11)

Then, the output photocurrent was passed through an ideal bandpass filter. The more
accurate expression for RIN at the filter output is
N
(Tfrn) = Prn®*PIB[1+ Y m} <3?(t)>] (2.12)
i=1
where m; is the i modulation depth of the signal s;(t), the normalized modulating RF

signal in a MOF system with N users.

Shot noise

The optical signal is detected at the receiver in terms of photons. These photons arrive at
the detector in a random manner causing a noise mechanism known as shot or quantum

noise. The mean square shot noise current for a PIN diode is [13]

(I?) = 2qIpB = 2qRP,B (2.13)

where, ¢ is the electron charge, Ip = RP, is the average (DC) photocurrent and B is the
bandwidth of interest. P, is the mean optical power incident on the photodiode and R is the
photodiode responsivity. Note that the shot noise is dependent on the DC current; therefore,
the optical carrier power should be at acceptable level to minimize the shot noise produced

at the receiver.
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Thermal Noise

Thermal noise, also known as Johnson noise, is dependent on the load resistance of the
photodetector. Thermal noise increases with the temperature of the load amplifier and it is

represented by the given expression

(12) = 218 (2.14)
Ry

where kp is Boltzmann’s constant, T is the absolute temperature in Kelvin and Ry, is the
load resistance. As seen in Equation 2.14, thermal noise is independent of the optical signal

and only relies on the resistance of the photodetector and the preamplifier.

2.2 Fiber Bragg grating

Fiber Bragg grating (FBG) is a corrugated structure where refractive index of the fiber core
is permanently modified. This is achieved by exposing the core to an intense radiation in the
ultraviolet (UV) range. Fiber Bragg grating reflects light in a narrow bandwidth centered
at Bragg grating wavelength, Ap,q9g = 2Aness, where A is the grating (interference pattern)
period and n.gs is the effective refractive index. As shown in Figure 2.2, an incoming
optical signal that satisfies the Apqq is reflected whereas the non-matching wavelengths
are transmitted. However, the grating wavelength may be subject to slight shift with the
variations in the fiber conditions such as polarization, temperature and strain.

Since the invention of Bragg gratings by the reputed researchers Kenneth Hill et al. in
1978 at the Canadian Communications Research Centre (CRC) in Ottawa, Canada, rapid
and continuous development in the FBG technology has been witnessed. This has led the
FBGs to be actively investigated and employed in wide range of applications in fiber optic
telecommunications and sensor systems. These commercially available devices have key
applications in dispersion compensation, wavelength selection, routing and EDFA (Erbium
Doped Fiber Amplifier) gain flattening. FBGs also earned their place to fulfill other purposes

as optical sensors, fiber mode converters and polarization mode converters. FBGs are widely
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Figure 2.2: Grating structure in the fiber core.

accepted and a proven technology because they are inherently fiber compatible, passive, have
low insertion loss, highly selective and furthermore can be packaged simply.

FBGs can be fabricated using several techniques, which include historically used holo-
graphic and internal techniques, point-by-point technique and the commonly used phase
mask technique. Prior to fabrication of the grating in the core, the fiber goes through initial
processing to increase the photosensitivity of the grating. Photosensitivity refers to the phe-
nomenon of imposing a permanent change in the refractive index of the core in germanosilica
fibers. High photosensitivity is achieved by using methods such as hydrogen loading or flame
brushing [14]. In hydrogen loading, hydrogen molecules get diffused into the fiber core in
a tube with pressure in the range of 100 to 300 atmosphere is applied in about 14 days.
Flame brushing, as opposed to hydrogen loading, takes approximately 20 minutes to com-
plete. A region in the fiber is brushed repeatedly with flame at an elevated temperature

of about 1700°C. The flame consists of hydrogen and partially oxygen. With this method,
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the enhanced photosensitivity in the fiber is permanent, whereas the photosensitivity of a
hydrogen loaded fiber decreases as the concentration of hydrogen is reduced.

KrF and ArF excimer lasers operating at 248 nm and 193 nm respectively are the com-
monly deployed radiation sources. These lasers generate optical pulses with duration in the
order of 5-10 ns at a rate of 30-75 Hz. The radiated light directed through several stages
depending on the adopted technique causes interference within the fiber core. The degree
of change in the refractive index, which can vary between 10‘}i to 1073, is dependent on the
wavelength of the illuminating light, irradiation intensity aﬁd the core material as well as
the processing technique used to prepare the fiber preceding to fabrication. The irradiated
fiber has a perturbed core index, which holds a periodic structure comparable to a volume
hologram or a crystal lattice behaving like a stop-band filter. The perturbation caused in

the core along the fiber length of the grating has a sinusoidal profile given by

n(2) = Neore + An[l + cos(gj{—z)] (2.15)

where, ncore is the non-modified refractive index and An is the refractive index change in the
core. A represents the period of the interference pattern and z is the distance along the fiber
axis. Note that the refractive index of the core is changed only in the areas where interference
of the diffracted orders of the radiated light adds cor'lstructively. When the orders are out of
phase, the core index retains its original refractive index value.

Following several minutes of radiation, annealing the grating in an oven for approximately
15 hours completes the transformation of a regular fiber into an optical passive device. An-
nealing the grating at a temperature of 150°C, can shift the Bragg wavelength and compress
the bandwidth and most importantly allows the grating to be used for as long as 25 years if
properly done. In addition, any residual unreacted molecules in the fiber can be eliminated

with exposure to high temperature.
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2.2.1 FBG Characteristics

One of the main advantages of FBG technology is the flexibility it offers in controlling the
spectral characteristics of the grating. The induced index change, grating length, apodiza-
tion, period \chirp, and whether the gréting supports cﬁunter—propagating or co-propagating
coupling of fiber modes at a desired wavelehgth can well be adjusted according to the ap-
plication the grating is indented for. These variables allow the spectral and dispersive fea-
tures of the grating to be tailored. FBGs are generally categorized as reflection gratings
and transmission gratings. In transmission, co-propagation is supported while in reflection
counter-progation takes place.

The full-width at half-maximum (FWHM) bandwidth also known as -3 dB bandwidth of
the reflected or the transmitted signal is illustrated by

A
AAFWHM ~ ABraggp[( TL i )2 + ( )2]1/2 (2.16)

where the parameter p holds one for strong gratings with near 100% reflectivity and 0.5 for
weak gratings. L, denotes the length of the grating. The grating can further be classified as
uniform and non-uniform. A uniform grating has a constant period along the grating length.

The reflectivity for a uniform grating is expressed as [15]

Q2sinh(SL,)
AB?sinh?(SL,) + S2 cosh?(SL,)

R(Ly,\) = (2.17)

here, Q is the coupling coefficient between the forward- and backward-propagating modes.
This parameter characterizes the strength of the grating. B = 2mn.ss0 is the propagation
constant of the fundamental LPy mode. A = 2mn.ss(0c — op) is the phase-matching
parameter that defines the detuning wave vector. ¢ is the wave number given by ¢ = 1/A

and op is the Bragg wave number. S is related to Q and AS by S = Q2 — ABZ. For

sinusoidal index modulation € is
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Q= M—) (2.18)

where, (V) =~ 1 — 1/V? is the modal overlap factor as a function of V, which is the mode
field parameter of the fiber. n(V) quantifies the fraction of power that propagates in the
core. At the center of the grating, the wave vector detuning AS is null, thus the expression

in (2.18) simplifies to

R(L,, \) = tanh®*(QL,) (2.19)

As indicated in equation (2.19), the reflectivity of the grating is strongly determined by

the index of refraction change as well as the length of the grating.

