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Abstract

Investigation of Sub-Carrier Multiplexed Fiber Optic Link Supporting WLAN
and WCDMA, 2005

Roland M. C. Yuen

Master of Applied Science

Program of Electrical and Computer Engineering

Ryerson University

In this thesis, an optical fiber based radio access architecture that simulta-
neously provides services of the wireless local area network (WLAN) and the
third generation (3G) mobile communication system is investigated. The sub-
carrier multiplexed (SCM) technique of the fiber optic system is considered.
The SCM architecture does not require frequency conversion and plays an
important role enabling the WLAN to complement the cellular mobile com-
munication systems so that the user can have both services as needed. In the
SCM architecture, the two mediums that signals propagate are the air interface
and the radio over fiber (ROF) link. In the air interface, the signal experience
path loss and multipath fading that have effect on the system performance.
The ROF link introduces nonlinear distortions and optical noise. The uplink
and downlink analysis are performed in this thesis considering all the impair-
ments from the air interface and the ROF link. Thereafter, numerical results
are generated for both the uplink and downlink to illustrate the performance of
the SCM architecture. The analysis identifies the interdependent relationship
of the WLAN and the WCDMA system. The numerical results graphically
illustrate such interdependent relationship. In the downlink, a 5 km ROF link
operating at optimal power can support a WCDMA system with 1 km radius
of coverage that has 26 dB of signal to distortion and noise ratio (SDNR); and
a WLAN system with 400 m radius of coverage that has 27 dB of SDNR. The
throughput of IEEE 802.11 WLAN depends on the medium access control.
Hence, the medium access control is investigated and the throughput expres-
sion is modified to adapt to the SCM architecture where, signals travel extra

distance in a fiber.
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Chapter 1

Motivation and Background

1.1 Forth Generation Quest

Since the late 1990’s, many have explored the potential of wireless broadband
communication system to provide high bit rate and mobility. Correia and
Prasad [1] provide an overview of wireless broadband systems. They had fore-
seen that wireless broadband systems will provide bit rate as high as 155 Mbps
using the 60 GHz band. They discussed potential wireless applications such
as high-definition TV, high-definition videophone, local area network (LAN)
interconnection, mobile office, and interactive TV which can only be realized
with high data rate systems. They examined different aspects of wave prop-
agation in the wireless environment including average power decay and delay
spread. They also discussed challenges in modeling the wave propagation. The
challenges encourage further research and development in the wireless broad-
band system. The applications that require the 155 Mbps bandwidth will
soon arrive with advancement in the wireless broadband system. Currently,
the IEEE standard 802.11g can provide date rate of 54 Mbps which is one third
of what is foreseen. The market is responding strongly to this development

and demands for even higher data rate.
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In the path towards forth-generation cellular network, wireless local area
network (WLAN) will play an important role in the transition. The WLAN
hotspots can be used to inter-network with the third-generation (3G) cellular
network. The obvious advantages for users are network connectivity evefy-
where and high date rate at strategic locations. The advantages have been
addressed in [2] by Doufexi et al. They quantified the capacity enhancement
and benefits of such internetworking. In their simulation results, they have
shown that 15 WLAN access points that were used to cover an area of 1 km
by 1 km can provide a peak data rate of 42 Mbps. For extra capacity in the 3G
cellular system, the simulation has shown that over 1000 extra customers can
be supported with the same deployment described above. The increase in ca-
pacity is especially beneficial at dense urban areas where hotspots can be used
to relieve cellular congestion. Hotspots also support multitude of services in
addition to voice. The WLAN trend is high data rate coverage for a small area.
In order to support a large area of coverage many hotspots are required. The
large scale deployment of WLAN is both technical and economical challenge.
In [3], Varshney has discussed that mutual interference can cause degradation
in quality of service when there are large number of WLAN hotspots. This is
true because there are only three non-oveflapping channels in IEEE 802.11b.
Therefore, some kind of coordination is required for interference cancellation

in large-scale deployment.

1.2 Optical Fiber Based Radio Access

The optical fiber based radio access can integrate both the 3G wideband code
division multiple access (WCDMA) system and the IEEE 802.11 WLAN sys-
tem (see Figure 1.1). One way is to use the sub-carrier multiplexed (SCM)

technique to carry signals of both systems through fiber-optic cables between
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a central base station and a radio access point (RAP). The cables that support
this communication are called the radio over fiber (ROF) link. The RAP oper-
ates like an extended antenna from the base station. It transmits and receives
the signals of mobile stations (MSs). For the WCDMA system, an MS can be
a cellular phone; for the WLAN system, the MS can be a laptop with IEEE
802.11 interface. If a portable unit has both cellular and WLAN interfaces, it
can connect to the networks using either one of these standards. This means

seamless integration between these two services.

f;\{ }f =~

Central
Base
Station

WCDMA &
Access Point

Backbone u
Network \
Radio Over Fiber Links \WCDMA
(Fiber-Optic Cables)

_ﬂ Radio access Microcell

or picocell

Figure 1.1: Microcellular architecture with employment of ROF links

The integration of the two systems is an excellent solution to the demand
for high data rate applications and reasonable mobility. The employment
of the ROF link in the SCM architecture allows reduction in cell size that
increases the frequency reuse, thus improves the spectral efficiency. The RAP
with relatively simple functions is not only inexpensive, but its compact size
can also save estate cost. A centralized network can be constructed using
ROF links to connect multiple RAPs to a single central base station. This is
also illustrated in Figure 1.1. The advantages of this network are: i) flexible

radio spectrum management, ii) flexible data flow control, iii) sharing the



cost of the central base station deployment and operation, and iv) ability to
handover across systems. The central base station is able to monitor activities
in all the cells. That allows radio spectrum, data flow and handover can
be easily managed avoiding negotiation with other base stations. Co-channel
interference can be reduced because the radio spectrum of adjacent cells are
managed by a centralized system.

There has been significant work done in the wireless access using the ROF
link by many authors. Tonguz et al. [4] has investigated the personal com-
munications access networks using SCM ROF link. They have derived the
carrier to noise ratio of the link that includes the optical noise and the non-
linear distortion in the link. Moreover, they have also investigated the cell
coverage of the link. Fernando and Anpalagan [5] also studied the ROF link
for fiber based wireless access, and they have derived the cumulative signal to
noise ratio (SNR) for the downlink case. Signals go through the ROF link,
then through the air interface in the downlink case. They also studied the
relationship between the cumulative SNR and the SNR after the optical link.
Walker et al. [6] presented the criteria of optimizing the carrier to noise ratio
of the SCM optical network. The criterion is the optimal choice of an optical
modulation index that is used to modulate a laser. This optical modulation
index is dependent on the number of channels and the nonlinearity of the entire
optical link. The relative intensity noise in the ROF link is further improved
by Fernando in [7] and this improved expression gives a more accurate model
for the ROF link. In the paper by Kim and Chung [8], they had investigated
several passive optical networks that support micro-cellular communication
systems that employ narrow band code division multiple access. One of the
passive optical networks that they investigated employs the SCM technique,
and they derived the carrier to noise and distortion ratio for the network. Fan
et al. [9] investigated the employment of ROF link in micro-cellular personal

4



communication system. They have included the fading and the co-channel in-
terference of the air interface to improve their model. They had also compared

the performance between the uplink and the downlink.

1.3 Major Contributions of the Thesis

The major contribution of this thesis is the uplink and downlink analysis of
a SCM based optical fiber based wireless access architecture that is designed
to simultaneously support the WLAN (IEEE 802.11b) and WCDMA systems.
The analysis includes mathematical derivations and numerical results that
quantify the performance of the architecture.

The uplink involves with the signals first propagated through' the air in-
terface and then the ROF link. The downlink involves with signals first
propagated through the ROF link then the air interface. The air interface
introduces linear impairments such as multipath fading, while the ROF link
introduces nonlinear impairments such as intermodulation product distortion.
The analysis accounts for the cumulative effects of all the impairments. Also
we analyze the system with respect to relative power differences between the
WLAN and WCDMA systems and define a cumulative modulation depth that

is the weighted average of individual modulation depths of these systems.

