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Radio Over Fiber Systems

by Salman Ghafoor

The three main types of Radio Over Fiber (ROF) communicatimiems, namely analogue
ROF, baseband ROF and digitized ROF are investigated. &fitiers are increasingly replacing
copper wires. In long-haul, high-bit-rate communicatigatems optical fiber has already become
the dominant mode of transmission due to its enormous baitkdwand low loss. ROF facilitate
the seamless integration of optical and wireless commtinitaystems. Since the RF spectrum is
limited, wireless systems rely on re-using the frequenaiesfferent geographic locations, but the
ever-increasing tele-traffic demands require ever-ratlue#-sizes. This enables wireless systems
to provide high data rates for a reduced number of users loyriisg each of them a larger fraction
of the total bandwidth. Furthermore, higher frequencigpaading to the microwave and mm-
wavelength bands are capable of supporting increased ai&s rSince high-frequency signals
travel shorter distances due to their higher path-loss;¢hesizes have to be further reduced. This
reduction in cell size implies that more Radio Access UrRBJs) are required for the increased
number of cells, which are located close to each other. Gaoingghese RAUs relying on complex
signal processing is costly. Therefore, it is desirableaeehsimple RAUs that are connected to a
central unit where all the signal processing tasks areezhout. In this scenario, ROF plays an
important role in connecting these RAUs to the central uhlie major factors that makes ROF
suitable is its transparency to the type of RF signal beimgsported, the large available bandwidth
of fiber and its low attenuation.

The first type of ROF communication investigated is basels#DE (BROF), where electronic
baseband data is directly transmitted over the fiber aftectEinic-to-Optical (EO) conversion.
Baseband optical communications generally transmit appalses that have a Gaussian time-
domain profile associated with the most compact spectrurtrdasmitting baseband digital data.
Optical pulsed laser sources are capable of generatingmm&aussian pulses that may be used for
high-rate systems relying on ON-OFF keying. All-opticajeaeration of signals is investigated,
where the signals transmitted over large distances maydenegated at regular intervals. The
second type of ROF communication is analogue ROF (AROF)jevtiee analogue RF signal is
transmitted over the fiber using an optical carrier. Finallgitized ROF (DROF) communication
is discussed, which digitizes the RF signal at the transmahd after transmitting it over the fiber,
it converts the digital signal back to analogue at the rezeiMhe thesis is concluded with the
comparative study of the pros and cons of BROF, AROF and DROfiques.
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Chapterl

Introduction

1.1 The Growth of Wireless Communication

The previous decade has seen a huge increase in the numbéelese communication sub-
scribers. One of the major catalyst for this tremendous tdrasvthe migration of Internet users
from fixed to mobile networks [1]. Additionally, the develoent of high-bandwidth services
such as High Definition TV (HDTV), video on demand, video amehcing, interactive gaming
and Voice Over IP (VOIP) have also contributed to the bantwielquirements. Most of the above
mentioned services can be accessed from portable devicdsas smart phones and tablets, which
are becoming affordable due to the competition among @iffemanufacturers. Smart phones are
increasingly used for accessing high-bandwidth appbeatand services, which are supported by
the development of high-performance digital electron®srvice providers are offering new ser-
vices such as cloud computing, which provides data accass stbrage and computing for users
on the move without the physical presence of the system ondées device. These services are
provided over the Internet and are based on Internet pristoco

The growth of wireless communication can be quantified imsgeof the number of mobile
cellular and mobile broadband subscribers. Figure 1.1 stibe yearly rise in subscriptions of
different communication systems, which was compiled byltiternational Telecommunication
Union (ITU) [2]. The subscriptions are per 100 inhabitamtsf the year 2000 to 2010. Around
the year 2000 the number of fixed telephone line and broadbastribers was higher than that
of their mobile counterparts. However, by the year 2001,rtheaber of mobile telephone sub-
scriptions exceeded the fixed line telephone subscripti@rsthe other hand, the subscriptions
for mobile broadband services exceeded the fixed broadh#stisptions by mid 2007, mostly
due to the development of smart phones and tablets. By the2pd48, the mobile telephone sub-
scriber penetration have increased to 7%,2while the mobile broadband subscriber penetration
increased to 13.%, as shown in Figure 1. Figure 1.1 also shows that the numHaterhet users
has increased steadily over the decade, reaching’312010.

The increase of mobile data traffic is shared among variovse® Table 1.1 presents the av-

1
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Figure 1.1: Global Telecommunication subscriptions per 100 inhakété8ource: ITU [2]).

erage mobile data traffic for the most popular devices tha¢weed by customers during the year
2009, 2010 and the forecast until the year 2015. The data btaswed from Cisco’s global mobile
data traffic forecast [3]. The average traffic per device showTable 1.1 is in MB per month. It
can be observed from Table 1.1 that along with laptops artzbo&s, the smart phones and tablets
are one of the major contributors to the increase in averadfect Furthermore, according to [3],
mobile video is the major contributor to the mobile dataficafMobile video accounted for 49.8
% of mobile data traffic in 2010.

Table 1.1: Average mobile data traffic (MB per month) for various desgi¢8ource: Cisco [3].

Device Type 2009| 2010| 2015
Non-Smart Phones 15| 3.3 54
Smart Phones 35 79| 1272
Portable Gaming ConsoleNot available| 250| 879
Tablet 28| 405| 2311
Laptop and Netbook 1145| 1708| 6522
Machine-to-machine 3 35| 166

1.1.1 Wireless Access Technologies

There are three dominant techniques in wireless commuaiicaetworks [4], namely the classic
cellular technology, Wireless Fidelity (WiFi) and Worldyé Interoperability for Microwave Ac-



1.2. Cellular Architecture 3

cess (WiMax). Cellular technology mainly transmits voigmals between mobile phones. One of
the first commercial 1G cellular service was the Analogue idPhone Service (AMPS), which
used Frequency Division Multiple Access (FDMA), where adbaiuth of 30k H z per user was
assigned. With the increase in the number of mobile phonesutee digital 2G systems were
developed. The predominant 2G system is the Global Systévtobfle Communication (GSM),
which uses Time Division Multiple Access (TDMA) to transreight digital channels per carrier
in a bandwidth of 20@& H =z and to transmit data at a rate of &&ps per user. The 2G system also
supports Short Messaging Service (SMS). In the 3G systemiscagased data rate is provided
along with voice traffic using Code Division Multiple Acce€$SDMA). The most advanced ver-
sion of 3G systems use the so-called High-Speed Packet &{d&PA) mode [5] for delievering
data of speeds up to 1M bps [4]. Higher data rates may be transmitted by an enhancedbwers
referred to as HSPA+, where a data rate ofM0ps is achieved in the downlink direction. The
cellular technology typically uses the 1 and-Z1 = licensed frequency bands for communication
over long distances.

The WiFi technology obeys the IEEE 802.11a/b/g standardvoeless communication in
local-area networks and uses the unlicensed Industriedntfic and Medical (ISM) band, which
makes it one of the most popular wireless technology. Thamax data rate for WiFi communi-
cation is 54M bps and the maximum range is about 100[6]. WiFi can operate in a centralized
scenario, where a Central Unit (CU) directs and controlstthesfer of data to multiple wire-
less users. WIiFi is also suitable for Ad Hoc networks, wherdransmission is managed and
controlled by the user nodes. The chipsets used for enalifrgcommunication in laptops and
smart phones are inexpensive, therefore making it the midsiyweployed wireless Internet net-
work [1].

WiMax technology relies on the IEEE 802.16 standard for l@ss communication, which
uses both the licensed and the ISM frequency bands. The rmaxidata rate transmitted by
WiMax may reach 75/bps in the coverage range of 3/n [4]. For longer distances, such as
15 km, the data rate is reduced to nearly 28ps [4], [6]. Since WiMax operates over larger
distances, it is more suitable for single-hop point-to4oibint communication. In multi-hop
communication scenarios, WiMax suffers from a reducedutjheput and latency. The distances
over which a WiMax signal can be transmitted makes it a slataption for Metropolitan Area
Networks (MAN).

1.2 Cellular Architecture

Before discussing the implementational challenges andisak proposed for broadband wireless
systems, this section provides a brief introduction to tbkutar architecture that is commonly
used in wireless communications. The cellular architectardeveloped in order to efficiently
transmit radio signals to the users. The architecture takesaccount issues such as frequency
reuse, coverage and cost efficiency. The different partseofellular architecture are discussed as
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follows.

1.2.1 Traffic Cells

Radio coverage is divided into geographic regions refeiwexs a cell, which is the basic coverage

unit in a cellular system. Cells are generally representelexagons, as shown in Figure 1.2.

Naturally, the actual shape of a cell is not hexagonal duetb iman-made structures and natural

obstructions. Cells are generally sectorized in orderdceiase the capacity in a densely populated
area. The sectorization makes use of directional antersngg@sed to omni-directional antennas.

Figure 1.2 shows three sectored cells that make use of tinestidnal antennas to cover the entire

cell. Cell sectorization also has the advantage of reduoiegference among the co-channel cells.

Based on the radius of the cell, a cellular network can bealdivinto the following types [7].

1.2.2 Macrocellular Network

Macrocellular networks use cells of large radii for examipl¢he range of 16m to 48 km [7].
Such cells are generally used in areas of low user densitg. cEHs may rely on sectorization,
depending upon the number of users. Such cells use low fnegUeF signals, which have the
capability of travelling longer distances compared to higdguency signals. The cells can be
reduced in size and increased in number, if there is a neegmst an increased number of users.

1.2.3 Microcellular Network

Microcellular radio networks have lower cell radii that anethe range of 200n to 1 km [7].
These networks are generally used in high-traffic densgggtike city centers or dense residential
areas. Again, the cells in a microcellular networks oftea eell sectorization in order to increase
capacity. The network shown in Figure 1.2 represents thergéred structure of a microcellular
network. A group of BSs are connected to a single Central Bdagon (CBS), as shown in
Figure 1.2. A group of CBSs are connected to a Mobile Swigl@enter (MSC) which connects
the microcellular network to the Public Switched Telephblegwork (PSTN).

1.2.4 Picocells

Picocells are generally used inside office buildings, atgpand shopping malls. They have cells
radii in the range of 1@n to 200m [7]. Picocells may use high frequency RF signals, for exampl
in the range of 67 H z. These high frequency signals provide a large bandwidtaniatl over

a shorter distance. At the time of writing, a lot of reseachedicated to picocells for providing
future high bandwidth multimedia services to subscrib8fs[P]. Due to the small cell size and
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short range of the high frequency signals, a high numberdwidual cells are required to cover a
certain area [10].

PSTN

MSC

CBS CBS

BS: Base Station
MS: Mobile Station
CBS: Central Base Station

MSC: Mobile Switching Center
PSTN: Public Switched Telephone Network

Figure 1.2: A microcellular network using optical fibers to connect eiiint CBSs to the MSC.

1.3 Challenges in Wireless Communications

This section discusses some of the major challenges facedpiementing broadband wireless
communications.
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1.3.1 Bandwidth Bottleneck in the Access Network

The bandwidth of the core transport networks, which gehetade fiber optic communications
has reached high values, such a§ A > supporting rates up to Tbps, [6], [11], while exper-
imental demonstrations of data rates higher tharY'a@s have been reported over fiber lengths
longer than 500:m [12]. However, the major bandwidth bottleneck is in the edlie wireless
access networks, which use technologies that are limitedmawidth and propagation distances.
Current broadband services are provided using accessiiegies that include Digital Subscriber
Loop (DSL) (ITU-T, G.922), coaxial cable (ITU-T J.112/128)d wireless technologies like WiFi
and WiMax. The data rates per user and maximum coveragendesta these technologies are
summarized in Table 1.2 [6]. It can be observed from TableHaPthe maximum data rates and
transmission distances are limited for DSL and coaxialdinkiFi provides a maximum data rate
of 54 Mbps over a short distance of say, 100 On the other hand, WiMax has a longer maximum
coverage distance of 1&n, but at a lower data rate of 28bps. Hence a major challenge for
broadband service providers is the design of high-bandvadtess networks, which are capable
of supporting communications over longer distances. Thiisreduce the cost of installation by
using a single central station for a larger number of users.

Table 1.2: Data rates and maximum reach for various access networks [6]

Service | Data Rate per User| Maximum Reach
ADSL 2 Mbps (typical) 5.5km
VDSL 20 Mbps (typical) 1km
Coaxial 2 Mbps (typical) 0.5km
WiFi 54 Mbps (max) 0.5km
WiMax 28 Mbps (max) 15km

1.3.2 Spectral Congestion

Due to the increase of various high-bandwidth applicatitms most benign, low frequency radio
spectrum is becoming overcrowded. A natural option is theafshigher carrier frequencies for
example millimeter-waves (mm-waves) at say(®H z. High frequency carriers have a potentially
high instantaneous bandwidth. However, the radio chasinelise is directly proportional to the
bandwidth [13]. Therefore, in order to maintain the readiigarrier-to-Noise Ratio (CNR), the
radio channel power has to be proportionately increasedh&umore, high frequency radio signals
are attenuated substantially due to the intrinsic absmmiity the atmosphere. The high attenuation
and noise imposed upon the high frequency carriers redbeashge of the wireless link.
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1.3.3 Large Number of Base Stations and Cost Efficiency

High-bandwidth systems using high frequency carriers ireca large number of BSs, since the
wireless signal range for high frequency carriers is low. otder to cope with the increasing
bandwidth demand per user, network operators have tokplextisting cells and hence use smaller
cells. However, increasing the number of cells and theeetbe number of BSs is not always
a feasible option due to the higher infrastructure costslimd. A major challenge faced by
network operators is that of increasing the network capawaihile keeping the capital expenses
(CAPEX) and operating expenses (OPEX) to a minimum [1]. &ligsh the data traffic per user is
increasing, the average revenue per user does not tendréagecin proportion, which causes a
relative increase in the CAPEX and OPEX.

1.3.4 Frequent Handovers and Variable Traffic Profile

As mentioned in the previous section, small cell sizes ageired to fulfill the high-bandwidth de-
mand of users. Due to the small cell size, the number of harddor a user’s mobile receiver will
increase. This may result in the loss of packets during tbegss of handovers [14]. Similarly,
due to user mobility, the traffic profile of a certain cell maynge rapidly. Therefore, service
providers need to design the access networks by ensurihththeesources are allocated dynam-
ically [15]. The sharing of network resources among sevesli$ make the access network both
flexible and cost-effective.

1.3.5 Integration of Multiple Services and Future Compatihlity

The bandwidth requirements and characteristics of theatsgimsed for broadband wireless com-
munications are different from those of the operationaicapfiber links. In order to cope with
the increasing bandwidth demand in a cost-effective mars@gvice providers are actively con-
sidering solutions that make use of the already deployed fixes. The network designed for
broadband wireless access should have the ability to bdyéstggrated with the fixed line based
services. Finally, the solution should be 'future prooB,that future systems or standards should
be able to use the same network.

1.4 Radio Over Fiber for Wireless Communications

One of the major access network solutions for future highdisadth wireless communication
systems is based on optical fibers for the transmission @ eagnals between the BSs and MSC,
for example [7], [8], [16] [17]. Such a communication systengenerally referred to as a Radio
Over Fiber (ROF) solution. In ROF, the radio signal is usediritensity modulating an optical
carrier. Figure 1.3 shows the simplified diagram of a ROF, limlkere the radio signal is converted
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into an optical signal in an electronic-to-optical (EO) eerter at the CU. The optical signal is
transmitted through the fiber and detected at the BS, wheoptaral-to-electronic (OE) converter
recovers the original RF signal, which is amplified and traiied from the BS antenna to the MS,
as shown in Figure 1.3. This technique of transmitting thesiRRals using an optical carrier over
the fiber has numerous advantages over the conventiona¢cepge solutions. In the following
sections, we will discuss some of the major advantages thke ithe ROF system a suitable choice
for the transmission of mobile communication signals.

Central Unit

| | ! .
: | | |
! I

: RF E-0 | ! @) ! O-E |
| Signal | Conversiol T Ortical Fiber | Conversio |
- |

| : !
| | |
| | |

Figure 1.3: Simple ROF link.

1.4.1 Advantages of Optical Fibers

Optical fibers used for optical communications have a low mEmpared to their electronic coun-
terparts. The typical power-loss for a commercially avddaSingle Mode Fiber (SMF) is about
0.2dB/km, which allows us to cover large distances without amplifaraf18]. In the scenario
where an ROF signal is transmitted from a BS to multiple R&dicess Units (RAUS) such as for
example Distributed Antennas (DAs), typically no amplifioa is required. This makes the link
inexpensive and free from the additional noise of amplifiers

The substantial bandwidth of the optical fiber used in ROF rooimication is a major ad-
vantage. The Third Telecommunications Window (TTW) spagrirom 1530nm to 1560nm,
which is also called the Erbium band, has a bandwidth of weaB 7T'H . Different methods
of exploiting most of this bandwidth are under investigatio both baseband as well as in ROF
communications [19], [20], [21]. In baseband communiaadichigher order modulation schemes
modulating the phase of the carrier are being used [19]. TaeeWngth Division Multiplexing
(WDM) technique [21], [22] is also used in ROF communicatimorder transmit high-rate, high-
bandwidth RF signals over a single fiber. Along with WDM, thébSCarrier Multiplexing (SCM)
technique [23], [24] that transmits multiple RF channelsraa single wavelength has also found
wide-ranging applications [25], [18]. Optical communicatin the Erbium band relies on the
ability of Erbium Doped Fiber Amplifiers (EDFAs) to amplifyavelengths spanning from 1530
nm to 1560nm simultaneously using a single EDFA [26], [27]. The high-baidth of EDFAs
makes optical communications more cost-efficient thartelaic communication, where separate
amplifiers are needed to amplify RF signals of different frexagies.
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In a ROF-aided multicell network, a large number of DAs argrihuted spatially to provide
near-uniform coverage [16], [28]. Since each DA covers allsane@a, the RF power required by
each DA is low. Due to the low loss of optical fibers, this low pdwer can be delievered without
the employment of amplifiers, hence the power efficiency ef ROF network increases. The
employment of a low power at the DA, has the further advantdgeduced inter-cell interference.
If a higher power is used at the transmitter of a DA, there ighdr probability that the signal from
this DA will interfere with the signal of an adjacent DA. Bying small cells, the so-called area
spectral efficiency of the wireless network expressefity sec/H z/km is also increased since
the frequency bands can be re-used in multiple cells [28]. [2gain, having a dense set of DAs
enables the wireless system to provide near-uniform cgeer&he low complexity and low cost
DAs makes it possible for them to be used in large numbersédégehvice providers. Hence they
can be used to ubiquitously on lamp-posts, etc to providerame in areas that are generally not
well covered by the over-sailing macrocells. These aredade the back side of buldings, tunnels
or street corners. Furthermore, the centralized struafitbe ROF network facilitates dynamic
resource and capacity allocation, depending upon the raapatterns of users [16], [20]. As a
further benefit of using a large number of DAs employed in aribisted Antenna System (DAS),
Line of Sight (LOS) operation can be achieved. This mitigaie deliterous propagation effects at
the MSs hence providing an improved quality of service ferubers. Optical signals are inherently
immune to electromagnetic interference from the surrougli

In a ROF communication system, the RAUs used are of compaetsid simple in functional-
ity. Most of the RAUs are simply composed of a photodeted?®®)( an electronic bandpass filter,
an amplifier and an antenna. In the scenario where the RF ssgnansmitted over a copper wire,
an upconverter is required at the RAU, making it more complast hence more costly. The use
of such RAUs on a large scale will make the overall wirelegsvagk design more costly. Trans-
mitting the RF signal over the fiber does not require up-cmsige at the RAU, therefore making
the RAU cost-effective. Optical fibers are made of silicohjeh is not a reactive material. This
makes the fiber less prone to enviromental effects, suchrassoan. Therefore the maintanance
cost of the optical fiber network is low. Since an optical Earrs modulated by the electronic
amplitude variations of the RF signal, the ROF link is traargpt to the type of RF signal trans-
mitted. Therefore, optical fibers can transmit RF signalgrigaany modulation format at a high
symbol rate. This enables the fiber to be used for arbitranics that might become available
in the future for the customers. Therefore upgrading theless services will not affect the fiber
network.

1.5 Optical Access Networks

A simple approach to provide broadband access to usersasl lmaspoint-to-point Ethernet con-
nections for every user. Due to the popularity and econonscale for Ethernet technology, the
components are inexpensive. However, the Ethernet degolrequires active components that
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consume power. Installing and maintaining powered equiptroabinets is expensive, specially
when the network is rolled out in a densely populated area.

Passive Optical Networks (PONSs) provide a feasible safiutichis problem [6]. The previous
decade has seen a considerable decrease in the cost ot optiggonents and network deploy-
ment. PONs take advantage of the low power loss of opticalditeeavoid the employment of
active components like amplifiers, which dissipate powerpiovide coverage in a densely pop-
ulated area, PONSs typically use a tree topology, as showinguré 1.4, where an Optical Line
Terminal (OLT) is located at the root and Optical Network t3rlONUSs) are at the leaves. The
hardware and bandwidth of the tree topology is shared anfenggers. As shown in Figure 1.4, a
PON supports full-duplex transmission where the downstraad upstream traffic is transmitted
over different wavelengths. An optical splitter divide® thower among the ONUSs, which then
transmits the relevant data to the users.

_Downstream Ay A°__JONU A
A (XOR) B (@) i 2
oLT Splitter
Optical Fiber
+O,9
——————————— >
Upstream A, <& ONU B

Figure 1.4: PON architecture

1.5.1 Time Division Multiplexed PONs

Since a PON uses a point-to-multipoint architecture, a iplaliaccess technique is required for
multiplexing the signals of different users. At the time afitimg typically Time Division Mul-
tiplexing (TDM) is used as the multiple-access techniquehaso-called TDM-PONSs [6], [30],
which allows the users to share the fiber in the time domaintonexslot by time-slot basis as well
as the hardware used in the CU. TDM-PONSs have been standdrfdizoroadband access as Asyn-
chronous Transfer Mode (ATM) PON (APON), Broadband (BPON) &igabit PON (GPON) by
the ITU (ITU G983) as well as Ethernet PON (EPON) by the IEEE.88-h. Table 1.3 compares
the characteristics of three main TDM-PON standards [63aft be observed from Table 1.3 that
the maximum average bandwidth per user is provided by EPQNthie number of users for a
single EPON is limited to 16. GPON has the maximum bitrate.488Gbps and supports up to
64 users. The framing technology used for BPON is ATM, whifeGN uses both ATM and the
Generic Framing Method (GFM) [6]. The IEEE EPON uses the i#teframing technique for
conveying TDM data.
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Table 1.3: TDM-PON comparison [6]

Type EPON BPON GPON
Standard IEEE 802.3a-h ITU G.983| ITU G.984
Framing Ethernet ATM | GFM/ATM
Maximum Bitrate 1Gbps | 622Mbps | 2.488Gbps
Users per PON 16 32 64
Average Bitrate per User 60 Mbps 32 Mbps 40 Mbps
Cost Lowest Low Medium

1.6 Solutions for Future High-Bandwidth Access Networks

Although ROF provides a suitable solution as an access mefaohigh-bandwidth wireless com-
munication, the continuous increase in the bandwidth delhnaquires the network operators to
enhance the performance of the ROF links. This section gs®sisome of the solutions proposed
for future optical networks.

1.6.1 Bandwidth-Efficient Modulation Schemes

State-of-the-art optical communication is capable of suppg 80 wavelengths carrying a bitrate
of 40 Gbps per wavelength in the C-band, which spans between 2536 1560nm, correspond-
ing to a bandwidth of 3.8 H z [31]. In the past, the transmission systems coped with treasing
bandwidth demand by increasing the number of wavelengdinsinitted through a single fiber. In
the mid to late 1990s, the optical systems used 16 wavelsengtth having a data rate of 2.5
Gbps, hence having a bandwidth efficiency of 0.8/ H ~ [31]. Again, state-of-the-art systems
use 80 wavelengths, each having a data rate af#3, resulting in a bandwidth efficiency of 0.8
b/s/Hz. The increase in the bandwidth efficiency has been achieyeding advanced modu-
lation schemes. In [32], it has been shown that theoreyich# bandwidth efficiency can reach
up to 7bits/sec/H = for a transmission system having a distance of 2B00 This implies that

a practical system should be able to reach a bandwidth eftigief at least 3 or 4its/sec/H z.
Hence the research community is working for conceiving nsmghisticated optical modulation
schemes for increasing the attainable bit-rate. A furthengase in the bandwidth efficiency can be
achieved by exploiting both the in-phase and quadratueslpolarization of the optical carrier,
giving rise to polarization multiplexing.

1.6.2 Transmission Band Expansion

As mentioned in Section 1.6.1, the operational opticalesyist mainly use the C-band for the
transmission of optical signals. Expansion of the transiois window to higher wavelengths
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such as for example to the L-band, which spans from 1%&G5to 1625nm can significantly
increase the transmission capacity of the already opewdtiders [26]. The L-band has a lower
kilometric loss than the C-band and hence provides a seitgiilon for expansion. State-of-the-art
optical amplifier technology enables the amplification ottiple wavelengths of the C-band using
a single optical amplifier [32], [26]. If the L-band is used ftata transmission, it is important to
design wide-band amplifiers having a high gain across thandb

1.6.3 Multicore Fibers

Since the capacity of a single fiber having a single-core motmeng limited, a conceptually
straight-forward solution is to use multiple parallel fiserHowever, an increase in the number
of parallel fibers is coupled with an increase in the numbewpiical amplifiers, switches, mul-
tiplexers and other passive components used in the optatalonk. Therefore, increasing the
number of fibers is not a cost-effective solution. Hence titie fibers have been developed that
are capable of carrying signals in parallel cores withimaglg fiber [33], albeit this technology is
still in its infancy.

1.6.4 Network Coding for Next-Generation PONs

A major goal of the next-generation ROF systems is to in&¢las achievable throughput by se-
lecting the most suitable technologies from both the op#ind wireless communication solutions.
A patrticularly beneficial technique is network coding, ceed for PONs to form the so-called
next-generation PONs (NG-PONSs) [30]. Consider the PONitcture shown in Figure 1.4. In
the absence of network coding, the OLT transmits the dat®fdéd A and ONU B in separate
time slots. By using network coding, the OLT computes A(XBRNd sends the resulting coded
data to both ONU A and ONU B in the same time slot. At each ONW,dhta is decoded by
comparing the ONU'’s information with the received codedaddtherefore, the throughput of the
systems is increased by transmitting the data of each ONWimgde time slot. It has been shown
in [34] and [35] that network coding increases the througlybthe system, makes routing simple
and less prone to transmission errors.

1.6.5 Dynamic Optical Networks

The solutions discussed until now throughout Section lcflire technological changes in the
existing systems. In this section, we briefly discuss dywcamptical networks, which concerns
the architecture of the system. Optical access networkgdedhe most suitable solution for
broadband wireless systems [21], [22]. Due to the mobileneadf the wireless users, the tele-
traffic profile of wireless networks is different from that fofed networks. In this scenario, the
wavelength assigned to a particular RAU may not be in use réinetimes of the day, while

another RAU may be conveying a heavy traffic load. Theretoreppe with such situations, future



1.7. Objectives and Structure of the Thesis 13

optical access networks should be able to dynamically aléooptical channels [15], [21], [20].
This dynamic channel allocation philosophy implies tha tptical networks should be able to
perform dynamic wavelength allocation according to theeless tele-traffic profile. The data-
to-wavelength mapping should be controlled by the CU, wiadirthe signal processing tasks are
performed. The CU would detect the changes in the wireletsgonk traffic by observing the data
transmission demands imposed on different RAUs and theoai# idle wavelength to the RAU
under higher traffic load.

1.7 Objectives and Structure of the Thesis

The thesis discusses the three major types of ROF commigmisagolutions, namely Baseband
ROF (BROF), Analogue ROF (AROF) and DROF (DROF) [36], [338] The BROF system
transmits the radio data in the baseband format using anabgtarrier. The baseband data is up-
converted at the RAU to the RF carrier of say-2{ > for transmission to the MSs. The AROF
system directly modulates the optical carrier with the agaé RF signal. In DROF transmission,
the analogue RF signal is digitized at the CU using analdgtgigital converters and the resultant
digitized signal is transmitted over the fiber using an @taarrier. The operating principle as
well as the advantages and disadvantages of these systemsestigated in the thesis.

Chapter 2 describes the operating principle of the compsnesed in optical fiber communi-
cation systems, including the transmitter/receiver plag fiber-based trasmission medium, optical
amplifiers, optical filters and the required passive optioahponents. Familiarity with these com-
ponents will be assumed in Chapters 4, 5 and 6 of the thesis.

Chapter 3 provides a detailed introduction to ROF commuitinasystems. The three major
types of ROF communication systems that are BROF, AROF amdb&e detailed. The advan-
tages and disadvantages as well as the impairments impg®atb type of ROF communication
system are highlighted in Chapter 3, along with the charatites of pulse propagation in optical
fibers and its modelling techniques.

Chapter 4 describdsasebandptical communications with special emphasis on ROF signal
transmission, including a simple amplitude regeneratoppsed for optical pulsed transmission.
We study the effect of fiber parameters on the performancéeteégenerator. The chapter is
concluded with a performance evaluation of a physical lalesign conceived for BROF based
cooperative DASSs.

Chapter 5 considers an AROF system in detail, proposing aDFARnhg architecture relying
on a single laser source for feeding three different RAUsgi§4-level Quadrature Amplitude
Modulation (64-QAM) in a virtual Multiple Input Multiple Ogput (MIMO) type architecture. The
advantages of these architectures conceived for future R&kKorks are discussed and perfor-
mance results are presented to demonstrate the feasdjitityg proposed architectures.

In contrast to the baseband solution of Chapter 4 and the ARGique of Chapter 5, Chapter



1.8. Novel Contributions 14

6 aims for designing DROF systems. A physical layer desigmasented that uses optical signal
processing for the transmission of digitized 64-QAM signdlhe process digitizing the analogue
RF signal is detailed and the performance of the proposdutecture is characterized.

Finally, Chapter 7 concludes the thesis highlighting a eanfjideas for future work. The
organization of the thesis is visualized at a glimpse in tbelbdiagram of Figure 1.5.

1.8 Novel Contributions

1. Chapter 4 describes a simple amplitude regenerator whermajor contributions for its
characterization are summarized in Table 4.3. As discuss&dble 4.3, much of the re-
search on the physical structure of the regenerator hasfbeassed on the properties of
the fiber for the sake of optimizing the regenerator’'s penfmmce. However, all theoretical
and numerical studies in the open literature have congidevefar a negligible dispersion
slope for the fiber used in the regenerator. Against this ¢packnd, we have character-
ized the effects of the fiber’s dispersion slope used in al@askregenerator setup on its
performance [39]. We demonstrated that fibers exhibitingjlar optical properties at the
wavelength of operation, but having different dispersitmpss result in markedly different
regeneration performance. Therefore, this property caaxpmited for fine-tuning the per-
formance characteristics of the regenerator for the sakeluéving the target performance.
Some of the advantages of employing fibers having a high digpeslope in the regenerator
include achieving a high power gain and a high resiliencénagpulse-to-pulse overlapping
at high bit rates.

2. Table 4.4 summarizes the major contributions towards RR@ich shows that these stud-
ies use continuous wave optical transmission of the ARO&. dddwever, using continuous
wave carrier is not feasible for performing cost-effectmeoptical signal processing. keep-
ing this in view, a physical layer design conceived bassebandransmission in a star-like
architecture is presented in Chapter 4 [40]. The basebarthRHs transmitted using optical
pulsed techniques over a long fiber. The star-like architeatonsidered may be employed
in a DAS composed of 6 RAUs at spatially distinct locationse baseband data is transmit-
ted to each RAU as an amplitude modulated®8 > signal.

3. In Chapter 5, we propose a scheme for transmitting dupe® AM AROF signals using
four SCM channels in a ring architecture by generating pldtoptical side-bands from a
single low-cost off-the-shelf laser source at the MSC [41]e feasibility of transmitting the
ROF signals over each optical side-band is assessed ongissobéhe signal’s Error Vector
Magnitude (EVM) performance. As a further benefit, duplentimissions to three differ-
ent RAUs are supported simultaneously without requiring@asate laser source at each
RAU, where the conventional solution of using three segalaer sources would require
their phase-coherent synchronization. Hence all the cexngignal processing tasks are
performed at the MSC, which facilitates a low-complexituwicost RAU or DAS design.
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We also characterize the performance of our proposed schethe presence of realistic
parameter variations and show that the quality of the RORatsgconveyed to the different
RAUs may be dynamically controlled by appropriately vagythe device parameters used
at the MSC.

4. Again in Chapter 5, we demonstrate the feasibility of $raitting SCM 64-QAM AROF
signals in a DAS architecture by incorporating coherentcaptarriers [42]. Our scheme
simultaneously transmits four AROF signals to two diffarRAUs in a duplex architecture
using only a single laser source at the CU. The AROF signals matransmitted at two
different frequencies of 50'H z and 25G H z, which may be chosen by adjusting the optical
connectors used at the RAUSs.

5. Finally in Chapter 6 of the thesis, we propose a novel seffenthe transmission afigitized
RF signals using pulsed optical communication [43]. TablerBentions the major studies
performed on the digitized transmission of RF signals. Hmxeall the studies mentioned
in Table 6.1 concentrate on the feasibility of transmittingltiple RF signals of the same
or different technologies. On the contrary, we propose &eftsent UL/DL physical layer
design for the DROF link. More explicitly, we conceive thegitized transmission of 64-
QAM signals over a 25 km of SMF between a MSC and a BS.

1.9 Conclusions

The conclusions of the chapter are summarized below:

¢ With the proliferation of high-bandwidth wireless senscéhe network providers are facing
high bandwidth demands.

e These challenges can only be met by using an increased nwhB&s to provide a high
capacity and seamless coverage.

e The application is spreading in the form of TDM PONS due todéeelopment of inexpen-
sive and power-efficient optical components.

¢ ROF aided DASs contribute one of the most suitable choicesdtwork providers in order
to cope with the increasing bandwidth demand.



Chapter2

Components of Optical Communication
Systems

This chapter highlights the operating principle of the magmtical components that are generally
used in an optical communication system. Our contributiartee thesis are focussed on the de-
sign and performance of the optical system architectutes. therefore important to understand
both the operating principle as well as the specific locaticthe optical components in the system
architecture. The basic architecture is similar for défgrtypes of communication systems, such
as for example fixed or wireless systems. Figure 2.1 showsithplified block diagram of an
optical communication system, as well as its optical conembs It should be noted that there are
many types of optical components commercially availabtepierforming the same task, but we
have limited our scope to the components that will be usedimnmrk. The selection of these
components is based on their popularity and cost-efficieAsyshown in Figure 2.1, the transmit-
ter of an optical communication system consists either obati@uous Wave (CW) or of a pulsed
laser source. The CW laser is used for both analogue as wadr &mseband communications,
while the pulsed laser is generally used for baseband sigaramission. We will consider semi-
conductor based lasers, since they are widely used and amgacatively inexpensive. The laser
sources may be either directly or externally modulated leydata signal. A directly modulated
laser is followed by the transmission medium, as shown inf€@.1. By contrast, for the case of
external modulation, the laser source is passed througiktemal modulator before being trans-
mitted over the medium, as shown in Figure 2.1. There are timian types of external modulators
that will be discussed in this chapter. The transmissioniomedised in optical communications is
predominantly silicon fiber, but plastic fibers are also agimey at the time of writing. We will dis-
cuss the most commonly used transmission fiber known as tiggeSViode Fiber (SMF). Optical
signals transmitted over long fibers require amplificatibregular intervals. The amplification is
performed in the active component block of Figure 2.1. Thestmadely used optical amplifier
is the EDFA [26], [27], which will be discussed in Section 2Higure 2.1 also shows the asso-
ciate network components, such as optical filters and othssipe devices that will be discussed
Section 2.5 and 2.6, respectively. Finally, the operatinggiple of the optical receiver which is
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essentially a PD, is described in Section 2.3. The type @ivec discussed is a PIN photodiode,
which is the most common type of semiconductor PD used ircalbtommunications [44].

2.1 Optical Transmitter

The basic function of an optical transmitter is to converebattronic signal into an optical signal,
hence performing the EO conversion. The main component afpéical transmitter is the light
source called laser. Semiconductor lasers are commontlaseptical sources for the EO con-
version. They have many advantages which include low cosdllsize, reliability and suitability
for high frequency electrical signals (up to 257 z) when modulated directly [44]. Let us now
discuss the types and operating principle of semicondl&sers in Section 2.1.1.

2.1.1 Continous Wave Semiconductor Laser

A laser is a device that emits or amplifies coherent radiatiorihe infrared [26], visible or ultra-
violet region of the spectrum [45]. A laser source expldits principle of stimulated emission,
where excited electrons in a higher energy state are stietllay an impinging photon. Due to
this stimulation, the electron falls to a lower energy statd at the same time it releases another
photon of exactly the same characteristics as the one thastvaulated. A laser source is com-
posed of three essential elements, namely the so-calladrgadium, pumping mechanism and the
optical feedback mechanism, as shown in Figure 2.2 [45].rdleoto excite electrons, the gain
medium which consists of a suitable amount of atoms, modscolf ions is continuously pumped
by external energy. The external pumping stimulates thetreles of the atoms to jump to higher
energy levels, a condition which is generally known as pafah inversion. After stimulated
emission, the photons oscillate in the laser cavity, as shawigure 2.2. The laser cavity pro-
vides a feedback mechanism by reflecting most of the photadis imto the cavity, but some of
the photons escape through the appropriately designety eeails having a reduced reflectivity.
These escaped photons give rise to coherent light at a speefielength that is dependent upon
the particular material used in the gain medium. The elestio the excited state can also emit
photons spontaneously, i.e without any stimulation. Tpignéaneous emission of photons is a
source of noise in lasers. For a laser source to emit lighirmeously, the rate of stimulated emis-
sion denoted byR,;;,, should always be higher than the rate of spontaneous emidsimoted as
R,0n. Mathematically the following relation should be satisfjéd]:

Rtim/ Rspon = {exp(hf/kpT) — 1171 > 1, (2.1)

whereh is Plank’s constantyf is the frequency of the light emitteél; is the Boltzmann constant
andT is the absolute temperature. The above equation can béeshtfsthe number of electrons
in the excited state is higher than the number of electrotisarground state.