2.3 Narrow Band Fiber Optic Filter

Since the introduction of gratings, FBG technology has experienced major development in
fabrication methods and potential applications with the goal to extend the use of these
excellent devices. One type of FBG that has evolved over the last few years is narrow band
fiber optic filters. There are several areas that require ultra-selective narrow bandwidth
filters. These include high resolution strescopy, fiber laser, dispersion compensation for use
as tracking filters for wavelength differentiation in structural sensing and demultiplexing of
densely spaced microwave signals. These advanced filters are particularly suitable devices
for channel selection in multi-channel systems, which expect the filters to meet stringent
demands. The spectral shape of the optical filter needs to be free of sidelobes and ripples.
It is also necessary for the filter to have steep slope with close to ideal spectral response.
FBG-based narrow bandpass filters can be designed using two methods if the FBG length
is limited between 15 mm to 30 mm for the convenience of packaging. One is to induce a
m-phase in the middle of the FBG that will create a narrow pass band in the center of the
FBG’s stop band. The phase shift is introduced in the refractive index pattern of the grating.
The drawback of this technique is high insertion loss in the pass band of the FBG [16]. This
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was also confirmed in our Fiber Optic Communication and Sensing Laboratory at Ryerson
University. We fabricated a filter with a -3 dB bandwidth of 0.5 pm and we attained an
insertion loss of 8 dB. Thus, phase-shifted technique is ruled out in designing a filter that is
suitable for demultiplexing since it yields a very high insertion loss.

The second method is the FBG-based Fabry-Perot (FP-FBG) filter. The principle of
FP-FBGs can be explained by FPs. Fabry-Perot is constructed with two spatially separated
reflectors such as thin film multi-layer, metallic mirrors or fiber Bragg gratings. The optical
light bounded by the two reflecting media bounces back and forth forming a resonator, also
known as a cavity. In fiber Bragg grating based FP filters, the reflecting media are FBGs.
When two highly reflective FBGs of identical wavelength form an optical cavity, the multiple
reflections between them will create multiple resonant peaks in the stop band of the single
FBG. The bandwidth of the resonant peak is determined by the spacing of the resonant peak
and the reflectivity of the FBGs. Since the high reflectivity FBGs between -20 to ;40 dB
can be easily fabricated, the bandwidth of the resonant peak of less than a picometer can
be realized. By combining the high selectivity of Fabry-Perot with the bandpass nature of

FBG, an ultra-selective filter with high transmittance can be attained.

2.3.1 Transmittance of FP-FBG

Formulating an expression for the transmission of a Fabry-Perot fiber Bragg grating is chal-
lenging since complex analysis is involved. In addition, it is required for the model to ap-
proximate the transmission response for realistic filters that have Bragg gratings at slightly
different wavelengths and with tapered refractive index profiles. The transmittance of this
type of filter with multiple resonance peaks can be modelled by using two available ap-
proaches; matrix method and the model based on boundary conditions [17]. These methods
depend on coupled-mode theory, the foundation used in computing the filter characteristics.
They both yield results consistent with the experimentally obtained transmission spectrum;
however, matrix method can proximate the transmission of more realistic FP-FBGs.

In the matrix method, the periodically structured grating is sectioned into elementary
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layers. Each layer is assumed to have a periodical refractive index variation. It is critical
to select the number of layers carefully for an accurate numerical calculation. Also, the
layer length must be chosen such that it is relatively longer than the grating period A. The
two gratings including the gap, where the fiber is non-modified, are characterized with ray-
transfer matrices. Then, an equivalent matrix representing a single optical component is
formed.

The analysis that makes use of the boundary conditions looks at the electric fields at the
input and output of each grating and between the two gratings. The transmittance of the

FP-FBG with this approach is defined as following [17]:

1

T(L,, \) = : 2.20
o T T SR oL, ~ AL+ L) - 612

where L, is the separation between the two FBGs and ¢’ is derived from the given expression

» _ 2ABSsinh(SLy)cosh(SL,)
tang’ = S2cosh?(SLy) — AB?sinh?(SLg) (221)

Equation (2.21) is true under the condition that the two Bragg gratings have precisely

the same Bragg wavelength. Also, the refractive-ildex profile is assumed to be perfectly
sinusoidal along the grating length. The reflectivity of the FP-FBG can simply be calculated

from the following relation

R(Lg,A) = 1= T(Ly, N) (2.22)

In addition to the mentioned techniques, the spectrum of the FP-FBG can be compared

to the one obtained by using the classical Fabry Perot equation.
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2.4 Mathematical Analysis of FTTC System with FBG
2.4.1 Generation of Subcarrier Multiplexed Signals

In subcarrier multiplexed systems, each information-bearing baseband signal is mixed with a
local oscillator at a different frequency, referred to as a subcarrier. The modulated carriers are
subsequently summed via microwave power combiner and the combined signal modulates the
laser carrier. Subcarrier multiplexed fiber links provide efficient utilization of the bandwidth
while enabling multi-channels to be transferred to desired destinations. Typical application
of subcarrier multiplexing is seen in Cable TV channel distribution.

In the microwave fiber-optical link, both the modulator and the photodetector are re-
sponsible for generating spectral components other than the sidebands of the SCM signals.
This is evident in carrying out analysis when two subcarriers are simultaneously propagated.
Figure 2.3 shows the block diagram of the system considered for the analysis. More specifi-
cally, the optical field at the output of the Mach-Zehnder modulator modulated on one arm

is expressed as [10]

Emam(t) = E,et(1 + &) (2.23)

where E, and w, are respectively the optical field amplitude and angular frequency of the
input optical carrier. Vjs(t) denotes the time varying voltage applied to the modulator and

is described as follows in the case of two subcarriers,

Vum(t) = Vi + Vicoswit + Vacoswat (2.24)

here w; and w, stand for the angular frequencies of the subcarriers and V; and V; are their
respective RF peak voltages. V; is the applied DC bias voltage. Hence, the overall output
field when subcarrier multiplexed RF signals are applied to the external modulator can be

written as

Eprzm(t) = Eoe?t(1 + ¢l Vs VoHVicosunttVacosunt)) (2.25)
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Let us assume that ¢ = 7V, /V,, my = nV4/V, and my = 7V,/V;. m; and my, are the
normalized RF amplitude of the first and the second subcarrier. When the condition of
V, = Vi /2 is satisfied, the MZM follows the quasilinear regime. Also, the amplitude of V;
and V5 need to be small in order to have a linear relationship between the input electrical

signal and output optical signal. Under this operation, ¢ = 7/2, therefore (2.25) can be

rewritten as

Bessel function identity given in (2.27) can be used to expand the exponential functions

for each RF signal.

Vu )=V, + V,cosw,t + V,cosw,t

€

~
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Figure 2.3: Block diagram of a SCM MOF system

Eyzum (t) — Eoejwot(l + jej(mlmsw1t+m2wsw2t))
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gilmeosz) _ Z jan(m)ejnz (227)

n=-—00

Jn(m) is the Bessel function of the first kind of order n. Assume that

l‘(t) — e7'(m1z:osmlt+mgcosu)2t) (228)
o(t) = | i_j 3" Jn(my)e™ ] [ il 5" Jn(ma)el™ ] (2.29)

n was considered only from -1 to 1 since other orders are significantly lower under the
narrowband modulation case. Therefore, it is reasonable to ignore Bessel function coefficients
with orders higher than J;.