1.4 Thesis Outline

Chapter 2 provides the background of the WLAN and 3G mobile communi-
cation systems. This chapter is the basis for the discussion on simultaneously
supporting the two systems. For the WLAN system, the IEEE 802.11 stan-
dards are considered, while WCDMA is considered for the 3G mobile com-

munication system. For the IEEE 802.11, the medium access control and



the physical layer specifications for the 2.4 GHz band are discussed. A brief
overview of the WCDMA system is provided. There are many factors from
the two systems that cumulatively or independently affect the performance of
the proposed fiber based radio access SCM architecture.

The fiber-wireless architecture involves both the wireless channel and the
optical channels. Chapter 3 provides a reference to the mechanisms in the two
channels. In the wireless channel, path loss, multipath fading, and shadow-
ing are the different issues related to the signal propagation in the air. The
cause and effect of each of these issues are investigated. The optical channel
which is the ROF link has several mechanisms that affect the performance
of communication. The mechanisms can be categorized as (1) nonlinear and
(2) noise mechanisms. The nonlinear mechanism includes the intermodulation
products and clipping distortion. The relative intensity noise, shot noise and
thermal noise are the noise mechanisms. The power loss due to the optical-to-
electrical and electrical-to-optical conversions, fiber attenuation; and its affect
on the signal to noise performance is also discussed.

Chapter 4 presents the fiber based radio access architecture that jointly sup-
ports the WLAN and WCDMA systems using SCM technique. According to
SCM technique, the pass band WLAN and WCDMA signals are simply added
using a RF power combiner and then transmitted through a fiber-optic cable
known as the ROF link. The uplink and downlink analysis of the SCM ar-
chitecture is presented with mathematical derivations to quantify the system
performance. The analysis is completed with the numerical results that are
presented in chapter 5. The results are graphically plotted for clear under-
standing. The results also lead to the discussion in chapter 5. This thesis is

then concluded with a discussion on future work.



Chapter 2

IEEE 802.11 Wireless Local Area
Network and Third Generation

Mobile Communication System

To simultaneously support services of the IEEE 802.11 WLAN and WCDMA
3G mobile communication systems, it is important to first understand various
issues associated with the two systems because the performance of the fiber
based wireless access architecture can be affected by these issues. In this
Chapter an overview of IEEE 802.11 WLAN and 3G cellular communication

systems are provided.

2.1 IEEE 802.11 Wireless LAN System

The throughput which is a medium access control layer issue can be affected
by the infrastructure of the fiber base WLAN. This is illustrated in section
4.3. Therefore, the medium access controls as well as the physical layer spec-
ifications of the IEEE 802.11 are investigated in the following sections. For
the physical specifications, the two IEEE 802.11 standards that employ the
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2.4 GHz band are studied.

2.1.1 Medium Access Control of IEEE 802.11

The IEEE 802.11 standard employs a distributed coordination function (DCF)
for the medium access control. The DCF is based on carrier sense multiple
access with collision avoidance (CSMA/CA) that provides asynchronous access
to the medium with exponential back off. The DCF basic access method is
described below and if readers who want more details should refer to clause 9
of [10]. When a packet is ready to be transmitted, the station listens for an
idle channel for duration that equals a distributed interframe space (DIFS).
If the channel is busy during that duration, the station will wait until the
channel becomes idle again for a DIFS time. After the DIFS time, the station
holds off transmission for a number of slot times; this is the back off period.
The slot time is defined as the duration for a station to detect a transmission
from any other station. The number of slot times is uniformly chosen from (0,
CW-1) where CW is the current contention window. During the initial back
off period the current contention window is at its minimum. It will double
for every unsuccessful transmission until the specified maximum is reached. A
back off counter keeps track of the remaining slot times that the station holds
off transmission during the back off period. The back off counter continues
to count down whenever the channel is idle. Otherwise, the counter will stop
decrement until the channel becomes idle for duration of a DIFS. When the
counter reaches zero, the station will transmit the packet.

When the receiving station receives a packet, it will transmit a positive
acknowledgement after a short interframe space (SIFS) time. The received
station can transmit the acknowledgement without collision because the im-

mediate waiting time, SIFS, allows fast access to the medium. A SIFS time



together with the channel propégation time is shorter than a DIFS time. A
successful transmission is when the acknowledgement is received within the
acknowledgement timeout period. An unsuccessful transmission is when the
transmitted station does not receive the acknowledgement or it received a
packet from other stations. Then, the transmitting station needs to retrans-
mit. The twd interframe spaces, DIFS and SIFS, mentioned above are the
time intervals between each frame. They are independent of the bit rate of
the station. The duration of interframe spaces are determined by the char-
acteristics of the physical layer. A different modulation implies a different
physical layer. For a different physical layer, there is a different set df value
for the duration of the interframe spaces. The durations are specified in IEEE
802.11 standard [10] except for DIFS. However, DIF'S can be determined from
a timing relation defined in section 9.2.10 of [10]. The timing relations for a

slot time and a DIFS time are given as follows:

aSlotTime = aCCATime + aRxTxTurnaroundTime 21
. 2.1

+ aAirPropagationTime + aMACProcessingDelay

Torrs = Tsrs + 2 X aSlotTime (2.2)

where, aCCATime is the duration to perform the clear channel assessment
function, aRxTxTurnaroundTime is the turnaround time for reception or trans-
mission, aAirPropagationTime is the air propagation time, and aMACProcessingDelay
is the MAC layer processing delay. The values for aCCATime, aRxTxTurnaroundTime,
aAirPropagationTime, aMACProcessingDelay, Tsirs, and aSlotTime are listed
in the tables 57a and 59 of [10]. The saturated throughput model has been de-
rived in [11], then Chatzimisios et al. [12] improved it to a more accurate model
that includes bit error rate of the channel and limited packet retransmission.

The saturated throughput refers to a system condition where n contenting
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stations always have a packet ready to transmit. The saturated throughput

efficiency, S, is given as:

_ PRl
" E[slot]

PP, (2.3)

(1 - }Dtr)ﬁ + -PtrPsTs + -PtrPcTc + PtrPerTer

where, P, is the probability that at least one transmission occurs in a randomly
chosen slot time, P; is the conditional probability that this transmission is
successful, and [ is the packet size. The E[slot] is the average length of a slot
time in bit that includes: i) the average duration of an empty slot, (1 — P )e,
where € is the duration of an empty slot; the average time that a station
senses ii) a successful transmission, P, P;T, iii) a collision, P, P.T,, and iv) a
transmission error, PP, T,,. The probability P, and P., are the probability
of collision in transmission and error in the received packet respectively. The
time, T, T, and T,,, are durations that a station senses busy due to successful
transmission, collision, and error in the received packet respectively. In [12],
the authors did not define T, T, and T.,.. However, the authors referred T,
and T, to [11] where the time is defined. The time T, and T, are given as

follows:

Ts = Towrs + H+ P 4+ 20 + Tgirs + Tack (2.4)

Te=Tpwrs+H+P+46 (2.5)

where, Tpirs, Tsirs and 6 are the time for a DIFS, a SIFS, and a propaga-
tion delay respectively, H is the duration of the physical layer header and the
medium access control layer header, P is the duration of the packet payload,
and Tck is the duration of a positive acknowledgment. The remaining unde-

fined time T, can be derived according to a transmission error scenario. When
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error is found in the received packet, no acknowledgement will be transmitted.
After the acknowledgement timeout period, the packet will be retransmitted.

Therefore, the time T,, can be given as:
Ter = TDIFS + H + P + TACKTimeout (26)

where, TAcKTimeout i the acknowledgement timeout.