In case of semiconductor lasers, intrinsic semiconducttdenals constitute the gain medium
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Figure 2.2: Operating principle of a laser.

of Figure 2.2 [45]. Since intrinsic semiconductor mateyia&ve a low concentration of free elec-
trons and holes, they are doped with impurities to form retgpd p-type materials, which have
a high concentration of electrons and holes, respectivdligen the n-type and p-type materials
are brought in contact with each other, a p-n junction is fpas shown in Figure 2.3 [44]. The
electrons and holes are diffused across the junction umglcailibrium state is reached, at which
point no further diffusion takes place. At this equilibritgtate, there exists a strong electric field
across the junction due to the presence of oppositely ctiaigetrons and holes on the two sides
of the junction. When applying an electric voltage to the gemiconductor shown in Figure 2.3,
the electric field across the p-n junction is reduced. Thasllte in the diffusion of electrons and
holes across the junction. Every time an electron crossegitittion and diffuses into a hole, it
releases energy in the form of light. The wavelength of thétechlight is dependent upon the
electric field strength across the junction, which in turn ba controlled by the level of doping
used in the n-type and p-type materials. In case of semiaiadlasers, light reflection required
for optical feedback shown in Figure 2.2 is achieved thraihgitleaved ends of the semiconductor
block, as shown in Figure 2.3. It is the change of refracthaek between the laser end and the
outside material, that typically reflects 30of light back to the gain medium.

Like all other semiconductor components, lasers also gémeoise, which is commonly re-
ferred to as Relative Intensity Noise (RIN). The RIN termogy collectively represents the noise
due to variations in the intensity, phase and frequencyefaber light. There are two main reasons
for these variations, namely spontaneous emission antt@belcole combination. Again, sponta-
neous emission is a phenomenon, where the excited electr@migher energy state jumps to a
lower energy state without stimulation, hence releasingagn of random phase and frequency.
The electron-hole combination, which is also termed as Sluise occurs due to the filling of
holes with the free electrons in the semiconductor material
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Figure 2.3: Structure of a simple semiconductor laser.

2.1.1.1 Distributed Feedback Semiconductor Lasers

The most common type of semiconductor lasers used in ogtitamunications is constituted by
the Distributed Feedback (DFB) Laser [46]. As the termigglanplies, the feedback in case of
DFB lasers is achieved not only by the end facets, but it isidiged along the entire length of
the active region, as shown in Figure 2.4. The reflectiongiftlis achieved through appropriate
grating, which is composed of portions of alternate low aigh mefractive indices repeated peri-
odically along the length of the semiconductor. Some portiblight is reflected at each change
of the refractive index regardless of how gradual or abro@téfractive index change is. Depend-
ing upon the specific periodicity of the high/low-index gngt seen in Figure 2.4, the reflected
light of a certain wavelength may add constructively duenterifering phase-coherently and hence
the laser emitted predominantly consists of light of thigipalar wavelength. Lasers of different
wavelengths can be manufactured by appropriately adgighi@ above-mentioned periodicity of
the grating seen in Figure 2.4 inside the active region.

Grating

P—Type /‘</
AVAVAVAVAY,

Active Region

N-Type —

<—— Cleaved Ends ———=

Figure 2.4: Structure of a DFB semiconductor laser
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2.1.2 Directly Modulating Semiconductor Lasers

The simplest and cheapest method of EO conversion is thateatly modulating a CW laser [47].
As mentioned in Section 2.1.1, the semiconductor lasersguir€ 2.3 are biased appropriately in
order for them to emit light. If the RF electronic signal totbkensmitted over the fiber is applied to
an appropriately biased laser, the output optical poweh@ldser varies almost linearly with the
RF signal applied to it. However, there is a limited lineagiom in the laser’s response to an RF
voltage applied to it. The output optical power versus irquutent of a typical semiconductor laser
along with the characteristic parameters is shown in Fi@usg7]. It can be seen that a certain
minimum value of input current referred to as the threshaldent /,;, is required, before the
laser starts emitting a considerable amount of light. Tieedso a certain value of input current,
beyond which the output optical power of the laser saturaidss value of current is so-called
the saturation current,,;. Between the currents, and I, there exists a linear region, where a
change in the input current produces a proportional chamdlee output power of the laser. In
order to accomodate the entire peak-to-peak variationsannput RF signal, the laser has to be
biased to the operating point &f;,, using a DC source. The RF signal is then superimposed on
the DC source.

Output Optical Powe

lth  lbias Isat Input Current
Figure 2.5: Ouput optical power of semiconductor laser versus inputecir

Mathematically the output optical power is related to theuincurrent by the following rela-
tion [7]:

P,, = %m(] — Iyp), (2.2)

wheren;, denotes the laser’s quantum efficiehcy denotes Plank’s constant,is the frequency
of the emitted photon anglis an electron’s charge.

1The laser’s quantum efficiency is defined as the average numipaotons generated per electron.



2.1.3. Pulsed Semiconductor Lasers 23

2.1.3 Pulsed Semiconductor Lasers

In baseband optical communication systems relying on TDMrinsmitting multiple channels
typically pulsed semiconductor lasers are used. The dgtidses are generated by gain switching
applied to the DFB laser diode (LD) [48], [49], [50], as showithe schematic of Figure 2.6 [51].
Gain switching uses a periodic high-frequency sinusoigplad to generate optical pulses of the
same repetition rate as the applied sinusoidal signal, stogwihe stylised plot of Figure 2.6. The
optical pulses generated can have a pulse duration whicluch ishorter than the time period of
the sinusoidal signal used to drive the CW laser. The DFB LBiased to an operating point that
is just below its threshold level, where only spontaneoussion is released by the laser. When
for example a sinusoidal RF signal is superimposed on the 2§, been ag$,;,, in Figure 2.5,
the positive voltage cycle of the sinusoidal signal addsh®@C bias and increases the current
beyond the threshold level. Hence the DFB LD's stimulategeion is triggered, which we might
refer to as lasing. During this period, a large number of phetare generated which results in a
fall of the carrier density below the threshold level. THere, the DFB LD stimulated emission
is curtailed before the positive cycle of the RF signal is pteted. Then again, the positive cycle
of the RF signal is followed by a negative cycle, during whils injection current is reduced to
a low level. Hence, the carrier density is increased durggeriod, when the DFB LD is not
lasing. On the next positive cycle, another laser pulse istethand this process continues until
the electronic signals applied to the laser are switchedltigérefore, the process of gain-switching
can be used for the efficient generation of short duratioitalypulses at the repetition rate of the
applied sinusoidal RF signal, as shown by the stylized dlégare 2.6.
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Figure 2.6: Schematic of a Gain Switched Laser.

2.1.4 External Modulation

Although the direct modulation of semiconductor lasers Isvecomplexity and cost-effective
method of generating intensity modulated optical sigris,limited to low-frequency electronic
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signals. Directly modulating a laser at high frequenciesdt tire close to the laser’s relaxation
resonance frequency, increases the generation of lasglBR]Nwvhich then gives rise to variations
in the phase of the optical signal, an effect termed as phaise f47]. The group delay of the
signal is defined as the first derivative of the optical phatk mespect to optical frequency and
the dispersion parameter is a measure of the second deeivatihe optical phase with respect
to optical frequency. Therefore, the phase noise of thealpsignal will result in different group
velocities while travelling through a dispersive fiber. Gequently, the variations in the group
velocities will result in intensity modulation of the opaiicsignal, as described in [53]. In case of
digital optical communications transmitting optical pegover long fibers, the laser’s phase noise
tends to become the factor limiting the maximum distanceteafegeneration is required. In order
to avoid the impairments imposed by direct modulation oflilser using high-bandwidth signals,
typically external modulators are used [52]. In Sectioris21, 2.1.4.2 and 2.1.4.3, three main
types of external modulators relying on different physeféécts are discussed.

2.1.4.1 Mach-Zehnder Modulator

Electrodes Lithium Niobate
b |

* Vo

R o V¢ Modulating
LN i g Signal Voltage

R Aoy —
Optical Input ' Optical Outpu

Optiéal Waveguides + Vo

Figure 2.7: MZM using a Lithium Niobate phase modulator in the upper amder arm of a
MZI [54].

The most popular commercially used type of optical moduliatthe Mach-Zehnder Modulator
(MZM) [44]. The schematic of a typical single-drive MZM is ®hin in Figure 2.7, which is
reminiscent of the Mach-Zehnder Interferometer (MZI). Aswn in Figure 2.7, the optical input
of the MZM is split in path 1 and path 2 with the aid of the optis@veguides seen in Figure 2.7.
Initially, the optical signals in each path have the samespha and¢,, thereforep, — ¢, = 0.

It can be observed from Figure 2.7 that each optical wavegsidurrounded by electrodes which
are connected to the DC bias voltage and the modulatinglsigltage. These voltages are used to
vary the phase of the optical signal inin path 1 and path 2 thettaid of the so-called linear electro-
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optic effect [52]. This electro-optic phenomenon typigadccurs in nonlinear optical mediums
such as optical crystals, where the application of an eateziectric field changes the refractive
index of the crystal. When light is passed through such ata@kygs phase is modulated due
to variation in the refractive index caused by the amplitudeations of the applied modulating
voltage. In the absence of the modulating voltage showngurei2.7, the DC bias voltages keep
the refractive index of the crystals at values such that mselvariation is imposed on the signalsin
pathl and path2. With the application of the modulatingagydt, the phase of the optical signals in
path 1 and path 2 changes in proportion to the amplitude cdpipéed modulating voltage. When
the phase-modulated optical signals in pathl and pathZipezimposed at the right of Figure 2.7,
they result in an optical signal whose amplitude depends tipwphase difference between signals
of path 1 and path 2. Hence the amplitude variation of the ratithg signal voltage is used to
impose phase variatiors and ¢, on the optical signals in path 1 and path 2, respectively. The
difference in the phase; and¢, results in amplitude variations of the optical signal atdkigut

of the MZM. This type of MZM is called a single-drive MZM, siache same modulating voltage
is applied to both the arms of the MZM, as shown in figure 2.7e firfost widely used nonlinear
optical crystal in the design of MZMs is the lithium niobateystal [55]. The reason for the
popularity of lithium niobate is its ability to operate atigh frequency, its efficient coupling with
optical fibers and low chirp-induced contamination of théag signals [55]. Chirp is defined as
the linear variation in the instantaneous frequency of thtecal pulse with time [56]. The optical
power at the output of the MZM in terms of the input optical gownay be written as [54]:

P(t) = Py(t) - coss [Ad(1)] (2.3)

whereP,(t), P,(t) and¢(t) are the input optical power, the output optical power anddked phase

difference between the optical signals in the two arms oME& seen in Figure 2.7. The phase

difference in the two arms can be written as:

_ 01(t) — ¢a(t)
2 )

where ¢, (t) and ¢,(t) are the phase differences in path 1 and path 2 of the MZM dubeo t

modulating voltage, as shown in Figure 2.7.

Ao(t) (2.4)

2.1.4.2 Dual-Drive Mach-Zehnder Modulator

In contrast to the single-drive MZM of Figure 2.7, the Duai®@ MZM (DD-MZM) allows the
application of different voltages namély, andV,, to the upper and lower arms of the MZI, as seen
in Figure 2.8 [54]. It can be observed from the schematicaiabD-MZM has separate electrodes
for the DC bias voltage and the RF signals. This allows forapglication of independent phase
shifts to the two optical signals in the arms of the MZM. As adi#, the DD-MZM can be
used to generate various types of modulated signals, suoh esample Single-Side-Band (SSB)
Modulation [57]. The SSB modulation is achieved by applyaguitable DC voltage to one of
the DC electrodes, while grounding the other DC electrodeh& same time, both the RF signal
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Figure 2.8: Schematic of a DD-MZM [54]. In contrast to the single-driveZM of Figure 2.7,
different modulating signals - namely.; andV,., may be applied to the upper and lower arms.

electrodes are driven by splitting the same RF signal arftirehihe phase of one of the splitted
signals byr, as described in [57].

2.1.4.3 Electroabsorption Modulators

The third major type of optical intensity modulators is ciitased by the Electro-absorption Modu-
lator (EAM), where the absorption coefficient of a matesatiodulated in response to the external
voltage [52]. The light-absorption of the material dirgetiodulates the intensity of the optical sig-
nal passing through it. EAMs are primarily manufacturechgsiemiconductor materials, such as
for example Indium Gallium Arsenide (InGaAs) and Indium Aunium Arsenide (InAIAS) [52].
The same materials are used for manufacturing semicondlasers and PDs. Hence EAMs
manufactured from these semiconductor materials are ernhynguitable for integration with the
semiconductor lasers and PDs used in the optical link.

The mathematical relationship of the output optical fieldaofEAM versus the input optical
field can be written as [54]:

E,(t) = Ei(t) - TFpan - exp (%p : lnTFEAM) (2.5)

whereFE,(t) andE;(t) represent the input and output optical fields respectiZely; 4, represents
the power transfer function of the modulator, whilés the chirp factor [58]. The power transfer
function of the EAM can be written as:

TFEA]\/[: (1—m)—i—mD(t), (26)

wherem is the modulation index of the modulator andt) is the instantaneous value of the data
signal applied to it.
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2.2 Optical Fiber

Optical fibers are used as the most popular transmissionumeiti optical communication sys-
tems. Optical fibers exploit the principle of Total Interieflection (TIR), where light entering
the fiber at a certain angle remains confined to the core duléxtions from the boundary of the
core. The reason for the reflection of light at the boundarhefcore is the significant change in
the refractive index at the core boundary. As shown in Figu®ean optical fiber is made of silicon
and it is cylindrical in shape, consisting of two sectioh®, inner core and the outer cladding. The
refractive index of the cladding is made significantly lovlean that of the core. Since a change
in refractive index results in the reflection of light, thght entered at a certain angle into the fiber
remains confined to the core [59].
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Figure 2.9: Structure of a SMF showing its cross-section and refradtigdex profile.

We will discuss the most common type of fiber used in opticahicmnications, namely the
SMF [44], as shown in Figure 2.9. It is referred to as beingleimode, since it allows only one
mode of light to pass through it, due to its small core radiighe core radius is on the order
of the wavelength of light used, then only a single mode ditligavels through it following an
almost a straight path without reflections [59]. The refrkactndex profile shown in Figure 2.9
generally obeys a step-index profile, since the refractidex of the core is a step higher than
that of the cladding, i.e. there is no gradual transitiomieein them, as seen in Figure 2.9. The
core diameter of a typical SMF is 8 - 10n and its cladding diameter is 12bn. Since the core
radius of SMF is comparable to the wavelength of light usedpitical communications, the TIR
is no longer responsible for the confinement of light to theFSMstead, it is the step-change in
the refractive index of the SMF that helps in confining thétigp the fiber [59]. In a transmission
medium having a homogeneous refractive index, light srelae the phenomenon of diffraction.
Therefore the width of a beam of light traveling through a logeneous medium will increase, but
fortunately the beam-width may be controlled by carefuldgsigning the refractive index profile
of the medium. If the refractive index of the medium near tkeater of the beam is kept high
compared to the periphery, then the light at the center lgaslewer than at the periphery. The
reduced speed of light at the center compared to that at tiyghpey enables the medium to keep
the light focused, by preventing it from spreading out. Téfactive index profile of the SMF
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shown in Figure 2.9 was designed to keep the light focusethatat travels along the core for
long distances.

Like any other transmission medium, optical fiber also ingsasnpairments on the signal that
is transmitted through it, which include attenuation, diggon and nonlinearity. In the following
sections, we discuss each of them in detail.

2.2.1 Attenuation of the Fiber

The fiber attenuates any signal that passes through it. Bnerso main reasons for fiber attenu-
ation, namely material absorption and Rayleigh scattgdag Material absorption can be further
divided into two categories, intrinsic absorption and iesic absorption. Intrinsic absorption is
due to the silica itself, which is used to make the fiber, wkié&rinsic absorption is due to im-
purities in silica. Material absorption exists due to thecélonic or vibrational resonances within
the fiber material. The attenuation due to intrinsic absonpin silica occurs due to electronic
resonance occuring for wavelengths in the ultrviolet regwhile due to vibrational resonance for
wavelengths in the infrared region. The major impurity cag®xtrinsic absorption is the presence
of water vapours in silica. These vapours cause attenup@aks near the 2.73n wavelength
region due to vibrational resonance of Oxygen and hydro@g) (ons [44]. The dependence
of material absorption on the wavelength of light can be oleskfrom Figure 2.10 [44], which
shows the amount of attenuationd® /km versus the wavelength for different sources of material
absorption. It can be observed from Figure 2.10 that thénsitr absorption occurs only in the
ultraviolet as well as infrared region and it remains snratlhiagnitude.
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Figure 2.10: Losses in SMF versus wavelength [After [44]].
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The second major source of attenuation in optical fibers yddRgh scattering, which is caused
due to minor refractive index variations within the fiber @orThese refractive index inhomo-
geneities are due to variations in the silica density withecore, which are caused by imperfect
manufacturing of the fiber. A small part of the light travelithrough the fiber is reflected every
time a change in refractive index is encountered. Sincedfiected light is not received at the
other end, Rayleigh scattering is a major cause of optiggadiattenuation. It can be observed
from Figure 2.10 that the attenuation caused by Rayleigtiesoag is considerably higher than
that of material absorption. As mentioned in [44], the RyHescattering induced attenuation in-
creases inverse proportionately with the fourth power efilavelength. Therefore, as observed
from Figure 2.10, the attenuation due to Rayleigh scatyasower at higher wavelengths.

Figure 2.10 also shows the total attenuation due to the awedbeffect of all the sources of
absorptions. The overall attenuatiarof the fiber may be written mathematically as:

10 P,,
o = —logi( 5, (2.7)

L

whereP,;,, andP,,; are the input and output optical powers of a fiber of lengtiAgain, the peaks
observed in the experimental plots are due to the extrinmsomtion caused by water vapours in
silica. In order to keep the signal attenuation to a low vatbhe wavelengths of light chosen in
optical communications are in the 1.3n and 1.5um bands. As observed in Figure 2.10, the
overall attenaution of the fiber is as low as d2/km in these regions.

2.2.2 Fiber Dispersion

Fiber dispersion is a phenomenon where light of differentelengths travels at different speeds
within the fiber. The reason for dispersion is the wavelertghendence of the refractive index
of silica used for manufacturing the optical fiber. An optisignal, be it CW or pulsed, is always
composed of a finite range of wavelengths. Hence due to tafeaadex variations, each wave-
length travels at a different speed along the length of fibaerefore, the optical pulses received
at the output of the fiber are typically broadened owing t@elision. Figure 2.11 shows the vari-
ation of dispersion with wavelength of the optical signa][5It can be observed from the figure
that dispersion is negative for wavelengths below 18&0and becomes positive for wavelengths
higher than 131@m. However, the slope of the dispersion versus wavelength wiuich is also
called the dispersion slope, remains positive over the ¢empange of wavelengths. The wave-
length of 1310nm, where the dispersion changes sign is generally termedeazetio-dispersion
wavelength [56]. Since dispersion is the derivative of groefractive index of silica with re-
spect to wavelength, the sign change indicates that thepgralex decreases with an increase
in wavelength until 131@&m, and increases for wavelengths beyond 1810[56]. Therefore,
the group velocity of the optical signal, which is inversplpportional to the group refractive in-
dex, increases with an increase in wavelength until 340 and decreases for an increase in the
wavelength beyond 13L0m.

The effect of dispersion is different for analogue and digitommunication systems. Since
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Figure 2.11: Fiber dispersion versus wavelength/frequency [After][56]

analogue systems use CW lasers, they do not experiencealcbroadening of the signal in
time domain while travelling through a dispersive fiber. TW signals have a narrow bandwidth,
therefore the wavelengths at the edges of the spectral Walth a small difference between them.
Due to this small difference in the wavelengths, their spedtie optical fiber is almost similar,
hence avoiding the broadening of the signal in the time domiistead, dispersion effects ana-
logue systems in a different manner. When a CW signal is siyymodulated with an electronic
signal, sidebands are formed on both sides of the CW caraguéncy. The sidebands are located
at a frequency shift which is equal to the frequency of thetedaic signal. Due to difference in
frequencies of the sidebands, fiber dispersion induceablarphase changes on these sidebands
while the analogue signal travels through the fiber. At treeireer, heterodyne reception takes
place as part of the process of photodetection [60]. Thezefbe output of the PD is the sum of
the two received sideband’s intensity. For the scenarigrethe phase of the pair of received
sidebands is opposite due to undergoing different amourdgpersion, the output signal of the
PD becomes almost zero due to the destructive superpositibie sideband signals. By contrast,
when the phase shifts of the two sidebands are the same, tinat ofithe PD becomes maximum
due to the constructive superposition of the sideband Egmaerefore, the output of the PD varies
as a function of the phase difference between the two sidit]&]. The relationship between the
power P, ; detected at the output of the PD for a fibre having a ledgtimd a dispersion parameter
D is given by [60]:

fs
f

wherec is the speed of lightf, ; is the frequency of the RF signal arfids the central frequency of
the optical carrier. Observe from Equation 2.8 that the iguaf the received RF signals will be
affected, depending upon both their central frequencidsugon the kilometric dispersion of the
fiber.

P,y o< cos[mrLeD(7)%, (2.8)
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Let us now consider the effect of dispersion in case of bagkbammunication systems using
optical pulses to transmit the digital data. Optical puls@ge a narrow but finite pulse width which
results in a broad spectrum. The effect of a fixed kilomethierfdispersion is more pronounced on
narrower pulses having a wide spectrum. Due to the presdracime range of frequencies, the
frequency component at one end of a broad spectrum travaldifferent speed compared to the
frequency component at the upper end. This broadens thegnlshe time domain, which might
hence overlap with the adjacent pulses. Figure 2.12 sha\®Atrlap of adjacent pulses in the time
domain due to dispersion, where the optical pulses at tmsrnéater are within the time allotted
to each bit. However, after the signal was transmitted owdisersive fiber, each pulse broadens
in the time domain and the tails of two adjacent pulses mighktlap, thus potentially imposing
detection errors. Since high-bit rate Optical TDM systegtpuire short pulse-widths, they suffer
from the effects of dispersion. Increasing the fiber lengtthier degrades the dispersion.

Transmitted

Time

Figure 2.12: Optical pulses before and after transmission through analgiber link.

2.2.3 Fiber Nonlinearity

Like any other di-electric medium, the response of the apfiber becomes nonlinear upon in-
creasing the intensity of light traveling through it. Thenfinearity of a fiber is quantized in terms
of its nonlinearity parameter defined as [56]:

TNoWo

(2.9)

7= C/leff7

wheren, is the nonlinearity index of the fiber.; is the effective area of the fiber core, is

the frequency of light and is the speed of light in vacuum. Observe from Equation 2.9 tthey
nonlinearity parameter may be varied by adjusting eitherrtbnlinearity index or the effective
area of the fiber core. The nonlinearity indexdepends upon the material of the fiber and can be
controlled by adding impurities to silica [56]. The nonlargy of the fiber typically results in har-
monics of the signal and hence broadens the spectrum of tlealogignal. When an optical signal



2.2.3. Fiber Nonlinearity 32

having a finite spectral bandwidth travels through a fibex,ghase of each spectral component is
also affected by the nonlinearity of the fiber. This phasanrge of the spectral components results
in further new frequencies and hence gives rise to broadesfithe spectrum [56]. The spectral
broadening imposed by nonlinearity is aggravated by irsingathe power of the optical signal.
The spectral broadening phenomenon is shown in the styliizestration of Figure 2.13, where
the spectrum of an optical pulse is shown at different distaralong the fiber, demonstrating that
upon increasing fiber-length, the spectrum of the signadeas.

| ||

I

Distance

Power

Figure 2.13: Spectral evolution of an optical pulse along the length adrfib

Since the spectral broadening occurs due to change in tlotrabghase of the signal along
the length of the fiber, it is termed as phase modulation. Wherphase modulation is imposed
by the signal's own excessive intensity, it is referred tocSaff Phase Modulation (SPM) [56].
When two optical signals are travelling side-by-side indjras in TDM systems, the intensity of
one signal has an effect on the phase of the other. This typbage modulation is termed as
Cross Phase Modulation (XPM). Naturally, fibers having @hignlinearity parameter will cause
more substantial spectral broadening of the optical sjgmiaich is highly undesirable in optical
communication systems [44]. Therefore fibers designedgitical communication tend to have a
comparitively large effective core area so as to make thdimaar parameter as low as possible,
as shown by Equation 2.9. Recall from Section 2.2 that thé lmposed on the effective area is
determined by the maximum tolerable width still facilitagithe transmission of a single mode of
the optical signal propagating through the fiber. The n@aliity of the fiber mainly affects the
family of digital communication systems using optical mss Optical pulses having a sharp rise
and decay in time domain have a broad spectrum and hencegonldigher SPM. The relation
between the optical pulse’s power profile and the phasextist-induced frequency shiftvspy,
imposed by SPM may be written as [56]:

dwspy = VLeffd—t> (2.10)
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where L., is the effective fiber length anw is the optical pulse power profile’s rate of
change. It can be observed from Equation 2.10 that the frexyughift induced by SPM is high for
narrow optical pulses exhibiting a high derivative. Eqoiat2.10 also shows that the effect of fiber

. e . . : . . dp(t
nonlinearity is negligible for analogue optical system&g<W signals, since the value ef%
for a relatively narrow-band CW signal is typically low.

2.3 Optical Receiver

The task of an optical receiver is to perform the OE conversiats input signal. In this section,
we will discuss the process of photodetection, the paramet@ PD and the design of a commonly
used PD termed as the PIN photodiode.

2.3.1 Principle of Photo-detection

Photodetectors are made of semiconductor materials. Wipeinfalls on a semiconductor mate-
rial, photons are absorbed by the electrons in the valenoe dithe semiconductor [59]. These
electrons in the valence band gain energy from the absoithetp and thus move to the conduc-
tion band of the semiconductor material. Therefore an elaehole pair is formed, which on the
application of an external potential, gives rise to the fldwlectric current, referred to as photo-
current [59]. The process of photo-detection is shown instiyézed illustration of Figure 2.14,
where an electron absorbs a single photon to move into théuotion band. In order for the elec-
tron transition to occur, the energy of the incident photoowsd be equal to the energy difference
between the valence and conduction band, as indicated byettieal line in Figure 2.14. The
simplest form of a PD is based on a combination of p-type atygpa-materials forming a p-n
junction. When light falls on this type of a reverse-biasadjpnction, electron-hole pairs are gen-
erated that flow in the opposite direction due to the voltgg#ied. The width of the p-n junction
determines the amount of current flow.

2.3.2 Photodetector Parameters

Let us now discuss some of the PD parameters, namely itsnsisftyg, quantum efficiency and
bandwidth. The responsiviti of a PD is defined as the ratio of the photocurrgngenerated, to
the optical powef?;, incident on the PD, which is formulated as:

Ly (2.11)

R:B

The quantum efficiency of a PD is a measure of how efficiently the PD converts the editight
into electric current, namely as the ratio of the rate of tetecgeneration to the rate of photon
incidence on the PD [44]. The rate of electron generationvsrgby the ratio of the current flow
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Figure 2.14: The principle of photodetection.

to the charge of an electron, while the rate of photon inadéds given by the ratio of the total
incident power to the energy absorbed, when an electrongungm a lower energy level to a
higher level. Hence the quantum efficiency can be expressed a

_ ]p/q _ ﬂ
" Banf g (212

whereq is the electron chargé is Plank’s constant and is the frequency of the incident
photon. The bandwidth of a PD predetermines, how promptésiponds to changes in the incident
light. The bandwidth in turn depends upon the rise tifhewhich is defined as the time it takes
for the current to rise from 19 to 90 % of its final value for a step change in the power of
the incident light [44]. Considering the p-n junction bageld of Figure 2.15, the rise time is
dependent both upon the RC time constant and on the tramsitdf the PD. The capacitance
of a p-n junction based PD is determined by the lergtlof the depletion region which separates
oppositely charged electrons and holes. The transit tintkeigime required for an electron to
travel from one end of the PD to the other. The rise tifhef a PD can be written as [44]:

(Leo

| |
| |
p-type : : n-type
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| |

<>
Depletion region(L )

Figure 2.15: Structure of a P-N junction photodiode.

T, = (In9) (7 + Tre), (2.13)
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wherer;, andTrc denote the transit time and RC time constant of the PD. Theegabfr;, and
Tre are dependent upon the design of the PD. Due to the analoge&ethe PD and RC circuit,
the bandwidth of the PD can be expressed in a way similar taftthe RC circuit as:

AF = 1/[277'(7}7« +TRC)]- (214)

Equation 2.14 implies that the bandwidth of a PD can be irsg@doth by reducing the RC time
constant and by the transit time of the PD. The reductioraimgit time can be achieved by reducing
the lengthL », of the PD, since the transit time is relateditp, by:

lyr = LPD/Udv (215)

whereuv, is the velocity of the electrons drifting across the lengithof the depletion region. A
reduction in the length of the PD would reduce the surfaca arewhich the light falls. Therefore
the rate of electron generation will decrease, which in wilhreduce the responsivity and effi-
ciency of the PD. This implies that there is a trade-off betthe bandwidth and responsivity of
a PD.

2.3.3 PIN Photodiode

Apart from the drift of electrons across the depletion ragtbe photocurrent can also be generated
through diffusion of electrons and holes. As mentionedieaihe drift current is generated due
to light falling on the depletion region of the PD. Similartie diffusion current is generated by
the light falling on the n-type and p-type materials in the. Hlbe electrons and holes generated
in p-type and n-type materials respectively, have to défissvards the depletion region boundary,
before they can drift to the opposite sides. This diffusibelectrons and holes is a slow process
and hence delays the response of the PD to a sudden changeimehsity of the incident light.
In order to reduce the diffusion current, the length of thigge and n-type materials can be de-
creased, hence making the drift current dominant over tifigstbn current. This can be achieved
by inserting an intrinsic semiconductor material betwdenri-type and p-type materials, hence
increasing the length of the depletion region, while desireathe length of n-type and p-type
regions [61], as shown in Figure 2.16 [44]. Due to the paldicatructure of the PD, it is gener-
ally called PIN photodiode, where P, | and N stands for thggetintrinsic and n-type materials,
respectively.

2.4 Optical Amplifiers

Naturally, the optical fiber attenuates light, as discuss&ction 2.2.1. Furthermore, in an optical
network, there are multiple passive components, such adm@dmultiplexers, filters, splitters and
couplers, whose insertion losses reduce the signal powerelore optical amplifiers are required
at regular intervals in order to maintain a suitable sigralgr along the transmission link. The
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Figure 2.16: Structure of a PIN photodiode.

most common optical amplifier used in optical communicasipstems is the EDFA [26]. EDFAs
work in a manner similar to lasers namely by pumping a gainiomegwhich is made of an Erbium
doped fiber. Recall from Figure 2.2 that as a result of pumpgimg electrons in the gain medium
jump to higher-energy states. These electrons are stiatulat photons of an incoming optical
signal to jump to a lower-energy state, while releasing dqmof the same characteristics as that of
the incoming signal. Therefore, the newly generated pheoithihave the same phase, polarization
and direction of motion as the incident photon. This proeessreferred to as stimulated emission
in Section 2.1.1 and results in increasing in the opticalifrgignal’s power. The wavelength of
the light emitted when an electron jumps from a higher enstgte to the lower one is dependent
upon the material used to dope the fiber. For Erbium dopirig,vtavelength lies in the region
spanning from 152%m to 1570nm [26], which coincides with the wavelength region where the
fiber attenuation was shown to be the lowest in Figure 2.1@réfbre, Erbium is a suitable dopant
for amplifiers used in optical communications. In Erbiung @iectrons can be excited to reach
many different energy levels, but we will consider only tveeels namelyr; and £ that are at a
higher energy than the ground levg|, as shown in Figure 2.17 [59]. The upward pointing arrows
in Figure 2.17 indicate pumping of the Erbium ions with the: @i a laser having a wavelength of
980nm, since pumping at 98@m consumes a low power. When the electron is raised to lyel

it spontaneously jumps down to leve} and then to leveE;. The transition time front; to E,

is much shorter than that of the transition frditpn to £;,. Therefore, most of the electrons stay at
level F, for a longer time and hence increasing the amplification @odly of an input signal in
the wavelength range of 1526n to 1570nm.

Figure 2.18 shows the structure of a typical EDFA [26]. Theagaedium is divided into two
parts by using two segments of Erbium doped fiber. Each of #ie media is pumped using
980nm pump laser diodes that are coupled to the Erbium doped fidegreTis an isolator and
an optical filter between the two segments of an Erbium doyet. fiThe purpose of the isolator
is to prevent the light from travelling in the backward diien towards the signal source, for
example due to reflections in the optical network. The filleused to reject out-of-band noise
from the signal. After passing through both Erbium dopedrfgegments, the amplified optical
signal is filtered again to reject any out-of-band noisedieiticed by the amplification process. The
passive components in the schematic including the optitatdj the coupler and the isolator are
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Figure 2.17: Basic principle of doped fiber amplification.

introduced in the Sections 2.5 and 2.6.
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Figure 2.18: Structure of a typical EDFA.

Similar to lasers, the optical amplifiers also generate soonge, which reduces the signal to
noise ratio of the output signal. The main source of noiskessb-called Amplified Spontaneous
Emissions (ASE) Noise. The reason for this noise is the sjmaaius jump of electrons from higher
energy state to the lower energy state, releasing a photaandbm phase and random direction,
as indicated at the top right corner of Figure 2.17. The EDE®ed for ROF and baseband optical
pulsed communication have generally similar charactesisalbeit it is desirable to have an EDFA
for pulsed communication which is less nonlinear, henceltiag in reduced spectral broadening
of the signal being amplified. This can be achieved by inéngathe effective core area of the
Erbium doped fiber used in the EDFA as a gain medium.
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2.5 Optical Filters

Optical filters, which may be used for example to separataglesbf mutiple optical signals from
a WDM signal. Optical filters are also widely used to reject-ofdband ASE noise imposed on
the desired signals. Some of the desirable features of a&abplter are a high out-of-band signal
rejection, temperature independent operation, low if@selbss, compact size and low cost. In this
section, we will discuss the four most common optical filigsed in communications.

2.5.1 Grating Filters

Grating filters exploit the phenomenon of light-diffractito different wavelengths of an input op-
tical signal. The grating filter of Figure 2.19 uses a diffraic grating, which is esentially a glass
having a rectangular cross-section and multiple slits ovgs. When light composed of different
wavelengths impinges on such a grating, it passes throwghairow slits and spreads out at the
output due to diffraction. Hence each slit effectively dikts a separate source of light. An impor-
tant quality of diffraction grating is that for a unique sétitscrete angles, the light diffracted from
the multiple slits facing in different directions are in gleg62]. This coherent phase relationship
results in constructive interference among various ditfrd wavefronts at spatially separate points
at the opposite side of the diffraction grating. The comuditior constructive intereference to occur
for a grating having a uniform slit spacing @between two consecutive slits and an incident light
of wavelength\ is given by [62]:

d-sinf =m - X\, (2.16)

wherem is the diffraction order and is the diffraction angle.

Diffraction
Grating

Screen

Incident Light Diffracted Light

Exit Slit i I\

Figure 2.19: Operating principle of a Tunable Grating Filter [62].

Again, the operating principle of a grating filter based oiffaattion grating can be understood
from the simplified diagram shown in Figure 2.19 [62]. Theicgitsignal to be filtered impinges
on a diffraction grating, which results in a diffraction feah at the opposite side. The diffraction
pattern is composed of multiple bright spots of light ateliént wavelengths separated spatially.
The spatial distance among the different bright spots d#péoth upon the slit spacing of the
grating and on the distance of the screen used for obseipdttern. A narrow bandwidth of



2.5.2. Arrayed Waveguide Grating Filter 39

light can be filtered out by using an exit slit located at somséatice from the diffraction grating.
The bandwidth retained depends upon the size of the exitrslirder to construct a tunable grating
filter, the diffraction grating is mounted on a mechanicalicture that can be rotated externally.
When the diffraction grating rotates, the diffraction patton the screen also shifts, resulting in
different retained wavelengths exiting the exit slit.

2.5.2 Arrayed Waveguide Grating Filter

The grating filter described in the previous section usesfeadiion grating for achieving spatial
dispersion of the input optical signal. In this section, wecdss the Arrayed Waveguide Grat-
ing (AWG) filter, which uses optical waveguides for achieyen spatial separation similar to the
grating filter. AWG filters rely on the principle of opticalterferometers [63]. The simplest in-
terferometer is the MZI, which is composed of two optical gleus connected by two separate
waveguides in order to filter a single wavelength, in a fashlmat is reminiscent of the MZM
of Figure 2.7. Similarly, the AWG is composed of two opticaluplers that are connected by
more than two waveguides in order to filter multiple wavelésd63] using the principle shown
in Figure 2.20 [64].