Carrying out the expansion for z(t) and using the property of the Bessel function of the
1%t kind, J_,(m) = (—1)"J,(m), we get

Jz(t) = jJo(my)Jo(ms) — Jo(m2)J1(m1)[eiw‘t + 6_jw1t] — Jg(ml)Jl(mQ)[ejwﬂ + e—jwzt]
— §Ji(my)Jy (mg)[edrHenlt 4 gmi(witunlt]

— jJ1(my)Jy (mg) [/ @12t 4 gmd(wr—wa)t] (2.30)

Considering everything with respect to optical carrier frequency w, !, the output optical

field in equation (2.26) becomes,

Enzm(@) = Eo[L + jJo(m1)Jo(ma) — Jo(ma)Jy (my) [t + €71 — Jo(my)Jy (mo)[ei2t + =302
- le(ml)Jl(mQ)[ej(“’l”"“”)t + e—j(w1+u2)t]

— jJy(my) Jy (mg) [t 4 eilwrwalt]] (2.31)

1This is same as assuming w,=0
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Because the dispersion effects of the fiber and the FBG filter are not dealt here, the
phase part of the components in the optical field equation (2.31) can be ignored. Taking the

Fourier transform with the phases neglected gives

Eyzum(w) = 2mEo[y/ (1 + J3(ma) J3(m2))8(w) — Jo(ma) Ji (ma)[6(w — wy) + 8(w +wy)]
— Jo(m1) J1(m2)[6(w — w2) + 6(w + wy)]
— Ji(m1)J1(m2)[6(w — {w1 + we}) + 8(w + {w1 + w2})]
— Ji(m1)J1(m2)[8(w — {w1 — wa}) + 8(w + {w1 — w})]] (2.32)

To be able to plot the magnitude spectrum of the output field, the Bessel coefficients
must be determined. This can be done by using the following expression [18]:

oo (_l)km2k+n

Jam) =Y ot
(m) ,;22k+"k!(n+k)!

(2.33)

Assume that the voltages of the two subcarriers applied to the MZM have equal weight,
Vi = V,, therefore m; = my = m. This is also the case in the experiments done in the
following chapter. When the MZM operates in the linear region, the sidebands are weakly
modulated; therefore, the modulation index is small. If the modulation strength m is high,
the modulator generates significant high-order harmonics that can lead to crosstalk between
the signals. In practical situations, m must be much smaller than 1 in order to ignore
the terms other than Ji(m). Although keeping the modulation index at low values means
inefficient modulation, non-linearity must be avoided. If m = 0.1, we determine Jp(0.1) ~ 1"
and J1(0.1) =~ 0.05. Taking fi = w;/2r as 900 MHz and f, as 2.4 GHz, the magnitude

spectrum obtained from expression (2.34) is shown in Figure 2.4.
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Eyzm(w) = 21E,[\/(1 + J§(m))é(w) — Jo(m)J1(m)[(w — w1) + 6(w + wy)]
- Jo(m)Jl(m)[J(w - wg) + (5((4} + LUQ)]
= E(mM)[§(w — {wi +wp}) + 6(w + {wi +ws})]

— JH(m)[§(w — {wr — w2}) + 6(w + {w1 — wa})]] (2.34)
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Figure 2.4: Magnitude spectrum of the optical field at the MZM output

Since the spectral components at +(w; & ws) are sufficiently lower than the components

at Fw;, +w, and the DC, they can be neglected. The simplified MZM optical field is

Enmzm(w) = 2nE,[y/(1+ J§(m))é(w) — Jo(m) i(m)[6(w — w1) + 6(w + w1)]
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— Jo(m)J1(m)[6(w — we) + 8(w + wy)]] (2.35)

Note that the SCM signal has unmodulated optical carrier given by the expression
2WEOW and the lower and upper sidebands (LSB and USB) corresponding to
each subcarrier. Since each sideband carries identical information, extracting one sideband
using narrow bandpass filter is sometimes adequate. The lower sideband of the subcarrier
at w; (900 MHz) together with partial carrier are selected by an FBG based ideal bandpass
filter. The signal at the output of the filter is referred to as the transmitted optical field

Er(w) expressed as

Er(w) = 21E[Ay(1 + J&(m))6(w) — Jo(m)Jy(m)d(w + wy)] (2.36)

The filtered out signal or the reflected signal at port 3 is given by

ERp(w) = 2nE,[By/(1 + J3(m))d(w) — Jo(m)J; (m)d(w — wi)
— Jo(m)Jy(m)[6(w — w2) + 0(w + ws))] (2.37)

It is important to note that the optical carrier is distributed between the transmitted
and the reflected signals. A and B are the fraction of the optical carrier transmitted and
reflected respectively by the filter and A+B=1. The spectral response of the transmitted
optical field is shown in Figure 2.5.

When the transmitted optical field is fed into a square law detector, the output pho-

tocurrent is

ir(t) o< R| Er(t)[? (2.38)
where R implies the responsivity of the detector in (mA/mW) and typically takes the value
of 0.9 mA/MW. Squaring in the time domain is same as performing convolution in the

frequency domain.
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Figure 2.5: Magnitude spectrum of the transmitted field at filter output and the spectrum of the
detected current

i2() o< ot |Br(u) » Er(w) (2.39)

Continuing with the derivation we get

ir(w) o< 2rREZ[A%(1 + Jg(m))8(w) + 2A4/1 + J¢(m)Jo(m)J1(m)d(w + wy) +
Jg(m)Jf (m)d(w + 2wi)] (2.40)

As shown in Figure 2.5, the beating of the LSB of w; with the carrier yields a spectral

component at —2w;. Similar to the transmitted field, the reflected field upon detection can

be computed.
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Figure 2.6: Magnitude spectrum of the reflected field at port 3 and the spectrum of the current
at the detector output

ir(w) o< 2rREZ.

[(B2(1+ J3(m)) + 22 (m) J2(m))8(w)
+2By/1+ J§(m) Jo(m) J1 (m)é(w — wn)
+2By/1+ Ji(m) Jo(m) Ji(m)8(w — ws)
+2By/1+ J§(m) Jo(m) Jy (m)o(w + ws)
+ J3(m) 2 (m)3(w — 2n)

+ J3(m) I (m)8(w — 2u)

+ J§(m)JF(m)§(w + 2w)
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+ 2J3(m)JE(m)é(w — {w2 + w1 })
+ 2J3(m)JE(m)é(w + {w2 — w1 })] (2.41)

The spectrum of the reflected photocurrent is depicted in Figure 2.6. From Figure 2.5,
—2w; can always be easily filtered out. From Figure 2.6, wy can be filtered out when wy,
2w; and (w;+w;) are considerably away from w,. We experimentally found that when |w;-
wz| > 50 MHz and w; = 900 MHz, this was possible. In this case, 2w; = 1800 MHz and
w1 +wp >1850 MHz when w, —w; > 50 MHz, we did not have difficulty filtering w,. Actually,

more stringent requirement is imposed by the FBG.

2.5 Dispersion Issues
2.5.1 Grating Dispersion

Fiber Bragg gratings perform exceptionally well as optical filters. However, generally dis-
persion due to grating is considered as a concern if the dispersion profile is not carefully
optimized. The phase response of the grating dictates the dispersive properties of the fil-
ter. Previous investigations have found the grating dispersion to be a serious issue in WDM
systems where signals at high rates are transmitted densely over long distances. This effect
holds when the FBG is used both in reflection and transmission mode [19]. Note that in this
case the optical carrier is modulated at the transmission bit rate directly. Hence, dispersive
effect on the optical carrier will severely degrade the BER performance.

However, in radio over fiber systems, there are two levels of modulation (and frequency
translation). The baseband information (few Mbps) is modulated on the radio signal (few
GHz) and the radio signal in turn modulates the optical carrier (few THz). The FBG
dispersion effects the THz optical signal, which in turn effects GHz RF signal, which as a
result effects the baseband information. Therefore, the impact on baseband symbols is very
little. This phenomena is also investigated in mm-wave fiber radio systems [20], [21]. It was

also found by experiment that the effect of FBG dispersion or distortion on the baseband

30



BER is insignificant (Figure 3.15).

2.5.2 Fiber Chromatic Dispersion

Chromatic dispersion arises due to the dispersive property of the fiber, which causes differ-
ent wavelength components to propagate at different velocities. This type of dispersion may
be a concern if an optical carrier coexists with a lower and an upper sideband especially
at 1550 nm region when single mode fiber is employed. Chromatic dispersion will in effect
change the phase of USB with respect to LSB and lead to destructive interference. When
ultimately 180° phase difference occurs between the upper and lower sidebands, complete
elimination of the microwave signal might happen at the photodetector. This phenomenon
limits the transmission distance. The phase shift between the sidebands depends on various
parameters such as the center wavelength, fiber length and the modulating microwave fre-
quency. Chromatic dispersion has been analyzed and reported in many papers and its effect
is significant when the microwave signal is in the high mm-wave range [22], [20].