Chatzimisios et al. [12] presents the average packet delay E[D] as:
E[D] = E[X]E|[slot] 2.7)

where, E[X] is the average number of slot times required for a successful

transmission.

2.1.2 Physical Layer Specifications of IEEE 802.11 for
2.4 GHz Band

At 2.4 GHz band using the direct sequence spread spectrum (DSSS) tech-
nique, the IEEE standards 802.11 and 802.11b have defined four modulation
schemes to provide date.rates of 1 Mbps, 2 Mbps, 5.5 Mbps, and 11 Mbps.
The modulation schemes are DSSS-binary phase shift keying (DSSS-BPSK),
DSSS-quadrature phase shift keying (DSSS-QPSK), complementary code key-
ing (CCK), and packet binary convolutional coding (PBCC). DSSS-BPSK and
DSSS-QPSK are used to prov_ide 1 Mbps and 2 Mbps respectively. Both CCK
and PBCC can provide data rate of 5.5 Mbps and 11 Mbps. In terms of the
bandwidth, all the modulation schemes occupy about 22 MHz of bandwidth.
A non-overlapping channel is said to be 30 MHz apart. The available spectrum

in the 2.4 GHz band can only allocate three non-overlapping channels.
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2.1.2.1 Direct Sequence Spread Spectrum-IEEE 802.11

DSSS spreading scheme was included even in the early development of IEEE
802.11 specifications. According to clause 15 of [10], this modulation scheme
provides a data rate of 1 Mbps or 2 Mbps. The data is spread with an 11 MHz
PN code to obtain a transmission bandwidth of 22 MHz. This DSSS system
provides a processing gain of at least 10 dB. The minimum transmission power
is 1 mW and for transmission power greater than 100 mW power control must
be implemented. Furthermore, the max power of the system should comply
with the max power of 1 W for the ISM band. The power control should have
no more than four power levels. To provide the 1 Mbps data rate, a differ-
ential binary phase shift keying (DBPSK) scheme is employed for baseband
modulation. The 2 Mbps data rate is provided using a differential quadrature
phase shift keying (DQPSK) scheme for baseband modulation. Differential
coding is a memory coding that the actual information of a bit is dependent
on both previous and current bits. According »to IEEE 802.11 standard, the
binary phase shift keying (BPSK) signal has a differential phase shift dj of 0
degree for logic zero, and a differential phase shift of 180 degree dj for logic

one. The BPSK signal can be expressed as follows,

> 2 Eqym

SBPSK = Z (1—2dy) 8 cos(wet) 0<t< Tyym (2.8)
sym

k=—00

where, Egym is the energy of a symbol, Ty, is the symbol period and w, is
the carrier frequency. The four phases of QPSK, 0, 3, , %"—, are encoded with

differential codes di di+1 of 00,01, 11, and 10 respectively. The QPSK signal
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can be expressed as follows,

X [2Eym
SQPSK = Z T—y [(1 — 2dy,) cos(w,t)
k=—00 sym (2.9)

+ (1 — 2dk+1) sin(wct)] 0<t< Tsym

In DSSS system, baseband modulation is spread with a 11-chip Barker se-
quence which is given as 0, 1,0,0,1,0,0,0,1,1,1. The DSSS-BPSK signal can

be written as follows,

(&) 10

2Es m
SDssS-BPSK = ([ 7 ¢ Z Z(l —2h;) (1 —2dy)

SYM k=0 i=0

- rect(t — iT¢pip) COS (wc(t - z'Tch,-p)) 0<t<Tyym

(2.10)
Similarly, the DSSS-QPSK signal can be written as follows,

2Eym = 1 . .
spsss-qrsK = || Y Z Z(l — 2 h;) rect(t — iTpnip) [(1 — 2dy) cos (we(t — Tenip))

SYM k=—00 i=0

+ (1 = 2dgyy) sin (welt — iTch,-,,))] 0<t< Toym
(2.11)

where, h; is the coded sequence, dy. is the differential coded message, rect(t —

iTenip) is the rectangular pulse with duration of one chip period Tehip-

2.1.2.2 High Rate Direct Sequence Spread Spectrum—
IEEE 802.11b

The high rate direct sequence spread spectrum (HR/DSSS) is defined in clause
18 of IEEE standard 802.11b [13]. This clause extends the bit rate to provide
5.5 Mbps and 11 Mbps for the DSSS system. The HR/DSSS system also
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provides bit rate of 1 Mbps and 2 Mbps as described in the clause 15 of IEEE
802.11 [10]. In order to provide the high date rates (5.5 Mbps and 11 Mbps)
without the increase in transmission bandwidth, two modulation schemes are
defined: 8-Chip complementary code keying (H.R/DSSS/CCK) and packet
binary convolutional coding (HR/DSSS/PBCC).

8-Chip Complementary Code Keying The HR/DSSS system has a chip-
ping rate of 11 MHz which occupies about 22 MHz of bandwidth. The
HR/DSSS/CCK scheme spreads the baseband signal with a complex chip se-
quence generated from a complementary code with eight chips in length. The

code word of HR/DSSS/CCK is given as follows:

C= [ej(¢1+¢2+¢3+¢4), ej(¢1+¢3+¢4)’ ei(¢1+¢2+¢4), ej(¢1+¢4), ej(¢1+¢2+¢3),

(2.12)
ei($1+63) gildr+da) ej(rm)]

The four phases ¢y, @2, ¢3, and @4 relate to the data according to rules defined
in the standard [13]. Applying different rules, different sets of complementary
code words can be derived which represent data symbols. To achieve the
bit rate of 5.5 Mbps, four bits of information is coded in each symbol that
spreads with the complementary code words generated according to the rule
in the standard. There are 16 distinct complementary code words derived from
expression (2.12). By coding four bits of data in a symbol, it leads to a symbol
rate of 1.375 Msymbol/s. When double the data rate to 11 Mbps, the amount
of information coded into a symbol is also doubled. Therefore, each symbol is
coded with eight bits of data. Applying the rule in the standard, a set of 64

distinct complementary code words can be generated from expression (2.12).

Packet Binary Convolutional Coding The HR/DSSS/PBCC scheme has

the potential to enhance the system performance when the technology for
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the implementation becomes cost effective. The binary convolutional coding
scheme uses 64-state binary convolutional code and a 256-bit pseudo-random
cover sequence. The output of the binary .convolutional encoder gives a pair
of bits that is to feed the I and Q channels.

The binary convolutional coding is first encoded to the incoming data that
generates two encoded bits for every bit of data. A pseudo-random cover se-
quence is used to map the encoded data to BPSK and QPSK for 5.5 Mbps and
11 Mbps respectively. The 64-state binary convolutional code has a generator

matrix given as below:
G=[D°+D'+D*+D+1,D°+D°+D*+D*+D*+1]  (2.13)

For data of 5.5 Mbps, the encoded bits are mapped to BPSK according to the
current value of the cover sequence. For example, when the value of the cover
sequence is 1, then the coded data would map to 7 for ‘0’ and 3w/2 for ‘1’.
The coding and modulation give a half bit of data per symbol. For 5.5 Mbps of
throughput, the cover sequences need to generate at 11 Mchip/s. In the case
of 11 Mbps, its encoded bits are mapped to QPSK. The mapping to QPSK
is according to cover sequence which can be obtained from the standard [13].
Using QPSK the two data bits is mapped to one QPSK symbol, which makes
the data to transmit at one bit per symbol. The rate of 11 Mchip/s for the

cover sequence results a data rate of 11 Mbps.

2.2 UMTS: Wideband Code Division Multiple

Access

The Universal Mobile Telecommunications System (UMTS) is the 3G mobile

communication system that is the successor to the Second Generation mobile
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standard such as GSM and IS-95. Within the UMTS there are many mobile
standards, but in this thesis the standard of interest is WCDMA scheme. The
WCDMA standard is part of the International Mobile Telecommunications at
2000 MHz (IMT-2000) family. The characteristics of IMT-2000 system are [14]:
i) high data rate of 144 kbps everywhere to 2 Mbps indoor, ii) symmetrical
and asymmetrical data transfer, iii) channel switching and packet switching
transfer, and iv) high spectrum efficiency.