First Slab Waveguide Second Slab Waveguide

Arrayed Waveguide

Input Waveguide Output Waveguid

Figure 2.20: Structure of a typical AWG. The free space propagation regibFigure 2.19 is
replaced with the combination of arrayed and slab waveguide

Observe from Figure 2.20 that the AWG consists of input anputuiwaveguides, two slab
waveguides and a set of arrayed waveguides, which are maaé sifica. When the optical
signal passing through the input waveguide enters the fabtwaveguide, it diverges in the free
propagation region of the slab waveguide, as shown in Figu2@. The signal that spreads in
the first slab waveguide is captured by the set of arrayed guagtes which function as dispersive
elements and are arranged to have a constant length-difietgetween the adjacent waveguides.
The length of each waveguide is chosen by ensuring that &ylart wavelength undergoes the
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same dispersion in each waveguide. Therefore, after tiage¢hrough the free propagation region
of the second slab waveguide, all the optical signals haaipgrticular wavelength contructively
focus their output on a single output waveguide, as showngarg 2.20. The length-difference
AL of the adjacent arrayed waveguides required for acheiiagontructive focussing of all the
optical signals having a particular wavelength can be &mitis [65]:

A
AL=m -—, (2.17)
g
wherem is the order and, is the effective refractive index of the arrayed waveguitiee central

wavelength of the incident optical signal is represented bim Equation 2.18.

2.5.3 Fabry-Perot Filters

A Fabry-Perot (FP) filter exploits the interference of lighta resonating cavity. The resonating
cavity of the FP filter consists of two highly reflective mirsahat are placed parallel to each other
at a distancd., as shown in Figure 2.21 [59]. The input light enters into ¢heity through the
left mirror and after traveling a distance o6fit falls on the reflective side of the right mirror. A
part of the light exits through the right mirror, while a paftit is reflected back into the cavity.
The percentage of light refracted or reflected depends upemetflectivity of the mirrors. The
resonating cavity structure of the FP filter can be used terfdut a particular wavelength by
choosing the length of the cavity to be an integer multiplleadf the wavelength, thatis = m\/2,
wherem is an integer and\ is the wavelength to be retained [59]. Light having a patécu
wavelength)\ interferes constructively after going through a roung-triside the cavity and the
resultant high intensity light exits through the right facéhe power transfer functioR;» of the
filter in terms of wavelength is given by [59]:

(- 28)
— (2.18)

PTF = 2 )
2VR
(1 + (1 — Rsm(anL/A)) )

where A and R are the absorption loss and reflectivity of the each mirn@pectively and: is
the refractive index of the cauvity.

2.6 Passive Optical Components

Passive optical components play a vital role in an opticévaek. Some of the major tasks
performed by passive components are coupling or splittihgignals, wavelength multiplex-
ing/demultiplexing and isolation of backward reflectiois the following sections, we introduce
the most commonly used passive optical components in conuation systems.
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Figure 2.21: Operating principle of a FP filter.

2.6.1 Optical Couplers/Splitters and Multiplexers/Demutiplexers

Couplers are used for either combining or splitting opt&ighals, as seen for example in Fig-
ure 2.18. The most common type of couplers is the fused fibgpleoshown in Figure 2.22 [59]
which is fabricated by simply fusing two optical fibers tdgat When two fibers are brought close
to each other and aligned appropriately in parallel, lightoupled from one to the other, where
the amount of coupling depends on how close the parallelsfiaex to each other. A pair of the
free ends is used as the input port, while the other free paiséd as the output port, as shown in
Figure 2.22. The amount of light output from the two outputtponay be controlled by adjusting
the distance between the two fused fibers, as well as by \@gtigenparallel coupling lengths of the
fibers.

Fiber 1
Input 1 l/ Output 1
l |
} |
| Coupling Length ]
Input 2 N Output 2
Fiber 2

Figure 2.22: A fused fiber coupler.

The principle of a multiplexer is quite similar to that of augber. A multiplexer has multiple
inputs and a single output. A demultiplexer uses a comhmnaif optical splitters and filters. The
splitter is used for dividing the input signal into multigdaths, while the filters separate particular
frequencies. The AWG filter of Figure 2.20 can be used to mpleitior demultiplex optical signals.
Furthermore, the FP filter of Figure 2.21 can be designedve haultiple passbands, periodically
repeated at different frequencies. The design can be dakby selecting suitable lengths and a
refractive index for the cavity shown in Figure 2.21.
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2.6.2 Optical Isolator and Circulator

The operating principle of optical isolators and circutates similar. An isolator allows light
to pass through it in one direction, while attenuates thetlgassing in the opposite direction.
Isolators are mainly used at the input of optical amplifierd Esers so as to protect them from
any light reflecting backwards, as seen for example in Fi@ui8. In an optical network, light
travelling in a particular direction can get reflected atititerface of different components in the
link. These reflections are mainly due to a change of refraatidex of the particular component.
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Figure 2.23: Operating principle of an isolator [59].

The operating principle of a polarization-independentasy can be understood from Fig-
ure 2.23. The light signal which is composed of two orthodgqrwarization states is passed
through a spatial walk-off polarizer (SWP), which has dif& refractive indices for different
polarizations. This variation in the refractive index résun spatial separation of the two or-
thogonally polarized lights, while travelling through tB®VP. The polarization states of the light
signal are shown by the circles in Figure 2.23. At the outguhe SWP, two light signals hav-
ing orthogonal polarization states are generated. Thessiggnals are passed through a Faraday
rotator [59], which rotates the polarization state of eaghts’, as shown in Figure 2.23a. The
Faraday rotator is a non-reciprocal device, hence it alwakates the polarization state by°45
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regardless which side the light enters into the rotator frédter the Faraday rotator, the light is
passed through a half-wave plate, which is a reciprocalcgevience light entering from the left
is rotated by 45in the clockwise direction, while light entering from thelt is rotated by 45

in the anti-clockwise direction. As observed from Figur23a, the combination of the Faraday
rotator and the half-wave plate changes the polarizatientax90. At the output, another SWP
is used that operates in an inverse fashion w.r.t the SWPatdbd input. Therefore, the two light
signals with different polarization axes are combined tofa single signal. By contrast, for light
entering in the opposite direction, that is from right td,|&e combination of the half-wave plate
and the Faraday rotator cancel the effect of each othereldrey, the states of polarization remain
unchanged, which results in scattering the two light sigaathe output of the final SWP, as shown
in Figure 2.23b.

Figure 2.24: Operating principle of a circulator. The operating prineipf the isolator of Fig-
ure 2.23 is used to achieve isolation among different ports.

The operating principle of a circulator is similar to thattbé isolator seen in Figure 2.23.
The only difference is in the number of ports, with the isotdbeing a two-port device, while
the circulator can have 3 or 4 ports, depending upon its Spegpplication. Figure 2.24 shows
the operating principle of a three-port circulator. It candbserved from Figure 2.23 that light
entering from port 1, 2 and 3 exits through port 2, 3 and 1,aetyely.

2.7 Conclusions

We have discussed the different components used in optieasldommunications systems, like the
one seen in Figure 2.1 which is composed of a transmittegjwex; optical fiber, optical amplifiers
and passive components, such as filters, couplers andasoldihe components used in baseband
as well as analogue and digital optical systems are similae conclusions of the chapter are
summarized as follows.
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e Optical transmitters are composed of CW or pulsed lasercesuwwhich may be directly or
externally modulated with the electronic data signal.

e The optical signal is transmitted over the optical fiber vhggenerally manufactured from
silica. Like any other transmission channel, the opticarfimduces impairments over the
signal due to its attenuation, dispersion and nonlinearity

e The optical receiver is generally a photo-diode, which gates electronic carriers upon
detecting light. These carriers constitute the outputesurof the optical receiver which is
proportional to the amount of light received.

¢ In order to compensate for the attenuation of the opticat filygtical amplifiers are used in
the network at regular intervals. The most commonly usettalgmplifier is the EDFA, as
discussed is Section 2.4.

e The operating principle of the optical filters is generalgsbd on the interference of light.
The commonly used optical filters are Grating filters, Archyéaveguide filters and Fabry-
Perot filters.

e Optical couplers and multiplexers or splitters and demldiiers are required in order to
combine or separate multiple optical signals, respegtivehe flow of the optical signal is
controlled using optical isolators and circulators.
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Radio Over Fiber Communication

This chapter provides an introduction to the three main sypleROF communication systems
considered in the thesis, namely to AROF, BROF and DROF camwation systems [37], [36]
seen in the classification tree of Figure 3.1. This classifinas based on the format of the RF
signal transmitted over the fiber. The methods of transpgrind multiplexing the RF signal in
each type of communication system is described in detaik dfrapter also discusses the main
impairments imposed on the RF signal by each type of commatioitlink. Different methods of
reducing the effects of impairments on the ROF signals aseudised in this thesis. Finally, the
suitability of each particular type of ROF links is evaluhie different scenarios.

Radio Over Fiber
Communication

Radio (Analogue) Baseband (Digital) Digitized RF
Over Fiber Over Fiber Over Fiber

Figure 3.1: AROF, BROF and DROF communication systems.

3.1 Methods of Transporting RF Signals Over Fiber

Before we discuss each type of the ROF communication systeetail, the two main methods of
transmitting and receiving RF signals over optical fiberdisgussed in this section [66], whereas,
the multiplexing techniques used in the ROF systems areiskga in Section 3.2.

45
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3.1.1 Intensity Modulation Relying on Direct Detection

Intensity modulation combined with direct detection (IMPI3 the simplest of all the methods
conceived for transporting RF signals over fiber [67], [1@)ere the intensity of the optical carrier
is varied proportionately to the intensity of the RF sigmahsmitted. Intensity modulation can be
implemented using either direct modulation or external ulaiibn. Direct intensity modulation
of an optical source involves the application of the RF digoahe drive voltage of a LD, as
seen in Figure 3.2. The RF signal is superimposed on a DC lgaalsso that the intensity of
the optical output of the laser varies in a direct relatiopstith the variations of the RF signal.
This method is the simplest and most cost-effective methiode it uses the minimal number of
components. However, direct modulation of the opticaldase not suitable for high-frequency
RF communication systems, because we argued in Sectich tR4dt. for high-frequency> 10

G H z) communication the external modulation regime of Figurei2i¥sed.

Laser .
Diode Fiber Photodetector

RF PN () .
—> RF Sigha
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Figure 3.2: Operating principle of intensity modulation aided (uppearth) or external mod-
ulation based ROF transmitter (lower branch) and its PRxdatirect detection. The external
modulator may be for example the MZM of Figure 2.7.

In external modulation the modulator is used for modulathrgintensity of an optical carrier.
The external modulator generally used in optical commuriana is the MZM [55] of Figure 2.7,
as described in Section 2.1.4.1. External modulation mayi@e further advantages compared to
direct modulation. For example, the effect of fiber-dispersmposed on externally modulated
laser light may be reduced by using SSB modulation of thecaptarrier [57]. One of the ma-
jor disadvantages of external modulation is the cost ofgutiie modulator to perform intensity
modulation. The IMDD technique can be used for transmitbath single- and multi-level mod-
ulated RF signals, where the RF signal is simply retrieveddtgcting the optical signal using a
PD. The spectral plot of a DSB intensity modulated opticgihal is shown by the stylized plot of
Figure 3.2.
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Figure 3.3: Remote heterodyne detection applied to direct or extgrmatidulated received sig-
nals. This transmission scheme generates mm-wavelengdigR&ls at the output of the PD, as
opposed to the transmission scheme of Figure 3.2.

3.1.2 Remote Heterodyne Detection Technique

The Remote Heterodyne (RHD) technique has been used fomgailoe in optical communica-
tions [66]. It relies on the coherent mixing of two opticakmers in a PD, which results in a
high-frequency current at the output of the PD. Figure 3@ashthe operating principle of the
RHD technique with the help of stylized plots for the spedfahe two optical carriers. It can
be observed from Figure 3.3 that the modulated optical $igina frequency ofv; is mixed with
the unmodulated optical carrier generated at a shifted vagéh of(w; + dw). The unmodulated
carrier is required to perform heterodyne detection at tietq-detector. The addition of the un-
modulated carrier increases the power consumption andesdhe available optical bandwidth,
but as a benefit, the use of high frequency local oscillatoraip-converting RF signal to mm-
wavelength at the receiver may be eliminated [66]. Furtlveemthe up-converted RF signal is of
good quality due to lesser noise [66]. The combined optigalad is passed through the fiber and
detected by the PD, where coherent mixing of the two cargereerates the RF signal both at the
difference and the sum of their frequencies as well as atipteiharmonics. An electronic band-
pass filter is used to extract the RF signal at the desirediémcy, as shown in Figure 3.3. More
explicitly, the frequency of the data modulated output algs given by the frequency difference
of the two input optical carriers. For example, when the paoptical fieldsE; =| E; | -cos(wit)
andE, =| E, | -cos(wst) having frequencies af; andw, impinge upon a PD, the resultant output
currentipp becomes proportional to the square of the sum of the two f[é8ls which may be
written as:

ipp o || By | cos(wit)+ | By | cos(wat)]? (3.1)

Taking the square of the terms in the bracket, we have:

ipp | By |? cos®(wit)+ | By |* cos®(wat) +2 | By || By | -cos(wit)cos(wat). (3.2)
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Using the trigonometric expansion, we arrive at:

ipp o | By | cos®(wit)+ | By |* cos®(wot)

+ | By || By | -cos(wy + wo)t+ | Ey || Es | -cos(w; — wo)t. (3.3)

At the output of the PD, a bandpass filter is used for retaitimeggdesired term containing
(w; — we) = dw, as shown in Figure 3.3. The limit of the maximum frequencydveidth is
typically imposed by the PD’s bandwidth. Some of the methagkd for generating the optical
frequencies ofs; andw, for mixing in the PD are the following:

e The two different frequencies mentioned in the above exaraptl required for heterodyning
may be generated using a dual mode DFB laser similar to F@dréhat has two different
oscillation modes [69]. A disadvantage of this method isréguirement of a high-power
electronic drive signal to achieve phase-locking betwéertwo laser modes. Furthermore,
the mm-wavelength signal generated is very sensitive t@atans in the power of the elec-
tronic drive signal [69].

e Splitting a single-frequency laser output into two pathd ghifting the frequency of one of
the laser paths [70]. This method requires a complex spétid frequency-shifter, hence it
is unsuitable for low-cost ROF links.

e SSB modulation of an optical signal as discussed in Sectit2 [71]. The technique
described in [71] requires a fairly complex integrated nathr for generating the SSB
signal.

e Carrier suppression applied to an optical signal genetat&buble Side-Band (DSB) mod-
ulation [72]. The main advantage of this technique is its-tmwnplexity implementation
along relying on a single laser source.

The technique of carrier-suppression combined with thegdion of higher-order sidebands
(DSB-SC) has been widely researched as a benefit of its sity@nd good performance [73], [74],
[75]. This method is hence also often referred to as the @pGarrier Suppression (OCS) tech-
nique, which will be discussed in detail in Chapter 5. Durihg decade spanning from 2000 to
2010 there has been renewed interest ilt:80> communications, since it is eminently applicable
to high-rate, short-range indoor communications in thecensed band. There are many advan-
tages of using the RHD technique for the generation of mmeleagth frequencies in the vicinity
of 60 GH z, for example. RHD method is capable of generating a wideeafdrequencies at the
output of the PD. Since two optical signals are involved inggating the required mm-wavelength
carriers, therefore the resultant RF signal may have a higR,@rovided that the optical carriers
used have a high OSNR. Furthermore, since the RF data signabmtransmitted at a low fre-
quency, such as 1 GH z, the chromatic dispersion has a negligible effect on tha fat]. One of
the major disadvantages of this technique however is ittty to the LD’s phase noise and fre-
qguency drift [75]. Even high-quality lasers may have somasemoise and frequency drift due to
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temperature changes and spontaneous emissions, whicaatdydimposed on the mm-wavelength
carriers generated.

3.2 Multiplexing Techniques in ROF Systems

In order to transmit multiple channels over fiber typicatlyp different multiplexing techniques
are used, which are discussed below.

3.2.1 Sub-Carrier Multiplexing

The Sub-Carrier Multiplexing (SCM) technique [29], [76] Hiplexes the RF channels in the elec-
tronic domain. The signals of multiple channels havingetdéht center frequencies are simply
superimposed electronically and the resultant electrsigital is used for intensity modulating an
optical carrier. Figure 3.4 shows the operating princigl¢he SCM technique, where three RF
signals are superimposed and the resultant compositel $sgused for intensity modulating the
LD. The spectrum of the output optical signal is shown by tiygzed plot of Figure 3.4, where it
can be observed that the optical carrier is accompaniedrig gidebands representing the three
RF modulating signals. The SCM channels can have diffesgrest of signal modulations and
the optical carrier can be modulated either using the direxulation or the external modulation
schemes [29] of Figure 3.2 discussed in Section 3.1.1. SCd/tthe advantage that it requires
only a single optical source. A major disadvantage of SCMdwmx, which will be discussed in
Section 3.3.1, is its sensitivity to nonlinear effects irspd by the ROF system.

RF Signal 1 /\
A f
RF Signal 2 \\J o ME(;gIﬁ?g%r _Opmgna
RF Signal 3
Biode

*ff

Figure 3.4: Operating principle of the SCM technique.

3.2.2 Wavelength Division Multiplexing

As an alternative to the SCM of Section 3.2.1, ROF commuitinahay also use the WDM tech-
nique for better exploiting the large bandwidth of optichEfis [77], [78], [79]. Multiple channels
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are transmitted upon modulating different optical cagrigy the RF channels and then multiplex-
ing them optically, as shown in Figure 3.5. Figure 3.5 alsonghthe stylized plots of the spectra
at different stages of the WDM signal generation. Since glsiRF channel is transported over a
single optical carrier, the effect of laser nonlinearityimsed on the RF channels remains moder-
ate. One of the major disadvantages of the WDM techniquesisdist involved in using different
laser sources for each RF channel. Furthermore, whilellirayacross the fiber, the optical signal
at a certain wavelength is affected by the adjacent chanfdis intensity modulated signal of
adjacent channels may impose phase variations on the lgagoal through XPM, as discussed in
Section 2.2.3, which in turn distorts the RF signal transgabby the optical carrier [18], [80]. In
order to exploit the advantages of both the SCM discusseédtich 3.2.1 and of WDM, studies
have been performed that rely on a combination of these talmiques [76], [25]. In Chapter 5
of the thesis, we will conceive a novel technique that retiesa single-laser source, rather than
on multiple sources for generating multiple sidebandsh edavhich is intensity modulated and
multiplexed before being transmitted to the BSs.

Direct or Externall A
Modulated 0y WDM Signal
Optical Signal 1
N MMM
Direct or Externally ) = iy o, o
Modulated '%
Optical Signal 2 JW\ y
Direct or Externall W,
Modulated
Optical Signal 3

Figure 3.5: Operating principle of the WDM technique. The modulatioohi@ques were por-
trayed in Figure 3.2, where the external modulator may b&AxM of Figure 2.7

3.3 Analogue ROF System Architecture

In AROF communication systems, the RF carrier modulatechbyblaseband data is transmitted
over the fiber using an optical carrier, where frequency aprersion and carrier modulation are
peformed at the CU. The RF signal simply modulates an optiaaier with the aid of an EO
up-converter at the transmitter, while at the reciever tResignal is recovered using an OE down-
converter. This configuration makes the RF signal transarissmple by performing most of the
signal processing tasks at the CU.

Figure 3.6 shows the typical architecture of a duplex AROfmmnication link. An electronic
RF carrier that is modulated by the baseband data furtheulates an optical carrier in the EO
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Figure 3.6: System architecture of an AROF communication system.

block. The EO conversion can be achieved either by directutadidn according to Figure 3.2
or by externally modulating a LD using a MZM modulator of Figlw2.7. The type of optical
modulation used depends upon the frequency of the RF sigbaltransmitted. For low-frequency
RF signals (less than 1@ H = carrier) typically the direct modulation of Figure 3.2 isedswhile
for high-frequency® 10G H z carrier) RF signals the MZM external modulator of Figure @&y
be used. The modulated optical carrier whose stylized ggecis shown in Figure 3.6, is then
passed to the BS through an optical fiber. For long-distanneunication systems typically the
SMF described in Section 2.2 is used. The optical signaivedet the BS is converted back to
an electronic signal in the OE block of Figure 3.6. The OE bloansists of a PD that converts
light into an electronic signal. The output of the OE bloclars RF signal, which is bandpass
filtered to remove the harmonic frequencies generated dtletaonlinear nature of the process
of photodetection. The resultant RF signal is amplified aadgmitted through the antenna to the
MSs, as shown in Figure 3.6. The same antenna can be usedédaring the incoming signals of
the BS by using the duplexer, which separates the incomingig#al from the outgoing signal.
The RF signal received at the BS is amplified and converted tp#ical signal in the EO block.
The optical signal, which is shown by the stylized spectramnsin Figure 3.6, is transmitted to
the CU using either the same or a different optical fiber. A&t @U, OE conversion is used for
retrieving the RF signal originally transmitted from the.B%®r long-distance ROF transmission,
the EDFA's of Section 2.4 may be used for amplifying the agdtisignal. Since optical fibers
have a low attenuation (02B/km), ROF transmission over short distances, for example withi
buildings, does not require optical amplifiers.

3.3.1 Impairments in Analogue ROF Systems

Naturally, the devices used in ROF systems impose impaiswarthe optical signal, which in turn
distorts the RF signal received at the receiver. The majarcgoof impairments is the nonlinearity
of optical devices such as lasers, modulators and PDs [2hksd impairments are discussed
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separately in the following sections.

3.3.1.1 Modulator-Induced Impairments

SCM ROF systems typically use the external modulation seheinfrigure 3.2, as a benefit of the
reduced noise and chirp of the laser diode as well as the taghveidth provided, as discussed
in Section 3.1.1. When multiple RF signals are applied toxaraal modulator, as in the case
of SCM, spurious out-of-band spectral components are gé&tbrdue to the modulator's non-
linearity. These spectral components give rise to Intediation Distortion (IMD) components
at the receiver. These IMD components severely degradeetfiermance of the system, because
their power may even become higher than the system’s noiserd@1]. Figure 3.7 shows the
stylized spectrum of an Optical Double Side-Band (ODSBhaigwhich may be generated by
intensity modulating an optical signal with the aid of twoM®&F signals having frequencies of
f1 and f,. It can be observed from Figure 3.7 that apart from the oaigspectral components of
f1 and f5, numerous spurious components also appear in the spectramay be observed from
Figure 3.7 that some of the IMD components are located at siderable distance from the signal
components on the frequency grid, hence the correspontliBgoroducts may be readily filtered
out. By contrast, some of the IMD products suchag — f,) and(2f, — f;) are located close
to the desired signal frequencies fafand f,, hence they cannot be readily filtered out. Therefore,
it is these IMD products that substantially reduce the @aitto-Interference Ratio (CIR) [82]. In
Section 3.3.3, we will discuss some of the methods capaliedofcing the effects of IMD on the
CIR.
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Figure 3.7: Spectrum of an example optical DSB signal.

The external modulators of Section 2.1.4 also impose sosidua chirp on the modulated
signal. As discussed in Section 2.1.4.1, chirp is the linaaation in the instantaneous frequency
of the optical pulse with time [56]. This chirp becomes a seunf distortion, when the signal
travels through the optical fiber, because the phase maoluiatconverted to amplitude variation
by the linear dispersion of the fiber, as mentioned in [834].[8Furthermore, the modulation
efficiency of the two branches of the MZM of Figure 2.7 may biéedent, which results in some
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residual phase modulation or deleterious intensity mduotulaof the optical output signal [85],
where the modulation efficiency is defined as the ratio of neddd light to the total light [55]. The
residual phase modulation is converted into intensity ntedchn by the effects of fiber dispersion,
as discussed in [53]. Additionally, the DC bias voltage & lithium niobate crystal used in each
branch of the MZM of Figure 2.7 may drift slightly due to temateire variations, which results in
intensity variations in the modulated output signal [85].

3.3.1.2 Laser Noise

There are two main types of noise in lasers, namely the ptase and the RIN [86], as discussed
in Section 2.1.1. Both of the noise sources are due to thetapeous emissions of photons in
lasers. Recall from Section 2.1.1 that apart from the sted emission, the lasers also produce
spontaneous emissions in the cavity, which results in tinegg¢ion of photons having a random
phase, polarization and direction. Again the random géioeraf photons is responsible for inten-
sity variations known as RIN, while the random phase of thetqis results in phase fluctuations
known as phase noise [86], as discussed in Section 2.1.&ctlyirmmodulating a laser may also
cause distortion of the RF signals, if the drive current galunvolved in the schematic of Figure 3.2
become high, for example in the case of the high Peak-toagePower Ratios (PAPR) of OFDM
signals [13]. These distortions are due to the nonlineaticei of the laser’s output power versus
the drive current, which becomes nonlinear for high inpitedcurrents, as seen in Figure 2.5.

3.3.1.3 Fiber-Induced Impairments

The interplay between the fiber-induced linear dispersiahthe chirp imposed by both the mod-
ulators as well as the lasers results in intermodulatiotodiens owing to the mixing of various
sidebands of the modulated optical carrier [83]. The gdimeraf intermodulation distortions is
more pronounced in SCM signals due to the presence of meiRpl carriers in the modulating
signal [84], [24]. The linear dispersion of the optical filaéso results in variable power attenuation
at the output of the PD for intensity modulated optical slgrj@0], [57], [87]. Recall from Fig-
ure 3.2, that an optical signal, whose intensity is moddlatea RF signal has two sidebands, one
on each side of the optical carrier frequency. When the sitgimodulated signal travels through
the fiber, the linear dispersion of the fiber changes the phafsthese two sidebands. Since the
two sidebands are at different frequencies, they underereint phase changes. At the PD, the
heterodyne detection process of Figure 3.3 in Section 3aké&s place and depending upon the
specific phase shifts of the two sidebands, the output s@frtak PD may be attenuated in power.
This effect is generally referred to as power attenuati@h [bhe power attenuation effectimposed
by dispersion is more pronounced in case of high frequensiese the sidebands are located far
apart and hence the phase shift imposed on each of them maytbaldferent.
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3.3.1.4 Nonlinear Photo-detection

At high received optical powers, the PD becomes saturatedalthe emission of a large number
of photons [67], as described in Section 2.3. This resultiijpping of the output current and there-
fore, the RF signal becomes distorted. Furthermore, thealgignal received by the PD may have
multiple optical sidebands, which results in the genematibharmonics at the output of the PD
due to the process of heterodyning [66]. These harmoniegfare with the desired RF signal and
hence they impose impairments. The PD also generates theomma due to the internal resistance
of the PD and shot noise owing to the statistical nature optbeess of photodetection [59].

3.3.1.5 Optical Amplification and Filtering

As mentioned in Section 2.4, EDFAs are the most commonly apéidal amplifiers in fiber optic
communication systems. EDFAs generate ASE noise, whiahcesdthe signal to noise ratio of
optical signals. The photons in an EDFA are generated byriheepgs of both stimulated as well
as spontaneous emissions, as described in Section 2.4.hdheng generated through stimulated
emission are the ones that contribute towards the ampidicaf the input optical signal. By con-
trast, the photons generated through spontaneous emesdilnit a random phase, polarization
and direction of motion, hence they contribute towards ti&EAloise described in Section 2.4.
As the terminology suggests, these randomly generatedpsiare amplified further, while trav-
elling through the Erbium doped fiber. A ROF signal has sideat multiples of the modulating
electronic signal frequency. Any change imposed on thebsidés will cause distortion in the RF
signal at the receiver. For example, an optical filter usedl fiber optic communication network
for adding or dropping wavelengths will attenuate the harit®mpresent in the optical spectrum.
Due to this attenuation of harmonics, the characteristithk@RF signal retrieved at the PD will
be different from those of the transmitted RF signal.

3.3.2 Analogue ROF Link Analysis

In this section we will discuss the overall performance iemo$mposed on the ROF link by the
different sources of impairments mentioned in Section13.3he impairments inflicted upon the
ROF link affect both the DL and UL transmission of the RF signan the DL direction, the
impairments contribute to the wideband noise and hence smpwreased interference between
the mobiles. By contrast, in the UL direction, the impairtsethegrade the sensitivity of the CU
receiver. A general criterion for the evaluation of an RGOk is its so-called Spur-Free Dynamic
Range (SFDR) [88] which takes into account both the noisethedlistortion of the link. The
SFDR can be interpreted with the aid of Figure 3.8, where th&@RBut power to the link is plotted
against its output RF power [88]. Figure 3.8 also shows thegpeariation of IMD products with
respect to the input signal power. It can be observed fromrgi@.8 that for a certain range of
input RF power, the output RF power varies linearly, whilgdrel this range this range, the output
power starts saturating. The extent of saturation is detiyagsing a parameter referred to as the 1
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dB compression point, which represents the input power thegessaa drop of ZB in comparison
to the linear gain of the link. The horizontal line seen inufg 3.8 shows the output noise level
of the link. The specific input power for which the output sapower crosses this horizontal
line is termed as the Minimum Discernable Signal (MDS) poj@8j. From Figure 3.8, SFDR is
defined as the power difference between the MDS and the pdiete the distortion power equals
the noise power of the link. Therefore, SFDR is a measurene#liity for the link and should be
as high as possible for the high-integrity operation of ti@Rsystem. Figure 3.8 also shows a
point, where the projected linear plots of the output sigroaver and the distortion power intersect
each other. At this point, the output signal power is equah&distortion power and is generally
referred to as the Third Order Intercept, denoted as IP3.

Output Power (dBm)

Input Power (dBm)

Figure 3.8: Input versus output RF power of an AROF link.

In order to evaluate the performance of a ROF link, two furfre@rameters are generally con-
sidered, namely the link-gain and the Noise Figure (NF). llilegain is defined as the product
of the square of slope efficiency of the modulation devicethedsquare of the responsivity of the
detection device [89]. The slope efficiensy,.,, of a MZM used as an external modulator may be
written as [89]:

wP, TR,

Spzm = TJ:‘ (3.4)
where P, is the input optical power to the MZM[; is the fiber-to-fiber transmission of the
modulator,R, is the source impedence aig is the On-Off switching voltage of the MZM. It can
be observed from Equation 3.5 that in order to increase threajaa ROF link, the input power
of the link should be increased. Furthermore, the MZM shdddiesigned to have a low value
of V.. The NF is defined as the difference in output and input noiseep of the link, where the
output and input noise powers have units/éf. A link’s input noise power is due to the thermal
noise generated &f, = 290 K, while the output noise power is due to the amplification o th
input thermal noise. Hence NF can be mathematically wreke[89]:
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(3.5)

NF:10-log{ Nou },

kToBlmk : Gz

whereN,,; is the output noise powef;;,.;. is the link bandwidth(z; is the link gain and: is the
Boltzmann’s constant. It can be observed from Equationt®&5bin order to have a low NF, the
noise added by different components in the ROF link shoulkieme [ow.

3.3.3 Optical Linearization Techniques for Analogue ROF

As discussed in Section 3.3.1, the IMD components geneiaetie external modulator such
as the MZM of Figure 2.7 in Section 2.1.4 constitute a majarrse of distortion in ROF com-
munication systems. Optical linearization techniquesshasen proposed in order to reduce the
effect of nonlinearities in the ROF link. This section sumiim@s some of the most wide-spread
linearization techniques that have been proposed in thetiire.

The second order IMD components may be eliminated by biassgnmetric MZM at 504

of its maximum dynamic range [90]. At this bias voltage, tkiereorder IMD products are almost
cancelled, while the odd-order IMD products are minimizeslargued in [90]. As mentioned in
Section 2.1.4, the optical signals passing through the tws af the MZM are phase modulated
by electro-optic effect. For a DC bias at %0of the maximum dynamic range, the phase shift in
each of the arms for even-order components are oppositee 8ia output of the MZM is the sum
of the optical signals in the two arms, the even-order siddbare suppressed for a symmetric
MZM. The DC bias point of the MZM may of course change with temgture, hence in order to
minimize the second order terms, the bias point should bé dapstant. Therefore, in order to
control the bias voltage of the MZM, the authors of [90] pregeo a dual-output MZM, where the
two output optical signals have a complementary phase ehamgosed on them by the modulator.
One of the outputs of the MZM is used as the ROF signal, whigesiiicond output is used in a
feedback loop in order to control the DC bias point of the MZM.

In [82], a linearization technique conceived for Optical@e Sideband plus Carrier (OSSB+C)
modulated signals is proposed. The OSSB+C modulated signabarticularly suitable for trans-
mission over dipsersive fibers, since they do not give rigeoteer attenuation of the PD’s output
due to fiber dispersion [57], as discussed in Section 3.3Th& technique proposed in [82] uses
optical filtering for removing the optical components thahtibute most substantially to the IMD
products, such as for example the frequenc¢ies — f») and(2f, — f1), as mentioned in Sec-
tion 3.3.1.1. Since the rest of the IMD products generallyesp at frequencies far away from the
desired signal’s frequency band, the IMD produ&g, — f») and(2f, — f1) shown in Figure 3.7
constitute the major source of distortion in the ROF link [88], the optical carrier was divided
into two branches, one of which is modulated, while the otiver is attenuated to achieve a suit-
able power in order to reduce nonlinear effects in the fibémcesthe IMD productg2f; — f»)
and(2f, — f1) are located relatively near the modulated optical caragiseen in Figure 3.7, the
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modulated signal sidebands are retained by an optical filtate these IMD products are attenu-
ated along with the carrier. The filtered output is then cedpVith the unmodulated carrier for the
sake of generating the resultant OSSB+C signal. Usingékistique, an overall improvement of
9 dB is achieved in the Carrier-to-IMD power ratio of the sigréz2].

A similar technique is proposed in [91], where two MZMs aremected in parallel as de-
scribed in Section 2.1.4.1. One of the MZMs is used for gdireyan optical suppressed-carrier
signal, where the optical carrier and the even-indexedosides are suppressed. Hence the IMD
products(2f; — fo) and(2f, — f1), which are in the vicinity of the optical carrier may be elim-
inated. The second modulator is used for attenuating thieecéo a suitable level, which is then
later coupled to the optical suppressed-carrier signahast been shown in [91] that the above
technique gives a 1@B improvement in the CIR of the ROF signal.

3.4 Digitized ROF

DROF involves the digitization of the analogue RF signabbeftramsission over the fiber. The
analogue RF signal is converted to a series of binary eleictfmulses in an Analogue-to-Digital
Converter (ADC) and after EO conversion, the resultantaaptsignal is transmitted over the
fiber [37], [92], [93]. The architecture of a typical DROF &% is shown in Figure 3.9. Again,
the analogue RF baseband data is first converted to anothiefenal analogue signal having a
relatively low carrier frequency, such as 0.5 to G:8 z in the multi-level modulation block, which
is then frequency translated to a higher frequengy & 1-2 G H z). The resultant high frequency
analogue signal is digitized in the ADC block and after EOvawsion, the signal is transmitted
over the fiber. The spectrum of the optical signal at the dugpthe EO conversion block is shown
by the stylized plot of Figure 3.9, which is composed of diserfrequency components that are
located at a frequency spacing equal to the data rate of ¢fiezeéd signal.
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Figure 3.9: DROF system. The main difference with respect to the AROEegy®f Figure 3.6 is
the inclusion of the ADC/DAC pair.



3.5. Baseband ROF 58

At the receiver, the optical pulses are converted to elaatqoulses in the OE block and digital-
to-analogue conversion (DAC) is performed to retreive tigh irequency analogue signal. The
bandpass sampling technique, which will be discussed isd®e®.3 is a widely used solution con-
ceived for generating the discrete-time samples, befafeqmeing ADC and DAC [92], [94], [95].
The resultant RF signal is bandpass filtered, amplified antsimitted by the antenna. The same
process is repeated for the uplink transmission of the Rirasigs shown in Figure 3.9.

The DROF signal can be transported by a CW or by a pulsed carelging on baseband
optical communication, which is discussed in Section 3rbcdmparison to the AROF scheme
of Figure 3.6, the DROF scheme limits the length of the ROk tma lesser extent due to the
reduction of its dynamic range [93], as long as the receiy®ital signal’'s power remains within
the sensitivity limits of the optical receiver. Therefotege major source of impairment in the
DROF link is the ADC/DAC quantization and jitter noise [37].

3.5 Baseband ROF

In BROF communication, the baseband data is directly trétestinover the fiber without up-
conversion to a RF carrier [36]. At the transmitter, the basel electronic signal is converted to
optical signal using the EO converter of Figure 3.10. Thespen of the signal at the output of the
EO converter is shown by the stylized plot of Figure 3.10al be observed from the stylized plot
that the spectrum of the BROF signal is composed of discretgiéncy components, similar to
the DROF spectrum. The discrete frequencies are locatetteq@ency spacing equal to the data
rate of the BROF signal. After transmission through the fibhex optical signal is photo-detected
to retrive the baseband electronic data, as shown in Figlie After OE conversion, the detected
baseband data is processed and frequency translated tb fxdggency RF carrier. Similarly, the
RF signal received through the antenna is downconvertdtetbaseband and after EO conversion,
it is transmitted over the fiber back to the BS.

BROF has many advantages that make it a feasible choiceddrahsmission of RF signals.
Optical baseband signals are fairly immune to optical ndise to their digital nature and hence
this enables the signal to be transmitted over longer dismnCost effective Off-the-shelf optical
components are used in the BROF communication links. Baskebptical communication also
provides the option of all-optical signal processing thetludes signal regeneration at regular
distances [96], [97], [98], [99], multiplexing of signal$J0], [101] and various logical operations,
such as AND, OR and XOR [102], [103], [104].

In the forthcoming sections, the pulse propagation modsd usoptical pulsed communication
is described in detall.
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Figure 3.10: BROF system. The main difference with respect to the AROEe&hof Figure 3.6
and the DROF arrangement of Figure 3.9 is the absence of tha@pRienverter and that of the
ADC/DAC schemes, respectively.