The RF power detected at the photodetector due to chromatic dispersion effects has a

periodical fading and can be expressed as [23]

’II’L_,'D)\zf2

1) (2.42)

PRF X 0032(

where Ly is the fiber span, f is the RF carrier, A is the optical carrier wavelength and c is
the speed of light. D is the fiber dispersion parameter given by,
So PN

(- 32) (2.43)

Here, s, defines the zero dispersion slope and holds 0.087 ps/nm?.km and the zero dispersion

D=

wavelength A, is 1310 nm. D is typically 16.5 (~ 17) ps/(nm.km) for A = 1550 nm single
mode fiber. The argument of the cosine function in (2.42) implies that for a given radio

frequency, the nulls will occur at the lengths that satisfy

kc
Lnull = W fork = 1,3,5 (244)
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In the topology given in Figure 1.1, the multiplexed microwave signals at the transmitter
are sent over the fiber and then demultiplexed prior to detection at respective RAPs. The
optical signal transmitted over the fiber consists of subcarriers, which have double sidebands.
Figure 2.7 is plotted using equation (2.42) considering 1550 nm center wavelength. From
this figure, the maximum length the WLAN signal at 2.4 GHz can travel is 660 km before
chromatic dispersion eliminates the RF signal. 900 MHz signal even allows longer fiber span
between the transmitter and the detector. The sideband cancellation occurs at 4700 km for
900 MHz. Hence, both RF signals can be transmitted over long distances and fiber chromatic
dispersion is not a concern in this case. As the figure also indicates, the system’s tolerance to

chromatic dispersion induced fading decreases with the increase in the microwave frequency.
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Figure 2.7: The effect of chromatic dispersion on the received RF power with the fiber length for
RF signals at 900 MHz and 2.4 GHz.
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Chapter 3

FBG Fabrication and Experimental
Results

3.1 Fabrication of the FP-Based FBG

The Fabry-Perot (FP) based FBG employed in the experiments of this thesis was fabricated
by applying the well established phase mask technology. The photoimprinting apparatus
of this method is shown in Figure 3.1. KrF excimer Iasér emitted light at 248 nm with an
energy of 348 mJ. The laser pulses were generated at a rate of 25 Hz with each pulse having a
duration of 5 ns. This beam is radiated at normal incidence through an apodization (ampli-
tude) mask, which consists of both the structure of a sinc function and the complementary
sinc function. This mask is special in the sense that it is a double sinc apodizatiop mask,
which can induce two FBGs in the fiber. Non-apodized finite-length uniform fiber Bragg
grating demonstrates a spectral response with undesirable sidelobes accompanying the main
reflection peak. The sidelobes can be suppressed by designing gratings with a varying grating
coupling coefficient along its length. This is called apodization, which is realized by pho-
toinducing a refractive index grating with modulation amplitude that has a sinc function.
Apodization mask eliminates the unwanted sidelobes other than the Bragg wavelength.
The apodized light next faced the phase mask, which is a flat slab of silica glass that
is transparent to ultraviolet light. The phase mask is a periodical corrugated structure

represented by a square profile. The role of the phase mask is to split the incident light
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Figure 3.1: The setup used in fabricating fiber Bragg grating using Phase Mask technique

The mask confines light in the 0%, £1°t and 42" orders. It is

—1% and

into diffraction orders.
preferred not to have any incident light to reside in the zeroth order so that only
+1% orders are able to produce an interference (fringe) pattern in the core. The suppression
of the light intensity in the zeroth order can be accomplished by adjusting the depth of
the phase mask period accordingly when designing the mask [24]. In the course of writing
the grating, 3% of the incident light was contained in the zeroth order while the —1% and
+1%t orders each shared the same intensity of approximately 40%. It is important to note
that the Bragg wavelength is independent of the UV source. Instead, the corrugation depth

of the phase mask is selected in accordance with the UV wavelength. The period of the
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photoinduced pattern in the core is primarily dependent on the phase mask period with the
relation A = A 451/2.

The protecting coat of the single mode fiber, preloded with hydrogen, was removed and
then placed in close contact with the phase mask. The distance between the mask and
the fiber is critical and has great influence in-determining the level of photoinduced index
modulation and thus reflectivity of the fabricated FBG. If the fiber is placed in contact with
the mask corrugations, there is a possible damage to the corrugations of the grating. If
the fiber is further away, such that the distance between the two interfering beams is much
higher than the spatial coherence of the incident UV light, interference pattern fails to be
produced. As a result, the grating cannot be formed. To achieve the maximum modulation
in the refractive index, it can be said that the fiber should be placed away from the phase
mask so that another fiber can be placed in between. Hydrogen loaded fiber was utilized
to increase the photosensitivity, which allows the grating to be imprinted in the fiber. It is
reported by [24] that with hydrogen loading, as high as 1072 refractive index change can be
achieved.

The grating was written in two stages. First, the apodization mask with two sinc func-
tioned configuration was exposed to UV light. Then, the complementary of the mask was
placed. The second step was carried out especially to smoothen the shape of the grating spec-
tral response. The progress of the photo-inscription was followed by monitoring the grating’s
spectral profile on the spectrum analyzer with the erbium doped amplifier ASE (amplified
spontaneous emission) as the source. The FBG was then annealed at a temperature of 150
°C for 15 hours to relieve the FBG from any residual unreacted hydrogen molecules and to
prolong the lifetime of the grating.

Phase Mask technique has gained significant attention and it is particularly chosen due
to its many benefits. Compared to other existing grating imprinting methods such as inter-
nal writing or holographic technique, phase mask method offers considerably higher perfor-
mance. An ultraviolet excimer laser with relaxed coherency requirement can be used as the

light source. Moreover, large volume of Bragg grating filters can be photo-imprinted simul-
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taneously by a single exposure. This is enabled by positioning the fibers to be written in
parallel to each other. In addition, this technique allows apodization to be performed; there-
fore, control over the spectral response of the Bragg grating is eased. Although the phase
mask technique lends itself easily for mass production, a mask has the ability to write only
a single wavelength or wavelengths in a small window. To fabricate gratings with individual

wavelengths, different masks must be utilized.

3.2 Features of the Filter

The fabricated filter has two FBGs of 12 mm long separated by 4 mm. Figure 3.2 shows an
illustration of the FP-FBG with an overall length of 28 mm. The center-to-center distance
of the two FBGs was 16 mm that gave the spacing of adjacent resonance wavelength of ~73
pm. The stop bandwidth of the FBG was ~0.3 nm at -3 dB so five resonant peaks can be
observed as shown in Figure 3.3. A broadband light source was used to obtain the FBG
transmission. Note that in Figure 3.3, the resonant peaks were not fully resolved due to
the limited resolution (15 pm) of the optical spectrum analyzer (OSA, Ando Corp. Model,
AQ6317). Apparently, in order to measure an optic filter with a bandwidth at sub-pm level,
a spectral resolution of several MHz is required. For example, 1 pm is =125 MHz in 1550
nm region (Af = c|A)|/)%).