The WCDMA is a 3G European system [15]. In the WCDMA system,
direct sequence system is used for multiple access control (DS-CDMA). The
WCDMA signal is spread at 3.84 Mchip/s for operating in frequency division
duplex (FDD) mode and it is spread at 1.024 Mchip/s for operating in time
division duplex (TDD) mode. The signal occupied a bandwidth of 5 MHz.
The data traffic can be symmetrical and asymmetrical. In FDD mode, fre-
quency bands 1920 MHz—1980 MHz and 2110 MHz—2170 MHz are allocated
for uplink and downlink respectively. The QPSK is the modulation that is
employed for data representation and spreading. The WCDMA signal has a
frame length of 10 ms. In the WCDMA system, power control is used at a rate
of 1,500 times/sec and it is dependent on the signal-to-interference ratio. The
peak transmission power of the WCDMA base station is 33 dBm. The typical
transmission power from a base station is 20 to 40 W. The maximum transmis-
sion power of a mobile unit is 21 dBm. The receiver sensitivities are —121 dBm

and —117 dBm for the base station and the mobile unit respectively.
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Chapter 3

Basic Fiber Based Radio Access

Mechanism

3.1 Air Interface

3.1.1 Path Loss

With large-scale propagation model, the RF power loss in air is expressed as
a function of distance between the MS and the base station. The expression

for a received signal power is given as follows [4]:

)‘ Y
Pr = Ssh-Pt (471’7”) (31)

where, P, is the received signal power, P, is the transmitted signal power, S,
is the parameter that reflects the shadowing effect, A is the wavelength of the
transmitted signal, 7 is the distance from the MS to the base station, and = is
the path loss exponent.

The expression is modified to express the 90% confidence coverage radius

(Rgo) as a function of the received RF power loss in (3.2). This expression
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gives the statistical signal attenuation for a distance between the MS and the
base station. The distance is said to be 90% confidence coverage radius which
means the attenuation at that distance does not exceed the calculated value

for 90% of the time. The modified expression is given as follows:

1 47 Rgo 7 ‘
Ly(Ry) = — | ———~ 3.2

l( 90) Ssh (/\ 10 (-o:ylsn)> ( )
where, Rgp is the 90% confidence coverage radius. The term 10 (=5°2) comes
from the relationship between the 90% confidence coverage radius Rgp and the

average coverage radius r [16], where 7 is the standard deviation of the channel

loss.

3.1.2 Multipath Fading

Multipath fading occurs when two or more delayed version of the transmitted
signal creates interference due to reflection and scattering. The effect is signif-
icant because over a small travel distance or time interval the signal strength
can change rapidly. At the receiver where the received signal is the summation
of the delayed version of the signal, time dispersion or inter symbol interference
(ISI) is created. The ISI reduces the useful data rate that can be transmitted.
In addition, whenever surrounding objects or the MS are moving at a fast
pace, the received signal would appear to have random frequency modulation.
This effect is known as Doppler shift.

Due to the random nature of the wireless channel, a statistical model of the
channel can be obtained with an ensemble of many measurements taken from

a local area. A baseband equivalent of the multipath fading channel is given
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in [17] as follows:

L
hy(t,T) = Zai(t) exp ( — j6:(t)) 6(t — m(t)) (3.3)

where, L is the number of resolvable signal paths, a;(t) is the amplitude, 6;(t)
is phase shift, and 7;(t) is the time delay of individual path. It can be seen
from the fading channel expression that the amplitude is time variant, so does
angle and time delay.

In the context of this thesis, both WLAN and WCDMA systems are designed
to provide coverage for pico- and micro-cell with cell radius from 100 m to 2 km.
A macro-cell would typically have a coverage radius of 5-6 km. In smaller cell
structures, it is expected that the mobility within the cell is low which means
the Doppler spread profile of the channel is quite relaxed. The assumption for
such a wireless channel is a frequency selective and a slow fading. With slow
fading, the channel can be assumed to remain invariant for at least few symbol
periods. The impulse response of the fading channel (3.3) can be rewritten as

follows:
L
ho(t) = asexp (—j6;) 6(t — ) (3.4)
i=1

A frequency selective channel is related to the delay spread profile of the
channel and the transmitted bandwidth. When a transmitted bandwidth is
much greater than the coherent bandwidth of the channel, the signal is said
to experience frequency selective fading. It has been reported in [18] that
for the 2 GHz spectrum the delay spread in urban propagation environment
have an average of 1.1 us for 90% of time and a maximum delay spread of
11 us. These delay spread parameters translate to a coherent bandwidth in

kHz range. The bandwidth of the two systems is in the MHz range. It has
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been mentioned that frequency selective channel causes ISI due to multipath
components. A RAKE correlator exploits the correlation of signal in different
paths to resolve multipath components. In [19], a RAKE correlator is modeled
by a tapped delay line with statistically independent time-variant tap weights.
For L multipath components, the tap weights can resolve L delayed version
of the signal. Assuming RAKE correlator is employed in the WLAN and

WCDMA systems, the fading channel can be rewritten as follows:
hy(7) = aexp (— j6) 6(t — ) (3.5)

where, the signal envelop (a) has a Rayleigh distribution, the signal phase
shift (6) is uniformly distributed over {m, —7}, and the delay (7) is uniformly
distributed over a symbol period Tsym. The PDF of Rayleigh distribution is
defined as follows [20]:

2 exp (—“723) for0<a<o0 (36)

0 fora<0

where, a is the Rayleigh distributed random variable of signal amplitude and
o2 is the time-average power of the signal. In some radio environments, there is
line of sight (LOS) between the transmitter and receiver. The LOS component
of the signal does not undergo fading and the signal envelop is said to have a

Rician distribution. The PDF of Rician distribution is given in [20] as follows:

a

o (541 (4) wrdznez0

0 fora<0

where, Ay os is the peak amplitude of LOS component and I,(-) is the modified

Bessel function of the first kind and zero-order.
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3.2 The Radio over Fiber Link

The ROF link is a fiber-optic system that used to transmit RF signals be-
tween the base station and the central base station. In the ROF link, a laser
diode is used to convert the RF signals to the optical signals that propagate
through fiber-optic cables. The fiber-optic cable can be a single mode fiber or
a multimode fiber. The single mode fiber can support much longer transmis-
sion distance compares to the multimode fiber. At the end of the ROF link,
an optical receiver that consists of a photodiode converts the optical signals
back to the RF signals. The major impairments of the ROF link that limit
the signal quality are the nonlinear distortion and various noise mechanisms.
These impairments limit the optical power can be transmitted through a fiber,

thus affect the data rate and the distance that signals can propagate.

3.2.1 Intermodulation Product Distortion

The intermodulation product distortion is one of the nonlinearity that comes
from the laser diode. The laser diode can be modeled accurately as a third
order polynomial without memory as described in [21] and [22]. Using the
polynomial model, the optical power of the laser diode that reaches the optical

receiver (photodiode) can be expressed as:
P(t) = P,[1 + s(t) + azs*(t) + a3s®(t)] (3.8)

where, s(t) is the input signal, P, is mean optical power that reaches the
photodiode, a, and a3 are the constants that describe the second and third
order laser nonlinearity respectively. The laser model above neglects the opti-
cal noise. In addition, the fiber attenuation is embedded in the mean optical

power (P,) that received at the photodiode. The optical noise and fiber atten-
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uation are described in details in the subsequent sections. A photodiode that
located at the end of the fiber produces a photocurrent that is proportional to

the received optical power. The photocurrent can be expressed as:
i(t) = Ip[l + s(t) + a25*(t) + azs3(t)] | (3.9)
and
Ip = RPF, (3.10)

where, Ip is the average photocurrent.