3.6 Impairments in Pulsed Optical Communication

Pulsed optical communication is referred to the systemisuba optical pulses for transmitting
data. As mentioned in Section 2.2, the optical fiber impasesnuation, dispersion and nonlinear
distortions as the signal travels through it. In order to elaborate bthake effects, the temporal
and spectral evolution of a single optical pulse along therfére shown in Figure 3.11a and
3.11b, respectively. The results shown in Figure 3.11 atainéd by using the Split-Step Fourier
Method (SSFM) [56] detailed in the Appendix. The opticalgakonsidered has a Gaussian-
shaped time-domain profile with a pulse width of 2@ center wavelength/frequency of 1550
nm/193.54T H >z and peak power of 108.1/. A 32 km long single mode fiber is used having a
dispersion parameter of D = b -nm ' - km~! and nonlinearity parameter of= 1 W= km~!
Recall briefly that the attenuation of the optical fiber causeeduction in the power of the optical
signal travelling through it and this attenuation can bepdyncompensated by optical amplifiers,
such as the EDFAs [26] discussed in Section 2.4. The effeattehuation may be observed in
Figure 3.11, where the peak power of the optical pulse regjwekile travelling through the fiber.

The second main type of impairment imposed by the opticaf fdbdispersion which is due
to the refractive index variation of the fiber versus the freacy [56]. This frequency-dependent
refractive index forces the frequency components of thecalpsignal to travel at different speeds
through the fiber, which results in a frequency-dependemtigpdelay. Due to this propagation
speed difference, the optical pulse broadens in the timeadgnas routinely encountered due
to the linear dispersion and observed from the temporal giiotvn in Figure 3.11a. The pulse
broadening becomes a severe problem in case of high bicoatenunication systems, where the
adjacent pulses might become smeared into each other [44].

The third main type of impairment imposed by the optical filsetue to thenonlinear reponse
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Figure 3.11: Evolution of an optical pulse in an optical fiber.
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of silicon fiber to high-power optical signals [56], as désed in Section 2.2.3. When a high-
power optical pulse travels through the optical fiber, iscpum is broadened due to the mixing of
adjacent frequency components of the pulse. Naturallyfréggiency components that synthesize
the finite-bandwidth optical pulse have commensuratelizénigowers in case of a high-power op-
tical signal. Therefore, the adjacent high-power freqyezmmponents result in the proliferation
of out-of-band frequencies, owing to their inter-modwatproducts, while the signal is travelling
through the fiber [56]. The nonlinearity of the fiber is getigra problem in case of high-power
signal transmission, but naturally, may be avoided by usigpower signals. Indeed, it may
be observed from the spectrum shown in Figure 3.11b thatfteet ®f nonlinearity is not over-
whelming for systems using SMFs. However, in scenariosyettee optical signal is transmitted
over long stretches of fiber, both the linear and nonlinestodiion affects the signal to such an
extent that it may not be recoverable at the receiver. Heamwg-haul links require the employment
of regenerators at regular intervals in order to comperfsatie deleterious effects of the fiber.
Therefore in Section 3.6.1, we discuss the operating iesioptical signal regeneration.

3.6.1 Optical Pulsed Signal Regeneration

Optical signal regeneration is essential for basebandaptommunications, since long distances
up to hundreds of kilometers are involved in the transmissibbaseband optical signals [96].
As the signal propagates through a network, it suffers frdferént types of impairments. There
are two main reasons for these impairments, firstly the jghysharacteristics of the fiber, which
includes attenuation, chromatic dispersion and non-itgavhile the second is the components
used in the transmission network, such as for example aojlfitters, multiplexers and amplifiers.
The goal of a regenerator is to restore the original signa¢geed at the transmitter and then to re-
transmit it to the receiver. At the time of writing, typicaklectronic regeneration techniques are
used, which require OE and EO conversion [96]. However, depto achieve high bit rates, this
method of regeneration is not suitable due to the electroandwidth limitations of the devices
used. For this reason all-optical techniques are beingstigaged, which use the ultra-fast optical
devices for regenerating the signal.

There are three main functions of a regenerator, which af@lag/s [96]:

e Re-amplification: Re-amplification is required in order torgensate for the attenuation of
the fiber over the length of the transmission line.

e Re-shaping: Re-shaping is required to refresh the signakbtoring its original shape,
which is distorted due to the impairments inflicted by theagtink.

e Re-timing: Re-timing is required for reducing the timinger.

The above-mentioned regenerator schemes are referred1f®, &R and 3R, depending on
whether they provide re-amplification, re-shaping andmeng, respectively. The basic regen-
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eration scheme already in operation is the re-amplificatidnch uses Rare-Earth doped optical
amplifiers or Lumped Raman amplifiers [26], as discussed ati&e2.4.

Figure 3.12 shows the block diagram of the different fuamdithat are performed by a 3R
optical regenerator [96], which is composed of three mamckd. The first block is an adaptation
interface, whose function is to condition (for example inrie of power level, initial shape, out-
of-band ASE filtering) the input signals so that they becomitable for the following blocks of
the regenerator. The adaptation interface block of Figut@ &as two outputs, one of which is
forwarded to the nonlinear gate, while the other to a degisantrol block. The nonlinear gate is
responsible for blocking the input signals below a certamneghold as well as limiting the signal
levels that are above this threshold. Ideally, the nonligagée should have a step response with a
zero-valued dead-zone in the middle. In the decision cbhtozk, the clock signal is recovered
from the data and after conditioning, it is forwarded to tlomlmear gate. This clock signal is
referred to as a control signal in the block diagram of Figufe, because its function is to control
the clock timing of the nonlinear gate. In the absence ofdbigrol signal the regenerator performs
reshaping and re-amplification only.

Nonlinear Gate

Signal Adaptation
| Interface

Input Signal Output Signe

Decision Control

Control Signal
Clock recovery Clock Source

Figure 3.12: Block diagram of an optical 3R regenerator.

Chapter 4 will return to the topic of regeneration by disaugs particular type of all-optical
regenerators that performs re-amplification and re-slgapith the aid of nonlinear optical signal
processing.

3.7 Conclusions

In this chapter we have introduced different types of ROF mmomication systems, which are
classified on the basis of the RF signal format transmittede donclusions of the chapter are
summarized below.

e The RF signals are generally transmitted using intensitgutadion and are detected by
direct detection or remote heterodyne detection techsique
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e Typically SCM is used for multiplexing the RF signals in thearonic domain, while WDM
is employed for multiplexing the ROF signals in the opticairdhin.

e The ROF link inflicts impairments upon the RF signals trartadiover it due to inter-
modulation, nonlinear photo-detection, laser noise, fibduced impairments and optical
amplification.

e The DROF uses an ADC and DAC for transmitting the RF signahgisi CW or pulsed
optical carrier over the optical fiber.

e The pulse propagation in optical fiber may be modelled ugied3plit-Step Fourier Method
of Section 3.6.



| Chapter4

Baseband ROF and Optical Pulse
Regeneration

This chapter discusses the family of BROF communicatioirsgysulsed optical systems, which
facilitate the employment of both Optical Time Division Miplexing (OTDM) as well as WDM
techniques over long optical fibers. As mentioned in Sec3i@nl, optical signal regeneration is
used in order to compensate for the impairments induceddyppiical fiber link. In Section 4.2
of this chapter, we will discuss the operating principle dafiaple pulse regenerator used for
amplifying and re-shaping the optical signal and charaéts performance in Section 4.3. The
physical layer design of the pulsed optical system is pteskim Section 4.4 in the context of a
cooperative distributed antenna aided scenario. Thenatibe performance is characterized using
both the optimum parameters as well as in the presence ddtre@larameter variations.

4.1 Baseband ROF Architecture

Figure 4.1 shows the typical architecture used in a BROF comication system. It can be ob-
served from Figure 4.1 that the electronic baseband sigrtitectly converted to optical signal in
the E-O conversion block, which is then conveyed over thestrassion medium. At the receiver,
photodetection is performed in the O-E conversion blockrétrieving the electronic baseband
signal. The baseband data is up-converted to obtain a RR&ldigthe up-conversion block, as
shown in Figure 4.1. The up-converted signal is transmittedugh the antenna after filtering
and amplification, as shown in Figure 4.1. It will be demoaigtd in Section 5.1 that in contrast
to the BROF architecture of Figure 4.1, the AROF system oftiféch.1 performs up-conversion
at the transmitter. Furthermore, the DROF system architectf Figure 6.1 to be discussed in
Section 6.1 performs further processing of the analogugaslyy converting it into a digital signal
before its transmission over the optical channel. The aligignal is converted back to analogue
signal at the receiver.

64
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Figure 4.1: General architecture of a BROF system.

4.1.1 Time and Wavelength Division Multiplexed Optical Pused System Ar-
chitecture

Optical baseband communications typically relies on a éoatlon of WDM and TDM in order to
increase the attainable throughput of the system, since Waismits for example four parallel
streams at different frequencies/wavelengths at quaedugdte. Alternatively, TDM might be
used for multiplexing several streams but it may also be ¢oetbwith WDM. Figure 4.2 shows
the simplified block diagram of an optical pulsed communaasystem. A single pulsed laser
source having a wavelength af, as shown by the stylized plot in Figure 4.2, is then splibint
four paths using an optical splitter in preparation for theweng time-division multiplexing of four
streams. The signal in each path is modulated by &#40/ s baseband data stream using MZMs.
The optical pulses used have a typical pulse width rangiog 8 ps to 8 ps in order to generate
a 40 Gbit/s TDM signal with a duty cycle of 255 to 33 %. The four 10G Bit/s modulated
optical signals are then time division multiplexed by usihgee delay lines for delaying three of
the streams by one, two and three bit-periods, respectiviig stage is then followed by a quad-
input multiplexer whose output is shown by the stylized phofigure 4.2. Again, the delay lines
are based on fibers whose lengths are chosen to ensure thptlsles in each of the four paths
remain within a single bit interval of width 2ps. It can be observed from the stylized plot in
Figure 4.2 that the multiplexed signal has four times tha datie of each of the input signal to the
multiplexer. After being time division multiplexed, thegsial is wavelength division multiplexed
with four similar TDM streams having different central wéamgths. In this way a total bit rate of
4x40 Gbit/s is achieved. The number of wavelengths used in the architecf Figure 4.2 was
set to four as an illustrative example. In practice the nunatbevavelengths can be even further
increased depending upon the specific requirements oftkedinsidered. The TDM/WDM signal
is then transmitted over multiple sections of a SMF and di@pa compensating fiber (DCF)as
seen in Figure 4.2. The data of each channel at the receivecasered by demultiplexing the
combined wavelength-multiplexed and time-multiplexeghsi.

In general, optical amplification is needed after every 5@kr@Okm span of fiber [96]. How-
ever, in scenarios, where the optical signal is degradedrukg certain limit, optical regenerators

1The DCF is arranged to have a Frequency-Domain Channel féraRenction (FDCHTF), which results in a
frequency-independent constant after concatenationthitlsMF itself
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Figure 4.2: System architecture of a typical baseband optical comnmatioit system.

are used for amplifying and re-shaping the signal [96], @svshin Figure 4.2. Section 4.2 of this

chapter discusses optical signal regeneration in det#ih, special emphasis on an SPM based
regenerator.

4.2 Pulsed Signal Regeneration

As mentioned in Section 4.1.1, optical pulsed signals tratied over long optical fibers require
regeneration at regular intervals. In a long optical lirile effect of linear dispersion, nonlinear
distortion and signal reflections due to network componsrayg escalate to an extent that signal
amplification becomes insufficient for regenerating th@algnto a reliably detectable shape [96].
Therefore, regenerators are used at regular intervalsdier @o avoid that the optical signal be-
comes undetectable. At the time of writing, most of the rede&s dedicated to the development
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of all-optical regenerators, since they do not require aggad format conversion from optical-
to-electrical and back to optical [96], [105]. In the followy sections, we will discuss a low-
complexity all-optical regenerator design that may be udsedegenerating the optical pulses, as
shown in Figure 4.2.

4.2.1 Self Phase Modulation Based Regenerator

In this section we study the optical regenerator block ouFegd.2 that performs amplification
and re-shaping of the optical input signal. Among the vagibber-based regenerators that have
been proposed for all-optical signal regeneration, thegpoposed by Mamyshev [106] is the most
popular one owing to its implementational simplicity anfiacéncy. The Mamyshev regenerator
as shown in Figure 4.3, uses SPM, as described in Sectid} Bbdmpose spectral broadening on
the incoming signal and the resultant broadened spectriineisfiltered at an offset wavelength
to obtain a reshaped and re-amplified signal. The SPM is aethim a Highly Nonlinear Fiber
(HNLF) by amplifying the input signal of the regenerator. AIHF is a specifically designed fiber
section, which imposes specifically designed nonlineaodisn by reducing the effective core
aread.; of the fiber, as discussed in Section 2.2.3.

The SPM based regenerator has attracted much researctioattgince it was first proposed
by Mamyshev [106]. Some of the major studies that have beédiorpged on the SPM based
regenerators are summarized in Table 4.1.

Table 4.1: Summary of major contributions on SPM based regen-
erators.

Author(s) Contribution

[99] B-E Olssoret al. 2002 The effects of the regenerator on input signals having waryi
pulse widths and suffering from Polarization Mode Dispansi
(PMD) are investigated. It has been observed that the regeme
performs best for a HNLF having a negative dispersion cdefftc
with reference to a wavelength of 13&eh. This is due to lower
amplitude fluctuations caused by beating between the smyrisé
and optical noise, while travelling through the HNLF havang
negative dispersion coefficient.

[107] C. Finotet al. 2004 The choice of optimal input power to acieve maximum BER and
extinction ratio improvementis discussed. The impact of
fluctuations in the input signal’s temporal width as well as
amplitude on the output signal of the regenerator is dematest.
It has been shown that the fluctuations in the input signal’s
temporal width and amplitude cause some timing jitter in the
output signal.

[108] N. Yoshikaneet al. 2004 | Experimental investigations of SPM based regenerators are
presented in the context of optical bandlimited TDM sigradls

a data rate of 42.@bps, transmitted over a fiber length of

Continued on Next Page. ..
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Table 4.1 — Continued
Author(s) Contribution

2500km. It was demonstrated that by placing the SPM based
regenerator ahead of the optical receiver, a Q-factor ingment
of about 1.5 dB is achieved.

[109] T. N. Nguyeret al. 2006 | Considers the effects of input and output filters on the
achievable performance of the regenerator in the presdnce o
non-coherent noise. It has been shown that the input filter

is essential for rejecting the out-of-band optical noisthi

input signal, while the output filter is essential for predeg

the modulation format of the optical signal.

[110] M. Aoudehet al. 2006 | The Q-factor performance of the regenerator is optimized fo
signals affected by residual dispersion and/or ASE noike. T
optimization is carried out by varying the bandwidth andteen
frequency of the output optical filter. It was concluded frima
numerical simulations that for selecting the filter bandtviand
center frequency, a trade-off has to be struck between the
improvement in Q-factor and extinction ratio of the outpghsal.
[111] M. Rochetteet al. 2006 | Advantages of the SPM based regenerator over conventional
regenerators are discussed. It has been shown that the SPM
based regenerator is capable of selectively attenuating

ASE noise, which results in a direct improvement of the BEIRCc&
noise results in random pulse widths, the selective attemuaf
noise is achieved by using the pulse-width discriminaticpprty
of the SPM-based regenerator.

[112] L. Provostet al. 2007 The SPM based regenerator is numerically characterizeetaild
A design map is derived which relates both the physical patara
parameters of the regenerator and the input optical sigrthkt
regenerator performance. The design map may be used tifydent
the optimum parameters for generating a certain output fram
regenerator.

4.2.2 Self-Phase Modulation Based Regenerator OperatingiRciple

Input Signal Aq HNLF
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Output Signal AL +dA

| M“SE'R?“""" nnm il AL

BW = 125 GHz BW=75GHz

v4da3

Figure 4.3: Schematic of typical Mamyshev regenerator, which is a beiaéinstantiation of the
regenerator blocks seen in Figure 4.2

The operating principle of the regenerator can be undedstimon Figure 4.3, which shows
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the schematic of a typical Mamyshev regenerator [106]. Egemerator of Figure 4.3 represents
a single regenerator block operating at a single opticajueacy, as shown in Figure 4.2. For
illustration, we opted for the input optical frequency’af as shown in Figure 4.2 and Figure 4.3.
The optical input signal having a center frequency of 194 :/1545nm consists of Gaussian-
shaped time-domain pulses having a bandwidth-time (BTdyebof about 0.45 repeated at time-
intervals of 25ps, i.e. at a frequency of 40H » and having a Full Width Half Maximum (FWHM)
pulse duration of = 6ps. The FWHM pulse width of = 6 ps corresponds to a bandwidth of about
0.45/6x10'? = 75 G H z. Therefore, the input optical Gaussian pulses have a tipetate of 40
GHz and a bandwidth of 7& Hz. The input signal is first amplified by the EDFA of Figure 4.3
and passed through an ASE rejection filter having a bandvatitt?5 GH z, as shown by the
stylized plots in Figure 4.3. The bandwidth of 1257z is chosen in order to accommodate the
input signal bandwidth of 76/ H = as well as 2%~ H > guard bands on each side of the spectrum.
The task of the ASE rejection filter is to remove any opticabamutside the bandwidth of the
input signal. The filtered signal is then spectrally broakby the action of the SPM in the
HNLF, which exhibits a dispersion of -1p% - nm~! - km~! at the signal frequency of 1947 -.
The attenuation of the HNLF is 2B /km and its nonlinearity coefficient is 18/~ - km~!.
Initially we have assumed a dispersion slope value of 0i323:m 2 - km~!, which is considered
typical for commercial Germanium-doped HNLFs. Recall fr8ection 2.2.2 that the dispersion
slope of the fiber is the rate of change of its dispersion vatpect to the frequency of the optical
signal. Signal regeneration is achieved by the action obtitecal band-pass filter of Figure 4.3,
which is placed immediately after the HNLF and carves inmlihoadened spectrum at an offset
frequency/wavelength relative to that of the input sign@d@h our case the filter position is at a
shorter wavelength relative to the central wavelength efitiput signal and3mn away from it.)
The filter has a Gaussian frequency-domain response andBab@wadwidth of 767 H z, which
ensures that the pulses at the output have a similar widthogetat the input. The parameters of
the regenerator are summarized in Table 4.2.

Table 4.2: Parameters of the Self Phase Modulation based regen-

erator.

Parameter Value

Center Frequency/Wavelength of Input Optical Signal 194TH z/1545nm
Repetition Rate of Input Optical Signal 40GH =
Pulse Width of Input Optical Signal 6ps
Bandwidth of Input Optical Signal 75GHz
Average Power of Input Optical Signal 0.18W
Bandwidth of ASE Rejection Filter 125GH =~
Dispersion Parameter of the HNLF -1.7ps.nm =t km~1
Attenuation of the HNLF 2.1dB/km

Continued on Next Page. ..
2The FWHM is the pulse width at a point where the power is hathefpeak power of the pulse
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Table 4.2 — Continued

Parameter Value

Nonlinearity Coefficient of the HNLF 18W -t km™!
Dispersion Slope of the HNLF 0.023ps.nm=2.km~!
Bandwidth of the Ouput Optical Filter 15GHz
Center Frequency/Wavelength of the Output Optical Filtéd©94.4T H z/1542nm

In order to elaborate further on the operating principlenefiegenerator, the broadened spectra af-
ter the HNLF recorded for different values of the input sigmawer are shown in Figure 4.4 along
with the spectra at the ouput of the filter centered at an tfifeguency. It should be noted that the
attenuation of the output filter is considered negligibletfe plots shown in Figure 4.4. It can be
observed from the plots that upon increasing the input $igoaer, the broadening of the spec-
trum after the HNLF increases. For low spectral broadenivigch corresponds to a low-power
input signal, the filtered output spectrum has a low peake/adis shown in Figure 4.4. This in
turn results in a low-power output signal in the time dom&lowever, as the spectral broadening
increases, there is a steep rise in the number of spectaldneies falling into the filter’s band-
width. This in turn causes a steep rise in the power of the-tior@ain output signal. Therefore,
it may be deduced from the above arguments that the positidre@mutput filter determines the
power of the time-domain output signal, which in turn detiexes the power transfer function of
the regenerator.
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Figure 4.4: Plots of the broadened spectra after the HNLF as well as tiresmonding output
spectra.
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4.2.3 Self Phase Modulation Based Regenerator Transfer Fations

In order to elaborate on the effect of the HNLF impulse-resgoduration on the regenerator’s
output signal, the temporal and spectral plots of the sightide output of the HNLF of Figure 4.3
are obtained for three different fiber lengths, namely f6rk@n, 1 £m and 1.4km. For illustration,
the average input power used for generating the plots sefeigume 4.5a and Figure 4.5b is equal
to 0.181W. The shape of the spectral plots shown in Figure 4.5b detexsnihe shape of the
regenerator’s Transfer Function (TF) [112], [113], as shawFigure 4.6.
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Figure 4.5: Signal at the output of the HNLF for three different fiber léng

It can be observed from Figure 4.6 that the TFs of the SPM biaggzherator are obtained for
the three different fiber lengths of Oken, 1 km and 1.4km. It may be inferred from Figure 4.4,
that the output signal power and therefore the TF of the reigeor depends upon the shape of the
broadened spectrum at the output of the HNLF as well as uppoehter frequency of the output
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filter. This dependence of the TFs may also be observed iné&#y6, where the shape of the TFs
for the three different fiber lengths of Oken, 1 km and 1.4km depends upon the shape of the
respective broadened spectra shown in Figure 4.5b. ThefllHgure 4.6 are nonlinear functions,
where the steep rise in the output power corresponds to p st&ein the number of spectral
frequencies falling into the filter's output bandwidth, kenmposing an increased in broadening,
as shown in Figure 4.4. The TFs shown in Figure 4.6 becomtvalaflat, once the input signal
power exceeds about 10Q1/. This flat region of the TF corresponds to the flat plateau ef th
broadened spectra shown in Figure 4.4. The operating pbihegegenerator is generally chosen
to be in the middle of the TF’s flat region to reduce the amgatjitter of the output signal [112].
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Figure 4.6: The three types of TFs obtained by varying the length of HNLF.

4.3 Characterization of the SPM Based Regenerator

Let us commence by portraying the state-of-the-art. Taldesdmmarizes the major contributions

that relate to the selection of physical design parameteteeoSPM based regenerator for its
efficient operation.

Table 4.3: Summary of major contributions on characterizing the
SPM based regenerator.

Author(s) Contribution

[114] T.H. Heret al. 2004 The effect of the regenerator’s physical parameters, ssithea
HNLF length, input signal power and output filter offset are

studied. It has been reported that the best performance enay
Continued on Next Page. ..
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Table 4.3 — Continued
Author(s) Contribution

achieved by keeping the duty cycle of the input data signiaivbe
33%.

[105] P. Johannissoet al. 2005 | Theoretical investigations of the trade-offs between&ois
reduction and amplitude jitter suppression were provided.
Furthermore, the effects of the HNLF length and output filter
center frequency are described.

[115] A. G. Striegleret al. 2006 | Optimization of input power, output filter center frequernd
bandwidth are discussed, complemented by the regeneetigm
rules based on the input pulse duration and fiber type.

[112] L. Provostet al. 2007 The authors related the physical parameters of the regenera
to its performance. This design procedure may be used tdifigen
the optimum parameters for operating the regenerator.

[116] P. P. Bavejat al. 2009 Numerical investigation of the linear distortion-relatet the
nonlinear distortion effects are discussed for optimizhngy
performance of the regenerator. A scaling parameter isdoired
which can be used for enhancing the regenerator’s perfarenan

As discussed in Table 4.3, much of the research on the phgsigature of the regenerator has
been focussed on the properties of the HNLF for the sake afhighg the regenerator’s perfor-
mance. However, all theoretical and numerical studiesarogben literature have considered so far
a negligible dispersion slope for the HNLF used in the regsioe, where the dispersion slope is a
measure of the dispersion versus the signal’'s wavelemgtiuéncy, as discussed in Section 2.2.2.
In this section we numerically investigate the effect oftloalinear fiber’'s dispersion slope on the
SPM based optical regenerator’s performance. Our nunietiedy will demonstrate that the dis-
persion slope has a significant impact on the regeneratarisfer function. The dispersion slope
may therefore be used together with the dispersion parammetethe filter offset as an additional
parameter of controlling the regenerator’s performance.

4.3.1 Spectral and Temporal Effects of Dispersion Slope

Let us now observe how the spectral-domain and temporabdoptots vary with the dispersion
slope of the HNLF. The dispersion slope is varied, while kegphe dispersion parameter defined
in Section 2.2.2 constant at the signal wavelength corsidand commensurately adjusting the
dispersion slope with the wavelength. Figure 4.7a and Eigufb shows the temporal-domain and
spectral-domain profiles of the HNLF’s output pulses upayivg its dispersion slope between 0
and 0.3s - nm~2 - km~1. It should be noted that these values of the dispersion siopeather
high, when considering step-index fibers, but become magdl in the case of silica holey
fibers, where it has been shown that appropriate controleohtie size and pitch may result in
high dispersion slope values, while maintaining a rel&itégh nonlinearity coefficient [117], as
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defined in Section 2.2.3.
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Figure 4.7: Ouput signal of the HNLF of Figure 4.3 having a length of @:6 and different
dispersion slope values. The corresponding curves fopedi®on slope of 0.028 - nm =2 km ™!
are shown in Figure 4.5a and 4.5b

The input signal parameters used for the plots in Figure dntaFigure 4.7b are the same as
those used in Figure 4.5a and Figure 4.5b and mentioned ile #a®. However, the length of
the HNLF is maintained at L = 0.6m in these cases. As expected, an increase in the dispersion
slope gives rise to an asymmetry in the power distributiotmeforoadened spectrum [115], [118].
Additionally, as the dispersion slope increases, the sidleeospectrum that corresponds to lower
power components (longer wavelengths in Figure 4.7b) hag im@nounced lobes, whereas the
spectral lobes on the opposite side (shorter wavelengthgjure 4.7b) become less pronounced.
This behaviour is reminiscent of the effect of varying thelHiNength, as shown in Figure 4.5b,
where the spectral lobes of the broadened spectrum becdiee disithe HNLF length is increased.
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The two effects are in fact related and result from the lavgdéwe of the dispersion at the wave-
lengths of observation. Therefore by keeping the rest ofégenerator parameters constant, while
controlling the dispersion slope of the HNLF should allowtaschange the shape of the TF. It
is worth mentioning here that similar conclusions may alsatawn for dispersion slope values
having a sign opposite to those used in Figure 4.7a and Figdte The only difference in that
case would be the asymmetry of the spectrum, which will nowggosite to that shown in Figure
4.7b.

4.3.2 Effect of Dispersion Slope on the Transfer Functions

As shown in Figure 4.6, we obtain a non-monotonic TF when tNeHhas a length of 0.6m,

a dispersion of -1;7s - nm~! - km~! at the signal wavelength and a dispersion slope of 0.023
ps-nm~2 - km~!. Figure 4.8 shows the shape of the non-monotonic TF versusliipersion
slope.
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Figure 4.8: Effect of varying the dispersion slope on the Non-Monotohkcat L = 0.6km. The
corresponding curve with DS = 0.028 - nm =2 - km ™! was shown in Figure 4.6.

In the plots shown in Figure 4.8, we increase the disperdigpestowards negative values.
Therefore, as discussed previously in Section 4.3.1,ncrease in the magnitude of the dispersion
slope will restrict the effect of spectral broadening on lihreg-wavelength side of the spectrum,
thus making the spectral lobes flatter on that side. Thisfecgftends to flatten the power TF in
Figure 4.8 when the filter offset remains constant. Notewrafiocus on the high-output section of
the transfer curve above an input power of about430 that is concerned with the average input
power of logical ones, since a change in dispersion slopetiexpected to have a significant effect
on the average input power of logical zeros. It can be seemgur€& 4.8 that the average power
equalization of logical ones improves upon increasing thgmitude of dispersion slope, until the
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value of 0.17ps - nm=2. - km™!, for which the TF exhibits a partially flat region. With a foer
increase in the magnitude of the dispersion slope, the TBrbes reminiscent of a monotonic
type and therefore the average power equalization of lbgivas becomes worse. In Figure 4.8
the operating point on the TFs, which results in minimumatzoin of the output signal power for
a variation in the input signal power is also indicated. Tiyguk average power at these operating
points is termed as the nominal average input power in thaireer of the text.

Next we consider the power TF of L =&mn having a partially flat section, as shown in Fig-
ure 4.6. Again, for the HNLF considered in our study, the liycat region occurs for a length
of L =1 km. Figure 4.9 shows the effect of different dispersion slogleies on the shape of this
type of TF. It may be observed from the figure that as we inerdfas magnitude of the dispersion
slope, the TF may become either monotonic or non-monotai@pending upon the sign of the
dispersion slope. The reason for this variation in the polWers due to the variation in the shape
of the broadened spectrum, as mentioned earlier in Sect®f.4Since the output offset filter
of Figure 4.3 is placed at the shorter wavelength side of tbadened spectrum, an increase in
the magnitude of the dispersion slope flattens the spectpalsl on the shorter wavelength side.
This effect is similar to increasing the length of the HNLFodserved in Figure 4.5b. Therefore
the power TF shape becomes reminiscent of the monotonic Type opposite happens when the
dispersion slope is increased towards negative values.
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Figure 4.9: Effect of varying the dispersion slope on the power TF haahgcally Flat region for
L = 1 km. The corresponding curve with DS = 0.028- nm 2 - km ™! was shown in Figure 4.6.

We obtain a monotonic power TF when the HNLF considered irsitmeilations of Figure 4.3
has a length of L = 1.4m. The effect of varying the magnitude of the dispersion slopthis
power TF is shown in Figure 4.9. It can be observed from therdigiat the monotonic power
TF tends towards the one with a partially flat region as theevalf dispersion slope increases,
whereas a further increase in the magnitude of the dispessope gives rise to a non-monotonic
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TF. For this to happen of course, the sign of dispersion dh@seto be the opposite of that applied
previously for the non-monotonic power TF as seen in Figude 4

The results shown in Figures 4.8, 4.9 and 4.10 demonstratét ils important to consider the
effects of the dispersion slope on the system’s behaviownwWiNLFs with a dispersion slope
of a considerable magnitude are considered, as may be tedarasertain small-core holey fibre
designs.

~

Point

T T !
L=14km Nominal Operating i

(o))

ol
T

w
T

—6—DS = 0.023 ps.nm-2.km-
——DS = -0.015 ps.nm-2.kmt1 7
—e—DS = -0.03 ps.nm-2.km-1

Output Average Power (mW)
N =

1 —+—DS = -0.06 ps.nm-2.km-1 J
—+—DS =-0.09 ps.nm-2.km-1
0 il I I I I
0 50 100 150 200 250 300

Input Average Power (mW)

Figure 4.10: Effect of varying the dispersion slope on the Monotonic poilve for L = 1.4 km.
The corresponding curve with DS = 0.088- nm~2 - km~! was shown in Figure 4.6.

4.3.3 Effect on Power Gain of the Regenerator

As discussed in Section 4.3.1, when the dispersion slogglis the spectral density of the nonlin-
early generated frequency components on the two sides sptarum about the central frequency
is not equal, as seen in Figure 4.7b. This effect is benefitidle case of a relatively short HNLF
which exhibits a partially flat power TF by virtue of a high péssion slope, as shown in Figure 4.8.
This regenerator will exhibit an increased power gain, esithe filter is placed on the high-power
side of the spectrum, where the power gain is defined as tiveofathe power at the output of the
filter to the power at the input of the HNLF [112]. By contrastielatively long HNLF having a
high dispersion slope may exhibit a partially flat power Tth# filter is centered on the low-power
part of the spectrum accompanied by a further power-losss®g by the regenerator. Figure 4.11
summarizes these findings by showing the power gain at théenabawverage input power versus
the dispersion slope for the power TFs shown in Figures 48add 4.10. The range of values
used in Figure 4.10 are chosen in order to observe the effeergping the magnitude as well as
sign of the dispersion slope on the power-loss.
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Figure 4.11: Power gain at nominal input average power as a function ofliggersion slope.

4.3.4 Reduction in Pulse-to-Pulse Overlapping

As discussed in [112] and [107], the chromatic dispersiatuaed pulse broadening within the
HNLF results in broadend pulses to an extent that they migétlaps with the adjacent pulses
travelling through the fiber. We refer to this overlap of adjat pulses within the regenerator
as pulse-to-pulse overlapping, which results in amplitjitier at the output of the regenerator.
The amplitude jitter increases upon increasing the bitohtae system, since the pulses become
shorter, i.e. more dense in time. It will be shown in this gecthat the effect of pulse-to-pulse
overlapping may be reduced by suitably choosing the HNLEtleand dispersion slope. Let us
consider the two power TFs having a locally flat region asgediwith L = 0.6km and L = 1km

in Figure 4.8 and 4.9, respectively. More explicitly, theotpower TFs of Figures 4.8 and 4.9 are
obtained by using HNLFs of length L = 0/6n and L = 1km as well as dispersion slopes of 0.17
ps-nm~2-km~!and 0.02%s-nm~? - km™~!, respectively. We chose these power TFs, since they
result in minimum fluctuation of the output power versus thguit power, when operated at the
nominal input power level. It can be observed from Figur8sashd 4.9 that the power TF obtained
for a high dispersion slope requires more power to operateedbcally flat region between 150
mW to 250mW and 100mWV to 200mWV, respectively, as compared to the TF obtained for a
low dispersion slope. On the other hand, the power gain ofégenerator based on the HNLF
associated with a high dispersion slope is higher than thtdirmed for a low dispersion slope
HNLF. Since pulse-to-pulse overlapping occurs within tHeLi, we consider the pulse widths
at the output of the HNLFs used for generating the power Tksvehn Figures 4.8 and 4.9.
Figure 4.12 shows the variation in the pulse widths at thputudf the two HNLFs, plotted against
a 20% deviation from the nominal input peak power. It should besdahat for the purpose of
illustration, we are considering the brodening of a singlaal pulse, therefore, we use the peak
power of the pulse to obtain the results shown in Figure 4.12
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Figure 4.12: Pulse width variation at the output of the HNLFs versus irgmdk power variations
for the two different HNLFs of length L = xm and L = 0.6km.

In pulse-to-pulse overlapping, it is the wings of the pulbed play a predominant role. There-
fore, the extent of their broadening is of interest in thisgdgt Hence, we have ploted the pulse
widths at 10% of the maximum amplitude in Figure 4.12, instead of the wsdthhalf of the max-
imum. For the temporal-domain plots shown in Figure 4.5a,1i% of the maximum amplitude
will be nearly 0.091//, where it can be observed that the broadening is higher cadpa the
upper part of the pulse. The peak powers are normalised egghect to the nominal input peak
power (which is different for the two cases examined). Fégrence, Figure 4.12 also shows the
25 ps bit duration for a 405bit /s signal in order to observe wheather pulse-to-pulse oveitap
would or would not affect the signal at this repetition ratlere the s pulses considered in this
work are highly suitable for 40'bit /s RZ systems [96]. It can be observed from the figure that the
pulse at the output of the HNLF exhibiting a high dispersitmps are significantly shorter than
those at a low dispersion slope. Therefore, it may be coedubat the effect of pulse-to-pulse
overlapping for a regenerator using a short fiber lengthgieith a high dispersion slope HNLF
will be less severe compared to a longer length fiber exhipii low dispersion slope.

4.4 Baseband ROF Aided 60 GHz Wireless Systems

The previous sections of this chapter discussed signahesgion for pulsed optical systems.
The remaining sections of this chapter will focus on BROFReays relying on optical pulses
for the transmission of RF baseband data, as described tio8&c5. Our study makes use of
optical signal processing techniques for transmittingebasd data at mm-wave frequencies to
multiple RAUs. Table 4.4 summarizes some of the major cbuations towards the transmission
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of baseband data in ROF communications.

Table 4.4: Summary of major contributions towards BROF

Author(s)

Contribution

[25] G. H. Smithet al. 1998

A hybrid of a star-tree architecture is conceived for amalgang their
benefits using a combination of WDM and SCM transmission,revtacal
oscillators are used at the RAU for mm-wave signal genaraiibie
multiplexing schemes used allow sharing of the equipmethteaCU, which
enables the implementation of a simple and cost-effectider
distribution architecture.

[119] C. Limet al. 2000

A dual-electrode modulator located at the CU is used forsiratting
baseband data as well as a local oscillator for frequencgng-
down-conversion at the RAU. The high frequency local oatoll was
constructed for reducing the effects of the fiber’s chromdispersion.
The scheme supports a single RAU.

[73] A. Wiberget al. 2005

A dual-frequency optical source is conceived using opticaible-sideband
modulation and carrier suppression. The carrier is sugpressing a
narrow-band optical filter. This scheme enables the trassom of
baseband data in the DL direction to a single RAU at a high ddéaof
2.5GWits/s over a fiber of length 44m.

[120] L. Chenet al. 2007

A pair of coherent optical carriers generated using Opt@aatier
Suppression (OCS) at the CU. One of the optical carriers guiated
by baseband data at 20its/s, while the other is transmitted along
with the baseband data without modulation. The unmodulededer is
used for transmitting UL data from the RAU to CU. This schemaldes
the employment of a single laser source for duplex transamss high
data rate to a single RAU.

[121]J. Yuet al. 2007

A phase modulator is used for generating multiple cohelidebsnds

with carrier, while suppressing the odd-indexed sidebabdplex baseband
data is transmitted to a single RAU at a mm-wavelength fraquef 40G H z.
The ROF architecture is simplified by using a single opticairse located

at the CU. All the optical power is efficiently utilized in ti@J with

some power margin available even without the use of an datioalifier

in the whole system.

[122] Y-T. Hsuehet al. 2009

Two high frequency (20 GHz and 40 GHz) local oscillators anpleyed
in conjuction with intensity modulation to generate mukipoherent
sidebands at the CU. The baseband data is transmitted at@waaaiength
frequency of 607 H z using narrow-band optical filters and interleavers
at the at the RAUSs.

[123] C-H. Changet al. 2010

A low-cost ROF experimental transport system is demoresirasing
direct modulation of a laser source with a local oscillatogénerate
multiple coherent sidebands. A combination of opticaluiators and
FBGs is used for narrow-band filtering of the multiple sidet& This
scheme reduces the required number of optical sourcesdscélators
and mixers in the ROF system.