Since the microwave generator, used to modulate the optical carrier in this experiment,
can step-scan the microwave frequency at 1 MHz resolution, one of the sidebands of the
subcarrier was used to scan through the middle resonant peak as depicted in Figure 3.3.
The experimental setup used to achieve this is shown in Figure 3.4. The laser was tuned to
a wavelength that is 20 pm below the central resonant peak of the filter, 1536.5396 nm. The
RF signal generator was scanned within 2 GHz frequency range with a step of 4 MHz. The
Mach-Zehnder Modulator (MZM, JDS Uniphase OC-192 Modulator, 10024180) bias voltage
was tuned so that the sidebands were visible. Otherwise, the OSA could not resolve the
peak. Polarization controllers were situated before and after the MZM. The first one was

used to match the polarization state of the laser with that of the MZM and the latter was
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Figure 3.2: The fiber Bragg grating based Fabry-Perot filter

used to align the MZM output polarization with the filter. Polarization controller is an all-
fiber based device that alters and controls the state-of-polarization (SOP) of light in the fiber
by inducing stress, which causes birefringence. Birefringence refers to the difference in the
refraction index of the fiber for plane polarized light vibrating parallel to the longitudinal axis
of the fiber and the refractive index of the light vibrating perpendicular to the longitudinal
axis. FiberPro polarization controller, for example, used in the experimental setup, has 3
paddles that act as waveplates. Each petal has groves, which allow the fiber to be looped
around. Number of turns in each plate is dependent on the wavelength of operation. By
adjusting the position angle of the paddles, the SOP is adjusted accordingly.

With the SOPs optimized, the resonant peak with a very narrow bandwidth was con-

firmed. This is shown by the upper solid trace in Figure 3.5. The filter has a bandwidth of
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Figure 3.3: Transmission spectrum of the designed narrow bandpass filter. The spectrum was
measured with an OSA at 15 pm resolution

120 MHz at -3 dB, 360 MHz at -10 dB and 1.5 GHz at -20 dB, respectively. The low insertion
loss of about 0.8 dB at the central resonant peak was also confirmed. The FBG-based FP
filter is an all-fiber device that can be relatively easily packaged with a thermally compen-
sated design. The filter is so narrow that the effect of birefringence, caused by the laser
radiation during fabrication, was observed as the splitting of the resonance peak depending
on the polarization of the light source. .
The polarization controller before the FBG was intentionally not aligned with the ori-
entation of the laser output to see the significance of polarization. Figure 3.6 shows the
scanned central resonant peak when the RF generator was set to sweep the peak within 0.5
GHz (4 pm) range. In the case of non-optimized SOP, the central resonant peak transforms

into two peaks when compared to the trace obtained with adjusted SOP. It is evident that
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Figure 3.4: The block diagram of the setup used in sweeping the spectrum of the central resonant
peak

the spectral bandwidth of the filter is broadened. For example, -10 dB bandwidth of the
filter is increased from 360 MHz to 460 MHz. The peak of the filter suffers a loss of 1.7
dB. This degradation could be even higher at other poor polarization settings. Figure 3.6

indicates that the bandpass filter is a polarization sensitive device.

3.2.1 Comparison of the Fabricated Filter with a Planer FP

Numerical analysis on FP-FBGs prove that they have relatively close relation to planar FPs,
which are constructed with two mirrors serving as the reflecting media [25]. The difference is
that in FP-FBG, the phase or time delay is a function of wavelength and is dictated by the
multiple reflections formed by the two gratings. The similarity between these types of FPs

warrants the transmission response of the FP-FBG to be approximated by the theoretical
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Figure 3.5: The spectrum of resonant peak (solid line), obtained by scanning the sideband over a
2 GHz range at 4 MHz per step. The thin line was the calculated resonant spectrum from a planer

FP resonator
planar FP spectrum. In fact, fitting the experimental curve with the theoretical spectrum
using FP analogy is the most straightforward approach as opposed to matrix or the boundary

methods. The transfer function of the FP resonator cavity with respect to A is given by [26]

1
Trp(A) = T+ (E)sin? (i (3.1) |

here, FSR is referred to as the free spectral range, the interval between the two respective

transmission peaks and it is represented by,

C
FSR=o— (3.2)

where n is the refractive index of the medium of interest, c is the speed of light in free space
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Figure 3.6: The central resonant peak scanned with the polarization state in non-optimal position.
Faded trace is the non-optimized SOP case and the bolded trace represents the optimized SOP

and L is the distance between the two mirrors. In the calculation, L was substituted with
the center-to-center spatial separation between the two FBGs (L=16 mm). F in the FP

equation (3.1) is known as the finesse of the resonator and is described by the following:

_
~ (1-R)

R is the resonator reflectivity. The finesse of the fabricated filter is 76.95 and the free spectral
range is ~73 pm (=9.125 GHz).

(3.3)

The spectral response obtained by scanning the central resonant peak of the filter is
compared with the theoretical spectrum calculated from the planer FP resonator equation.

As shown in Figure 3.5, the spectral profile fits reasonably well with a planer FP resonator
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spectrum down to -15 dB if the resonator reflectivity, R = 0.96 was used. The reason for
mismatch of the spectral tails is a subject of further study. One reason could be that the
residual of amplified spontaneous emission from the laser had leaked into the photodetector.

Similar results were obtained when the experimental spectrum was compared to the model

based on the matrix method.

3.3 Experimental Setup

In order to achieve demultiplexing of subcarrier multiplexed cellular and WLAN signals
at 900 MHz and 2.4 GHz respectively and to characterize the demultiplexer, number of
experiments were performed. In the following sections, the performance and the feasibility
of the designed sub-picometer filter together with an optical circulator in extracting 900
MHz from SCM signal was studied.

The block diagram of the experimental setup, analogous to a downlink in a SCM ar-
chitecture, is shown in Figure 3.7. A microwave signal carrying 5 Mbps pseudorandom
binary sequence in Binary Phase Shift Keying (BPSK) format at 900 MHz was generated by
Vector Signal Generator (SMIQ 03B) by Rohde & Schwarz. Synthesized Signal Generator
(HP-8673B) emulated another microwave signal at 2.4 GHz. These two RF signals were
mixed via an RF power combiner. The optical modulation of the SCM radio signals was
realized using the Mach-Zehnder intensity modulator, which was biased at a DC voltage
corresponding to MZM’s linear region of operation. The MZM has an insertion loss of 4.6
dB and supports a bandwidth up to 13.9 GHz. Since the MZM is polarization sensitive, a
polarization controller (HP-11896A) was employed between the tunable laser and MZM to
maximize the modulator output power. As a result of intensity modulation, at the MZM
output, an optical signal consisting of the carrier and the corresponding upper and lower
sidebands of the microwave signals was generated. 900 MHz and 2.4 GHz signals were offset
from the carrier by £7.2 and £19.2 pm respectively. Figure 3.8(a) shows the MZM output
when the DC bias voltage of the modulator was set at a non-linear region. Note that due to

limited resolution bandwidth (of 15 pm) of the optical spectrum analyzer (OSA), only the
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Figure 3.7: Experimental setup used for achieving demultiplexing of two subcarrier multiplexed
microwave channels at 900 MHz and 2.4 GHz with the sub-picometer bandpass filter

respective sidebands of the 2.4 GHz could be partially distinguished from the carrier. As
the modulating subcarrier frequency is decreased to 900 MHz, the sidebands appear to be
embedded within the carrier spectrum; hence not visible. Figure 3.8(b) represents the MZM
output under the same condition when the DC bias was tuned to linear region of operation.
Still both sidebands of the subcarriers are there, but not quite visible.

The optical carrier along with the four sidebands as given in Figure 3.8(b) were fed into
port 1 of the optical circulator. Optical circulator, a non-reciprocal passive device, plays the
role of directing light from port-to-port sequentially in one direction starting from port 1

to 2. At port 2, a second polarization controller was placed before the filter. Following the
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Figure 3.8: Optical spectra obtained on the optical spectrum analyzer. (a) output of the MZM
when the DC bias was tuned to non-linear region (b) output of the MZM when the DC bias is
tuned to linear region (c) lower sideband of the cellular signal selected by the filter

controller, the fabricated FBG in transmission mode was positioned to coincide the FBG’s
central peak (A=1536.5396 nm shown in Figure 3.3) with the lower sideband of 900 MHz.
Figure 3.8(c) shows the extracted lower sideband of the 900 MHz with partial optical carrier.
The filter suppressed the carrier by ~22 dB while reflecting the non-matching channels
including WLAN signal to port 3. Note that the carrier should not be completely removed
to avoid clipping distortion in the RF signal [27]. At the filter output a carrier-to-sideband
ratio (CSR) of ~3 dB was attained. CSR is the ratio of the peak carrier power to the peak
sideband power of the selected channel. The CSR (with modulating signal) after filtering
could not be measured directly due to the resolution constraint of the optical spectrum

analyzer. The analyzer could not resolve the 2.4 GHz sideband (19.2 pm) from the 900 MHz
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sideband (7.2 pm). Therefore, the CSR was obtained by measuring the optical powers of
the carrier with and without microwave modulation. First, the optical carrier power of the
modulated signal Pr(mW) was measured after the filter with the RF signal on. Then, with
the RF signal off, the optical carrier power Po(mW) at the filter output was measured. The
CSR of the filtered signal was calculated with CSR[dB] = 10log[P¢/(Pr — P¢)], which we
defined.