The second order intermodulation product creates DC and double frequency
interference components. The third order intermodulation product creates in-
band and triple frequency interference components. The total power of the
intermodulation product distortion depends on the quality of the laser diode.

A better laser diode has small nonlinearity constants a, and as.

3.2.2 Clipping Distortion

Another nonlinear distortion from the laser diode is the clipping distortion
that is caused by an input signal that goes below the threshold current of the
laser diode. Saleh [23] calculated the clipping distortion power assuming the
power spectrum for this distortion is uniform throughout the entire spectrum.
Mazo [24] derived a more accurate expression for the power spectrum of the
clipping distortion.

The clipping distortion is defined this way: g(¢) is a zero-mean Gaussian
process representing the summation of all the signals input to a laser; the
distortion process is the negative portion of g(t) + Is, where Ig is laser bias

current. Mazo’s analysis is to find the spectrum of the distortion process. His
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result is a spectrum that is a few decibels more accurate than Saleh’s analysis.
In his work, he assumed the occurrence of the clipping as a random Poisson
process, and the time between each clipping is Rayleigh distributed. The last
assumption is the clipped signals have a parabolic shape. This parabolic shape
is used to calculate the power of the clipped signal.

The derivation for the power spectrum of the clipping distortion is discussed
here. This discussion begins with parameters that describe the distortion
process. The expected rate of clipping occurrence for an input signal modulates

a laser diode while assuming the signal is flat over the frequency band [fs, /3]

=R
V= gy o) 1)

_ 13
- 203

is given as follows:

with
(3.12)

where, p is the ratio of the square of the laser bias current (Ig) over two
times the power of the input signal (¢2). Another parameter that describes

the clipping process is the expected time between each clipping event, which

is given as:
_ 1 erfe(\/p)
R=g—0 (3.13)
where, erfc(-) is the complementary error function and it is defined as:
erfc(x) = 2 / ” e du (3.14)
VT Jx '

Mazo used the following normalized value to describe the power spectrum of
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the clipping distortion. The time between each clipping event ( k) is normalized
K . . .
to w = = and the normalized frequency is = 27rKf = Kw. The normalized

spectrum of the clipping distortion is given as:

17 [® in 22 2
y(z) = 3 % i w? (511;222 — cos %) exp (-—%w2) dw (3.15)

The integral for the normalized spectrum is very difficult to evaluate, so Mozo

had given a simpler version of the spectrum.
2 T 2 x? T
with
2 X 2
F(x)=e™* / e" du (3.17)
0

The spectrum of the clipping distortion is given as follows:

56 = 57— (5) otexp(-r) (o) (3.18)

where, Loy is total RF power loss in the ROF link. The cumulative RMS optical
modulation index (i) is the weighted sum of individual optical modulation
indices. In the FDM system, p is equivalent to the square of total RF power
that modulates the laser, which gives u? = o2. Using optical parameters (p
and Ig) and the relationship, p = I%/(2u?), the spectrum of the clipping

distortion is rewritten as follows:

Y, LI (U 1
Sw) = Vi fzy exp (=35 ) vl (319)

Generally, the lowest frequency channels of the multiplexed signals have about
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1 dB more in-band distortion power than those of the highest frequency. A
normalized plot of the spectrum of the clipping distortion is given in Figure 3.1.
"The figure shows that the clipping distortion is dependent on p. The clipping
distortion is exponentially increased with u because of the exponent of u is

five.
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Figure 3.1: This figure illustrates the power spectrum of the clipping distor-
tion of the SCM architecture. Different values of cumulative RMS optical
modulation index () are used to generate this plot.

3.2.3 Relative Intensity Noise

The relative intensity noise (RIN) arises from the random nature of stimulated
emission of a laser diode that results in fluctuation of the light intensity. It is
widely accepted that the power of this noise is proportional to the square of
the average received photocurrent, Ip = %F,, and the RIN parameter. In [25],

the RIN power is given as:

(iav) = RINIS B (3.20)
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where, RIN is the RIN parameter and B is the bandwidth of the modulated
signal. The RIN parameter is defined as the ratio between the mean-square
intensity fluctuation of a laser diode output optical power (AP?(t)) to the
square of the mean optical power (F,).

(AP(t))
p2

o

RIN = (3.21)

It is measured in dB/Hz. This parameter depends on the temperature and the
threshold current [26], but for commercial optical transmitter packages, these
two factors are optimized. Therefore, the RIN parameter can simply be read
off from a data sheet. Now, if we substitute the RIN parameter with the ratio,
the square of the mean optical power is cancelled and the power of the RIN

expression becomes:

o2 = (AP*(t)) R2B (3.22)

The RIN also increases with the light reflection back to the laser diode [25].
However, this reflection effect can be easily reduced by inserting an optical
isolator in the optical transmitter.

The expressions (3.20) and (3.22) are also known as the intrinsic RIN which
is accurate for a small optical modulation index (m < 0.3). However, for a
large optical modulation index (m > 0.3), there is a sudden jump in RIN
level. This additional RIN mechanism was investigated by Way in [27], and
it is labeled as the dynamic RIN. From experimental studies, it is clear that
the dynamic RIN increases with the RF power of modulating signals to a laser
diode. In [7], Fernando had derived an expression for the dynamic RIN that
is independent of device parameters, and the expression agreed with Way’s

observation. He derived the expression with the following assumption. First,
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the optical power reaches the photodiode is given as:
P(t) = [1+ms(t)][P, + AP(t) (3.23)

where, m is the optical modulation index, s(t) is the modulated signal, and
AP(t) is the intensity fluctuation of a laser diode output optical power that
reaches the photodiode. Then, the output photocurrent is assumed to go
through an ideal bandpass filter with impulse response h(t). The RIN power
term is among the variance of the current, (/?(¢)), after the bandpass filter;

and it is expressed as:

(I(8)) = Iy m*(s*(t)) + (i) + (iw) (3-24)

By removing the contribution of the modulated signal power and the shot

noise, the RIN power is given as:

(i3y) =E [{?R/_oo [1+ms(T)]AP(T)h(t —7) dT} J (3.25)

From the above expression, we can see that the RIN power is independent of
the average optical power P, and convolution is performed to determine the
current output from the bandpass filter. After evaluating the expectation, the

final RIN power expression is given as:
(i) = RIN I3 B (1 + p?) (3.26)

where, p is the cumulative RMS optical modulation index; and p? is propor-

tional to the RF power of the modulated signal. Using the earlier assumptions,

the index p is 1/m?(s%(t)).
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3.2.4 Shot Noise

The shot or quantum noise arises from the random nature of the photons
emitted from a laser diode and collected at a photodiode. The noise power of
the shot noise is proportional to the average received photocurrent Ip = RF,

and the bandwidth B of the modulated signal; it is given as [25]:
(i%) =2¢Ip B (3.27)

where, ¢ is the electron charge. The average received photocurrent (Ip) is

given in (3.10).

3.2.5 Thermal Noise

The mean square value of the thermal noise (i2) is given by:

. 4kg K
(i) = —5— (3.28)
L

where, kg is Boltzmann’s constant, K is the absolute temperature, and Ry, is

the receiver resistance.