[28] X. Xu et al. 2011

Continued on Next Page. ..

A system-level design of a cooperative DAS architecturagibiaseband
optical communications is presented. The suitability oFRE@mmunication
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Table 4.4 — Continued
Author(s) Contribution

for increasing the cell throughput and coverage is disaligsing a
single optical pulse model for proof of concept.

4.4.1 The Proposed Baseband Distributed Antenna System Amgecture

In this section ROF architectures are designed in the foran@istributed Antenna System (DAS),
where the number of RAUs is increased, for the sake of progidiseamless, uniform coverage of
the cell area, where all the signal processing is perfornhéteaCU such as the Mobile Switching
Center (MSC). Given this motivation, we propose a novel DAShiéecture constituted by six
RAUs that are fed using BROF data in a star-like network toggl Figure 4.13 shows the star
architecture in detail. It may be observed from the figuréttadata is forwarded from the CU to a
single BS that is surrounded by 6 RAUs. The CU-to-BS and B&}RAK is constituted by optical
fiber that transmits baseband data using optical pulsedheACtJ, the baseband electronic signal
is multiplexed in the electronic domain. The resultant iipldixed data is used for modulating a
pulsed optical carrier, which is then transmitted to the ®Bere it is distributed to each of the
six RAUs using low-complexity optical splitters discussadSection 2.6.1. At each RAU, the
baseband data is transmitted over different RF carrierardswthe MSs. It will be shown that the
proposed DAS architecture is cost-effective, since iesetin efficient all-optical signal processing.
As shown in Figure 4.13, the proposed star topology may befimally implemented in a cellular
architecture for enhancing the cellular coverage quadgpecially near the cell-edge.

It may be observed from Table 4.4 that all of the studies inojhen literature use CW optical
transmission of the BROF data. However, using CW transuomisisi not feasible for performing
cost-effective all-optical signal processing [102], [103he only publically available study that
uses a baseband optical link is reported in [28]. Howevd28ha system-level design of the opti-
cal link is presented without taking into account the desitphe optical physical layer. We embark
on closing this open problem and present a novel physicat ldgsign for BROF communication
systems that has the following major qualities:

1- The proposed system uses TDM baseband over fiber commuami¢ata DAS architecture to
transmit data simultaneously to six different RAUs.

2- The baseband data dedicated to each RAU may be transmitegdaavange of frequencies
around 60G H z that are generated using only two pulsed signal sources @&hdw any
change of hardware components. By contrast, hardware ekamguld be required for the
solutions found in the open literature mentioned in Table 4.

3- The photodetector used at each RAU carries out the taskswidildplexing as well as hetero-
dyning for generating the 60 H = RF signal.
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Figure 4.13: Architecture of the proposed Distributed Antenna System.

The details of the physical layer design of the proposediciare are discussed in the next
section.

4.4.2 Physical Layer Design of the Baseband DAS Architecter

Figure 4.14 shows the physical layer architecture of the@sed baseband fiber link. At the MSC,
the baseband data scheduled for transmission to six RAUmaligplexed by using electronic
delay lines. The data transmitted to each RAU has a rate ofM128;, hence the total data rate
of the multiplexed signal is 6 x 128 = 768 bps. Since the bit duration of the multiplexed signal
is about 1.3ns, the electronic pulse duration is chosen to berk2in order to avoid the overlap
of the six pulses multiplexed in time. The multiplexed elentc signal is amplified and fed to the
input of the Electroabsorption Modulator (EAM) of Figurd 4, as discussed in Section 2.1.4. The
optical input of the EAM is constituted by an optical timerdain Gaussian pulse-shaped source
having a repetition rate of 768/ H > i.e. a period of 1.3:s. The pulse width of the time-domain
Gaussian pulses is 4, while the center frequency i§ = 193.17'Hz. The modulated optical
signal at the output of the EAM is coupled with a second opficdsed source, which is phase-
coherent with the first optical source. The second opticlgulisource has a repetition rate of 128
Mbps and a center frequency ¢ = 193.167 H z, which is 60G H z higher than the first optical
source. The second optical pulsed source will be used toallgtidemultiplex the baseband data
for each RAU as well as to generate the data at:60: frequencies at each RAU. The optically
coupled signal at the output of the MSC shown by the stylizgetsal plot in Figure 4.13, is
transmitted over a 2@m SMF towards the BS, as shown in Figure 4.13. The parametdtseof
design are summarized in Table 4.5.
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Table 4.5: Paramters of the baseband architecture.

Parameter Value

Number of RAUs 6
Data transmitted to each RAU 128 M Bits/s
Electrical bit duration 1.3ns
Electrical pulse duration 0.2ns
Optical pulse repetition rate 768MHz
Optical pulse width 40 ps
Optical signal center frequency 193.1TH=
Fiber length between the MSC and BS 20km
Fiber length between the BS and RAU 0.3km

Observe in Figure 4.14 that at the BS, the incoming opticalaiis amplified using an EDFA
and split into two paths using an optical coupler. Opticééfd having center frequencies ff=
193.1THz and f, = 193.167 H = are used in each path to separate the two optical pulsedesyurc
as shown by the stylized plots in Figure 4.14. The output ohesptical filter is fed to an optical
power splitter which demultiplexes the input signal inte paths, as shown in Figure 4.14. The
six optical signals each at the frequencyf9fl93.167 H » are then coupled with an optical signal
at the output of Splitter 2 in Figure 4.14 and transmittedatcheRAU over 0.3:m fibers. It can be
observed from the stylized plots in Figure 4.14 that theaigheach output of Splitter 1 is delayed
in time by different amounts using optical delay lines. Theant of time delay imposed by each
delay line is adjusted to ensure that at the end of th&.ZMF, the optical pulses &t in each
path overlap in time with one of the channels in the multiprptical signal for each of the RAU.
The time domain overlap of the pulses in the two signals afueaciesf; and f, can be seen in
Figure 4.15, indicating that the pulse in path 1 of Splittendmely the one transmitted to RAU 1,
overlaps in time with the binary data in channel 1 of the TDlhsil at frequency; = 193.17T' H -.
The plot shown in Figure 4.15 is a magnified version of theiztd plots shown in Figure 4.14.
Therefore, the first delay line, which is in path 1 of the $ptiapplies a small time delay to the
signal in order to compensate for the difference in transimmsspeeds between the signalgiat
and f, [56], as discussed in Section 2.2.2. Similarly, it can beeoled from Figure 4.15 that
the pulse in path 2 af, = 193.167 H z overlaps in time with the binary data of channel 2 of the
TDM signal atf;. The same overlap of pulses is achieved for the rest of thengta The overlap
of pulses will be used to optically demultiplex the data ofleahannel at the RAU as well as to
transmit the data at 60 H =z frequency by involving heterodyning, as detailed in Set8dl.
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Figure 4.15: Time domain representation of signals at frequengiesnd f-.

4.4.2.1 Demultiplexing and Multiple 60G H = Signal Generation

The optical signals at frequencigs and f, that are coupled together at the BS are received at
each of the RAUs, as shown in Figure 4.14. The combined dptigaal is photodetected at
the RAU to generate a frequency of 6{H > through heterodyne detection [124], as detailed in
Section 3.1. The 60/H =z signal will be generated at the output of the PD only if both plulses

of the signalsf; and f, are input to the PD at the same instant in time. An electrottir fis
used at the output of the PD to retain the®# = signal. Therefore, the signal at frequentyis
used to optically demodulate the data at the center frequgnat each of the RAUs. Apart from
performing demultiplexing, the signgl also helps in generating the baseband data at B0
frequency. Figure 4.16 shows the time domain overlap ofwleepulses at the input of the PD in
order to demultiplex and transmit the data at®H > frequency. Since the difference in frequency
between the coherent signalsfatand f, is 60 GH z, the RF signal generated at the output of the
PD has a frequency of 60 H z.

In order to avoid interference among the 6@ > signals transmitted by different RAUs, it is
desirable to generate the 60/ > signal for each RAU at a different center frequency. The pro-
posed scheme allows us to achieve this desirable featuremnpysvarying the overlap-duration
between the signals at frequengy and f, that are input to the PD of Figure 4.14. As shown
in Figure 4.16, the optical signals at the input of the PD dmieped owing to the fiber-induced
dispersion [56]. As mentioned in [56], an optical pulse ¢stssof a carrier wave with an envelope
that is Gaussian in time. It has been mentioned in Sectior 2tRRat fiber dispersion varies the
phase of the optical pulse. Since the instantaneous fregusrefined as the rate of change of

IChirp is defined as the linear variation in the instantand@sgiency of the optical pulse with time. [56]
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Figure 4.16: Time domain overlap of signals at frequencjgsand f5.

phase, therefore, a change in phase due to dispersionsresaltinear variation in the instanta-
neous frequency versus time with in the pulse. Thereforesdogrolling the time delay between
the two overlapping pulses @t and f>, the instantaneous difference in frequency between the two
pulses that are input to the PD can be varied by simply turiiegptical delay lines located at the
BS. The delay line generally consists of a short length of ftlse free space region whose length
can be mechanically controlled. It will be shown in the nee¢t®n that the 6@~ H = baseband
data generated at each RAU having a different center freayugimes BER result, which is within

1 dB of the idealized non-dispersive back-to-back (BB) chasnel

4.4.3 Performance Results

In this section, we discuss the BER results obtained for théaseband channels transmitted
from the CU to RAUSs through the BS. The components used at tB& keceiver in order to
retrieve the baseband data transmitted at a carrier fregue®0G H 2 by the RAUs are shown in
Figure 4.17. The wireless signal received at the MS is filtdrg an Electronic Filter (EF) at the
60 G H = frequency and it is then passed through an Electronic AmeplfitA). The signal at the
output of the amplifier is divided into two paths by a splitees shown in Figure 4.17. The signal is
down-converted to baseband signal with the aid of self4ngixas described in [73]. Self-mixing
is a technique for down-converting a high-frequency signitiout using a separate oscillator, by
mixing together two copies of the signal [73]. The down-camed signal is filtered using a Low-
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Pass Filter (LPF) and finally, BER measurements are peridimerder to assess the performance
of the proposed link.

BER
Calculation

(2]
=
=
]
=

Figure 4.17: Components of the MS receiver.

As mentioned in Section 4.4.2.1, the center frequency obhé& H » signal transmitted by
each RAU may be varied by appropriately adjusting the deteslused at the BS. We have set
the time delay for each of the delay lines to values that ggadrequencies ranging from 56
GHzto 61GH = for channels 1 to 6, respectively, where the frequency spdaoetween the 128
M H z wide adjacent channels is@H z. Therefore, the baseband channels have different center
frequencies, which results in avoiding the interferencemgnthem. Figure 4.18 shows the BER
results for all the six baseband channels. The BER is cakulilasing statistical methods, where
the received signal is compared to the transmitted sigral s&ke of comparison, the figure also
shows the back-to-back BER results for all the channels.bBo&-to-back results are obtained by
removing the fibers used in the network. The optical pulsetices used in our simulations are
assumed to be chirp-free, therefore, the chirp imposedepulses received at the PD is due to the
dispersion of the optical fiber used in the network, as dsedsn Section 2.2.2. Chirp is defined
in Section 4.4.2.1 as the linear variation in the instantasdrequency of the optical pulse with
time. Since the back-to-back case does not use any optiea] ftiiere will be no chirp imposed
on the pulses received at the PD. Hence, we generate all tmnels at the same frequency of 60
G H z for the back-to-back BER measurements.

It can be observed from Figure 4.18 that the proposed badedrahitecture results in BER
values which are within dB of the back-to-back results. The sensitivity of the receiselefined
as the optical power required for achieving a BER of LCGFigure 4.18 shows that the difference
in sensitivity among the six channels is about @8 The major reason for this difference is the
selection of different center frequencies for the channdesally, each channel should generate the
transmitted signal at a frequency of 607 z, which is the actual frequency difference between the
two coherent pulsed sources used at the MSC. However, im tr@oid interference among the
signals of different RAUs, the center frequencies choserddferent. This frequency difference
is achieved by varying the delay between the optical sigag)s and f,, which in turn causes
a sensitivity difference amongst the received signals.ait be observed from Figure 4.18 that
channel 1 has the worst sensitivity among the six channéis.i3 due to the maximum frequency
shift between the center frequency of channel 1¢56z) and the nominal frequency of @oH -.
Figure 4.18 also shows that the BER results of the back-t&-beenario are also different. The
main reason for this variation is the use of rounded valuegh® time delays applied at the BS,
given the total bit rate of 128 x 6 = 768/bits/s, the time delay per channel is not an integer
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Figure 4.18: BER results for the six baseband channels. The BER is cédcllasing statistical
methods, where the received signal is compared to the tigadrsignal.

number and it is therefore rounded to the nearest decimaévdihis rounding of the time delay
results in some variation in the BER results for both the Haekack as well as for the fiber

transmission scenario.

In order to observe the received baseband signal qualgyeyle diagrams for channel 1 and
channel 6 are plotted in Figure 4.19. The eye diagrams fotwieechannels are obtained after
photodetection and down-conversion for a sensitivity @akguired for achieving a BER of 10
It can be observed from Figure 4.19 that the received basketignals exhibit an open eye, which
implies that the distance of the ROF link may be further insesl.
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Figure 4.19: Eye diagrams of Channel 1 and Channel 6.
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4.4.4 Effect of Time Delay Mismatch

It has been shown in Section 4.4.3 that the BER results adddor all the six baseband channels
are close to those of their back-to-back counterparts. Mewé¢he BER results of Section 4.4.3
were obtained using the optimum time delay between the sigidrequencieg; and f,. How-
ever, due to the presence of a large number of components oyptical link as well as due to the
usual temperature effects, the time delay imposed on theabgignal by the optical link and the
delay lines may vary. This variation in the time delay mayleis a performance degradation for
our proposed BROF architecture. Hence we also generateBHEReresults for different values
of time delay mismatch between the signals at frequengiesd f,. Observe from the results
of Figure 4.20 that the received powers of each of the sixbd@s®channels were set to a value,
which gives a BER of 10’ for the optimum time delay. At this point, time delay variats are
imposed at the BS to observe the variation in the BER of eatheothannels. Figure 4.20 shows
the BER results against the time delay between the signéiscatenciesf; and f>. The variation

in time delay is plotted as a percentage of the pulse widtlthvivas chosen to be 443, as men-
tioned in Section 4.4.2. It can be observed from Figure 4a0the performance of our proposed
architecture remains largely unaffected by the time detajations. The worst-case BER is 10
for a time delay as high as %0of the pulse width. Therefore, the proposed BROF architectu
may be deemed to be resistant to changes in the parametdrs passive elements used in the
network.

1 1 1 1 1 1 1 1 1
-50 -40 -30 -20 -10 0 10 20 30 40 50
Percentage Time Delay Mismatch Normalized to Pulse Width (%)

Figure 4.20: BER versus time delay mismatch.
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4.5 Conclusions

We have discussed the SPM based regenerator of Figure 4e&aith @vhich is one of the simplest,
yet effective all-optical regenerator that has been prepo®ur numerical study characterizes the
performance of the regenerator by taking into account thgetsion slope parameter of the HNLF
used in the regenerator setup. The main conclusions froratady are as follows:

¢ Both the dispersion slope and the dispersion parameter magdd as an additional param-
eter of controlling the regenerator’s performance.

e The power gain of the regenerator may be increased by usindiLd Having a high disper-
sion slope along with a suitable value of the output filte€ater frequency.

e The effect of pulse-to-pulse overlapping imposed in theenegator may be reduced by
choosing a short HNLF section having a high dispersion slope

We have also presented a ROF architecture that uses TDMdas$eler fiber communications
to simultaneously transmit data to six different RAUs. Tlaads transmitted to each RAU at a
different frequency in the 60' H z band. The perfromance results of the proposed architeatare
close to those of to the back-to-back benchmarker. We haeecainsidered the effect of timing
jitter on the system performance. It has been shown that tiistwase BER of the six channels is
10° for a time delay as high as %0of the optical pulse width.

Table 4.6 summarizes the performance of the BROF archietierms of the optical receiver
sensitivity of each RAU. The sensitivity of an optical reasiis defined as the received power
required to achieve a BER of 1x1Q

Table 4.6: Performance summary of the baseband architecture of
Figure 4.14. The receiver sensitivity results were exé@dtom
Figure 4.18.

RAU  Receiver Sensitivity with Fiber Back-to-Back ReceiverSensitivity

RAU 1 -25.8dBm -28.1dBm
RAU 2 -26.3dBm -27.9dBm
RAU 3 -26.4dBm -28.4dBm
RAU 4 -26.9dBm -28.2dBm
RAU 5 -26.6dBm -28.1dBm
RAU 6 -26.8dBm -28.2dBm




Chapter5

Analogue ROF Communication

In this chapter, we will present our contributions to theagtmajor family of ROF communica-
tion systems, namely to the class of AROF arrangementsgyedrin Figure 5.1. We will present a
cost-effective physical layer design conceived for cdizied DAS architectures relying on AROF
communication. Section 5.5 presents a low-complexitycbarost effective solution designed for
the duplex transmission of SCM RF signals using QAM betwéer@U and MSs in a ring archi-
tecture. The second study provided in Section 5.8 discubsdeasibility of ROF transmission of
SCM mm-wavelength signals to a pair of RAUs, which form pdr @irtual MIMO architecture
under the control of a CU. The ROF signal is transmitted ontarmediate frequency carriers in
order to avoid the effects of dispersion in the fiber. Hetgneddetection is used at the RAUs to
generate mm-wavelength signals. The multiple opticaiearused for both data transmission as
well as for heterodyning at the RAUs are generated usinggesiaser source in both Section 5.5
and 5.8.

5.1 Analogue ROF Architecture

Figure 5.1 shows the typical architecture of an AROF commation system. The baseband data
is upconverted to a RF signal in the upconversion block. TResiBnal is converted to an optical
signal in the E-O block and the resultant optical signalassmitted over the optical medium. At
the receiver, O-E conversion is performed for retrievirg®¥ signal, as shown in Figure 5.1. The
resultant RF signal is transmitted through the antenna péorming filtering and amplification,
as shown in Figure 5.1. Observe in Figure 5.1 that in contagihe baseband architecture of
Figure 4.1, the upconversion is performed at the transmEtgthermore, it will be shown in Sec-
tion 6.1 that in case of DROF transmission, the upconvelitgthtis digitized before performing
E-O conversion.

91
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Basebang E-O0 Transmission O-E FiI;%r(ijng j
Data Conversio Medium Conversio Amplification
Electrical
Upconversio

Figure 5.1: General architecture of an AROF system. In contrast to BR@FEm of Figure 4.1,
the upconversion is performed at the transmitter rather tha receiver.

5.2 Background - Centralized Distributed Antenna Systems

ROF systems constitute a cost effective solution for theraannection of BSs or for feeding the
so-called distributed antennas [125]. The Distributedefina Systems (DASs) seen in Figure 4.13
are capable of supporting high data rate services with thefdROF links. In a DAS architecture,
the RAUs transmit to the MSs in the DL. These RAUs are in tumneected to the CU seen in
Figure 4.13, where joint processing of all the data arrivinagn the RAUs is performed [13], [9].
A centralized ROF link design provides a cost effective solufor connecting all these RAUs to
the CU. A significant amount of work has been carried out oriraéning the DAS architecture
for ensuring that the minimum number of optical componestequired. Table 5.1 summarizes
the major contributions in the area of centralized DAS dedtures over the past decade. In all
the contributions mentioned in Table 5.1, the aim was to emvecan architecture, where most of
the system components are located at the CU. Against thiggb@end, we will discuss our novel
contributions in the area of centralized DAS architectimgbe following sections.

Table 5.1: Summary of major contributions towards centralized
DASs.

Author(s) Contribution

[124] T. Kuri et al. 2003 DQPSK-modulated RF signal is transmitted to a single RAU at
a mm-wavelength carrier frequency, which is generated by
heterodyning the received ROF signal with a dual-mode laser
located at the RAU.

[126] X. Zhanget al. 2006 DPSK RF signals are transmitted at a mm-wavelength frequen
using two separate optical carriers that are transmittad the

CU to the RAU.

[120] L. Chenet al. 2007 A dual-mode light generated using Optical Carrier Suppoess
(OCS) at the CU is used for transmitting duplex basebandtdata
a single RAU.

[121]J. Yuet al. 2007 A phase modulator is used for generating multiple coherent
sidebands while retaining the carrier, but suppressing the
odd-indexed sidebands. Duplex baseband data is trandriotte
single RAU.

()

Continued on Next Page. ..
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Table 5.1 — Continued
Author(s) Contribution

[127]Y. Kim et al. 2008 A phase modulator along with two Fiber Bragg Gratings (FBGS
is used for transmitting a unidirectional 64-QAM signal to

a single RAU. The FBGs are used for retaining the optical
sidebands that have a separation of X2/5z.

[128] M. F. Huanget al. 2008 | The technique mentioned in this study is similar to the one
proposed in [127], except that in [128], an intensity mothrda
(IM) is used for generating multiple coherent side-bands.
[122] Y-T. Hsuehet al. 2009 | Two high-frequency (2@~ H = and 40G H z) local oscillators are
used in conjuction with intensity modulation for genergtin
multiple coherent sidebands at the CU. The baseband data is
transmitted using narrow-band optical filters and intarées

at the RAUSs.

[129] H-C. Jiet al. 2009 A single 16-QAM signal is transmitted to a single RAU by phas
modulating an optical carrier in the DL, while intensity nutating
the same optical carrier for UL data transmission.

[130] J. Yuet al. 2010 Different methods are conceived for transmitting RF sigral
different mm-wavelength frequencies using high-freqyenc
cascaded modulators at the CU.

[131] J. Jamest al. 2010 A local oscillator having a frequency of 23.162 z is used

for generating coherent optical sidebands for mm-waveteng
signal generation. A unidirectional single RF signal is
transmitted to a single RAU.

[123] C-H. Changet al. 2010 | Direct modulation of a laser source is used for generating
multiple sidebands used for transmitting a single RF basgba
signal in the DL direction. A combination of optical circtdas
and FBGs is used for narrow-band filtering of the multiple
sidebands.

D

5.3 Single Laser Based DAS Ring Architecture

In this section we will design an AROF system that is useddoilitating duplex communication
among three BSs located at different positions in the ricitecture of Figure 5.2. An early ring
architecture conceived for the distribution of ROF signadsng multiple optical sources has been
proposed in [77]. However, as a further advance, the adiite discussed in this section uses
a single laser source at the MSC for generating multiple fiesidebands used for duplex data
transmission. As discussed in Section 3.3, an AROF systdynrequires a PD for detecting the
optical signal received and an electronic amplifier for afyiplg the resultant RF signal. The am-
plified RF signal is then transmitted in the DL to the MSs udd&jantennas, as seen in Figure 5.2.
Again, in our proposed scheme, we use the ring architecfufgare 5.2, where a MSC transmits
data for example to three BSs using an optical link. Obsarvédgure 5.2 that a PSTN delivers
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the tele-traffic to the MSC using an optical fiber. The MSC thautes the tele-traffic from the
PSTN to the appropriate BSs in the particular ring that i®eissed with the MSC. Finally, the
BSs forward the corresponding RF signal to the MSs and atsor¢he UL RF signals received
from the MSs to the MSC through the same ring. At the MSC, th&@hnique [132]- [133] of
Section 5.4 is used for generating six side-bands for thdirbetional data of each of the BSs, as
seen in Figure 5.2. The wavelength of each side-band is htsersin Figure 5.2. Again our goal
is to design a single-diode aided OCS transmitter-rec@aer(transceiver) for employment either
at the MSCs or BSs. Against this background, we will dischedallowing contributions towards

N4

T

Optical Link from a PSTN

Z W

Figure 5.2: The duplex UL/DL AROF based ring architecture. In contrasBROF based star
architecture of Figure 4.13, the upconversion is perforatelde transmitter rather than the receiver.

ROF communications:

1- We generate multiple optical side-bands using a single Emarce at the MSC of Figure 5.2.
The feasibility of transmitting four 16-QAM SCM channelsldt M Symbols/s in the DL
and at 5// Symbols/s in the UL on each side-band of the carrier is assessed on #iedfa
the ROF link's EVM performance.

2- The duplex UL/DL transmissions are supported simultanigoias the three different BSs
of Figure 5.2 without requiring a separate laser source etBiis. Hence all the high-
complexity signal processing tasks are performed at the M&tich facilitates a low-
complexity BS design.

3- We also show that the quality of the RF signals transmittemhtpparticular BS of Figure 5.2
can be dynamically controlled by simply varying the parametof the remote RF local
oscillator located at the MSC.
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The distance between the BSs is limited tok10 to achieve satisfactory performance in both the
DL and UL directions. Furthermore, the number of SCM chasiaeld the symbol rate of each
channel is optimized to obtain the best performance. Uporeasing the distance between the
BSs, the number of SCM channels or the symbol rate, the pedioce of the system is degraded
due to the impairments induced by the ROF link. The simutatibi@| used for our numerical study
is the VPITransmissionMaker 8.6 (www.vpiphotonics.comnenercial software.

5.4 Generating Multiple Side-bands Using OCS

To elaborate further in the context of Figure 5.3, we use t68&@chnique for generating six opti-
cal side-bands from a single laser source using a DD-MZMlaimo Figure 2.8, whose operating
principle was discussed in Section 2.1.4.2. We observe Figore 5.3 that the MZM is biased to a
non-zero DC value. At this point a sinusoidal RF signal isssupposed on the DC bias in order to
generate an optical signal, whose carrier is suppressedoftical carrier of2.(t) = A.exp(jw,t)
generated by the LD of Figure 2.3 having an amplitudelofind a frequency o, is applied to
the input of the DD-MZM detailed in Figure 2.8. The two armgloé MZM are driven by sinu-
soidal RF signals having equal amplitudes antk@ phase shift between them. The two drive
voltages applied to the MZM’s electrodes may be writtewast) = V. + V,.cos(w,t + ¢;) and
Via(t) = Vi + Vicos(w,t + ¢2), whereVy,, V., w, and¢ are the DC bias voltages, RF signal
amplitude, RF signal frequency and phase, respectivelyse&s in Figure 5.3, the MZM’s trans-
mittance versus bias characteristic is a nonlinear functiverefore it will generate higher-order
optical side-bands, when a RF signal is applied to its teatinThe number of higher-order side-
bands generated depends on the RF signal’s amplitiidAs seen in Figure 5.3, a high value of
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Figure 5.3: Time-domain operation of the OCS.

V.. increases the non-linearity of the MZM’s transfer charastie, which results in an increased
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number of higher-order side-bands generated at the oufpetoptical signal at the output of the
DD-MZM may be written as the sum of the optical signal in each af the MZM as follows:

N Vo (1) TVoa(t)
Eu(t) = 7("(6] Vi ppe Vr )eﬂ'w, (5.1)

whereV. is the voltage required for inducing a phase-shiftrdbr each of the MZM arms and
1 accounts for the non-ideal extinction rati@f the MZM. The value of) lies between 0 and 1,
which is related t@ asy) = (/e —1)/(y/e + 1) [134], [133]. The output of the DD-MZM may be
further expressed in terms of Bessel functions as [135]:

Epy(t

Z I (emﬁwd e J<¢>v+n¢d>> ejn<w+¢m>] eduet, (5.2)

n=—oo

whereJ,, is the Bessel function of first kind and orderwhile

m, = 7;/,‘?, (5.3a)
- W(‘/dcl_vch)

¢y = — (5.3b)

bq = (¢12¢2) (5.3¢)

Om = M (5.3d)

The value ofl, chosen in our simulations i8. = 0.9 - V,, therefore the argument of the Bessel
function m, becomes 2.82. Furthermore, in order to operate the DD-MZM piouble side-
band suppressed carrier (DSB-SC) configuration, we chopseg, = m andVy.; — Ve = V.
Substituting these values into Equation 5.2 and furthepkiying it gives the following relation
for the optical signal at the output of the DD-MZM:

Z Jn(2.82) ( (em™ — ) x ejn(erm))] -edvet, (5.4)

n=—oo

Epy(t

It can be observed from the Bessel function expansion of tmu&.4 that for an argument of 2.82,
we arrive at six side-bands having a sufficiently unattesdiatagnitude on each side of the input
optical carrier. The power of each side-band depends upovetine of the extinction ratio of the
MZM and can be calculated using Equation 5.4. Equation Sggests that a high value efwill
result in a higher suppression of both the carrier and of tke-éndexed side-bands. It is useful to
suppress both the carrier and the even-indexed side-bawndder to avoid power saturation of the
PD. The DD-MZM used in our study has an extinction ratio ot/3%

The spectrum of the OCS signal generated in our simulat®sfiown in Figure 5.4. This
spectrum was obtained by applying a RF signal having a freguef 12.5G Hz. It can be ob-
served from Figure 5.4 that the output spectrum of the MZMtaimis a carrier attenuated by 40
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dB, while the even-indexed side-bands are attenuated hj33@ompared to the first-order odd-
indexed side-bands. The frequency spacing between cdnseodd-indexed side-bands is twice
that of the RF frequency applied. The OCS technique allow® wbtain six sufficiently high-
power different-wavelength optical carriers from a sinigkeer source. Therefore this technique is
useful in terms of reducing both the cost and complexity of$Qvbr BS, which would require six
different-wavelength laser sources in the absence of thegsed OCS technique. Furthermore,
the OCS technique allows us to accurately control the spdwétween the side-bands by simply
varying the frequency of the RF signal applied.
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Figure 5.4: Optical spectrum at the output of DD-MZM.

5.5 The Proposed Bi-directional Ring Architechture

The schematic of our system is shown in Figure 5.5. The sigeaérated by the LD having the
parameters shown in Figure 5.5, is passed through a DD-MZ¥di using a DC source. Again,
a sinusoidal signal having a frequency of 12:% > is applied to the upper and lower branches
of the MZM with the aim of generating multiple side-bandshat tesired frequencies, as seen in
Figure 5.4. The signal at the output of the DD-MZM having nplé side-bands is amplified using
the EDFA of Figure 2.18 and having a noise figure af 8 as well as a constant output power
of 1 W. As observed in Figure 5.4, the side-bands at the outputeobtd-MZM that are located
farthest from the center frequency of the LD exhibit the Ietygowers. Therefore, these side-bands
will have lower SNR owing to the higher ASE noise imposed @mnildue to the EDFA. The output
of the EDFA is fed to the 1x8 AWG of Figure 2.20 having a charspelcing of 257 H z. Each of
the AWG’s channel performs Gaussian filtering having a 3-dBdwidth of 25G'H > centered at
the odd-indexed optical side-bands. The optical signalsigaifferent central frequencies at the
output of the AWG are labelled by, A2, A3, A4, A5 @and g, as shown in Figure 5.5. The signals
A1, A2 and\s, used for the MSC-BSs DL transmission are intensity-maedlay RF signals at the
MSC using a MZM. The RF signals transmitted over the carrders\, and A\; are composed of
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four SCM signals having central frequenciesfot= 1GHz, f, = 1.16GHz and f; = 1.32GH z,
respectively. Each SCM channel carries 16-QAM data at a symate of 10 M Symbols/s.
Therefore the data rate transmitted over each opticallsaahelis 16QV/ Bit/s and hence the total
data rate in the DL direction over the three optical sidedsais 4800/ Bit/s. After intensity
modulation, the resultant ROF signals having optical eesrof\;, A\, and\3; are multiplexed with
the remaining three unmodulated signals, namely wjth\s; and\¢. The average optical power of
each optical side-band throughout the link is maintaineabaut 8/ Bm so as to avoid the effects
of XPM between the channels. The XPM imposes phase noiseeaighal, which is converted to
amplitude noise due to fiber dispersion [18], [136], as dedain Section 2.2.3. The phase noise
increases upon increasing the average power of the sipeagfore the average power per optical
side-band should be kept low. The spectral plot of the rastinultiplexed signal is shown in
Figure 5.6.

It can be observed from the spectral plot of Figure 5.6 thatktinction ratio of the signal is
limited by the noise at the base of the signal. This noise posed by the EDFA at the transmitter,
which again becomes more pronounced for the side-bandarthdrthest from the center of the
spectrum. Since the AWG filters are not ideal, some noiseacoiniates the signal. After optical
multiplexing, the signals are transmitted to three diffei8Ss that are separated by spans of 40
of SMF. Observe in Figure 5.5 that at each BS, an Optical AdopDMultiplexer (OADM) similar
to that of Section 2.6.1 is used for dropping a modulated DLOMES signal and an unmodulated
carrier signal, which is used for transmitting the UL RF daten the BS to the MSC. The optical
side-bands used for each BS as shown in Figure 5.5, are chogba basis of their Optical Signal
to Noise Ratio (OSNR) and the distance covered by them. Aloogly, the side-bands; and
X6, Which have the lowest OSNR are used for transmitting da& awshort span of SMF. The
UL 16-QAM data transmitted by each BS has a symbol rate bf $ymbols/s. Since four SCM
channels are used, the total UL data rate transmitted by®8dk4 - 4 - 5 = 80M Bit/s. In the
absence of the unmodulated sign&ls)\s, the BSs would require separate LDs to transmit the UL
signal back to the MSC's receiver. After propagating thiotle ring, the ROF signals,-\¢ are
received at the MSC.

The architecture of the MSC's receiver has elements regenisof the BS's receiver, but it
is nevertheless different in the sense that the BS receiwdtiplexes the UL ROF signal with
the signals intended for the rest of the BSs or for the MSC. Sthecture of the BS transceiver
including the OADM is shown in Figure 5.7.

A 25 GHz AWG separates the different optical frequencies contaiméide input signal. One
of the received unmodulated optical signal is modulatecheyBS'’s UL RF data and multiplexed
with the remaining signals. The optical signal carrying bie RF data for the BS is photode-
tected in order to extract the RF signal. The parameters efPfD are shown in Figure 5.7.
The output of the PD is amplified using an electronic amplifiaving a noise spectral density
of 10 x 107*2A/H z'/2. The signal at the output of the electronic amplifier is themddulated by
the 16-QAM demodulator, as shown in Figure 5.7 [137]. The aéuwhator is also used for quanti-
fying the EVM of the received signals. Table 5.2 summaribesgarameters of the proposed ring
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Figure 5.6: Optical spectrum of the multiplexed downstream signal atabtput of the MSC. In
contrast to the spectrum at the output of the DD-MZM shownigufe 5.4, the three sidebands on
the left are modulated with the DL ROF signals.
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Figure 5.7: BS receiver schematic designed for the transmitter of EiGuUs.

architecure of Figure 5.4.

Table 5.2: Parameters of the ring architecture of Figure 5.5.

Parameter Value

SCM Channels per Optical Sideband 4
Number of DL and UL Optical Sidebands 3 DLand 3 UL
DL SCM Signal 16-QAM, 10 M Symbols/s
UL SCM Signal 16-QAM, 5 M Symbols/s
Optical Carrier Centre Frequency 193.1TH=
AWG Channel Spacing 25GHz
AWG Channel Bandwidth 25GHz
Fiber Dispersion 16 ps/nm/km
Fibre Span Between Successive BSs 10km

Continued on Next Page. ..
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Table 5.2 — Continued

Parameter Value

Number of BSs 3
Noise Figure of Optical Amplifiers 6 dB
Photodetector Responsivity 0.8A4/W

5.6 Performance of the AROF Ring Network

Let us now characterize the proposed architecture of Figdrén terms of its EVM performance.
The EVM is a measure of the difference between the expecteghlex-valued voltage of a de-
modulated symbol and the actual received symbol [138], wisdormulated as [139], [140]:

T
Z [(]R:vn - ITmn>2 + (QRmn - QT:Bn)2]
EVM = | = , (5.5)

T
2 (e, + @12,

whereT is the number of symbols transmitteld;, and Iz, represent the positions of the trans-
mitted and received I-components, whilg, and(Q r, those of the transmitted and received Q-
components, respectively. It may be observed from Equdiibrthat the EVM is a measure of
the relative root-mean-square error between the trareingiihd received constellation points. In
Figure 5.8, the EVM of the received RF signals is plotted msfathe Signal-to-Noise Ratio (SNR)
of the RF signals. The SNR is measured after photo-deteatitime receiver and it is varied by
imposing ASE noise on the optical side-band carrying the iBfas. Figure 5.8 shows the EVM
versus SNR results of the DL and UL RF signals of BS 1 in the ettie of Figure 5.5. The DL
RF signal for BS 1 is transmitted using the side-bandwhile the UL RF signal is transmitted
using the side-band,, which has a considerably better OSNR thanas seen in the spectrum of
Figure 5.6. Therefore the UL performance is higher thanfibrathe DL RF signals. The higher
achievable SNR and lower symbol rate of the UL signals resnlEVM values as low a3.2%, as
observed in Figure 5.8. The worst EVM values obtained folxhdRF signals are close to%4 and
hence are still within the acceptable limit of6for a 16-QAM 802.16a WiMax signal operating
without channel equalization [37].

Figure 5.9 shows the corresponding EVM measurements fobthand UL signals of BS 2
seen in Figure 5.4. The side-bands used for transmittin@thand UL signals aré, and ;. As
seen from the spectrum of Figure 5.6, they have similar OSBIReg. Therefore the maximum
achievable SNRs for both the DL and UL RF signals of BS 2 arsecko 35dB. The lowest
EVM values for UL transmission are seen in Figure 5.8 to bénenrange of 2%, while for the
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Figure 5.8: EVM of the received DL and UL RF signals of BS 1 seen in Figure The system
parameters are summarized in Table 5.2.

DL transmission they are in the range of@3 The difference in the EVM is a result of the higher
symbol rate of the DL RF signals.