The transmitted cellular signal was coupled to a high-speed, low distortion InGaAs PIN
photodiode (OI-2125 O/E) by Tektronix. Following that, a low noise amplifier (LNA-ZX60-
3011) by Mini-Circuits amplified the strength of the 900 MHz signal by ~15 dB to obtain
sufficient power level as this is typically done prior to transmission over the hostile wireless
channel in practical systems. Since the low noise amplifier (LNA) supports subcarriers from
400 to 3000 MHz, the residual WLAN signal after filtering is also amplified along with the
cellular signal. Wireless Communication Analyzer (WCA 380) by Tektronix demodulated
the microwave signal and recovered the data streams as well as record eye diagrams of the
detected signal. Bit-error-rate, which was a key parameter in quantifying the signal quality,

was estimated from the eye diagrams [28].

3.3.1 Bit Error Rate (BER) Estimation

The quality of the transmission of a digital signal is mostly judged by bit-error-rate (BER)
performance. Measuring the bit-error-rate of a signal requires BERT, a BER tester, which
can quantitatively show the ratio of bits received in error. However, BERT is costly and does
not provide the reasoning behind why the errors have occurred. Therefore, eye diagrams or
eye patterns as an alternative tool can be used in assessing quickly the reliability of the
transmission medium and the transmission degradations. Eye diagrams are constructed by
overlapping of random sequences of bits ones and zeros in terms of voltage. Rise times,
overshoot, jitter and the degree of eye opening are few of the important parameters that can
be measured and are useful in studying the noise or intersymbol interference in the signal.

When measuring the BER with practical instruments is not possible, estimating the BER

46



from eye diagrams is a viable solution. This is generally done by measuring Q-factor from the
eye diagram. Several methods of determining Q-factor have been proposed in the literature.
Q-factor is analogous to electronic signal-to-noise ratio (SNR) if it is measured using a

receiver and is defined by the following

|lt1 - ﬂol
171 Fol 3.4
Q . (3-4)

where, u; and o; are the mean and standard deviations of the ones and zeros respectively.
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Figure 3.9: The eye diagram displayed on the Communication Analyzer and the representation
of the parameters involved in calculating the Q-factor
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Q-factor has a close relation with BER, which is expressed as [28]

1 —(Q?)

v’ (3:5)

The approximation given in (3.5) is derived using the asymptotic expansion of er fc(Q/ V2)

= Lerfe( L) ~
BER—2erfc(\/§)~

and is reasonably accurate for Q > 3. The erfc is the complementary error function and is

defined as

erfe(z) = \—/2_; /: e dy (3.6)
We developed a BER estimation algorithm written in Matlab. In the experiments, the eye
diagram at the Wireless Communication Analyzer were post processed with this algorithm.
Figure 3.9 shows an example of an eye diagram displayed on the WCA. In the algorithm,
each recorded eye diagram on the WCA in bitmap image file are initially parsed. Images
are then cropped to save processing time since only a small percentage of the eye diagram is
needed. In the cropped region, the histogram traces for bits 1 and 0 in the eye diagram are
recorded. From this data, the Q-factor and the BER are determined. To obtain reasonable
sigma values (o1, 0p), larger samples were taken, therefore larger window in the eye diagram.
The larger width that is used, the larger the standard deviation and thus the larger the BER.
This should be calibrated so that more realistic BER values are obtained.
This estimation method permits the eye diagrams to be tested regardless of bit rate,
frame period or even modulation format. Since the Wireless Communication Analyzer has a
sampling frequency higher than the signal data rate, more samples were acquired to minimize

the estimation errors.

3.4 Experimental Results
3.4.1 Linearity of the Filter

Subcarrier multiplexed systems are known to suffer from nonlinear distortions. Nonlinear

distortions include intermodulation and in-band distortions such as AM-AM and AM-PM.
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Intermodulation distortion is a major concern with Cable TV systems while in band dis-
tortions are concerns with radio-over-fiber systems [1]. In fact, much research efforts have
been put into linearizing electro-optical components to avoid nonlinearity. Therefore, the
optical filter employed in the ROF link must demonstrate linear characteristics within the
useful dynamic range. Dynamic range refers to the range of input RF powers over which the

output power is above the noise floor and distortion-free.

Input RF Power, 900 MHz [dBm]

Figure 3.10: Carrier-to-leakage ratio (CLR) versus the input RF power of 900 MHz when the
filter selected the 900 MHz signal and reflected the 2.4 GHz signal to circulator output port

In this section, linearity of the filter and the dynamic range supported by the proposed
system were investigated. The SCM cellular and WLAN signals were applied to the MZM
with equal RF power levels. The filter selected the 900 MHz signal while reflecting the 2.4
GHz signal. In this context, 2.4 GHz signal should not appear at the filter output; however,
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a small amount of 2.4 GHz signal appears because of the filter leakage. Hence, carrier-to-
leakage ratio (CLR) is defined as the ratio between the RF power at 900 MHz and the RF
power at 2.4 GHz at the output of the filter. Figure 3.10 shows the CLR versus the input RF
power at 900 MHz measured at the WCA. The WLAN signal’s power remained constant.
The figure suggests that the filter is almost linear from the input power of -29 dBm to 6
dBm.

Dynamic range is an important factor that needs to be addressed in the radio-over-fiber
link. To assess the dynamic range of the system, the input RF power was varied from -38
dBm to +6 dBm. Figure 3.11 shows the relatively linear relation between the input and the
output. This indicates that the bandpass filter had close to linear characteristics within a
dynamic range of 44 dB. The dynamic range could be even higher, but this could not be
verified due to the nonlinearity of the MZM. The RF power output from the signal generator
could not be increased since increasing the RF power forces the modulator to behave in a

non-linear manner.

3.4.2 Selectivity of the Filter

One of the challenging tasks in isolating two close optically modulated subcarriers is to have
a filter with an adequate bandwidth and free spectral range. There must be compatibility
between the available filter bandwidth and that of the RF channel. The filter should be able
to pass the desired sideband while rejecting other channels.

In order to evaluate the selectivity of the demultiplexer, both the 900 MHz and the 2.4
GHz were applied simultaneously to the modulator with matching RF powers. Then, the
input power of both signals were varied and the peak RF power levels at the output of the
filter were measured by using the WCA. In this scenario, both signals were tones. Figure 3.12
shows that the filter had the ability to select the cellular signal with ~25.5 dB discrimination
compared to the WLAN signal. This selectivity was constant with the increase in input RF
power. Note that despite the multiple resonant peaks existing in the stop band of the filter,

only the middle peak was utilized. The other peaks are conveniently distant from the central
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Figure 3.11: Received RF power versus input RF power of 900 MHz signal measured at the WCA
when the 900 MHz signal is selected by the filter while the WLAN signal is reflected

peak; therefore, they do not play any role in the selection of the other cellular signal sideband
or the WLAN signal sidebands.

Although the filter managed to suppress a substantial portion of the WLAN signal,
some residual power, which we defined as leakage power, was observed. It was verified
experimentally that this leakage had negligible impact on the cellular signal since an isolation
of ~25.5 dB existed. Figure 3.13 displays the dependency of the leakage power on the input
RF power of 2.4 GHz.