3.2.6 Power Loss in Optical Fiber

In the ROF link, radio signal experiences power loss due to optical and electri-
cal conversions, fiber attenuation, connector losses, and impedance mismatch-
ing. The total RF power loss in signals accounting the losses just mentioned
is given as:

2

| Zin R
Leop,as =1010g;, (a-) + 101log;q (Z ) +2(nele + 1y d)
m

out

(3.29)
LOp =10 (Lop,dB/lo)
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In the above expression, the first term accounts for RF power loss due to
electrical-to-optical conversion, where Gy, is the modulation gain of a laser in
mW/mA and Z;, is the impedance of the laser in Ohms. The second term
accounts for RF power loss due to optical-to-electrical conversion, where R
is the responsivity of a photodetector in mA/mW and Z,,; is the impedance
of the optical receiver in Ohms. The third term is the connectors loss of n.
connects each has loss of l.. The last term is the fiber attenuation, where 7y

is loss per distance and d is the fiber length.
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Chapter 4

Sub-Carrier Multiplexed

Architecture

The SCM architecture analyzed in this section employs an ROF link that trans-
mits WCDMA and WLAN IEEE 802.11b signals simultaneously and provides
WCDMA and WLAN services to MSs. Figure 1.1 illustrates the basic archi-
tecture of a microcellular system that employs SCM ROF links. A central
base station with centralized processing capability is linked to multiple remote
RAPs through ROF links. A RAP serves as an extended antenna from the
central base station and provides wireless services to many mobile units.
Each RAP provides services to large coverage area through WCDMA sys-
tem, and high-speed small area coverage to strategic locations through WLAN
system. The RAP consists of simple devices and its main function is to con-
vert received electrical signals to optical signals and vice versa. The simple
RAP allows cost effective deployment of the fiber-wireless architecture with
large number of RAPs. To study the performance of the SCM architecture,
this section is divided into three portions: uplink analysis, downlink analysis
and throughput efficiency of the WLAN. In the analysis section, the SNR,

the signal to interference and noise ratio (SINR), the signal to distortion and
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noise ratio (SDNR), and the signal to distortion interference and noise ratio
(SDINR) are derived at various points of the architecture (sce Figure 4.1). In

the last portion, the throughput efficiency of the WLAN IEEE 802.11b system

is investigated.
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Figure 4.1: SCM architecture

4.1 Uplink Analysis

The SCM architecture supports both WCDMA and WLAN systems. In the
uplink of the architecture, wideband spread spectrum signals are transmitted
from multiple MSs and then they are received at the RAP. Let a subscript
¢ be the ith MS signal of the WCDMA system for ¢ = 1,2,--- ,n where n
is the total number of MS that is active in the system. Let a subscript 3
be an indication for the MS signal that is belonged to the WLAN system.
The modulation technique for the signals is direct sequence spread spectrum
(DSSS) which has been described in section 2.2. Using P; as the symbol
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power of the ith WCDMA signal, the WCDMA signal that is received at the

RAP is given as:

Swedma(t) = Z V2P;; di(t) ci(t) cos(wat) -
=1 (4.1)

= Z A; di(t) ¢i(t) cos(wat)

i=1

where, A; is the signal amplitude which is Rayleigh distributed and A; =
/2P, ;, di(t) is the data sequence, c¢;(t) is the coded waveform and w, is
the carrier frequency. Similarly, IEEE 802.11 standard also employs DSSS
modulation, so its signal has the same form as the WCDMA signal (4.1).

Swlan (t) =4/ 2Ps,wlan dﬂ (t) (o] (t) cos(wg t)

= Bg dp(t) c(t) cos(wp t)

(4.2)

where, Pswian is the received symbol power, and Bg is the Rayleigh distrib-
uted random variable of signal amplitude and Bg = \/m, da(t) is the
data sequence, cg(t) is the coded waveform and wpg is the carrier frequency.
Expression (4.2) illustrates the nature of the WLAN system that there is only
one MS can access the radio medium at a time therefore no summation. The
WLAN system employs the CSMA /CA for medium access control that makes
stations sense for idle in medium before transmission, thus only one station
transmits at a time. The WLAN system uses the 2.4 GHz band, while the
WCDMA system uses the 1.9 GHz band. The WLAN system occupies a larger
bandwidth of 22 MHz in comparison to just 5 MHz bandwidth of the WCDMA
system. At the RAP, the received signal that consists of both WCDMA and
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WLAN signals is given as:

SRAP (t) =3wcdma(t - Ti) + Swlan (t - Tﬂ) + Nup,wi (t)
=D Aidi(t — ) ci(t — 73) cos(wat — 1) (4.3)
i=1
+ Bgdg(t — 75) ca(t — 75) cos(wgt — Pg) + Nupw(t)

where 7; and 75 are the time delays, ¢; = wa7; and ¢g = wg 7 are the phase
of signals which are related to the time delays, and nyupw(t) is the additive
white Gaussian noise in air with a power spectrum density (PSD) ®ypw(w) =
Nyp,wi/2. Due to different cell coverage requirements among the two systems,
the WCDMA signal is expected to experience Rayleigh fading in air and the
WLAN signal experiences Rician fading in air. These fadings are essentially
the same except Rician fading has a LOS component. In the analysis, both
systems are assumed to be in a harsh wireless environment where it has no LOS
path. The fading in the wireless environment is described with greater detail in
section 3.1.2. The effect of path loss in the wireless environment is embedded
in the signal amplitudes. The path loss has been discussed in section 3.1.1.
The delays 7; and 75 are the combination of an access time to the system
and propagation delay. The propagation delay has a shorter duration than
the access time. The phase is assumed to have an uniform distribution over
[r,—]. The MSs access to the WCDMA system asynchronously which results
in different access time for each MS.

At the RAP, the signals have already experienced fading, path loss and
additive noise in the air interface. These signals go through two bandpass
filters that suppresses out of band noise. Then, separate amplifiers boost the
signals to compensate attenuation in air. Finally, a power combiner is used to
combine the signal. The added signal then directly modulates the laser.

The quality of the signals is either indicated by the SNR or the SINR. The
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ratios are evaluated before the power combiner as indicated in Figure 4.1. The
difference between the ratios SINR and SNR is that SINR includes the effect of
multiple access interference. The following information is used to evaluate the
ratios: i) the received power of ith WCDMA and WLAN signals are P;; and
Ps wian Tespectively, ii) each amplifier is assumed to have a noise figure of F,
and iii) the bandpass filters have bandwidth of Bycdma and Byian for WCDMA
and WLAN signals respectively. The SINR for the desired WCDMA signal

where ¢ = r can be written as follows:

PS T
SINRup wodma = ’ (4.4)

n
Nup,wl chdma. F + Z Ps,i
i=1

i#r

Similarly, the SNR. for the WLAN signal can be written as follows:

Ps,wlan
SNRup,wlan B Nup,wl Bwla.n F (45)

n
The term ZPs'i in expression (4.4) is the power of the interference due to

i=1
multiple ac::érss in the WCDMA system. That power increases with the number
of active users in the system. When power control is not e'mpfoyed, multiple
access interference can greatly degrade the quality of the weak signals. This
is known as near-far effect. To avoid the near-far effect, power control is
implemented to make the power P;; received at the RAP equal. On the
contrary, the WLAN system does not have such interference because only one

user transmits at a time for a successful transmission.

The actual signal that modulates the laser expressed in the time domain

34



can be written as follows:

slaser(t) =V Gup,wcdma [chdma(t - Ti) + nup,wcdma(t)]
+ V Gup,wlan [Swlan (t - Tﬁ) + nup,wlan(t)]

(4.6)

Both signal and noise are amplified by the power amplifiers with gain of
Gup,wedma and Gupwian. Then, the bandpass filters at the RAP filter out of
band noise. Assuming bandpass filters are ideal, the PSD of the two noise

Processes NMuyp,wedma(t) and nypwian(t) can be expressed as follows:

Ny F w—w, w+w
B wedma (W) =2 [rect ( O‘) + rect ( a)] 4.7
up,wedma () 2 Wwedma Wwedma (47
__Nup,wl F w — (Uﬁ W + (Uﬁ
By wian (W) = > [rect ( . + rect . (4.8)

Also, the RF power of the noise can be expressed as follows:

(nﬁp,wcdma) = Nup,wl Fchdma (49)
(n?xp,wlan> = Nup,wl FBwlan (410)

In the ROF link, the RF power of a modulated signal is indicated by its
optical modulation index. The power is proportional to the sciuare of the
optical modulation index. The optical modulation index of a WCDMA signal,
Muywecdma,i, 1S defined as the signal amplitude that modulates the laser. Similariy,
the optical modulation index of a WLAN signal, myan, is also defined as the

signal amplitude that modulates the laser.