Finally, the EVM values of the DL and UL RF signals for BS 3 oéthing network seen in
Figure 5.4 are shown in Figure 5.10. Here the DL signal issim@itted over the side-bank;,
while the UL signal is transmitted ovey;.. Again, since the OSNR of; is better than that of
X6, therefore the maximum achievable SNR of the RF signalgisdrifor the DL signals than for
the UL. It can be observed from Figure 5.10 that all the EVMuealmay fall below 4.56, which
implies that our proposed architecture is suitable fordmaitting higher-order modulation formats
over long fibers.

5.6.1 EVM to BER Performance Relationship

In this section, we discuss the relationship between the Evdtioned in Equation 5.5 as well
as the BER of a QAM signal and observe the performance of tigeaichitecture in terms of the
BER. In order to obtain the relationship between EVM and BER,assumed that the noise in the
system is Gaussian and both the carrier as well as the ph#se @iceived ROF signal is perfectly
recovered. For M-ary modulation and Gaussian noise sotimeeBER may be written as [141],

3log, L\ 2E,

L?—1) N,
where L is the number of levels in each dimension of the M-ary modasystem,E, is the
energy per bit andV, /2 is the noise power spectral density. Furthermd@yas the Gaussian Q-

2(1—%)_

BER =
R log, L

: (5.6)
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Figure 5.9: EVM of the received DL and UL RF signals of BS 2 seen in Figure Fhe system
parameters are summarized in Table 5.2.
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Figure 5.10: EVM of the received DL and UL RF signals of BS 3 seen in Figure Fhe system
parameters are summarized in Table 5.2.
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function given by [140],

1 =
Q(x) Ner y (5.7)
For an M-ary system, the bit-energy and symbol-energy daseckby:
E
E, = d 5.8
b 10g2 M’ ( )
whereF is the energy per symbol. Substituting Equation 5.8 intoyte&ls:
2(1— 1) 3log, L 2E
BER=——1L~. 2 : :
R log, L @ [\/<L2—1) N, logy M (®-9)
From Equation 5.5, the transmitted sigisal,, and received signdl,, may be written as,
and
Furthermore, the signal power may be written in terms of thegmitted signal as,
1 T

n:l

Assuming an additive noise, the received signal may beemritt terms of the transmitted signal
Stz, and complex noise,, as,
SRxn = ST:(:n + Ny (513)

The complex noise,, may be written as,
Np =MNin + anJU (514)

wheren, ,, andng ,, represent the I- and Q-component of the complex noise. Frquatons
5.10, 5.11 and 5.14, the complex noise may be written as fferatice between the received and
transmitted signals as follows,

Substituting Equations 5.12, 5.14 and 5.15 into the EVM af&pn 5.5 gives the following result,

(5.16)

It can be observed that the numerator of Equation 5.16 repteshe power of the noise imposed
by the ROF link, while the denomenator represents the sigmakr, as mentioned in the context
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of Equation 5.12. Therefore, Equation 5.16 characterizesdlation between the EVM and SNR

as follows,
1

EVM?
Substituting Equation 5.17 into Equation 5.9 and using #iation of SN R = FE,/N, gives the
following result for the BER of the signal in terms of EVM,

2(1 — 1) 3log, L 2
BER ~ ——L~. 2 . 5.18
R log, L @ [\/( L2—1) EV M?log, M (-18)

Equation 5.18 is used for generating the correspoding BHiesaf the ROF signals trans-
mitted through the ring architecture. Figure 5.11 showd$BR values for the DL and UL signals
of BS 1. It may be observed from Figure 5.11 that the BER redaltow the trends observed in
Figure 5.8 for the EVM values of BS 1. The BER of the UL signalbeétter in comparison to the
DL signals, since the 16-QAM signals transmitted in the Utediion have half the symbol rate
compared to the signals transmitted in the DL direction. pédormance of the UL signals with
the symbol rate equal to that of DL signals is not satisfgctdherefore, the symbol rate in the UL
direction is chosen half of the symbol rate in the DL directio

SNR = (5.17)
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Figure 5.11: BER and EVM of the received DL and UL RF signals of BS 1 seen gufe 5.4.
The system parameters are summarized in Table 5.2. The BitiRsr@are obtained by using the
EVM to BER performance relationship described in Sectidhibs.
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5.7 Effect of Parameter Variations on the Proposed Ring Ar-
chitecture

The parameters of the components considered in our propwgedrchitecture are similar to the
parameters of commercially available devices. As noteceutiSns 5.6 and 5.6.1, even with these
imperfect components, the performance of the ROF link isigifi integrity, as detailed further in
this section by varying certain device parameters. Thiseméble us to assess the suitability of
our proposed technique for employment in practical ROFslinkhe key feature of the link is the
OCS technique of Section 5.4 relying on a high-amplitudasandal signal for generating multiple
side-bands. The two main components of the OCS techniquarharone to parameter variations
are the DC bias source and the RF sinusoidal signal applidtet®D-MZM of Section 2.1.4.2.
We consider their effects separately in the following seti

5.7.1 Effect of DC Bias Variations

The DC sources used in electronic circuits are prone totiamigin the output voltage due to tem-
perature or aging effects. A variation in the DC bias apptethe DD-MZM of Section 2.1.4.2
changes the bias point and hence results in a reduced ssippre$ both the carrier and of the
even-indexed side-bands. To quantify the extent to whiels point variations affect the perfor-
mance of the architecture of Figure 5.4, we vary the biastpaithe DD-MZM and observe the
resultant variations in the EVM of the received RF signalsr this study, the SNR is chosen to
ensure that the EVM of the RF signalsli§%, while operating the DD-MZM at the optimum bias
point. Figure 5.12 shows a plot of the EVM versus the perggntd DC variations on either side
of the bias point for both the DL and UL signals of BS 1 seen iguF¢ 5.4. Again, the DL RF
signal is carried by the side-bangto BS 1, while the UL RF signal is carried by the side-band
Figure 5.12 shows that the EVMs of the DL RF signals do not indary with a variation in the
DC bias of the DD-MZM. On the other hand, the EVM value of the RE signals increases upon
increasing the offset of the DC bias from the optimum valu&ewthe DC bias is increased to the
extreme value of 244, the EVM of the RF signals reach a maximum of¢7 It can be observed
from Figure 5.12 that for a DC bias variation as high a®i %he EVM of the RF signals remains
below 6%, which corresponds to a low BER value of nearly 10for 16-QAM systems, as seen
in Figure 5.11.

We now investigate the reason for the increased EVM of the BLsRKnals of BS 1 upon
increasing the offset of the DC bias from its optimum valureodder to understand this behaviour,
the corresponding spectral plots of the amplified optiaghal recovered at the output of the DD-
MZM are shown in Figure 5.13. More explicitly, Figure 5.11@fpays the spectrum of the signal,
when the DD-MZM is biased at the optimum point, while Figurgél® displays its counterpart for
a DC bias offset of +24¢. It can be observed from Figure 5.11b that due to inaccuiatérty, the
suppression of both the carrier and of the even-indexedlsdes is degraded. Therefore at the
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Figure 5.12: EVM versus DC bias variation of the DD-MZM for BS 1 seen in Higb.4. The
system parameters are summarized in Table 5.2.

output of the DD-MZM, we generate undesired optical sigimathe form of the carrier and of the
even-indexed side-bands, which are not used for carryigdr&@+ data. These unwanted optical
signals, which cannot be completely removed by the AWG usenlir link seen in Figure 5.4,
affect the ROF signals in two ways. Firstly, the presencéhes¢ optical signals imposes phase
variations on the data-carrying odd-indexed side-bandthbyXPM phenomenon discussed in
Section 2.2.3. These phase variations are converted inptitade variations by the effect of fiber
dispersion [18], [136], as discussed in Section 2.2.2, iwdegrades the link quality. Secondly, the
unwanted optical signals increase the nonlinearity of b@Rd hence result in a further distortion
of the RF signals. As observed in Figure 5.13, the power ofuth@anted side-bands is higher
close to the carrier frequency. This explains why the EVMrddgtion is seen to be higher for the
UL RF signal of Figure 5.13, which is transmitted by the oplt&ide-band\,, located close to the
carrier frequency. Similar trends are shown by the EVM veiBQ bias variation plot for the DL
and UL RF signals of BS 2 and BS 3 seen in Figure 5.4.

5.7.2 Effect of DD-MZM RF Drive Signal Frequency Variations

Let us now consider the effects of varying the signal fregyesf the RF drive signal applied to
the DD-MZM of Section 2.1.4.2 for the generation of multipletical side-bands, as discussed in
Section 5.4. Similar to Section 5.6.1, we choose a noise pthaégives an EVM of 4.5 for all
the RF signals received at the three BSs, where the BER ig 4Bot# in Figure 5.11. The EVM

is then plotted against the offset of the RF drive frequentiath sides of the optimum frequency.
The maximum frequency offset considered in our study4$%, which is equivalent to a frequency
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Figure 5.13: Optical spectrum at the output of the high-power EDFA withimpm DC bias and
a DC bias offset of 24%. With a DC bias offset of 24%, undesired optical signals in the form of
the carrier and of the even-indexed side-bands are gederate

variation of £0.9375G H z. In practice the frequency offset is lower than our chosduneyabut
we will use this as a worst-case value for the purpose oftitation. Figure 5.14 shows the plot of
EVM versus the frequency offset. It can be observed from thedi that the EVM values for the
DL signals are not affected significantly by a variation ia thrive signal’s frequency. On the other
hand, the EVM values recorded for the UL signals have ine@#as a maximum of 6.8, upon
increasing the frequency offset. This behaviour of theiveteRF signal’s EVM can be understood
from the fact that a variation in the drive signal’s frequendll affect the center frequency of each
of the optical side-bands used for transmitting the RF $ggn@hese side-bands are reduced in
power by the AWG filters of Section 2.5 and by the OADMs of Sact2.6.1 that are used in the
link. This reduction in optical power has a lesser effectt@@DL RF signals of BS 1 of Figure 5.4,
since they are transmitted by the optical side-bandver 10km of SMF only. Furthermore, the
signal carried ah; passes through less filter-stages as compared to othebandis-in the link, as
seen in Figure 5.4. On the other hand, the UL RF signals of B8 ransmitted by the wavelength
A4, Which undergoes multiple filtering operations in Figuré &nd also passes through the entire
40 km fiber used in the ring architecture of Figure 5.4. The comtbigféect of filtering and noise
contamination imposed by the amplifiers of Figure 5.4 reddloe OSNR of\4, which results in a
higher EVM for the UL RF signals of BS 1. Similar trends werscabbserved for BS 2 and BS 3.

It is worth mentioning here that since the side-bands areliietpband filtered before being
transmitted over a span of optical fiber between each BS diffisult to find the most suitable
value of optical power for each of them. This would requireltiple attenuators at each BS,
which results in an increase in the component count of the R@& In our simulations, we
amplify the optical side-bands at each BS as a whole in oalaveid using separate attenuators
for each side-band. Therefore, for certain values of RFedsignal frequencies, the attenuation of
the optical side-band is such that it results in a slighttydseEVM, as observed in Figure 5.14.
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Figure 5.14: EVM versus RF drive frequency variation of the DD-MZM for BSséen in Fig-
ure 5.4. The system parameters are summarized in Table 5.2.

5.7.3 Effect of DD-MZM RF Drive Signal Amplitude Variations

Having considered the effects of the DD-MZM drive signatsdguency, let us now vary the am-
plitude of the RF signal applied to the electrodes of the DRMUA The amplitude of the RF signal
applied to a MZM is generally limited by the voltage tolerarmd lithium niobate used in the design
of the MZM, as discussed in Section 2.1.4. We assume in odyshat the RF signal amplitude
applied remains within the tolerance limit of the materiaéd in the MZM design. Figure 5.15
shows the variations in the EVM of each of the four SCM sigriatsBS 1 in the DL and UL
directions versus the RF signal amplitude. The percentagation in the RF signal amplitude
is obtained by increasing and decreasing the normalizeditaihg from the operating value of
0.9V,. It can be observed from Figure 5.15 that the EVM of the DL algnncreases upon re-
ducing the RF signal amplitude, while it decreases uporeasing the RF signal amplitude. The
opposite is true for the signal transmitted in the UL directi The trends observed in Figure 5.15
can be explained with the aid of the spectral plot shown irufeid.16, which is recorded for a
15 % increased value of the RF amplitude. Figure 5.16 may be astel to Figure 5.4 relying
on the nominal RF amplitude of 0)g,. As mentioned in Section 5.3, the DL and UL signals of
BS 1 are transmitted over sidebandisand \,, respectively, as shown in Figure 5.4. It can be
observed by contrasting the spectral plot of Figure 5.16dgare 5.4 that upon increasing the RF
signal amplitude, the power of the sidebakdis increased, while the power of sidebandis
reduced. This trend explains the results obtained in Figut® for BS 1. Although the extinction
ratio of the sideband at, at the input stage of the link remains adequate, nonethalasgo the
specific setting of the attenuation and amplification in thk,lthe SNR of the received UL signal
is degraded. Similar trends were observed for the EVM plbB2 and BS 3.
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Figure 5.15: EVM versus RF drive amplitude variation of the DD-MZM for BSsgen in Fig-
ure 5.4. The system parameters are summarized in Table 5.2.
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5.8 Millimeter-Wave DAS Architecture

In this section we discuss our second contribution towandsoptical physical layer design of a
mm-wavelength DAS architecture. In a DAS, the throughpuspéscriber can be increased by us-
ing higher frequency bands at high carrier frequencied) asanm-waves relying on higher-order
modulation formats. High-frequency radio signals, whielida reduced propagation range due to
their higher pathloss require small cells [142]. The reurcin cell size is naturally accompanied
by an increase in the number of cells and consequently thébauof BSs. In order to have a
cost-effective architecture, the BSs have to be of low cexipl and cost [8]. In this scenario, the
optical fiber backbone linking the BSs plays an importarg ad a benefit of its high bandwidth,
transparency to RF signals and low attenuation. Hence,esisg-igure 5.17 the BSs are con-
nected to a CU by their optical fiber backbone and all the $igrmessing tasks can be performed
at the CU, where the BS antennas effectively form a virtuaVilarchitecture [10], [142], [143]
and [144].

Figure 5.17 shows the architecture of a virtual MIMO systarhere the RAUs may be con-
sidered to be the distributed antenna elements. Consiadr Li which consists of two RAUs
connected through two spans of optical fiber with a CU. EackJRAsurrounded by MSs, which
are connected wirelessly to a particular RAU depending lpeim received signal quality. The ar-
chitecture may consist of an arbitrary number of links, betthave not been shown in Figure 5.17
to avoid obfuscating details. The aim of future wirelesgays is to increase the capacity per MS
by exploring the capabilities of DAS architectures. In arideachieve this, the fiber-dispersion in-
duced impairments associated with high-data-rate systemg mm-wavelength frequencies have
to be quantified.
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Figure 5.17: A virtual MIMO architecture similar to a star architecture epposed to the ring
architecture of Figure 5.2.
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5.8.1 Generation of Millimeter-Waves by Low-Frequency Loal Oscillators

As summarized in Table 5.1, a considerable amount of relséasbeen carried out in recent years
to generate multiple lightwave carriers as well as mm-wawvglh RF signals with the aid of low
frequency oscillators at a central unit [121], [128], [L48]30]. The technique generally used for
generating mm-wavelength frequencies at the RAU utilihesRHD of Figure 3.3, where two sep-
arate laser sources are mixed in a PD to obtain RF signale atudput [146], [147], [85], [148].
The transmission of mm-waves utilizing RHD at the RAU, whiddying on separate lasers has
been proposed in [124], [126]. However, the separate lasecses used in [124] and [126] require
complex signal processing for achieving coherence amadhgst. The RHD technique of Sec-
tion 3.1 relies on generating multiple phase-coherentsidds from a single laser using a phase
modulator in [121] and intensity modulator in [128], whickere involved for transmitting base-
band data at a mm-wave frequency from a single RAU. The tgcdenused in [121] and [128]
transmits a high-power optical carrier along with the cehésidebands through the fiber. The
presence of a high-power optical carrier along with thelsaahels may however distort the more
vulnerable higher-order modulation formats, such as fangde 64-QAM, due to the effects of
XPM, which is less of a problem for conventional 1 bit/sym@DK [18]. The XPM of Sec-
tion 2.2.3 also imposes phase noise on the ROF signal, whicbnverted to amplitude fluctua-
tions by the fiber-induced dispersion [18]. In [130], twofeient methods of generating multiple
coherent sidebands using cascaded optical modulatorsrdmgh frequency local oscillators were
conceived for generating multiple mm-wavelength frequesmcdHowever, since cascaded modula-
tors are used, the number of components in the system wassaseat and both methods of [130]
transmitted only uni-directional, rather than duplex DL/data. Finally, all the methods men-
tioned above transmitted a 1 bit/symbol modulation fornmat @nly to a single RAU.

Against this background, our aim is to design an efficientdaf layer architecture for broad-
band mm-wavelength frequencies, while using higher-omizaulation formats. We conceive and
characterize high-throughput dispersion-tolerant traasion of multiple mm-wavelength signals
over fiber in the virtual MIMO architecture of Figure 5.17atluses a single laser source for trans-
mitting bi-directional data to two spatially separate RAWsIrthermore, our proposed technique
allows the mm-wavelength signals generated at the RAUs trabemitted at two different center
frequencies, namely either at 251 = or at 50G H z. This makes the system flexible to the choice
of RF components and frequencies. Hence the novel contiziof our work described in the
forthcoming sections are:

1- We demonstrate the feasibility of transmitting 4 SCM 6 pitibol 64-QAM mm-wavelength
signals in a DAS by incorporating coherent optical carriershe transmitted signal for
heterodyne detection at the RAUSs.

2- Our scheme simultaneously transmits ROF signals to twerdifft RAUs in a duplex DL/UL
architecture and at two different $9H = bands while requiring only a single laser source
located at the CU.
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3- We will also demonstrate the effect of varying the paransetéiour proposed method of gen-
erating centralized multiple carriers as well as mm-wageais.

The basic philosophy of a DAS is to move the antenna elemdrasMiMO system closer
to the edge of a traffic cell in the interest of providing a highality, uniform radio coverage.
The antenna elements in the DAS are then linked to the CU wihaid of optical fiber. We
designed and characterized a cost-efficient, yet cuttifggpes bit/symbol 64 QAM solution for
this application, which is the first one of its kind and henmoposes substantial design-challenges.

5.9 The Proposed Millimeter-Wave Architecture

Figure 5.18 shows the design of one of the links, for examjié [1, as seen in Figure 5.17.
Four CW optical signals are generated from a single LD ugiegQCS technique, as mentioned
in Section 5.2. The sinusoidal signal applied to the DD-MZM~@ure 2.8 for the generation
of multiple sidebands has a frequency of 1&.H > and an amplitude of 0x¢V,., whereV/; is the
voltage required to induce a phase shifirdor each of the DD-MZM arms. The output of the DD-
MZM is amplified using an EDFA having a NF ofd&3. The amplified signal is fed to a 1x4 AWG
having a channel spacing of Z&H z. Each channel of the AWG performs Gaussian filtering with a
3-dB bandwidth of 2%~ H = centered at the odd-indexed optical side-bands generategydOCS.
The first-order odd-indexed side-bands aseand \;, while the second-order odd-indexed side-
bands are labelled; and)\,, as shown in Figure 5.18. The first-order side-bakdand\; have a
higher OSNR compared to the second order side-bandad),, as seen in Figure 5.4. Therefore,
A1 and )\, are used for transmitting DL RF data, which usually requiogger OSNR compared to
the UL RF data, since we can afford the employment of more istopated receivers at the CU.
The single-drive MZM of Figure 2.7 is used for intensity-nudating the optical carriers; and )\,
with four 64-QAM RF signals that are sub-carrier multiplebaccording to Section 3.2.1 [29], as
portrayed in Figure 5.18. Each RF signal has a symbol rat® af/ 8ymbols/s and the resultant
SCM signals have center frequencies in the range spanmongfiGH = to 1.12G H = for RAU1
and 1.16GHz to 1.28G H = for RAU2. Hence the total transmission rate conveyed to &l

is 480 Mbit /s (4 channels x 20/ Symbols/s X 6 bits per symbol).

Our proposed scheme also supports potential BS sectonzatihe RAU by forwarding each
of the four SCM channels to four separate antennas of therse8f,, S2, S3 and S4, as shown in
Figure 5.17, albeit four-way 98sectorization would typically require beam-formers a& RAUS,
rather than using single omni-directionally radiatingneésts. The unmodulated optical carriers
Ao and s are coupled together using an optical coupler similar toah&igure 2.6 and attenuated
using an optical attenuator, before being coupled with tleelutated optical carrierd; and \4,
as seen at the output optical coupler of the CU in Figure 5Tt unmodulated carriers, and
A3 are attenuated in order to reduce the effect of XPM on the matehl carriers. As detailed in
Section 2.2.3, the XPM imposes phase noise on the signathvibiconverted to amplitude noise
by the fiber-induced dispersion mechanism detailed in 8e&i2.2 [18], [136]. The phase noise
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increases upon increasing the average power of the sipeatfore the average power per optical
side-band should be kept low.

The spectral plot of the resultant optical signal at the oug the optical coupler is shown in
Figure 5.19. It may be observed from this spectral plot thet @ the imperfection of the OCS
of Section 5.4 and owing to the finite extinction ratio of th&/& based Gaussian filtering, the
even-indexed side-bands are still partially present alwitly the odd-indexed side-bands. The
composite optical signal is then transmitted from the Clddigh 5km of SMF towards the first
RAU, namely RAU 1 of Figure 5.17. At RAU 1, the received sigizsadmplified using an EDFA
and Gaussian filtered using the 1x4 AWG, which has the sansemers as the AWG employed
at the transmitter. The EDFA is placed before the AWG so thatASE noise generated by the
EDFA is filtered by the AWG. At RAU 1, the modulated optical anel )\, is dropped. The signal
s is split into two parts using a 3 dB optical splitter, as saefrigure 5.18. The lower branch
is modulated by the data of the UL RAUL for transmission to @& while the upper branch
is coupled with\, and detected by a high-speed PD. The PD has a responsivity of 0V, a
dark current value of 24 and thermal noise of 010-'24/W'/2, At the output of the PD, a
50 GHz mm-wavelength RF carrier modulated by the RF data is obdaiheough the process
of heterodyning, as detailed in Section 3.1 [85], [146],714148]. After the PD, a Gaussian
band-pass electronic filter having a 3-dB bandwidth 6f4 > and a center frequency of $0H =
is used for removing the unwanted frequencies from the mrew signal, which are generated
during photo-detection. At this stage, the amplified outguhe electronic filter can be directly
transmitted to the MSs from the RAU’s antenna, as shown inr€i¢p.18. However, in order to
characterize the quality of the received mm-wavelengthadigt is down-converted to its initial
radio frequency using self-mixing, as discussed in [73].

Power (dBm)

-50 -25 0 _ 25 50
Frequency (GHz) [Relative to 193.1 THz]

Figure 5.19: Spectral plot of the signal at the output of the CU, where fuptical sidebands are
generated as opposed to six optical sidebands seen in Figure

After down-conversion, the resultant RF signal having 8@M channels enters the 64-QAM
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demodulator block seen at the top of Figure 5.18, where ehttiedSCM channels is processed
separately to evaluate the EVM. It is worth noting here thatead of using\., for heterodyning
and for the UL RAU1 to CU data transmission, we can also useimeodulated signals. This
would generate the mm-wavelength RF signal having a cerequéncy of 257 H >. Hence our
method provides two options for the center frequency of thewavelength RF signal. The RAU
to CU UL data signal is also composed of four SCM channels di RBaving center frequencies
spanning from 17 Hz to 1.06G H z. Each SCM channel is a 64-QAM signal having a symbol rate
of 10 M Symbol/s. Hence the total data rate transmitted in the UL directiomIsyngle RAU is
240 Mbits/s. As seen in Figure 5.18, the ROF signalsand \; are coupled together at RAU1
and transmitted over b SMF towards RAU2. The signal received at RAU2 is amplified and
optically bandpass filtered to separateand\s. The ROF signal; is then optically split into two
paths in Figure 5.18, one of which is used for heterodyningetoerate the mm-wave RF signal,
while the other is used for transmitting the UL data receizeithe RAU2. The mm-wave RF signal
is then generated and processed in the same way as at RAUULTBREM RF signal transmitted
by RAU2 has center frequencies in the range of 1GI6- to 1.22G H z and has the same data
rate as well as modulation format as that of RAUL. After pgaiang through Sm SMF, the
ROF signal\; of RAU2 is combined with the UL ROF signal, of RAUL. The combined signals
are received at the CU after they propagate through anopzer ef 5km of SMF. At the CU,
the optical signals are filtered and photo-detected to obkes RF signals, as seen in Figure 5.18.
A 64-QAM demodulator is used for evaluating the EVM resultsalh the RF signals received
from each of the RAUs. Table 5.3 summarizes the parametetiseoproposed architecture of
Figure 5.18.

Table 5.3: Paramters of the proposed optical link based virtual
MIMO architecture.

Parameter Value

SCM Channels per Optical Sideband 4
Number of DL and UL Optical Sidebands 2DLand 2 UL
DL SCM Signal 64-QAM, 20 M Symbols/s
UL SCM Signal 64-QAM, 10 M Symbols/s
Optical Carrier Centre Frequency 193.1TH=
AWG Channel Spacing 25GH=z
AWG Channel Bandwidth 25GHz
Fiber Dispersion 16 ps/nm/km
Fibre Span Between Successive RAUs 5km
Number of RAUs 2
Noise Figure of Optical Amplifiers 6 dB
Photodetector Responsivity 0.8A4/W
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5.10 Performance of the Proposed Virtual MIMO Architecture

Let us now discuss the EVM results for the DL and UL signalsABUR. and RAU 2 in Figure 5.20
and Figure 5.22, respectively. Similar to Section 5.4, tidMEvalues are plotted against the SNR
of the received RF signals. The SNR of the RF signals was d/dnyeimposing ASE noise on
the optical side-band carrying the ROF data. Using Equdii@8 derived in Section 5.6.1, the
corresponding BER values for RAU 1 are plotted in Figure 5.Elgure 5.20 shows that EVM
values below 6% are obtained for both the DL and UL RF signals for SNRs in exc#25d 5.
Observe from Figure 5.21 that this corresponds to a BER of.10’he DL signals of RAU 1
are transmitted over the side-bahg which has a lower SNR compared to side-bandised for
transmitting the UL signals. Therefore the maximum achiy&NR for the DL signals is about
34 dB, while for the UL signals, itis 38/B. Again, Figure 5.22 shows the EVM versus SNR

T
1ol |~*-DL.Ch1 L |
—=—DL, Ch:2 9,
——DL, Ch:3 LR
—v—DL, Ch:4 fo ’
10r |-e-uL, ch1 IP
-&-UL, Ch2 g/ v
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-v-UL, Ch:4 i q

30 _ 25 16
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Figure 5.20: EVM versus received signal SNR for DL and UL RF signals of RAWeEen in
Figure 5.18. The system parameters are summarized in Taéble 5

plots for the DL and UL RF signals of RAU 2. These results argegciose to those obtained
for the signals of RAU 1. The maximum SNR values achievedtierlL and UL signals match
quite closely those of the corresponding signals of the tw& It can be deduced from the
performance results of our proposed virtual MIMO architeetthat this setup provides us with an
efficient method of transmitting mm-wavelength signalsramical fiber, using a reduced number
of low-cost off-the-shelf components.
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5.11 Effect of Parameter Variations on the Proposed Virtual
MIMO Architecture

Let us now observe the robustness of our proposed archietiichanges in the parameters of
the devices used. As mentioned earlier, the proposed acthiie uses the OCS technique of Sec-
tion 5.4 for generating multiple side-bands, which are Usedransmitting ROF data. Therefore
we observe the effects of imperfections on the OCS to quatité robustness of our link. The
two main parameters that are involved in the generation dfipteiside-bands, which are prone to
variations include the DC bias source of the DD-MZM and thedRi#e signal frequency applied
to the arms of the DD-MZM. Evaluating the impact of the drivgnal frequency is also helpful
in understanding the effect of small drifts in the centegérencies of optical filters used in the
network. Optical filters, specially the AWG filters of Secti@.5, may have small variations in
their center frequency due to enviromental effects, sudbrasxample temperature changes.

5.11.1 Effect of DC Bias Variations

As discussed in Section 5.5.1 and shown in Figure 5.11b, @€ dhiift of the DD-MZM of Sec-
tion 2.1.4.2 from its optimum value degrades the supprassibieved both for the carrier and for
the even-indexed side-bands. Therefore the un-modulaetticand even-indexed side-bands,
which are not completely removed by the optical filters of lin&, travel along with the odd-
indexed side-bands that are used for ROF signal transmisgios will inflict strong XPM on the
ROF signals as well as will reduce their OSNR. Figure 5.23wsreplot of EVM versus the off-set
in the bias voltage of the DD-MZM for both the DL and UL signaffRAU 1 seen in Figure 5.18.
It can be observed from Figure 5.23 that even in the presefibe above-mentioned impairments,
the variation in the EVM with the off-set is not significanthd maximum increase in the EVM
is just above 1% for as high a value of DC off-set as 24. This implies that the effect of XPM-
induced distortions on the proposed virtual MIMO architeetis less substantial compared to the
ring architecture of Figure 5.5. The plausable explandtothis is the shorter length of the SMF
used among the two RAUs and the CU as well as having a reducetderwof optical side-bands
travelling through the fiber. The shorter length of fiber spaaduces the interaction time between
the optical side-bands travelling through the fiber anddfoee results in a reduction of the effects
of XPM.

Figure 5.24 shows the results for the variation in the EVMathithe DL and UL RF signals of
RAU 2. The variation in the EVM observed for the RF signals 8fR2 is even lower than for RAU
1. The maximum increase in the value of EVM remains below/®dven for a large DC off-set of
24%. The reduced variation in EVM for RAU 2 compared to RAU 1 is adfit of having multiple
optical filtering stages for removing the unwanted signalhe form of the un-suppressed carrier
and the even-indexed side-bands. The ROF signals destn®A 2 are filtered at RAU 1 and
upon reaching RAU 2 they are passed through another opfialifi Figure 5.18. This ensures
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Figure 5.23: EVM versus DC bias variation of the DD-MZM for RAU 1 seen in &ig 5.18. The
system parameters are summarized in Table 5.3.

having a higher rejection of the unwanted side-bands angfitre reduced nonlinear distortion
effects are imposed by photo-detection in Figure 5.18 [67].

5.11.2 Effect of DD-MZM RF Signal Frequency Variations

We now observe the effect of frequency variations in theedsignal of the DD-MZM on the per-
formance of the virtual MIMO architecture of Figure 5.18.g&ie 5.25 shows the EVM versus
frequency off-set of the drive signal for the RF signals ofRA As mentioned in Section 5.5.2,
a variation in the frequency of the drive signal will vary tenter frequency of each of the optical
side-bands. This variation in the center frequency willsgaattenuation of the side-bands, while
passing through the optical filters of the link. It can be otsd from Figure 5.25 that the attenu-
ation in the optical side-bands does not have any major itgrathe EVM of the UL RF signals
carried by the optical side-band. This is expected, since as observed in Figure 5.19, it has a
good OSNR. Since the side-bang is amplified at RAU 1 of Figure 5.18 before being used for
UL signal transmission, therefore its optical power is sidfitly high to carry the UL RF signals
without any distortion. On the other hand, the EVM recordeHigure 5.25 for the DL RF signals
of RAU 1 becomes significant for a drive signal frequencys#t-higher than 5. By contrast,
the DL ROF signals are more sensitive to the drive signadgdency variations compared to the
UL due to the heterodyning technique used in the schemakgoire 5.18. For an increase in the
off-set beyond %%, the maximum EVM reaches 12, as shown in Figure 5.25.

Figure 5.26 shows the EVM variation of the RF signals of RAUI&@ted against the off-set
in the drive signal’s frequency. The trends shown in Figug6%re similar to Figure 5.25, except
that the maximum EVM of the DL RF signals is as high as 1%.&t a7% drive-signal frequency
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deviation. It can be deduced from the above discussionshieaperformance of our proposed
architecture remains acceptable, as long as the driveldigaency variations are within % of

the optimum value. An off-set of % in our case is equivalent to a frequency variation of 0.625
G H z, which is hardly reached for most practical sinusoidal sesr As mentioned earlier, the
effects imposed on the link due to drive signal frequencyati@ns is analogous to the effects of
optical filter center frequency variations. Therefore thewe results demonstrate the robustness
of the link against different types of parameter variations
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Figure 5.26: EVM versus RF drive frequency variation of the DD-MZM for RAUseen in Fig-
ure 5.18. The system parameters are summarized in Table 5.3.

5.11.3 Effect of DD-MZM RF Signal Amplitude Variations

In this section, we observe the effects of varying the amgétof the RF signal that is applied to
the electrodes of the DD-MZM. It has been shown in SectiorB3Hat an increase in the amplitude
of the RF signal increases the number of sidebands gengthtgdfore resulting in an increase
in both the optical power and extinction ratio of the higbedler sidebands. Figure 5.27 shows
the variation in the EVM of the DL and UL signals for RAU 1, wighvariation in the RF signal
amplitude. The variation in the RF signal amplitude is @dtas a function of the normalized
amplitude from the normalized operating value of-0;7 Figure 5.27 shows that an increase in
the RF signal amplitude decreases the EVM of the DL signatdevincreasing the EVM of the
UL signals. Naturally, the opposite happens, when the auagsiof the RF signal is decreased.
The reason for the trends shown in Figure 5.27 can be underbipobserving that the DL signals
are transmitted over the second-order sidebanseen in the spectral plot of Figure 5.19, while
the UL signal is transmitted over the first order sidebandwith an increase in the amplitude of
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the RF signal, the extinction ratio and power of the sidebgndcreases, which in turn increases
its OSNR. Therefore, the EVM of the received DL signals iséased. The opposite is true
for a decrease in the RF signal amplitude. For the UL sigraalsincrease in the power of the
second-order sidebands increases the effect of XPM on #teofider sidebands. Furthermore,
separating the sidebands at the RAU using non-ideal filessltis in some residual power of the
unwanted sideband being detected by the PD. This resultsletiease in the EVM of the UL

signals received at the RAU. The DL and UL RF signals of RAUteansmitted over sidebands

6 ‘
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Figure 5.27: EVM versus RF signal amplitude variation of the DD-MZM for RAL seen in
Figure 5.18. The system parameters are summarized in Table 5

A1 and\; respectively, which are complementary to sidebaxdand )., respectively. Therefore,
the trends observed for the DL and UL signals of RAU 2 are sintib those of RAU 1. The
EVM versus RF signal amplitude variation results of RAU2 stnewn in Figure 5.28. The studies
that we have performed have demonstrated that our porpeskditjue of implementing a virtual
MIMO architecture is robust and hence results in an effid®DFE link.

5.12 Conclusions

ROF communications provide a cost-efficient solution toitfeeeasing demands of high bit-rate
services. Much of the research carried out on ROF systensatineducing the cost of the optical
infrastructure and at making the most of the already inslatomponents. We have discussed the
design of an optical ring network feeding multiple RAUs @sansingle LD. The ring network per-
forms centralized processing at the MSC. The proposed mktwas characterized by observing
the EVM performance in Figures 5.9 and 5.10. Despite comoatimg over 10 km spans of fiber
in the ring, observe in Figure 5.11 that the system achieved 8ER results. We have also shown
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Figure 5.28: EVM versus RF signal amplitude variation of the DD-MZM for RA2 seen in
Figure 5.18. The system parameters are summarized in Table 5

in Section 5.7 that the ring architecture of Figure 5.5 idierg against the parameter perturbations
of the devices used. In Section 5.11 we have characterizettahsmission of 64-QAM, 4-SCM
duplex data to the two RAUs of Figure 5.17 that are locatedkahmnd 10 km from the CU in
a virtual MIMO architecture. Our technique uses a singledaource to transmit all the data.
Millimeter wavelength carriers are generated at the RAWs$He transmission of the DL data. The
technique of Section 5.9 allows two different center fragpies to be generated. EVM values be-
low 6 % are obtained for both the DL and UL signals using componeaxsly parameter values
close to commercially available components. This limies BER degradation to 10. Again,
the architecture performs efficiently even in the preseriqgeamameter variations of the different
components. Tables 5.4 and 5.5 summarize the performantte oing and the virtual MIMO
architecture, respectively.
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Table 5.4: Performance summary of the ring architecture of Figure 3¢ EVM results were
extracted from Figures 5.8, 5.9 and 5.10.

Ring Architecture, Downlink Transmission Performance

RAU Distance| SCM Channel Signal Type SNR| EVM | BER
10km Channel 1 | 16-QAM, 10M Symbols/s | 27.5dB | 5.2% 10718
Channel 2 52% | 10718
RAU 1
Channel 3 59% | 1074
Channel 4 43% | 10%
20km Channel 1 | 16-QAM, 10 M Symbols/s | 27.5dB | 4.0% 1028
Channel 2 49% | 10720
RAU 2
Channel 3 40% | 10728
Channel 4 43% | 10°%
30km | Channell | 16-QAM, 10M Symbols/s | 27.5dB | 5.0% | 10~
Channel 2 45% | 107%
RAU 3
Channel 3 4.1% | 107%7
Channel 4 43% | 10°%
Ring Architecture, Uplink Transmission Performance
RAU Distance| SCM Channel Signal Type SNR| EVM | BER
10km Channel 1 16-QAM, 5 M Symbols/s | 27.5dB | 3.2% 10 %
Channel 2 48% | 107
RAU 1
Channel 3 4.8% | 1072
Channel 4 4.8% | 1072
20km Channel 1 16-QAM, 5 M Symbols/s | 27.5dB | 4.8% 1021
Channel 2 58% | 1071
RAU 2
Channel 3 50% | 107
Channel 4 4.2% | 10°%
30km Channel 1 16-QAM, 5 M Symbols/s | 27.5dB | 4.5% 1023
h |2 NI 1018
RAU 3 Channe 51% | 10
Channel 3 50% | 107
Channel 4 6.0% | 1074
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Table 5.5: Performance summary of virtual MIMO architecture of Figbr#8. The EVM results
were extracted from Figures 5.20 and 5.22.