3.4.3 Frequency Separation of the Filter

The minimum allowed frequency separation between two subcarriers is determined by the

bandwidth of the optical filter and the data rate of each subcarrier. The two subcarriers must

51



Selectivity of the Demultiplexer

;60

= M

g0 | 24 GHz

2

_g-40

=

E 30 ¢ + — + -

(=]

220 ¢ 900 MHz

[}

=

010

w

(7]

3 0 L ! ! 1 ! !
-10 -8 6 4 2 0 2 4

Input RF Power (dBm)

Figure 3.12: The degree of isolation that can be achieved by the filter

be distant enough to minimize the distortion and crosstalk imposed by the other subcarrier.

In order to determine the threshold frequency separation of the two subcarriers, the BER
performance of 900 MHz signal at the filter output was measured as the 2"¢ subcarrier was
swept from 450 MHz to 1.1 GHz at the signal generator. The input RF power was +6 dBm
and the 2"¢ subcarrier had relatively identical power. Figure 3.14 demonstrates that the two
subcarriers can be as close as 50 MHz before a significant increment of the BER occurs. The

BER level at 50 MHz separation is 2.72x1076.

3.4.4 Distortion Due to the Filter

The filter should not contribute to additional distortion to the transmitted and the reflected
signals. In order to quantify the impact of FBG distortion, we compared the calculated BER

52



Leakage Power after the Dumultiplexer

Power at 2.4 GHz (dBm)

-10 -8 -6 4 -2 0 2 4
Input RF power (dBm)

Figure 3.13: Leakage power in 2.4 GHz after demultiplexing versus the input RF power of 2.4
GHz at the filter output !

of the selected signal (900 MHz) by the filter with the BER in the absence of filter. Figure 3.15
shows the BER of the cellular signal against the received RF power. The received RF power
levels for the two scenarios were controlled by attenuating the received optical power. Almost
identical BER response is seen between the filter input and output given that the RF power
is same. This implies that despite going through the filter, the cellular signal maintains its
BER level and therefore, the filter does not impose additional distortion.

The filter’s performance was also evaluated using the eye diagrams of both the transmitted
and the reflected signals. The cellular and the WLAN signals, applied to the power combiner,
carried equal RF power. Figure 3.16(a) shows the corresponding eye diagram of the cellular

signal at 900 MHz, which was transmitted by the filter. This figure demonstrates a very clear
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Figure 3.14: BER performance of 900 MHz when the 2nd subcarrier is scanned from 450 MHz to
1.1 GHz. This figure shows the minimum frequency separation of about 50 MHz permitted by the
filter between two subcarriers

signal with a Q-factor of 7.201. Similarly, to examine the integrity of the reflected WLAN
signal, 2.4 GHz at port 3 of the circulator was amplified subsequent to O/E conversion and
then sent to WCA to be demodulated. Figure 3.16(b) represents the eye diagram of thev
WLAN signal at the circulator output. We also observe a very clear signal, which indicates
that the filter does not significantly distort the filtered out signal. The reflected optical
power was attenuated to obtain relatively same received RF power of ~ —30 dBm as the
transmitted signal. The reflected signal has slightly worse eye diagram than the transmitted
signal due to the attenuation. The Q-factor of this signal is 5.785.
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Figure 3.15: BER of cellular signal (900 MHz) versus the received RF power with and without
filter '

3.4.5 Beat Noise

When SCM optical signals are incident on the square-law photodetector, there could be beat
noise due to mixing of the subcarriers. As shown in the analysis presented in section 2.4.1,
the beating of the cellular USB in the reflected optical field with the WLAN signal and
the carrier generates components. The properties of the noise depends on the number of
subcarriers, the data rate, modulation format and frequency of the subcarrier. This type
of noise is unavoidable particularly when the strong beating signals fall within the SCM
bandwidth and contribute to additional noise. The accumulated noise degrades the system

signal-to-noise ratio. |

In our implementation, the residual upper sideband of the 900 MHz is reflected to port
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Figure 3.16: a) represents the eye diagram of the 900 MHz (selected) signal obtained at the output
of the bandpass filter (b) is the 2.4 GHz signal (reflected) obtained at the output of the circulator
(port 3)

3. The beating of this signal with the carrier and other sidebands upon detection by the
photodetector may degrade the performance of the recovered 2.4 GHz subcarrier. To study
this, we measured the BER performance of 2.4 GHz with the reflected RF power in the 900
MHz. Figure 3.17 shows the BER of 2.4 GHz when the RF ratio between the 2.4 GHz and
900 MHz was varied. The input RF power of 900 MHz was increased accordingly. We see
that the beat noise is not a factor in our system since there is no significant variation in the

BER level.
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Figure 3.17: The BER performance of 2.4 GHz at port 3 with the power ratio of 2.4 GHz and
900 MHz

3.5 Carrier Suppression

In radio-over-fiber systems, the high level of unmodulated optical carrier power compared to
the sidebands is an issue that needs close attention. The performance of the ROF link de-
pends on the modulation depth. The modulation depth is limited by the nonlinear distortion
of the optical modulator. In return, the dynamic range of the system will be considerably
limited in strongly modulated systems. Therefore, the microwave signal is usually modu-
lated weakly compared to the carrier to minimize the intermodulation effects as this was
done in the analysis in section 2.4.1 and in the experiments. However, weak modulation will
result in excess optical carrier power that will only reflect as useless direct current (DC) at

the receiver. This DC component may force the photodetector to saturate and can even
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cause damage. In addition, DC current at the detector translates to shot noise and hence
decreases the signal-to-noise ratio (SNR) of the link. Therefore, particularly in remote appli-
cations, the optical carrier, which bears no information, must be reduced to achieve a high
modulation depth and consequently enhance the sensitivity of the detector.

Number of techniques has been proposed to maintain a high modulation depth and FBGs
have been found to perform exceptionally well [29]. This was confirmed also by us in Gu et
al. [30], where a single subcarrier was considered. In this section, the aim was to quantify the
transmission efficiency improvement when two subcarriers were mixed. Figure 3.18 shows the
BER of 900 MHz signal with and without filtering with respect to the received optical power.
The received optical power was adjusted using an optical attenuator. Two observations can
be deduced from this figure. At the same received power of -32 dBm, the 900 MHz signal
with the filter can achieve a BER of 107!2, which is significantly better than the 10~3 BER
with the unfiltered signal. This could be because in the unfiltered case, the optical signal
has subcarrier sidebands of the WLAN and the cellular signals as well as the strong optical
carrier carrying no information. In comparison, the cellular lower sideband together with
the suppressed carrier are confined in the filtered signal. To achieve a BER of 10~° with the
filter, the received power is at -34.59 dBm; however, without the filter the received power
should be higher at -27.61 dBm. An improvement of ~7 dB was experienced in the receiver
sensitivity. This improvement in the sensitivity is carrier-to-sideband ratio dependent. As
the CSR level is reduced, the sensitivity increases non-linearly. In this experiment, the CSR
was ~3 dB. With the same filter, not only extracting the cellular signal from RF modulated
optical signal was possible but the carrier power was also considerably suppressed which in

return increased the modulation depth.

3.6 Cellular Upper Sideband Suppression

The optical signal at port 3 of the circulator still encompasses the upper sideband of the
cellular signal. To isolate this signal completely from the WLAN sidebands, a second filter

is required. However, the filter should have a resonant peak that can be matched dynami-
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Figure 3.18: BER versus the received optical power of 900 MHz with and without filtering.

cally/adaptively to the upper sideband. This issue can be tackled by using a tunable optical
filter.

We incorporated a second FP-FBG at the circulator output. The fabrication of this filter
was similar to the one discussed in the earlier sections. Transmission response of this filter
is shown in Figure 3.19. The filter has broader stop band and the bandwidth of the central
resonant peak is wider. This peak on a larger scale is shown in Figure 3.20. The -3 dB
bandwidth of the filter is 6 pm = 750 MHz and the -6 dB bandwidth is 10.4 pm = 1.3
GHz. The insertion loss at the central peak is only 0.175 dB. The grating was observed to
be insensitive to the variation in the polarization state. In addition, as it is also evident in
Figure 3.20, a discrimination of 15.2 dB is provided by the middle peak.