Mwedma,i = A; V Gup,wcdma ) (4-11)
Mylan = Bﬂ AV Gup,wlan (412)

The two optical modulation indices are also Rayleigh distributed. The reasons
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are: first A; and Bg are Rayleigh distributed, second the power amplifiers
have fixed gains Gypwcdma and Gupwian. Another optical modulation index,
which is known as the cumulative RMS optical modulation index, is defined
as the square root of the total RF power that modulates the laser. For SCM

architecture, the cumulative RMS optical modulation index y is given as:

n 92

n
A12 B2 mwc ma,i m2
H= Gup,wcdma. E :7 + Gup,wlan (7ﬁ> = E ; ~ 4 \glan (413)
i=1

i=1

This RMS optical modulation index is a random process that is dependent on
the square of the Rayleigh distributed random variables Mywedma,i aNd Mylan
that are expressed in the latter part of the expression (4.13). By substitute
the optical modulation indices in (4.6), the signal that modulates the laser can

be rewritten as follows:

Slaser(t) = Z mwcdma,i dz(t - Ti) ci(t - Ti) cos(wat - ¢1)
i=1 (4.14)

+ Mylan da(t — 75) ca(t — 75) cos(wpt — Bp) + Nup air(t)

and the total noise from the air interface,

nup,air(t) =/ Gup,wcdma nup,wcdma(t) + vV Gup,wlan nup,wlan(t) (415)

Knowing the optical modulation indices, we can determine the required RF
amplifier power gain. The gains are first calculated with a pre-selected optical
modulation index that has been optimized for the performance in the ROF
link, it can then be worked out from the following two expressions. For the
WCDMA system, the RF gain of the amplifier is expressed as:

M cdmai
Gup,wedma = —7—12— (4.16)
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and for the WLAN system the gain is expressed as:

2
m
G’up,wlan = il (417)

B}
where 4; and By are the average values for signal amplitude. The gain of the
amplifiers is fixed in the SCM architecture.

The quality impairment in the ROF link is due to optical noise and nonlinear
distortion. The time domain noise term in the ROF link is written as nop(t)
and it is assumed to be an additive white Gaussian noise process. The noise is
categorized into shot noise, thermal noise, and relative intensity noise [7]. The
relative intensity noise originates from the laser and it is depended on both
the square of the photocurrent and the cumulative RMS optical modulation
index p [7]. However, the shot noise and the thermal noise are independent
of the modulation index u. These three noise mechanisms are described in
section 3.2.3 through section 3.2.5. Using expressions (3.27), (3.28), and (3.20),
the total optical noise can be quantified in terms of electrical power. The

general power expression is given as follows:

4kg K

(n%,) =RINI3 B(1+ p*) +2¢IpB + (4.18)

The ROF link noise power for the WCDMA system is (n2, ,cqma) When B =
chd;na; noise power for the WLAN system is (n2, ,1,,) when B = Byjan.

In the ROF link, there are two main nonlinear distortions: clipping and
intermodulation product distortions. The clipping distortion is dependent on
the optical modulation index p [4]. This can be observed from the clipping
distortion power spectrum (3.19) that is discussed in section 3.2.2. The expo-
nent on the optical modulation index g is five in (3.19). This means that the

clipping distortion is significant for large p. The clipping distortion power is
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obtained from the integration of the power spectrum, expression (3.19), over
the signal bandwidth. If the clipping power spectrum is S(w), then the power
in the WCDMA band can be expressed as:

W,

(n<2:l,wcdma) = S(w) = S(wa) Bwedma (4.19)

Wa

where wy, and Bycdma are the carrier frequency and bandwidth of the WCDMA
signal. The approximation for the distortion power is valid because the power
spectrum around the carrier frequency is relatively flat over the bandwidth
of the WCDMA system. This can be seen from Figure 3.1. Similarly, the
clipping distortion power in the WLAN band can be approximated as:

(nzl,wlan) ~ S (wﬂ) Bwlan (420)

Another distortion in the ROF link is the intermodulation product. Sec-
tion 3.2.1 examines how the laser diOfie can be modeled by a third order
polynomial. When the model is applied, the photocurrent output can be ex-
pressed as (3.9). In that expression, the square of the modulated signal creates
second order intermodulation product terms, while the cube of the modulated
signal creates third order intermodulation product terms. However, for sig-
nals within one octave of the bandwidth, only the third order intermodulation
product terms would fall in the signals spectrum. In the SCM architecture,
the second order intermodulation product distortion can be ignored because
both WCDMA and WLAN systems are using the 2 GHz band which mean

their signals are within one octave of bandwidth. Applying the model, the
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photocurrent is expressed as follows:

in(t) = \/}L_p [Staser(£) + @3 %ece (8)] + 70p(£) + ma(t)

4.21
~ Staser (1) as ( )

+
v/ Lop v/ Lop

where L, is the total RF power loss in the ROF link that is defined in ex-

[slaser(t) - nup,air(t)] 3 + Tlop () + 1l (2)

pression (3.29), Siaser is the input signal to the laser that is defined in (4.14),
Nop(t) is the noise in the link, and ng(t) is the distortion due to clipping ef-
fect which na(t) = nc,wedma(t) + Nerwian(t). The total RF power loss in the
ROF link is dependent on the distance of its link. The DC component of
the photocurrent is omitted because it will be removed by the bandpass filter.
The second order term is also omitted in the expression because the second
order intermodulation product is outside of the signal band. The noise in-
duced from the air interface is part of the signal, Sjaser, that modulated the
laser. According to the cube term of the laser model, the noise from the air
interface nypir(t) is also cubed. In reality, the noise is quite small, and it is
much smaller when it is cubed. Therefore, the cubic term is left out in the
analysis and the approximate expression is written to reflect the change.
When expression (4.21) is expanded, the desired, distorted, interfering, and
noise signals can be easily grouped. That has been done in appendix A.l.
Again, only the WCDMA system has multiple access interference because the
system bandwidth is shared among n users. In the appendix, the signals are
grouped first according to the code word then to the frequency. The signals
are separated into the two systems which take the effect of the photocurrent

passed through a bandpass filter into account. The WCDMA and WLAN
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signals after the bandpass filters are given as follows:

7
. G
zD,wcdma(t) = chdma(t) + Z Zi (t) + __ux‘)l,lwcdma nup,wcdma(t)
i=1 op (4.22)
+ nop,wcdma (t) + ncl,wcdma (t)
3 G |
iD,wlan (t) = lean (t) + Z Mi (t) + uLp,w = nup,wlan (t)
im1 op (4.23)

+ Nop,wlan (t) + Ncl,wlan (t)

where ip wedma(t) is the WCDMA signal and ip wian(t) is the WLAN signal.
For the WCDMA system, the expression for the desired signal Dycama(t) is

given in (A.31), and (A.32) through (A.38) are the interfering and distorted
7

signals Z Z;(t). For the WLAN system, the expression for the desired signal
lean(t)iTSl given in (A.44), and (A.45) through (A.47) are the distorted signals
i M;(t). From the desired expressions (A.31) and (A.44), it can be observed
éﬁzlxt the third order intermodulation product distortion produces some de-
sired terms among the distorted one. The multiple access interference in the
WCDMA system can be identified from expression (A.32).