Virtual MIMO Architecture, Downlink Transmission Perform ance

RAU Distance| SCM Channel Signal Type SNR| EVM | BER
5km | Channell | 64-QAM, 20M Symbols/s | 27.5dB | 4.7% | 1077
Channel 2 46% | 1077
RAU 1
Channel 3 43% | 1078
Channel 4 45% | 1078
10km | Channell | 64-QAM, 20M Symbols/s | 27.5dB | 4.0% | 107°
Channel 2 45% | 1078
RAU 2
Channel 3 4.2% | 107°
Channel 4 41% | 107°
Virtual MIMO Architecture, Uplink Transmission Performan ce
RAU Distance| SCM Channel Signal Type SNR| EVM | BER
5km | Channell | 64-QAM, 10 M Symbols/s | 27.5dB | 4.8% | 107°
RAU 1 Channel 2 45% | 1078
Channel 3 45% | 1078
Channel 4 4.0% | 107°
10km | Channell | 64-QAM, 10M Symbols/s | 27.5dB | 4.1% | 107°
Channel 2 4.2% | 107°
RAU 2
Channel 3 39% | 107
Channel 4 3.7% | 10710




Chapter6

Digitized ROF Communication

This chapter discusses the digitized transmission of Riassgover optical fiber, a technique thatis
generally termed as DROF [37], [92], as mentioned in Se@idnIn Section 6.4, we will present
a novel physical layer design for the transmission of digili data between the CU and BS using
pulsed optical communication, which relies on a single @dilaser source as well as on a single
fiber link for the transmission of duplex RF data. In Sectidd, éhe bandpass sampling technique
used for the digitization of the analogue RF signal will becdissed in detail. Our simulation
results characterizing the digitization and transmissibimoth a single and multiple 64-QAM RF
signals over optical fiber are presented in Section 6.4.4.

6.1 Digitized ROF Architecture

Figure 6.1 shows the typical architecture of a DROF comnmatioa system. The baseband data
is upconverted to a RF signal in the upconversion block. Theogue RF signal is converted
to a digital signal in the analogue-to-digital conversi¢éoch shown in Figure 6.1. The electronic
digital signal is converted to an optical signal and trartsdiover the optical medium. The optical
signal at the receiver is photodetected and the resultgitabsignal is converted back to analogue
signal, as shown in Figure 6.1. The analogue signal is trateshthrough the antenna after filtering
and amplification. It can be observed from Figure 6.1 thaDRO®F system performs analogue-to-
digital conversion, in contrast to the AROF system of Figute Furthermore, an additional block
of DAC is required at the receiver in case of DROF to convestdigital signal back to analogue,
as shown in Figure 6.1.

6.2 Background - Digitized ROF

DROF communications has been proposed in [93] where a naliuber design was conceived
using a high-speed ADC for the transmission of RF signalg aveigitally modulated optical
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Figure 6.1: General architecture of a DROF system. A comparison withAR®F system of
Figure 5.1 reveals that after the up-converter, the anal@gnal is digitized in the analogue-to-
digital conversion block and then passed on to the E-O ctewer

fiber. It has been shown in [93] that the dynamic range of a DRemains fairly insensitive
to the fiber length, as long as the received optical signagpoemains within the sensitivity limits
of the optical receiver. In recent years, DROF communicakias attracted more attention as a
benefit of high-speed analogue-to-digital (ADC) and digiteanalogue converters (DAC). The
most recent contributions in the area of DROF are summaiizd@ble 6.1, which shows that
significant work on DROF started in the year 2009.

Table 6.1: Summary of major contributions towards DROF

Author(s) Contribution

[93] P. M. Wala. 1993 A comparison between the digitized and analogue transport
of RF signals in a microcell is characterized both by
experimental and field tests. It has been shown that the BER
of the DROF link remains insensitive to the fiber length, as
long as the power of the received optical signal is higher
than the sensitivity of the receiver.

[37] P. A. Gamaget al. 2009 | An analytical model of digitized RF signals is used for
analyzing the key design parameters, such as the ADC/DAC
resolution, link bit rate, receiver sensitivity and link BN
Based on this analytical model, a set of suitable design
parameters is chosen for the transmission and performance
analysis of a digitized 16-QAM RF signal.

[149] P. A. Gamaget al. 2009 | Simultaneous transmission of digitized 16-QAM WiMAX and
Gaussian Minimum Shift Keying (GMSK) GSM signals in a
single direction using a CW optical carrier is presentece Th
experimental results using 8-bit resolution ADC showed
satisfactory EVM values for the respective signals.

[150] Y. Yanget al. 2010 Experimental demonstration of digitized transmission of
multiple RF channels in a single direction using a single
ADC/DAC is presented. For the sake of comparison, the
multiple RF signals are also transmitted as analogue signal
It has been shown that upon increasing the number of RF

Continued on Next Page. ..
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Table 6.1 — Continued
Author(s) Contribution

channels, both the SNR and dynamic range degradation is less
severe in case of digitized transmission compared to
analogue transmissions.

[23]Y. Yanget al. 2011 Unidirectional transmission of a digitized SCM RF signal
composed of three QPSK modulated signals over an optical
link using CW carrier is presented. It has been shown that
the DAC may be used for recovering the digitized signal at
different frequencies without a mixer and without a local
oscillator.

‘ [151]Y. Yangetal 2011 Simultaneous transmission of digitized GSM, UMTS and
WIMAX signals over a bidirectional optical link using CW
optical carriers is presented. The bidirectional link usesarate
fiber for each direction. It has been shown that the DL
performance is dependent upon the amount of amplification
required at the input of the DAC. By contrast, the UL perfonoa
is limited by the inter-channel interference among the spéc
lobes of the regenerated RF signals at the input of the DAC.

6.3 Bandpass Sampling Technique

The operating principle of the ADC and DAC are discussed émAbpendix. In this section, we
will highlight the principle of bandpass sampling. Accargito Nyquist's sampling theorem, in
order to recover the analogue signal from the sampled detasampling rate should be equal to
or higher than twice the highest frequency in the analoggeasi This would imply that for RF
signals used in wireless communications having centeuéegies in the GHz range, the sam-
pling rates required would be excessive, thus making thigydes the ADC/DAC complex and
economically unfeasable. In order to avoid this difficultythe design of ADC/DAC pairs, the
bandpass sampling technique may be used [94], [95]. Sinat ofidthe wireless signals have a
limited bandwidth that is lower than the center frequenhg, bandpass sampling technique en-
sures that the sampling rate is dependent on the bandwidtieainalogue signal instead of its
highest frequency. Sampling of an analogue signal gerseetpectrum composed of spectral
lobes at multiples of the sampling frequency [152]. If theapéing frequency is chosen by ensur-
ing that the multiple copies of the original spectrum do nartap in the frequency domain, then
the original signal may be recovered by using a bandpass[ié, [95].

Figure 6.2 shows the spectrum of an analogue signal anchiigled version. Again, it may be
observed from Figure 6.2 that the sampled signal has a spetiat contains the original signal's
spectrum repeated periodically at the multiples of the dengfrequency. The frequency spectrum
is divided into multiple Nyquist zones, each having a widjjn& to half the sampling frequency.
It may be observed from Figure 6.2 that in order to avoid amying among the different spectral
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lobes, the sampling frequency has to be sufficiently highcdse the sampling frequency used
is insufficiently high, the different spectral replicas Malverlap, which gives rise to aliasing. In
the next section, we derive the values of the sampling fregjes, which will allow us to avoid
aliasing.

Magnitude

-t Frequency fe

Magnitude
Nyquist Zones

----- WL L 0 TNV LV T Y
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Figure 6.2: Spectrum of the analogue signal and its sampled version.

6.3.1 Sampling Frequencies Required for Bandpass Sampling
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Figure 6.3: Spectrum of the sampled analogue signal.

Let the analogue signal shown in Figure 6.2 have a centendrazy off. and lowest as well as
highest frequencies gf, and fy, respectively. The bandwidih of the signalisB = fy— fr. The
sampling frequency chosen for bandpass sampling shoulgestisat the Nyquist zones shown in
Figure 6.2 do not overlap and the Nyquist zone of the origsigial spectrum should also remain
free from aliasing [152]. Figure 6.3 shows an enlarged ax¢@aeted from the sampled spectrum
shown in Figure 6.2 for the'" replica of the original spectrum, where the variablepresents the
position of the spectral replica. Considering tieand the(k — 1) other spectral replicas shown in
Figure 6.3, the criterion for choosing a suitable samplieg@iencyf;,.., may be written as [152]:
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_fL + (k - 1)fsamp < fLa (618.)
_fH + kfsamp > fH (61b)

Solving Equation 6.1a and 6.1b féy,,,, gives the following two relations:
2f1
< =
fsamp = ]{7 _ 17

fsamp > % (62b)

(6.2a)

In order to find the value of, the expression fof,..,, obtained in Equation 6.2b is substituted
into Equation 6.1a to arrive at:

—fot (k- 1)ﬁ < 6.3)
Equation 6.3 is then solved for the valuekoés follows:

(k— ff¥<2ﬁ, (6.4a)
fu— f—H < fr, (6.4b)
fu— <2 (6.4¢)

B < %H, (6.4d)
[
k< B (6.4€)

For the scenario, where there is no aliasing of the spe@pdicas shown in Figure 6.4, the value
of k£ should be a non-zero integer. Adding this constraint to tesible value of: will modify
Equation 6.4e as follows:

fu
1<k<I[B], (6.5)

wherel, [z] is a function that returns the largest integer that is sméilen or equal ta:. Consid-
ering the value ok mentioned in Equation 6.5, the bandpass sampling criteniay be written as
follows:

2fu 2f1
T S fsamp S (]{7 _ 1)

forall 1 <k <1, Hg] (6.6)

In order to graphically observe the bandpass samplingicnitelescribed in Equation 6.6, normal-
ized values are used for the quantities mentioned in Equ#i6é. The normalization is carried
out with respect to the bandwidih of the analogue signal. We first substityte= f; — B into
Equation 6.6 and divide the whole equation®yo arrive at:

2(fH/B) <fsamp<2(fH/B_
kS B (k=1

)foraII1<k<I [g{} (6.7)
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The relationship given in Equation 6.7 is plotted in Figuré By chosing different values df
and varying the normalized value ¢f; for observing the corresponding normalized value of the
sampling frequency,..,. It may be observed from Figure 6.4 that for different valaés, the
acceptable values of the sampling frequency are plottedaridrm of shaded wedges. The tips
of all the wedges are at a value of 2, when normalized by thepbagnfrequency off,,,,/B.
Therefore, in order to avoid alisaing of the spectral rggdjcthe sampling frequency should be
chosen within the shaded regions that are obtained forentegjues of the parametér
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Figure 6.4: The aliasing-free and aliased bandpass sampling rategsvérs band position are
represented by the grey and white regions, respectively.

6.3.2 Effect of Guard Bands on Bandpass Sampling

It may be observed from Figure 6.4 that chosing a low samgheguency will result in an op-
erating point that is closer to the thinner edge of a speciédge. Operating at these edges will
make the ADC less tolerant to any changes in the samplingiémzy. If the operating point is
chosen to ensure that the ADC is operating at a samplingérexyuclose to the edge, then a small
change in the sampling frequency due to hardware impeofestvill push the operating point into
the aliased region, where the spectral replicas overlap etier. This effect may be avoided by
considering the bandwidth of the analogue signal to be sdraelarger than the actual bandwidth,
a method that is generally described as the inclusion ofdjbands [152]. Figure 6.5 shows the
spectrum of the analogue signal along with the guard banelscht side.
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Figure 6.5: Analogue signal spectrum with the guard bands.

Let Bg;, andBgy be the guard bands attached both to the low- and high-fregustde of the
analogue signal spectrum, respectively. Then the totalwalth B may be written as:

Br = B+ Bar + Ban. (6.8)

Therefore, the new low frequengy and high frequency?, to be considered for bandpass sam-
pling are given as:

fr = fL — Bar, (6.9a)
fi = fu + Ban. (6.9D)

The modified Equation 6.7, which now considers the guard $amay be written as follows:

2(f/ /BT) fsamp 2(f/ /BT - 1) ’ f/
Hk/ < TE < l(qki .y forall1 <k <1, [B—ﬂ : (6.10)

wherek’ represents the position of the replica for the scenarioyevgaard bands are considered
to be part of the useful signal spectrum. Equation 6.10 dglvesxpression for the upper and lower
boundary lines of any particular wedge. Figure 6.6 exangslifhe operating point O for one of
the wedges obtained for a certain value:0f

The expression for the upper and lower boundary lines egpceom Equation 6.10 may be
written as:

Ssamp _ 2(f/Br—1)
Upper Boundary: By~ (W=1) (6.11a)
/
Lower Boundary: Joamp _ Q(fH/BT). (6.11b)

Br k'

It may be observed from Equations 6.11a amd 6.11b that therwgpm lower boundary lines
have slopes af/(k' — 1) and2/k’, respectively. For the operating point O shown in Figuretlbet
low and high frequency tolerance can be found using thegle&nOBD and OAC, respectively.
The low-frequency tolerance is represented by the vettimalOD, while the high frequency tol-
erance is represented by the vertical line OA. The expraesdmr the vertical lines OD and OA
may be obtained using the right angled triangles OBD and QAfoléiows:



6.3.3. Effect of Spectral Replica on the Sampling Rate 134

fsamp
Br
Upper Boundary
Region of Aliasing—free
Al Bandpass Sampling
L(M Lower Boundary
k-1
2 (Bgn)
K v

Il ! Il
BoL Bgh T
Br Bt Bt

Figure 6.6: Operating point O on a wedge represented by spectral rejglica

2

OD = EBGH’ (6123)
2

= 1P

0A (6.12b)

Equations 6.12a and 6.12b show that the low and high frequeferances are proportional to the
higher and lower guard band values, repectively. The hititeevalues of the guard bands chosen,
the higher is the tolerance of the ADC against frequencyatians.

6.3.3 Effect of Spectral Replica on the Sampling Rate

It is clear from Equation 6.6 and Figure 6.6 that for eachdvaéilue of the integek’, there is a
range of alising-free sampling frequencies. The width ¢f thnge can be found by subtracting
the upper boundary of Equation 6.12a from the lower boundBBguation 6.12b and substituting
f1 = fi — Br. This results in the following equation for the widthf,,,,:

fu

(fg — Brk')forall1 <k <1, [—} . (6.13)
Br

2

stamp - m

The relative precision is defined as the ratio of half the ialt the sampling frequency’s range
and of the total bandwidt®; [94], which may be written as:

oy 1 (&_ ) (6.14)

2By K (kK —1) \ Br

For an operating point within thé')"* wedge and above the tip of thH&’' + 1)"* wedge, the
quantity 7,/ Br — k equalsl. Hence for such an operating point, Equation 6.14 may becestiu
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to the following relation:
Vfoump 1
2By k2
It may be deduced from Equation 6.15 that using lower valdes or moving to lower order
wedges relaxes the sampling frequency precision requitenoéthe oscillator as well as increases
the guard bands. However, this relaxation and increaseeofjttard bands is coupled with an

increase in the sampling frequency of the oscillator.

(6.15)

6.3.4 Nyquist Sampling

Substitutingt’ = 1 into Equation 6.10 gives the following relation for the sdimg frequency:
2fu < foamp < 00. (6.16)

It may be observed that Equation 6.16 represents the Nyspnispling criterion, which states that
in order to recover an analogue signal correctly from itsgas) the sampling frequency should be
at least equal to or greater than the highest frequency mrasthe analogue signal. This implies
that the Nyquist sampling criterion is a special case of #redipass sampling criterion where the
operating point is chosen to be with in the first wedge, as showigure 6.4, which represents
the baseband replica of the analogue signal’s spectrum.

6.3.5 Retrieving the Analogue Signal from the Bandpass Sanwgad Signal

The analogue signal can be retreived from the bandpass edmiginal by retaining one of the

Nyquist zones using an interpolation filter. In order tostate the function of the interpolation

filter, we refer to Figure 6.3, which shows one of the spectplicas having a center frequency
equal to that of the analogue signal. In order to ensure beatdcovered analogue signal is as
similar to the original signal as possible, the filter hasaweeha sharp roll-off and a high attenuation
outside the useful bandwidth. This specification may bexesldor the spectral replicas that are
located sufficiently far away from the desired spectraliogplas shown in Figure 6.3. For a

certain set of parameters, the lowest possible sampliegisateferred to as the critical sampling
rate, which may be deduced from Equation 6.2b as:

2fu

kma:v

= 2B, (6.17)

fcritical =

where fy is a multiple of B. As mentioned in Section 6.3.2, using guard bands will iasee
the distance between the spectral replicas. Thereforéndnavlarge guard band will relax the
interpolation filter's sharp roll-off and high out-of-bamtkenuation specifications, which in turn
reduces the cost of the filter. Substitutig for B in Equation 6.17 shows that for large guard
bands the critical sampling frequency will increase. It rbaydeduced from the above discussion
that there is a trade-off between the cost of filtering andsdm@apling frequency chosen for the
design of ADC and DAC.
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6.4 Digitized Transmission of 64-QAM RF Signal

As mentioned in Table 6.1, digitized transmission of RF alginas attracted substantial attention
in recent years, as facilitated by the development of fasCADAC electronics and by the popular-
ity of ROF communication conceived for high-bandwidth segg [38]. The community aims for
developing unified optical feeder networks that would alkeamless integration of both optical
baseband as well as of wireless access networks. Againbattiground of the state-of-the-art
summarized in Table 6.1, we propose a cost-efficient dupleoU physical layer design for the
DROF link. More explicitly, we conceive the digitized tranission of 64-QAM signals over a 25
km of SMF between a Mobile Switching Center (MSC) and a BS. fitvel contributions of our
work are summarized below:

1- We conceived the pulsed optical transmission of digitiz&€d@&-QAM signals using Optical
Differential Phase Shift Keying (ODPSK) in the DL (MSC-B&)d On-Off Keying (OOK)
in the UL (BS-MSC) directions.

2- The duplex digitized RF 64-QAM signal is transmitted betw#dee MSC and BS using a single
laser rather than a pair of-pulsed laser sources at the M3Ctsansmitter.

3- Moreover, the duplex UL/DL RF 64-QAM signal is transmittedeo a single optical fiber,
which is achieved by shifting the frequency of the DL optisgnal at the BS by 50 GHz
and then retransmitting it in the UL direction.

Our ultimate goal is to conceive a more cost-effective dedian the previous DROF solutions
discussed in Table 6.1. The cost-efficiency is achieved mgusr the first time a single laser and

a single fiber for duplex transmission. Furthermore, thgppsed DROF link can be seamlessly
integrated into the already operational long-haul PasQptcal Networks (PONSs) [30], hence

making DROF an attractive choice for future wireless s&wic

6.4.1 Simulation Model of the Digitized ROF Transmission

We use a combination of two commercial software librariesnaly VPI TransmissionMaker 8.6

and Matlab for designing our simulation model for DROF. F&y8.7 shows the block diagram of
our simulation model. The analogue 64-QAM RF signal is gateel in VPI TransmissionMaker

and passed to Matlab for analogue-to-digital conversioandpass sampling is implemented in
Matlab for digitizing the RF signal, as discussed in Secficéh The digital signal represented in the
form of square-shaped pulses is returned to VPI Transnmibtager, where the pulsed electronic
signal is used for modulating a sequence of optical pulsdse dptical pulses have the same
repetition rate as the data rate of the electronic signale Mlodulated optical pulsed signal is
transmitted through the optical fiber and detected using aTPP electronic signal at the output
of the PD is passed to Matlab again, where the electronicehjience is used for recovering the
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analogue RF 64-QAM signal using DAC. The analogue signatiretd in Matlab is returned to

VPI again for performance evaluation.

64—-QAM Bandpass Ele?(';ronic Optical
RF Signal Sampling Optical Transmission
Generation (Mglﬁgb) Conversion Link
(VPD) (VPI) (VPI)
Optical
Performance to
- DAC .
Evaluation Matlab Electronic
(VPI) (Matlab) Conversion
(VPI)

Figure 6.7: Block diagram of the simulation model.

6.4.2 Design of the Proposed Digitized Link

Figure 6.8 shows the architecture of our proposed digitlz€éldectional link. A 64-QAM RF
signal having a center frequency b8 GHz and symbol rate of6 MSymbols/s is passed on to
the ADC block, as shown by the stylized plot in Figure 6.8. BHat resolution is chosen based on
the physical parameters of the link. As mentioned in [37¢, ADC resolution should be chosen
to ensure that the SNR of the linl§'{V ;;,,x) is predominantly limited by the ADC jitter noise,
rather than by the quantization noise. This implies thatSNR related to the quantization noise
(SN Rquantization) Should be higher than the SNR due to jitter noiS&V(;i..-), which can be
written as [37]:

SNunantization > SNRjitter- (618)
or
6.02n + 10log(3) — 10log(PAPR) > —20log(27 f, (0 jitter ) (6.19)

wheren is the number of bits/sample resolution of the ADCA PR is the peak to average power
ratio of the RF signal and;; ., is the standard deviation of the ADC’s RMS jitter.

The first assumption in this model is that the ADC resolut®aufficiently high for ensuring
that its quantization error is uniformly distributed, whicesults in doubling the SNR for each
extra bit. This corresponds to 6.d2 per bit, as seen in the first term of Equation 6.19. Secondly,
the PAPR for the 64-QAM RF signal used in our study is 9.36 dB. HenceAB€ has to have
a 9.3dB higher dynamic range than the average imput power. Furthrernthe value ob .,
is chosen to be 0.7 ps, which is similar to the value specifi§3if]. Substituting these values in
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Equation 6.19 results in > 8.23. Hence the resolution was rounded to the next integer, a.e. t
9-bits.

In order to avoid spectral aliasing due to critical bandasspling [94], 16 MHz wide guard-
bands are considered at both sides of the center frequetnigh wesults in a total bandwidth
of 48 MHz, wherefy and f;, become 1.304 GHz and 1.256 GHz, respectively. Given thé tota
bandwidth of 48 MHz, the minimum sampling frequency, whislaiso referred to as the critical
sampling frequency becomes 2x48 = B6Samples/s. Operating exactly at the minimum sam-
pling frequency results in an ADC/DAC operating point thalass tolerant to variations in the
sampling frequency due to hardware limitations [94]. Thane we opted for a slightly higher
sampling frequency of 113.8 MSamples/s for our system. Fbabd resolution ADC,f, = 113.8
M Samples/s generates a bitrate of 113.8 x91.024Gbps. The bits generated in the ADC after
digitization are then differentially encoded with in the Eblock. The differential encoding is
performed in order to phase modulate the optical carrieckhiill be reused for UL transmission.
The Differential encoder performs Exclusive-OR (XOR) ftion between a current bit and a de-
layed bit. The output of the ADC is a Non-Return-to-Zero (NRignal at a bit-rate of.024 Gbps,
as shown by the stylized plot A in Figure 6.8. The resultanZNiRynal is then low-pass filtered
using an electronic filter having a Gaussian spectral prafild a bandwidth equal to the bit-rate
of the NRZ signal. The filtered output shown by the stylizedt @ in Figure 6.8, is used for
varying the phase of optical pulses that are input to theghazdulator (PM) of Figure 6.8. The
optical pulse source generaté®s duration Gaussian time-domain pulses at a rate@4 GHz
and a center frequency @03.1 THz. The output of the phase modulator is transmitted thinoug
the circulator into the optical fiber. The circulator dissed in Section 2.6.2 is used for separating
the DL signal from the UL signal.

After being transmitted through 25 km of SMF, the DL signgdassed through the circulator to
the differential detector of Figure 6.8. Again, as discdsaé&section 2.6.2, the circulator is used for
separating the received DL signal from the transmitted Wjnal, while the differential detector
is used for recovering the differentially encoded optigghal and consists of an interferometer
having a 1-bit delay and a PD. At the output of the differdri&tector, an OOK signal is obtained,
which is passed on to the DAC for digital-to-analogue cosiar, as described in Section 6.3.5.
The analogue signal at the output of the DAC is bandpassfiltesing a filter which has a Gaussian
shaped spectral profile and a center frequency 2 GHz. Finally, the filtered analogue signal is
then input to the 64-QAM demodulator for evaluating our parfance metrics.

It can be observed from Figure 6.8 that after the circulat@extion 2.6.2, which is located
at the BS, the received optical signal is divided into twadhgaising a 3 dB coupler. One of the
signal paths is input to the differential detector, while tther signal path is input to a wave-
length/frequency converter. The wavelength/frequencweder is a simple SPM based device
that uses a high-power amplifier, a HNLF and an optical filbeshift the frequency of the input
signal by 50G H z, as we will detail in Section 6.4.3. The operation of the wewgth convertor
and its transfer function is reminiscent of the operatiothef SPM based regenerator discussed
in Section 4.2. The output of the wavelength converter isqaisece of optical pulses having the
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same bit-rate and pulse-width as the signal used at the ME8®ndpped to a center frequency of
193.15 THz. The sequence of pulses generated by wavelength camvésshen intensity mod-
ulated using the electro-absorption modulator (EAM) oftec2.1.4.3, which performs the E-O
conversion.

The digitized UL data shown by the stylized plot in Figure &8enerated from the UL 64-
QAM RF signal and has a symbol rate of MSymbols/s and a center frequency(of4 GHz.
The ADC used for digitizing the UL signal has similar chaeaidtics to those of the ADC used for
digitizing the DL signal. The intensity modulated opticallged signal is then transmitted to the
MSC using the same optical fiber as that used for DL signastrassion. The UL signal received
at the MSC is separated from the DL signal using a circulaseen in Figure 6.8. The intensity
modulated optical pulses are photodetected at the MSC asgk@do the 9-bit DAC, as shown
in Figure 6.8. The DAC used at the MSC has characteristicinieoent of the DAC used at the
BS. Again, the analogue output of the DAC is passed througindjmass filter and detected using
a 64-QAM demodulator. Finally, at the output of the demothuldlock, we evaluate the link
performance metrics. Table 6.2 summarizes the values aohthe parameters used in our setup.
The performance results of our proposed architecture apaisised in Section 6.4.4.

Table 6.2: Paramters of the digitized architecture.

Parameter Value

64-QAM 6 Bits/Symbol
64-QAM Bit Rate 96 M Bits/s
DL Signal Carrier Frequency 1.28GH=
UL Signal Carrier Frequency 0.64GH=z
ADC Resolution 9 bits
ADC Sampling Frequency 113.8M Samples/s
Standard Deviation of ADC RMS Jitter 0.7ps
ADC Output Signal Bit Rate 1.024Gbps
Standard Deviation of DAC RMS Jitter 0.7ps
Optical Pulse Repetition Rate 1.024GH=
Optical Pulse FWHM 40ps
Optical Pulse Centre Frequency 193.1TH=
Fibre Dispersion 16 ps/nm/km
Fibre Transmission Distance 25km
Noise Figure of Optical Amplifiers 6 dB
Photodetector Responsivity 0.8A/W
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The signals at different stages of the DROF link are showntplyzed plots in Figure 6.8.
The 64-QAM RF signal at a center frequency of 128 7 is given as input to the 9-bit ADC as
shown in Figure 6.8. The digital data stream at the outputh@fDC is low-pass filtered in order
to remove high-frequency components from the signal. Thesalpsignal used to transmit the
digitized electronic data over the fiber is shown as a sequehpulses having a Gaussian shaped
time-domain profile and a repetition rate of 1.024/ =. The spectrum of the optical pulsed signal
that is phase modulated by the digitized electronic sigisahlso shown by the stylized plot in
Figure 6.8. It may be observed from the stylized plot thatsiiiectrum of the pulsed optical signal
consists of discrete spectral lines that have a frequenayirsg equal to the repetition rate of the
optical source. The wavelength converted optical pulsgdagiis shown by the stylized spectrum
having a center frequency at 193.1%/ z, as seen in Figure 6.8. Finally, the intensity modulated
time-domain optical pulses transmitted in the UL directeoe shown by the stylized plot at the
output of the intensity modulator.

6.4.3 Design of the Wavelength Converter

The design of the wavelength converter is similar to thathef 8PM based regenerator shown
in Figure 4.3. The wavelength converter consists of a higlvgy amplifier, which amplifies the
input signal pulses to a peak powerid/. The amplified signal is input to a HNLF similar to
that of Figure 4.3 for broadening the spectrum of the pul$&é& HNLF has a length ofkm, an
attenuation oR.1d B.km~!, dispersion of-1.7ps.nm~.km~1, nonlinearity ofI8W ~!.km~! and

a dispersion slope df.023ps.nm~=2.km~'. At the output of the HNLF, a Gaussian optical filter
is placed at a frequency offset G H z. The offset of 50G H z is chosen in order to shift the
UL optical signal frequency with respect to the DL opticgrsal frequency. The bandwidth of the
output filter is chosen to ensure that it generates optidakginaving a pulse width df)ps, which

is the same as that of the DL transmitted signal. At the outpthe filter, the frequency shifted
pulsed signal of Figure 6.8 is obtained for transmitting tHe digital data. The output versus
input power transfer function of the wavelength converteng with its operating point chosen is
shown in Figure 6.9. The operating point is chosen for enguttiat small amplitude variations
in the input signal are compressed by the wavelength cangi®9], [111]. The compression of
amplitude variations results in the reduction of amplitjider in the UL pulsed optical signal.

6.4.4 Performance Results of the Digitized ROF Link

In this section, we observe the EVM performance of the reck4-QAM signal. Figure 6.10
shows the EVM versus SNR results obtained for both the DL ahdignals. For the sake of
comparison, the EVM of the analogue signal detected withagitization and transmission over
the fiber is also plotted for both the DL and UL cases. The SNR@signal is varied by imposing
bandlimited Gaussian noise on the pure analogue signai(paibandwidth equal to the 64-QAM
signal’'s bandwidth. As it will be discussed in Section 6, & out-of-band noise has a detrimental
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Figure 6.9: Transfer function of the wavelength converter.

effect on the digitized signal due to the sampling of the @iiband noise along with the useful
signal. Therefore, the out-of-band attenuation of therfiltas designed to be as high#sdB for
generating the results shown in Figure 6.10. It may be olsdrom the plots seen in Figure 6.10
that the EVM values recorded for both the DL and UL directiomsain belon6% for a SNR
of 25dB. Furthermore, for low values of SNR, the EVM curves plottedthe analogue signal
closely match the digitized RF signal. Since the resolutithe ADC/DAC is kept high (9-bit) and
the out-of-band noise is almost totally eliminated, theseadue to quantization and out-of-band
aliasing remained low. Therefore, there are essentiallytiypes of noise contributions imposed
on the digitized link. The first is the jitter noise inflicte¢ the ADC/DAC clocks, as defined
in Section 6.4.2, while the second source of noise is theamdbASE noise. At low values of
SNR, the dominant source of noise is the in-band noise, widsha similar impact on both the
analogue and digitized signal. Therefore, the EVM plotshef dligitized and analogue signals
overlap each other. By contrast, at high SNR the in-banderisiw, hence the jitter noise due to
digitization becomes dominant. Therefore the EVM plot & thgitized signal deviates from that
of the analogue signal, with the digitized signal havingghler EVM than the analogue.

In order to observe the quality of the optical pulses tratigshiand received in both the DL
as well as in the UL directions, the corresponding eye diagrare shown in Figure 6.11. Since
the eye diagrams represent the pulsed optical signals ratediuby the digital data at the output
of the ADC, they are independent of the SNR of the analogueasigFurthermore, since the
optical signal in the DL direction is phase modulated as spddo amplitude modulated, the DL
signal eye diagrams consist of only ones. By contrast, inlhedirection, the digital data is
transmitted as an OOK signal, therefore the UL signal’'s eggrdms consist of both ones as well
as zeros. The eye diagrams of Figure 6.11 show that evenladlieectional transmission over
25 km of SMF, the optical signal quality is good and the impegnts imposed by fiber are not
significant. One of the major impairments caused in bidiogetl transmission through a single
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Figure 6.10: EVM versus SNR plots for the DL and UL digitized and for the lagae RF signals.
The EVM versus SNR plots for the digitized RF signals areeloghe plots for the corresponding
analogue RF signals.

fiber is the Rayleigh scattering effect, as described in [[1B%4]. Figure 6.11 shows that the

effect of Rayleigh scattering is not strong enough to didtog signal after transmission over the
single SMF. The eye diagrams plotted for the UL transmisstoown in Figure 6.13c and 6.13d,
show modest amplitude variations at the peak of the sigfidls variation at the peak of the UL

signal is due to the noise of the high power amplifier whichdasise figure of @B at the BS.

Finally, to quantify the quality of the pulsed optical si¢geeceived after transmission through
25 km of fiber in the DL and UL directions, the correspondingRBiesults were shown in Fig-
ure 6.12. For comparison, the BER results of the back-tdé-laenarios are also plotted. It can
be observed from Figure 6.12 that even after transmissi@ugfin 25 km of fiber, the BER re-
sults recorded both back-to-back and with the fiber are ammilhe 0.5 B difference observed
between the back-to-back results of the DL and UL signalwuis t the optical noise induced
by the high-power amplifier, which has a noise figure af/®. The results of Figure 6.12 show
that with the aid of optical pulsed communication, digitlzgansmission of RF signals can be
achieved over long fibers. It is worth mentioning here thaehand transmission over fiber was
not preferred due to its higher installation costs imposgthle signal processing and frequency
translation components at the RAU [155].

6.5 Effect of ADC/DAC Parameters on the Performance

The results of Section 6.4.4 were obtained by using fixedegatii the ADC/DAC parameters that
are mentioned in Table 6.2. Let us now consider the effecanfiag the different paramters of the
ADC/DAC on the performance of our proposed architecturer. Sudy will consider the effect of
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Figure 6.8 and the parameters of Table 6.2.
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varying the amount of out-of-band noise imposed on the gn&signal, the effect of ADC/DAC
jitter noise and the clipping effect induced by the ADC, wtdigitizing the input signal.

6.5.1 Noise in Bandpass Sampled Signal

Typically, the analogue signal input to the ADC is passedugh a bandpass filter in order to
reduce the out-of-band noise as exemplified in Figure 6.8.6Emdpass filter used before bandpass
sampling an analogue signal is used as the anti-aliasiieg f#&]. Critical Bandpass sampling
dispensing with a guard-band aliases any out-of-band mpesgent in the analogue signal being
sampled [94], [156]. In this section, we calculate the SNBrddation caused by the bandpass
sampling of an analogue signal having a bandwidtBot et .S, NV andN,,, be the power spectral
densities of the signal, of the in-band noise and of the dditamd noise, respectively. Therefore,
the SNR of the analogue signal denotedb@éR 4, before bandpass sampling is given as:

SNR, = % (6.20)

The maximum analogue signal frequency that the samplingceean handle is termed as its
effective bandwidth ofB.;;. The total noise spectral density, which is the sum of thbane
and out-of-band spectral densitidsand N,,,; respectively, is distributed along the total effective
bandwidth of the sampling device spaning fronB.;; to B.;;. We divide the total effective
bandwidth inton segments, each having a width equal to the sampling frequgéng, as:

m = 2Dets (6.21)

B fsamp .

One of thesen segments contains the in-band nalégwhile the rest of then—1 segments contain
the out-of-band noisé/,,,. Therefore, the SNR after bandpass sampling denotéd\as;,; may

be written as:
S

N+ (m—1)Nyy
It may be observed from Equation 6.22 that the SNR for the passisampled signal is reduced as
compared to the SNR of the analogue signal. The minimumtaféebandwidth that the sampling
device should have equals the highest frequency compagfeptesent in the analogue signal.
Therefore the number of segments for this case equals taenpséerk, which represents the posi-
tion of spectral replicas in the sampled signal, as showngarg 6.2. Hence Equation 6.22 may
be modified to arrive at the following relation for the SNR diandpass sampled signal:

S
N+ (k—=1)Nyu

SN Ry = (6.22)

SN Ry, =

(6.23)

If the analogue signal is not bandpass filtered before beingpted, then we haw®,,;, ~ N and
Equation 6.23 reduces to the following:

S

SNRbps - W (624)
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The minimum SNR degradation is calculated iBs and is defined as the ratio of the analogue sig-
nal’s SNR to the maximum SNR of the bandpass sampled sighalninimum SNR degradation
D,.., without using an anti-aliasing filter is given by:

For the scenario, when the analogue signal is bandpassdilpgior to sampling, the SNR degra-
dationD is given by the following equation:

NOU
D = 10l0g1g (1 +(k—1) Nt) . (6.26)

If the out-of-band noise attenuation of the anti-aliasirtigrfiis denoted by the parameter =
N/N,., then Equation 6.26 may be written as:

D = 10logyo (1 + (kK —1)/p). (6.27)

It may be observed from Equation 6.27 that a high value of drarpetery will reduce the SNR
degradation caused by out-of-band noise aliasing. Therefising an anti-aliasing filter having a
high value of out-of-band attenuation helps in increasigSNR of the bandpass sampled signal.
Equation 6.27 also implies that operating at reduced saugpéites i.e. at highey, increases the
SNR degradatio® [156].

6.5.1.1 Effect of Varying the Out-of-Band Noise

Let us now consider the effect of varying the out-of-bané@raiition of the anti-aliasing filter
on the 64-QAM signal transmitted in the DL direction. Theeatiation used for generating the
results discussed in Section 6.4.4 wagB. As shown in Figure 6.13, the out-of-band attenuation
is varied from 10dB to 35dB to obtain the EVM versus SNR plots. The noise is imposed on
the analogue signal before the anti-aliasing filter. Figud8 also shows the EVM versus SNR
variation for the analogue signal without digitization armhsmission over the optical link. It can
be observed from Figure 6.13 that the lowest achievable EMiveases upon decreasing the out-
of-band (OOB) attenuation of the anti-aliasing filter. Uptatreasing the OOB attenuation with a
step-size of 5B, the EVM difference between any two curves plotted for digid transmission
increases due to a higher alised noise. By contrast, upeasirg the out-of-band attenaution, the
EVM plots recorded for the digitized signals shift closetite analogue signal plot. Observe from
Figure 6.13 that the anti-aliasing filter has no effect onENM of the analogue signal. Hence
the analogue signal related curves obtained for differahtes of out-of-band attenuation of the
anti-aliasing filter overlap each other.