This uniform FBG is not tunable in nature; however, the Bragg wavelength can be varied
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Figure 3.19: The transmission spectrum of a second Fabry-Perot based fiber Bragg grating

by stretching the length of the FBG. FBG has great elastic properties. Bragg wavelength
depends on the core effective index of refraction and the grating periodicity and these para-
meters are subject to change with tension, which consequently shifts the Bragg wavelength.

Stress induced change in the Bragg wavelength is given by [31]

dL, ' oL,

where n is the index of the core. Equation (3.7) accounts for the change in the refractive

AXBragg = 2(A )AL, (3.7)

index and the grating spacing. This expression can be given by

AABr‘ayg = ABrt:lgg(]- - peez) (38)

where p, is the effective strain-optic constant expressed by the following:
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Figure 3.20: The central resonant peak of the ﬁltgr shown with a larger scale

n2
De = ‘2—[P12 —v(p11 + p12)] (3.9)

where p;; and p;2 denote the strain-optic tensor components, v is the Poisson’s ratio. p;; =
0.113, p12 = 0.252, n=1.482 and v=0.16 are generally the values of a single mode fiber. Under
these conditions, 1 pe translates to 1.2 pm shift in the center wavelength of the grating at
~ 1550 nm operation.

To provide strain in micro range, the FP-FBG was mounted on a structure between two
flat plates. The magnitude of stretch in the grating length was achieved by adjusting the
micrometer which in return varied the distance between the two plates.

The second FP-FBG was stretched to coincide with the upper sideband of the 900 MHz.
Note that the LSB of 900 MHz was selected by the first FP-FBG. The WLAN signal at this
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filter’s output was at most 12 dB higher in strength than the cellular signal. However, this

isolation was not stable.
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Chapter 4

Discussions and Future Work

4.1 Discussions

To increase the robustness of the system following can be done:

e The wavelength of the laser can be locked. Since the laser wavelength was tuned to
match the LSB of the cellular signal with the center peak of the first FBG that has a
bandwidth in the sub-picometer range, any slight drift in the wavelength could cause

variation in the received optical power.

e Due to environmental effects such as temperature, FBGs’ peaks may shift slightly. It
is well known that the Bragg wavelength shifts by 10 pm for every 1°C variation in
the temperature. This requires the laser to be adjusted accordingly. Nevertheless, the
variation in the wavelength is possible to overcome. Since the length of the FBG is 28

mm, it can be relatively easily packaged with a temperature-compensation design.

4.1.1 Chromatic Dispersion Issues

In our experiment, the length of fiber varies between 2 to 3 meters. However, our system is
capable of allowing fiber length to be much longer as verified in section 2.5.2 since microwave
signals are at sub-GHz range. Both signals can be jointly transmitted over ~600 km of
fiber before chromatic dispersion affects the system severely. This implies that the optical

demultiplexer can be installed within this span with the chromatic dispersion as the least
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concern.

4.1.2 Power Loss and Noise in the Experimental Setup

The signal transmitted from port 1 to 2 incurred a power degradation of ~1.30 dB and from
2 to 3 is ~2.2 dB in the optical circulator. These include the loss in the pigtails used to
connect the circulator with other devices. The MZM has an insertion loss of 4.6 dB. To
establish connection between the devices, fiber connectors together with fuse splicing was
used. Each connector and splice contributed a loss of ~1 dB and ~0.03 dB respectively.
Signal attenuation in the fiber is negligible with 0.2 dB/km at the 1550 nm wavelength band
due to short spans used in the proposed system. Misalignment in the fiber and dirt on the
pigtail surface can lead to additional loss. The loss in the optical domain is twice as much
when converted to electrical. The relative intensity noise parameter of the laser was -145

dB/Hz.

4.2 Conclusions

The primary goal of this thesis was to investigate optical demultiplexing of radio multimedia
signals in a SCM FTTC architecture analytically and experimentally. Cellular wireless signal
at 900 MHz and a WLAN signal at 2.4 GHz were jointly transmitted over an externally
modulated ROF link. An optical signal processing method was studied in separating the
cellular signal from the WLAN signal to exploit many benefits all-optical demultiplexing
promises. To achieve this, we fabricated a novel sub-picometer fiber Bragg grating bandpass
filter. This filter, fabricated by inducing resonance between two identical FBGs, has a -3
dB bandwidth of 120 MHz and a fairly low insertion loss of 0.8 dB. When the FP-FBG’s
transmission spectrum of the central resonant peak was fit with the numerically computed
spectrum based on a classical FP equation, a good agreement was observed.

We experimentally verified that this filter could be applied as an optical bandpass filter
in extracting subcarrier multiplexed 900 MHz cellular signal from 2.4 GHz WLAN signal

optically. Experimental results showed that with this filter, an isolation of ~25.5 dB between

64



the cellular and WLAN signal could be achieved. Moreover, the filter has a linear response;
it permits the channel separation to be as low as 50 MHz between two subcarriers and
introduces negligible distortion to both the transmitted and the reflected signals. In the
experiments, excess dc power resulting from externally modulating the optical carrier was
reduced significantly. Thus, we eliminated the potential increase in the shot noise level by
filtering out the carrier prior to detection. In return, we increased the modulation index.
The analysis in Chapter 2 revealed that owing to the relatively low frequencies of the
microwave signals, the SCM systefn can tolerate chromatic dispersion. Furthermore, addi-
tional dispersion due to the filter was insignificant since low data rates were carried in the
system. The experimental results showed that the fabricated filter is a promising candidate
in demultiplexing multimedia radio signals at low GHz range in optical domain. It is ev-
ident that the appreciably narrow bandwidth of the filter allows demultiplexing of closely
spaced subcarriers effectively. By using array of such filters that have low insertion loss and

insignificant distortion, demultiplexing of more than two subcarriers is also possible.

4.3 Future Work

In the experiments, due to resource limitations, the BEPi was approximated by calculating
the Q values from the post-processed eye diagrams. Obtaining the Q values with high
precision is very crucial since the BER is solely dependent on the Q values. Although several
eye diagram samples were processed, the result would still differ from the ideal case. The
estimation can be avoided by implementing a test bed that employs BERT to measure BER
more accurately.

It is difficult to completely demultiplex two densely distributed microwave signals op-
tically partly because of the double sideband regime utilized in the experiment. We can

suggest two approaches:

1. An optical FBG bandpass filter capable of isolating signals in one step can be designed.

The filter should have spectral response such that the two cellular sidebands and the
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partial carrier are selected together at port 2 whereas the WLAN signal will be reflected
to port 3.

2. Single sideband modulation techniques can be applied to simplify filtering process.
One can argue that an FBG with broader reflection bandwidth can be designed to
filter out the upper sidebands of the two signals léaving the other sidebands to go
through complete demultiplexing with a narrow filter. However, this approach is not
efficient since the RF power is wasted. Instead single sideband (SSB) modulation
can be adopted. The Mach-Zehnder modulator can be replaced by a dual-electrode
Mach-Zehnder modulator which generates an SSB signal at the transmitter. Moreover,
another method based on SSB modulation, where all the RF power is transformed into

one sideband can also be considered as a possible solution.

Moreover, in this thesis, emphasis on the demultiplexing of subcarrier multiplexed cellular
and WLAN signals in a downlink was given. In future, similar experimental investigation
can be performed in an uplink arrangement. In the uplink scenario, the system will be more
demanding since the signals first face the non-linear hostile wireless channel, which degrades
the signal due to multipath fading, path loss and other factors. In addition, extensive
mathematical analysis can be performed and the results obtained can then compared with

the ones obtained from the experiments.
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