6.5.2 Effect of ADC Sampling Clock Jitter

One of the main factors that limits the accuracy and speecmifpsng devices is the clock jit-
ter [157]. Clock jitter is the small variation in the instantous time period of the clock and
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Figure 6.13: EVM versus SNR plots for different values of out-of-bandeattation using the
schematic of Figure 6.8 and the parameters of Table 6.2.

results in sampling with a slight timing offset. Therefothe clock jitter may be viewed as a
source of noise that modifies the amplitude of the samplésg, i the correct sample obtained at
the correct instant, andV/, is the wrong sample obtained at the wrong instgrthen the sampling
error in timeAt and the amplitude errak V' can be written as:

At =t, —t,, (6.28a)
AV =V, — V. (6.28b)

Since the timing jitter has a small value, thé” versusAt relationship may be written as:

AV = (ﬂ) A, (6.29)
dt ),

where the derivative represents the slope of the samplgwabat time instant = ¢,. Since the
jitter in the sampling instant is independent of the anatogignal being sampled, the slope of the
analogue signal and the timing errdt may be treated as independent variables. Therefore, the
RMS value of the sample amplitude ertdi/,.,,,, can be obtained from the mean of the squared
amplitude error denoted ds{(AV)?}, yielding:

AVims = E{(AV)?}, (6.30a)

AVims = E{(%)Q}.\/E{(Atf}, (6.30b)

1 dV\ 2
AV, . = - / <d—t> At At s, (6.30c)
0

AVims = V2AT oAty (6.30d)
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Equation 6.30d gives the RMS amplitude error in the samptgtht Since the square of the RMS
amplitude error is equal to the noise power added to the kiti@SNR quantifying the effect of
the jitter noise can be expressed as:

_ Signal Power
SN = N gise Power” (6.31a)
2
snp— EUAVO]} (6.31b)
(AVims)
1
SNR(dB) = —20log (27 feAt s ). (6.31d)

Equation 6.31d quantifies the SNR degradation imposed byrtiieg jitter of the ADC clock. Let

us now use Equation 6.31d to vary the SNR of the 64-QAM sigeatun our simulations. Fig-
ure 6.14 shows the EVM variation of the received DL signalupgarying the standard deviation of
the ADC sampling clock’s timing jitter. The sampling ratetloé ADC used is 113.8/ Samples/s

and the SNR of the RF signal is kept at&B. The typical value of the ADC clock jitter’s standard
deviation is in the range df.7ps [37]. It can be observed from Figure 6.14 that for a standard
deviation as high agps, the EVM remains close t2%. Therefore, it can be deduced from these
results that the noise induced by the timing jitter of the AD@ur simulations is insignificant,
because we the use a relatively low sampling rate of 1488umples/s, which is made possible
by the use of the bandpass sampling technique.

4 6 8 10 12
Standard Deviation of ADC Clock Jitter (ps)

Figure 6.14: EVM versus ADC timing jitter plot using the schematic of Fig.8 and the param-
eters of Table 6.2.
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6.6 Digitized Transmission of Multiple 64-QAM RF Signals

In Section 6.4, the digitized transmission of a single 64MRAnalogue signal was discussed in
detail. Optical pulses generated at a repetition rate 4.0QH ~ were used for transmitting the
electronic pulses at the output of the ADC. In this sectioapnopose the optical pulsed transmis-
sion of multiple digitized RF 64-QAM signals using a singf&ioal pulsed source having the same
repetition rate ofl.024G H z. The transmission of multiple digitized RF signals is aghttusing
optical signalling. In order to use low complexity opticegrsalling, digitized data of two RF chan-
nels is transmitted, where the DL data is transmitted usipgic@l Differential Quadrature Phase
Shift Keying (ODQPSK) modulation, mapping the two signalstte | and Q component, respec-
tively. By contrast, the two channel’s bits of the UL data meansmitted using 4-level Amplitude
Shift Keying (4-ASK). A pair of bits composed of one bit froradh digitized channel, is assigned
a unigue amplitude to form the 4-ASK signal. A single fiber $2d for duplex transmission of
the optical signal, where the wavelength converter disligs Section 6.4.3 is used at the BS
to shift the center frequency of the received ODQPSK sigon&gs. The wavelength conversion
aids in avoiding the deleterous effects of Rayleigh Scatjelas discussed in Section 6.4.3. The
frequency-shifted optical pulses are amplitude shiftefbtw different levels in order to carry the
data of the two RF digitized UL signals over the same optidarfused for transmitting the DL
data, as detailed in Section 6.6.2.

6.6.1 Transmitter Setup for Downlink Signals
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Figure 6.15: Transmitter schematic of the two-channel Link. A DQPSK pdar is used as
opposed to a DPSK precoder of Figure 6.8. Furthermore, twasemodulators are used for the |
and Q components of the digitized data, as opposed to a ghgke modulator of Figure 6.8.

The transmitter architecture of the 2-channel case is showkigure 6.15, where two 64-
QAM signals having center frequencies of 128 > and 1.336~ H = are bandpass sampled using
separate ADCs. The frequencies of 128 > and 1.336G H z are chosen in order to satisfy
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Equation 6.7 as well as to generate samples that are a nsudtf@, which results in reduced
simulation time. The outputs of the two ADCs are forwardecatDQPSK modulator, which
outputs the In-phase (I) and Quadrature-phase (Q) compmmérine DQPSK signal, each at
a repetition rate of 1.024&'H>. Since the parameters of the 64-QAM RF signals used in this
section are similar to that of Section 6.4.2, the parametiise digitized signals generated in this
section are the same as in Section 6.4.2. The electronic Qacoimponents are used for phase
modulating two separate streams of optical pulses havingsepvidth of 40ps and a repetition
rate of 1.024G Hz. As shown in Figure 6.15, after phase modulation, one of fiteal signals

is phase shifted by 90 degrees in order to keep it in quadratith the other optical signal. The
resultant | and Q components are coupled together usingpti@bcoupler of Section 2.6.1, as
shown in Figure 6.15. The output of the coupler is a pulsed ®BR) signal at a repetition rate of
1.024GH -.

6.6.2 Receiver Setup for Downlink Signals
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Figure 6.16: Receiver schematic of two-channel link. Two receiver setlpwn in Figure 6.8 are
used to recover the analogue signal from the digitized data.

The DL ODQPSK signal is detected using differential detectas shown in Figure 6.16. The
received optical signal is decoded using an optical deta~add structure [158]. The decoder
consists of a pair of MZIs, where a differential optical det#f +7/4 and —7 /4 is maintained
between the arms of each MZI, respectively. At the outputaaheMZI, | and Q components of
the ODQPSK signal are recovered, respectively and phaeetis to obtain the electronic | and Q
signals, as shown in Figure 6.16. The electronic | and Q $gar@ amplified and passed through
low pass filters having bandwidth, which equal to the bit,ratenely 1.0247H z. The | and Q bit
sequences represent the digital data for each of the twogua64-QAM signals transmitted by
the MSC. Therefore, the I and Q bit sequences are input to-thel®ACs, as shown in Figure 6.16.
The output of each of the DAC is composed of the analogue Rtakltaving spectral replicas at
multiples of the sampling frequency. A bandpass filter aeateat the original analogue signal
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frequency is used at the output of each of the DACs in ordeeteaver the required spectral
replica. The outputs of the two bandpass filters are then gwmdband transmitted using the
antenna, as shown in Figure 6.16.

6.6.3 Transmitter/Receiver for the Uplink Signals

Since optical 4-ASK modulation is used in the UL directidme tdesign of the optical transmitter
and receiver is simple. The two data signals generateddifjgizing the 64-QAM RF signals are
encoded into a single sequence having four amplitude lewdlsre each level represents a pair
of bits having one bit from each data signal. The 64-QAM signged in the UL direction have
frequencies of 0.647H > and 0.696G' H 2z and a symbol rate of 16/ Symbols/s each. Again,
the frequencies of of 0.6&'H > and 0.696G H z are chosen in order to satisfy Equation 6.7 as
well as to generate samples that are a multiple of 2, whichltesh reduced simulation time.
The digitized output for each of the analogue signal has aabét of 1.024Gbps, therefore, the
symbol rate of the 4-ASK signal is 1.024Symbols/s. The electronic 4-ASK signal is used for
amplitude modulating an optical pulse sequence havingetitem rate of 1.0247 H = and a center
frequency of 193.19'H z. As discussed in Section 6.4, the optical pulsed signalrgéee for the
UL direction is obtained by wavelength shifting the DL oplipulsed signal. At the output of the
amplitude modulator, a 4-ASK modulated optical signal itaoted, which is transmitted through
the same optical fiber as that used for DL signal transmisdthe receiver, the optical signals
are photo-detected and the electronic output of the PD isditin order to obatin two separate
electronic bit sequences representing the digital dathefwo UL analogue RF signals. The
digital signal is converted back to its analogue form by tR&B, as discussed in Section 6.3.5

6.6.4 Performance Results of the Two-Channel Transmissidnonk

This section discusses the performance results of the peapdigitized multiple RF 64-QAM
channel transmission system. The performance resultb#aaed by plotting the EVM values of
both the RF channels in the DL and UL directions, as showngni&i6.17. The EVM values of the
corresponding back-to-back analogue RF signals that drearsmitted over the optical link are
also plotted for comparison. It can be observed from Figut& that the relation between the EVM
values of the digitized and analogue RF signals is the sasrahserved in Figure 6.10 for the case
of a single RF channel. However, there is a significant diffiee between the EVM values of the
DL and UL signals, with the UL signal having higher values &NE for the same value of SNR,
as shown in Figure 6.17. Since the UL signals are receiverligr a single antenna, bandpass
filters are used for separating the two received RF signd¢sdbeing digitized. Due to the use of
realistic bandpass filter parameters, some of the frequsiified out-of-band signal contaminates
the desired signal that is being digitized. This out-ofdbaignal of the other channel becomes a
source of out-of-band noise while digitizing the RF signals discussed in Section 6.5.1. Itis
due to this out-of-band noise power that the EVM values ofuhesignals are higher compared
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Figure 6.17: EVM versus SNR plots for DL and UL digitized and analogue algn

to the DL signals. Therefore, the results shown in Figur& 8uggest that in order to achieve an
acceptable performance in the UL direction, the bandpdsssfilsed after the antenna should have
a high out-of-band attenuation value. The out-of-bandchatiéon chosen in our simulations is 45
dB.

Figure 6.18 shows the eye diagrams of the DL and UL opticasquliisignals both before
and after transmission through the 2&m optical fiber. It can be observed from Figure 6.18 that
the eye diagrams are quite open. Since the UL digitized kigneansmitted using optical ASK
modulation, the eye diagrams recorded for the UL signale hewr amplitude levels, as shown in
Figures 6.20c and 6.20d.

6.7 Conclusions

We have presented a detailed study of the digitized trarssomof RF signals over fiber. The
bandpass sampling technique, which is widely used foridigg analogue RF signals was de-
tailed. Based on this technique, novel studies have beeeipied for the duplex transmission of
one and two 64-QAM RF signals over fibre. The main conclusajriee chapter are summarized
below,

e The Bandpass sampling technique digitizes RF signals wsngpling frequencies, which
are much lower than the center frequency of the RF signatgybdipitized, namely on the
order of the signal’s bandwidth.

¢ In order to faithfully retreive the analogue RF signal frdme tigitized signal, suitable guard
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Figure 6.18: Eye diagrams for the DL and UL optical signals before and aftmsmission through
the fiber. The eye diagrams are independent of the SNR of tlegure signal being digitized.

bands should be chosen, while the out-of-band noise of theidtfal was strongly attenu-
ated.

¢ Finally, the digitized transmission of RF signals over fie#iows them to be transmitted
over long fiber lengths.

Table 6.3 summarizes the performance of both the singlevam@RE channel DROF architec-
ture, respectively.
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Table 6.3: Performance summary of both the single and two RF channel&¢€hitecture. The
EVM results for single channel digitized transmission wextracted from Figure 6.10. The EVM
results for two channel digitized transmission were exééid¢rom Figure 6.17

Single digitized channel transmission performance

Channel Number Direction

Signal Type

SNR

EVM

BER

Channel 1
Channel 1

Downlink
Uplink

64-QAM, 16 M Symbols/s
64-QAM, 16 M Symbols/s

27.5dB
27.5dB

4.2%
4.2%

1077
1077

Two digitized channel transmission performance

Channel Number Direction

Signal Type

SNR

EVM

BER

Channel 1
Channel 2
Channel 1
Channel 2

Downlink
Uplink
Downlink
Uplink

64-QAM, 16 M Symbols/s
64-QAM, 16 M Symbols/s
64-QAM, 16 M Symbols/s
64-QAM, 16 M Symbols/s

27.5dB
27.5dB
27.5dB
27.5dB

4.1%
8.1%
4.1%
8.1%

1078
1073
1078
1073




Chapter7

Conclusions and Future Work

This report discusses the three main types of ROF commiumicaystems that may form a vi-
tal part of future high-bandwidth wireless communicati@hapter 1 of the report highlights the
challenges faced by service providers and network desgweite coping with the ever-increasing
bandwidth demand of wireless subscribers. Chapter 2 a&setider in understanding the oper-
ating principles of the most commonly used optical comptsém fiber optic communication
systems. Chapter 3 introduces the three fundamental tyfjp@©B communication systems by
discussing their similarities and differences, as well fas limitations of each type of system.
Chapter 4 of the report discusses the family of the BROF comation systems, along with our
novel contributions in the area. Finally, Chapter 5 and @mraf investigate AROF and DROF
communications, repectively, along with our novel corttabs in these two areas. This chapter
summarizes the key contributions of each chapter and pgrasange of ideas for our future work.

7.1 Chapter Summaries

This section presents the summary of each chapter in thetrepo

7.1.1 Chapter 1 - Introduction

Chapter 1 highlights the growth in the number of wirelesssstibers and their increased band-
width requirement with the aid of statistics. Due to devebemt of bandwidth-thirsty portable
devices such as smartphones and tablet PCs, bandwidth deimare increased considerably over
the past decade. The current technologies used for prgwdieless services may be divided into
cellular, WiFi and WiMax type systems.

Finally, we discussed some of the solutions proposed iratiiee for coping with the increase
in bandwidth demand, such as bandwidth-efficient modutasichemes as well as polarization
multiplexing. The transmission bands of fiber optic commsation systems may be extended as
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well as multicore fibers may be used. The use of network cottingcrease the throughput of
PONs was also discussed. Finally, architectural changdiseiroptical networks which enable
them to perform dynamic routing and bandwidth allocatioment@ghlighted.

7.1.2 Chapter 2 - Components of Optical Communication Systas

Chapter 2 reviewed the operating principle of the main camepts in optical communication sys-
tems. Firstly, the generation of both continuous wave ansigloptical signals was detailed. The
optical carrier is typically generated by the DFB semicastdulaser of Section 2.1.1.1. The opti-
cal carrier may be either directly or externally modulatethuhe data as discussed in Section 2.1.2
and 2.1.4, respectively. The simplest form of optical @modulation is direct modulation, where
the electronic signal is superimposed on the bias signdiefaser source. External modulation
is used for high-frequency RF signals (10G H z) and requires external optical modulators, as
described in Section 2.1.4.

The optical fiber transmission medium is discussed in Se@i@, which imposes certain im-
pairments on the signal transmitted. As discussed in Se&tid.1, the simplest of these impair-
ments is the attenuation of the fiber, which occurs due to tisergtion by the silicon fiber and
Rayleigh scattering of the light travelling through it. Thecond major type of impairment is
dispersion of the optical fiber, as discussed in Sectior22.Biber-induced dispersion is a phe-
nomenon, where light of different wavelength/frequenayeis at different speeds within the fiber.
This gives rise to broadening of the optical pulses at thpwdudf the fiber. Finally, the third type
of impairment is the nonlinearity of the fiber discussed iotld® 2.2.3 which becomes dominant
upon increasing the intensity of light travelling through i

The optical receiver is discussed in Section 2.3, whichqueré the OE conversion of its input
signal with the aid of a photo-detector. The operating ppilecof a commonly used semiconductor
photo-detector termed as the PIN photodiode is highlight&kction 2.3.

Finally we discuss the auxillary components used in thecaplink, such as optical amplifiers,
optical filters and passive optical components. Opticalldiefs make use of external pumping
and stimulated emission for amplifying the input signaldascussed in Section 2.4. The most
common optical amplifier used in optical communication ey is the EDFA, whose operating
principle is discussed in Section 2.4. Section 2.5 deth#ésoperating principle of optical filters,
which may be used for separating a single or multiple opsaghals from a WDM signal or to
reject out-of-band ASE noise imposed on the desired sigidlsee main types of optical filters
namely Grating, Arrayed Waveguide and Fabry-Perot filteesdéscussed in detail in Section 2.5.
Finally, Section 2.6 touches upon passive components, asicptical couplers/splitters, optical
multiplexers/demultiplexers, optical isolators and oaticirculators.
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7.1.3 Chapter 3 - Radio Over Fiber Communication

Chapter 3 introduces the three main types of ROF commuaitaiistems that are detailed later
in Chapters 4 to 6. Firstly, the two main methods of transpgrRF signals in the three types
of ROF systems are presented in Section 3.1. The first meghibe isimple intensity modulation
relying on the classic direct detection technique, as dsed in Section 3.1.1. The second method
is remote heterodyne detection, which relies on the cohenexing of two optical carriers in a
PD, resulting in a high-frequency current at the output ef @D, as described in Section 3.1.2.
Section 3.2 discusses the two commonly used multiplexicigtigues of ROF communication sys-
tems, namely Sub-Carrier Multiplexing (SCM) and Wavelé&rgivision Multiplexing (WDM). In
the SCM technique, the signals of multiple channels havifigrént center frequencies are simply
superimposed electronically and the resultant electrsigital is used for intensity modulating an
optical carrier, as described in Section 3.2.1. In the WDbhieque described in Section 3.2.2,
multiple channels are transmitted upon modulating diffegtical carriers by the RF channels
and then multiplexing them optically.

In Section 3.3 we then briefly introduced the AROF commuimcasystem philosphy where
the RF carrier modulated by the baseband data is transroitedhe fiber using an optical carrier,
while up-conversion and carrier modulation are peformethatCU. The practical impairments
imposed on the AROF signal by the optical link are discusse®kiction 3.3.1. Furthermore, some
of the optical linearization techniques suggested in tleediure are summarized in Section 3.3.3.

Finally, we introduced the DROF and BROF communicationaystin Section 3.4 and 3.5,
respectively. DROF involves the digitization of the RF sijhefore tramsission over the fiber.
The RF signal is converted to a series of binary electronisgsuiin an ADC and following EO
conversion, the resultant optical signal is transmitteerdkie fiber. By contrast, in BROF com-
munication, the baseband data is directly transmitted ihneefiber using an optical carrier without
up-conversion to a high-frequency RF carrier. Since digdiand baseband ROF communication
may use pulsed optical signals, a pulse propagation mogeegented in Section 3.6 in order to
characterize the behaviour of optical pulses travellimgulgh the fiber.

7.1.4 Chapter 4 - Baseband ROF and Optical Pulse Regeneratio

Chapter 4 of the thesis discusses BROF communications &il.dén order to elaborate on the
similarities and differences among the three types of RQRnoanication system, the top-level
architecture of a BROF system is presented in Figure 4.1ur€ig.2 elaborates on the principle
of TDM and WDM that are commonly used in baseband commumicatystems. Section 4.2
discusses the appropriate optical pulsed signal regemetathniques required in scenarios, where
the optical signal is degraded beyond a certain limit, wirdgelling through the optical link. An
SPM based regenerator is presented in Section 4.3. Amongatiaus fiber-based regenerators
that have been proposed for all-optical signal regeneratine SPM based regenerator proposed by
Mamyshev [106] is the most popular one owing to its impleragahal simplicity and efficiency.
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It may be concluded that both the dispersion slope and tipedieon parameter may be used as an
additional parameter of controlling the regenerator'sqremance.

A BROF aided 605 H =z DAS relying on optical signal processing techniques fongraitting
baseband data at mm-wave frequencies to multiple RAUs isritbesl in Section 4.4. The DAS
architecture is constituted by six RAUs that are fed usirggband ROF data in a star-like network
topology, as shown in Figure 4.13. The baseband data ddftineach RAU may be transmit-
ted over a range of frequencies around(®H = that are generated using only two pulsed signal
sources. The performance results presented in Sectiod ghéw that the proposed baseband
architecture results in BER values which are withida of the idealized back-to-back results.
Furthermore, the eye-diagrams of the received opticabdsgghown in Figure 4.19 reveal that the
distance of the ROF link may be further increased beyondigtarites considered.

7.1.5 Chapter 5 - Analogue ROF Communication

Chapter 5 of the thesis discusses AROF communications &il égtpresenting our contributions
in the area. AROF is contrasted to both BROF and DROF in the-éeteel diagram of Figure 5.1.
Our study of an AROF system that is used for facilitating @xptommunication among three
RAUSs located at different positions in a ring architectuggiesented in Section 5.3. The duplex
transmission of 16-QAM signals to the three RAUs is achidwedsing a single laser source lo-
cated at the MSC. The performance of the architecture isasden the basis of both the EVM as
well as of the corresponding BER results. The results shaivttte worst-case EVM values that
are obtained for the DL RF signals are close téh4These values are still within the acceptable
limit of 6 % for a 16-QAM 802.16a WiMax signal even when operating withchannel equal-
ization [37]. Furthermore, the performance of the propasegl architecture in the presence of
parameter variations is presented in Section 5.7, wherastsiiown that the ROF link is of high
integrity.

The optical physical layer design of a mm-wavelength DAShiéecture is proposed in Sec-
tion 5.8. The proposed mm-wavelength design uses a singé Bource for transmitting bi-
directional data to two spatially separate RAUs in a virtMdAMO architecture shown in Fig-
ure 5.17. The proposed technique allows the mm-wavelengiQAM signals generated at the
RAUs to be transmitted at two different center frequencresnely either at 2%7/H z or at 50
G H z, therefore, making the system flexible. The performanceltesiscussed in Section 5.10
show that EVM values below % are obtained for both the DL and UL RF signals for SNRs in
excess of 2% 8. Furthermore, the performance of the proposed virtual Mid€hitecture in the
presence of parameter variations is presented in Sectidn Where it was shown that the ROF
link has a BER of 10~ for OSNR of 28d5.



7.1.6. Chapter 6 - Digitized ROF Communication 159

7.1.6 Chapter 6 - Digitized ROF Communication

Chapter 6 discusses DROF communications in detail. Theizhtjon of the analogue signal is
performed using bandpass sampling, which ensures thatathplsg rate of the ADC/DAC is
dependent on the bandwidth of the analogue signal insteigsllafhest frequency. In Section 6.4,
a novel cost-efficient physical layer is designed for a DRQK, Where a single pulsed laser source
and a single fiber is used for duplex transmission of digitieé-QAM signals. In order to avoid
the impairments caused by Rayleigh scattering in bidioaeti transmission through a single fiber,
wavelength conversion is employed at the BS, as describ&bation 6.4.3. The performance
results of the proposed link are presented in Section 6whére the EVM values recorded for
both the DL and UL directions remain beld for a SNR of25dB. To quantify the quality of
the pulsed optical signals received after transmissiooutin 25 km of fiber in the DL and UL
directions, the corresponding BER results were also ptedan Section 6.4.4. It was observed
from Figure 6.12 that even after transmission through 25 kfibber, the BER results recorded for
both back-to-back and for fiber-based transmissions weriasi Hence it may be concluded that
the dynamic range of the DROF system is dependent upon tts@tigiy of the optical receiver
used at the BS.

The optical pulsed transmission of multiple digitized RF@AM signals using a single optical
pulsed source over a single fiber is discussed in SectioTGétransmission of multiple digitized
RF signals was achieved using optical signalling, wherétheata was transmitted using Optical
Differential Quadrature Phase Shift Keying (ODQPSK) matioh, mapping the two digitized
signals to the | and Q components, respectively. By contthsttwo channel’s bits of the UL
data were transmitted using 4-level Amplitude Shift Key(dgASK). The performance results
were obtained by plotting the EVM values of both the RF chénimethe DL and UL directions,
as discussed in Section 6.6.4. It was shown in Section 6i@#due to the out-of-band noise
power in the UL analogue signals, the EVM values of the UL aigrare higher compared to the
DL signals. Therefore, in order to achieve an acceptableopeance in the UL direction, the
bandpass filters used after the antenna should have a higif-band attenuation.

7.2 Design Guidelines

In this section, we will summarize our design guidelinescaved for ROF communication sys-
tems based on the studies performed throughout Chapter $dpt€r 6. These guidelines are
aimed at aiding the system designer of a ROF communicatistesyin choosing the most suit-
able type of ROF system based on the parameters of the linthartgipe of service provided.

1. The length of the ROF link plays an important role in chagghe type of ROF commu-
nication system. The performance results discussed inddetid.3 for the BROF and in
Section 6.4.4 for the DROF system show that these systenesehgwod performance over
long fibers. Therefore, in a ROF system where the RAUs arddddar from the CU, both
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BROF and DROF systems provide a suitable solution.

2. As discussed in Section 3.3.1, the ROF link imposes diffetypes of impairments on the
signal travelling through it. The BROF and DROF systems amegally more immune to
such impairments due to the digital nature of the opticah@igravelling through the ROF
link. Hence, for ROF links that have a high link noise, the BR&d DROF systems provide
a better choice in contrast to the analogue ROF system.

3. A major factor to be considered in designing the ROF linthis simplicity of the RAUs.
This is specially true in situations where a large numberAf/R are supported by the CU.
As discussed in Chapter 5, the design of the RAU for an AROFResyss the simplest
compared to BROF and DROF systems. The simplest RAU for anFAR@tem requires
a PD, an electronic bandpass filter and a RF amplifier, as seEigiure 3.6. The BROF
system of Figure 3.10 may require bit-to-symbol mappindnatRAU in case of RF signals
using complex modulation schemes, while the DROF systemgpir€& 3.9 requires digital
signal processing at the RAU.

4. The choice of the ROF system is also dependent upon thelegitypof the RF signal.
The AROF system is transparent to the type of RF signal beemgsmitted. Therefore,
complex-valued modulation schemes such as for example-RF signals may be read-
ily transmitted by the AROF system. The same is true for th©BRystem, where the RF
signal would require digitization before transmissionrabe fiber. In case of BROF system,
the transmission of a RF signal having a complex modulatibesie would require bit-to-
symbol mapping at the RAU, which is not a desirable featurscemarios, where simplicity
of the RAU is also a concern.

5. It was shown in Section 4.4.2 that with the aid of a comlamadf OTDM and WDM, the
BROF system simultaneously supported six different RAUse mumber of RAUs may be
further increased depending upon the type of system. Towergh situations where a large
number of RAUs are supported, BROF systems provide a feesablition. Similarly, DROF
systems may take advantage of the combination of OTDM and VWbdtder to support a
large number of RAUs, but the requirement of DACs at the RAUkenit a less attractive
option compared to the BROF system. By contrast, AROF systean only use WDM
due to the use CW optical carriers. Therefore, the numberAtdRsupported by AROF
communication is lower compared to BROF systems.

6. The bandwidth of the ROF signal in case of AROF and BROFesysidepends mainly upon
the bandwidth of the RF signal transmitted. In AROF systdhespbandwidth of the AROF
signal may be reduced by using complex-modulated RF sigiétereas, in BROF systems,
baseband data is used to modulate the optical carrier, amshd-igure 3.10. Therefore,
the bandwidth of the BROF signals for the same data rate wiligher compared to the
bandwidth of the AROF signals. By contrast, the bandwidtthef DROF signal depends
both on the bandwidth of the RF signal as well as on the rasolof the ADC/DAC pair, as
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10.

11.

discussed in Section 6.3. Therefore, the bandwidth expamsiposed by the DROF systems
is commensurate with the number of bits/sample used by th€.Afence it is invariably
higher than that of both the AROF and BROF systems.

BROF systems are capable of supporting RF signals haitingtbs in the range of &bit /s

to 2.5Gbit/s to a single or multiple RAUs [73], [120]. By contrast, AROFssgms suffer

from severe impairments imposed by the fiber-induced dssper when high-symbol-rate
RF signals are transmitted, as discussed in Section 3.3FwBhermore, in case of DROF
systems, the sampling frequency of the ADC required for {sigimbol-rate RF signal will

increase, resulting in increase in the cost and complexitgg@ADC/DAC pair. Therefore,

BROF systems provide the most feasible solution for trattsrgihigh-bit-rate RF signals
to the RAUs.

Due to the digital nature of the optical signals, the bd®0B and DROF systems may make
use of the already deployed optical fiber infrastructurea prulsed optical fiber network, op-
tical signal processing techniques such as wavelengthecsion and logical operations are
performed in order to control and direct the flow of data [1Q203]. Such operations may
also be performed on BROF and DROF signals, hence enablemy th be seamlessly in-
tegrated into the already deployed optical fiber networkg c@ntrast, due to the analogue
nature of the optical carrier used in AROF communicatioe, dptical signal prosessing
techniques are not feasible and hence integration withltkedy deployed systems is diffi-
cult.

In scenarios where optical fiber has to be deployed in dalezach different RAUs, both

the BROFand DROF communications may use a single opticalffibeluplex transmission

with the aid of wavelength conversion, as dicussed in Sedid.2. The use of a single
fiber is made possible due the pulsed nature of the BROF and@@munication, which

makes them less prone to noise due to Rayleigh scatterirdj, [54]. Therefore, the cost
of employing two fibers for the DL and UL direction may be elivaied with the use of

BROF or DROF communication. On the other hand, CW opticahalgyused in AROF

systems are strongly affected by Rayleigh scattering, &vheingle fiber is used for duplex
transmission.

As mentioned under 4 above, the AROF system is transperehe type of modulation
used by the RF signal. Therefore, AROF communication maysael dor simultaneously
providing multiple services to the MSs. By contrast, therbie of the baseband ROF system
depends upon the type of RF signal transmitted. Hence a ehattige bit-rate would require
the use of a different pulsed laser source. Similarly, a ghan the type of RF signal
transmitted through DROF systems may require changes mtbetADC/DAC pair as well
as in the pulsed laser source.

Finally, the transparency of the AROF system to the tyfgeFosignal transmitted makes it
attractive for use in future RF communication systems. @natier hand, the BROF and
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DROF systems would require changes in the hardware, whisreft future RF communi-
cation systems are introduced.

7.3 Future Work

7.3.1 Radio Over Plastic Optical Fiber

Research interest in the employment of Plastic Optical HIBOF) for fiber-to-the-home infras-
tructure have increased recently [159], [160] and [161]e Témson for the increase in popularity
of POF lies in its attractive physical properties, whichluge a higher flexibility, resilience to
both bending as well as shock, vibration and handling [15%ese characteristics of the POF
make it an inexpensive choice for fiber-to-the-home netsodompared to the classic silicon
fiber [160]. Since ROF systems typically used for short-eawgreless communication such as in-
home or in-building communication, POF is a suitable chéacd&ROF communications. However,
its bandwidth limitation and high transmission loss haseaorbtigated. An extention of our work
presented in this thesis would be to investigate the use & iR@ur proposed architectures for
the three types of ROF communication systems. The use offedaser source along with single
POF increases the cost-efficiency of the overall link. Thghhransmission loss of POF may be
addressed by using pulsed optical communication systesssiggested in Chapter 4 and Chapter
6 of the thesis. Therefore, our future work is to extend thekweported in this thesis by using
POFs.

7.3.2 Radio Over Wireless Optical Links

The use of wireless optical transmission for indoor comroaton is also the subject of extensive
study due to the availability of a broad unregulated bantwjiti62], [163], [164] and [165]. The
employment of visible light for indoor optical wireless coranication provides high-rate commu-
nication as well as illumination inside a room [162]. Botle tisible and infrared spectrum can
penetrate through glass but not through walls, which cosfihe communication within a room
and hence enhances privacy and security [163]. The use ichbppectrum in the C-band (1550
nm/l 193.17T H z) for indoor optical wireless communication has been derratexd experimentally
in [164], where the optical signal received after transmisshrough the fiber is re-transmitted di-
rectly in the air using lens and mirror arrangements. Sinaiteangements may be used along with
our proposed schemes reported in this thesis to make thesihklcost-effective. Additionally,
the ability to directly transmit the optical signal at thetut of the fiber without OE conversion
would enhance the power efficiency of our proposed links.
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Appendix

8.1 Pulse Propagation Equation - Split Step Fourier Method

In this section, a numerical solution to the NLSE for the @gation of optical pulse is presented
using the Split-Step Fourier Method (SSFM) [56]. The gehecmation for the propagation of
an optical pulse in a fiber having attenuationsecond and third order dipsersiénand 33 and
nonlinearityy is given below:

0A(z,t) OA(z,t) if2 0?A(z,t) (3 PA(z,1)
R T S R R
SAED =7 | Az 1) [P Az, ). (8.1)

The termf; represents the group velocity of the pulsg, ¢) represents the slowly varying
pulse envelope angthe nonlinearity parameter formulated as:

NaoWo

= 8.2
cAeff7 ( )
where the parametet.; is the effective area of the core; is the nonlinear refractive index
of the fiber material andy, is the center frequency of the optical signal, as describ&ekction 2.2.
The nonlinear refractive index; has a non-neglibile value when the input signal power is high
A. s is related to the modal distribution of the fundamental moideMF F'(z, y) by the following
relation:

(f_T | Flay) | dasdy.>

Acpyp = , (8.3)

J T 1@y drdy
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wherex andy represent the two spatial axes. For a Gaussian modal distrib A, ;; = mw?,
wherew is the mode width parameter [56]. In the simulation of a pgateng pulse, we consider a
frame of reference moving with the pulse at a group velodity/@;, hence the term, in Equation
3.6 which represents the group velocity of the pulse canmeved. In order to simplify Equation
3.6, it is written in the following form:

aAéz’ D _ (D + M)Az 1), (8.4)

where D is a differential operator that accounts for dispersion attdnuation in a linear
medium andN is a nonlinear operator that takes into account fiber noatit,e These opera-
tors are expressed as below:

D=-2—+=2— = (8.5)
and
N =iy| Azt . (8.6)

In a fiber, dispersion and nonlinearity act together but t6€M obtains an approximate so-
lution by applying these effects separately. SSFM assuhmddr a small segment of fiber the
dispersion and nonlinearity can act independently; thiissit applies nonlinearity and then dis-
persion to the small segment of fiber. In this way the wholgtlemf fiber is covered by splitting
it into segments that are small enough, so that the disgeasid nonlinear effects remain almost
constant over them. For a segménthe exact formal solution of Equation 3.6 is:

Az + h,t) = exp[h(D + N)A(z,t)]. (8.7)

The approximate solution according to SSFM is:

A(z + h,t) = explh(D)exp(N)A(z,1)). (8.8)
Let B(z,t) denote the result obtained after applying the nonlinearaipein time domain over
step sizeh. The operatoezp(hN) can be evaluated as:

B(z,t) = exp(hN)A(z,t). (8.9)

~

In the second step dispersion is applied in the Fourier doraging the operatotxp(hD) as
below:

B(z + h,w) = exp(hl:?(iw)B(z, w), (8.10)

whereB(z, w) is the Fourier transform oB(z, w) andf)(iw) is the Fourier transform of the
linear operatop. D(z‘w) is obtained by replacing the operatytot by iw in the frequency domain.
Finally we go back to the time domain by taking the inverserfesuransform as below:
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~

A~ = ~

exp(hD)B(z,t) = F(exp(hD(iw)B(z,w)). (8.11)

A variation of the above procedure in order to improve theugacy for a segmerit is to apply
the dispersion on half segments thati® while nonlinearity is applied in the middle. Hence
Equation 3.13 can be replaced by following relation:

z+h

A(z + h,t) = 6xp(gf))6xp( / N(z’)dz’).exp(gDA(z,t)). (8.12)

The integral in the middle exponential is useful to inclubde £ dependence of the nonlinear
operatorN but it can be replaced bgmp(hN) if step sizeh is chosen to be very small.

8.2 Analogue-to-Digital and Digital-to-Analogue Conver®ns

A | Lk _am . (00100001

Analogue Digitized
Input Output
Signal

(a) Analogue-to-Digital Conversion

Input

Digitized - Analogue
Signal Quantized Analogue Output
Decoder . Sample & Signal

I Generation I Recovery

) O AN

(b) Digital-to-Analogue Conversion

Figure 8.1: Block Diagrams of the ADC and DAC.

The ADC first samples the analogue signal of Figure 8.1 attaioesampling rate in order to
generate discrete-time samples repeated at regularatgeritime. The block diagram of a typical
ADC is shown in Figure 6.2a, where the analogue input signdlits discrete-time samples are
shown by the stylized plots. The discrete-time samples lzga passed on to the quantization
block, where each sampled value is assigned to a discredgirguitude. Each of the quantized
signals is given a binary code in the encoder block, henceulgut of the encoder is a sequence
of bits, as shown by the stylized plot of Figure 6.2a. The DA@ies out the inverse operations of
the ADC, as shown by the block diagram of Figure 6.2b. Thetigbthe DAC is a sequence of
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bits that was generated by the ADC. In the decoder block, itreefjuence is then converted back
to discretized amplitudes, as shown by the stylized outiguias. In the following low-pass filter,
the discrete-time discrete-amplitude signal is conveleck into an analogue signal. Finally the
analogue signal is recovered from the discrete samplesoagsn Figure 6.2b.
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