In order to evaluate the cumulative SDINR and the cumulative SDNR as it
has shown in the uplink portion of Figure 4.1, the RF power of the desired,
interfering, and distorted signals are derived next. The power is obtained
by taking the mean square of the desired, interfering, and distorted signals.
The interfering and distorted signals are independent because the signals have

different frequency, thus power is obtained separately for each signal. For the
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WCDMA system, the power expressions are given as follows:

(D

V Op 4 V °p
2
+6 Mwcdma,r (Z mgvcdma,i + m?vlan):l }

i=1

1 [ Mycdmar 1
cdma) 2{ R + = [ wcdmar

n 2
2 2
+ Mylan + § : mwcdma,j):'

Jj=1
J#ri
9 9 9 L,
4 2.4 2 4
+ = 16 a3 Myedma,r + 1_6 a3 Myjan + _1—6- as E : Mycdma,j
j=1
J#ni
9 a2m? -
2 _ 3 ""*wedma,r 4 4
( ) L E :mwcdma,‘i + Mylan
op i=1
i#r
9 a2m?
2 =3 "wlan § :
(Z 3 ) mwcdma 1
Lop im1
Z2 _ 27 a3 mwcdmar
( 4) mwcdma,] wcdma,
° j=1 k=1
j#r k#rj
2012 2 n
22 _ 9 asz mwcdma,r Mylan 2
( 5) - E L mwcdma,k:
°op k=1
k#r
72 3 a3 Z Z Z
= m
) 32 L wcdma,i wcdma,j wcdmak
P =1 j=1 k=1

1#" '#r,i k;ér, .)j

( 2) _g as wlan m
= wcdma,j wcdmak
P

j=1 k=1
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z#r

(4.24)

(4.25)

(4.26)

(4.27)

(4.28)

(4.29)

(4.30)
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And, for the WLAN system, the power expressions are given as follows:

2
1 |m 1 3 as -
<D wlan) =5 2 [ \/% + Z Lop (mgvlan +2 Mylan ; me\zcdma,i (432)
(Mz)_f__a_gi?v_la_niW (4.33)
1 32 Lop P wcdma,i .
9 aZml <«
1\4[2 — 2 23 ’wlan mac iy ) 4.34
( 2) 32 Lop z=: dma, ( )
27 a2m2, o~ —
(M32> = 3 _wlm Z Z m?vcdma,j m\zavcdma,k 4
2 L 4 = (4.35)
J

Finally, the cumulative SDINR of a WCDMA signal is given as:

D
SDINRup,wcdma — ( wcdma)
Gu ,wcdma
pL—p nup,wcdma) + <nop,wcdma> + ( cl wcdma + Z<Z2>
o =1
(4.36)
Similarly, the cumulative SDNR of a WLAN signal is given as:
SDNR/up,wlan = (lean> 3
T (0  (Ppvtan) + (MEtan) + D _(MY)
Lop up,\ylan op,wlan cl,wlan 1
i=1
(4.37)

where the noise power from air (n2 . .qma) and (n% ,...) are given in (4.9)
and (4.10) respectively, clipping distortion power (n2 . cqma) and (n2 ,.,) are
defined in (4.19) and (4.20) respectively, (n2, ,cqma) i
for the WCDMA system when B = Bycdma in (4.18), and (n2, ..} is the

is the optical noise power

optical noise power for the WLAN system when B = Byj,, in (4.18).
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4.2 Downlink Analysis

In the downlink, the signals of both WCDMA and WLAN systems are trans-
mitted from the central base station which is also illustrated in Figure 4.1
(see downlink portion). The signals first go through the ROF link and then
the air interface. Let a subscript [ denotes the signals that belong to the
WLAN system. Let a subscript ¢ be the ith signal of the WCDMA system
for ¢ = 1,2,...,n where n is the total number of users active in the system.
Two optical modulation indices are defined for the ROF link to indicate the
signal strength. They are mycdma; for the WCDMA signal and myjan for the
WLAN signal. The signals of the two systems are electrically combined to
directly modulate a laser. The combined signal that modulates the laser can

be expressed in terms of optical modulation indices as follows:

Slaser = Z Myedma,i &i(t — 7) ¢i(t — 7) cos(wat — @)
i=1 (4.38)

-+ Mwylan dﬁ(t - Tﬁ) Cﬁ(t - 7'[3) cos(wﬂt - ¢g)

where d;(t — 7) and dg(t — 75) are data sequences, c;(t — 7) and cg(t — 7p)
are coded waveforms, 7 and 7 are delays, ¢ and ¢ are phases of the corre-
sponding delay, and w, and wg are carrier frequencies of the systems. The
WCDMA system is assumed to have n DSSS signals transmit synchronously.
That implies that the signals have the same delay. Therefore, the multiple
access interference with the WCDMA system is much less severe. Moreover,
it is expected that the effect of intermodulation product distortion is slightly
different from the uplink because of the synchronous transmission. The signals
that modulate the laser are assumed noiseless. Moreover, the optical modula-

tion indices are considered constant because the optical channel experiences no
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fading. The RF power that modulates the laser diode is expressed as follows:

n

1 m? dma,i m?"
) = [ e =Y T (439

i=1

where Ty, is the symbol period. The cumulative RMS optical modulation

index can be determined from the power expression above:

n 2

mwcdma,i m?v an
p=0> S+ = (4.40)

The signal that propagates through a fiber from the central base station
to the RAP experiences signal attenuation, optical noise, clipping distortion,
and nonlinear distortion. These effects on the signal can be seen from the
photocurrent output. At the end of the ROF link, the photocurrent output

can be expressed as:

Slaser (t)

iD (t) = \/E); + \/L—op s?aser (t) + nop (t) + nCI(t)

(4.41)

where L, is the total RF power loss in the ROF link that is defined in expres-
sion (3.29), Sjaser(t) is the signal that modulates the laser diode that is defined
in (4.38), a3 is the constant that describes the third order laser nonlinearity,
Nop(t) is the noise in the link, and n¢(t) is the distortion due to clipping effect
where, 1¢1(t) = Tl wedma (t) +Mclwian (£). The above expression is derived apply-
ing a third order polynomial model for lasers, while neglecting the contribution
from the second order nonlinearity and the DC term. The total power loss in
the ROF link is dependent on the length of the ROF link.

The effect of the intermodulation distortion can be easily separated from
the photocurrent expression when the expression is expanded. This is done in

appendix A.2. The expressions that are given in the appendix had the distor-
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tion terms separated from the desired signal. The effect of the photocurrent
past thought the bandpass filters had also taken into account. Using the ex-
pressions the first set of SDNR ratios can be evaluated (See Figure 4.1). The
WCDMA and WLAN signals after the bandpass filters are given as follows:

7
iD,wcdma(t) = -chdma(t) + Z Zi (t) + nop,wcdma(t) + ncl,wcdma(t) (442)

i=1

3 .
iD,wlan(t) = lean (t) + Z Mi (t) + nop,wlan (t) + ncl,wlan (t) (443)

i=1

where ip wedma(t) is the WCDMA signal and ip wian(t) is the WLAN signal.
For the WCDMA system, the expression for the desired signal Dycama(t) is
given in 7(A.60), and (A.61) through (A.67) are the interfering and distorted
signals Z Z;(t). For the WLAN system, the expression for the desired signal
lean(t)i-_i_s1 given in (A.73), and (A.74) through (A.76) are the distorted signals
23: M;(t). From the desired expressions (A.60) and (A.73), it can be observed
éﬁilit the third order intermodulation product distortion produce some desired
terms among the distorted one.

In order to evaluate the SDNR for the two systems, the RF power of the
desired and distorted signals are derived. The power is obtained by taking the

mean square of the desired and distorted signals. For the WCDMA system,
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the power expressions are given as follows:

2
1 3 =
(chdma) = 2L mfvcdma,r [1 + Z as (mfvcdma,r + 3 Z m%vcdma,i + 2 m?vlan)]
()

p i=1
i#tr
(4.44)
9 a? .
mW ma, ) W an 4.45
1 32 Lop Zl cd l ( )
i#£r
2 9 a3 m2 4
(ZZ) 32 L wcdma,r Mylan (446)
op
9 a?
(Zg) - 32 L3 wlan Z mwcdma i (447)
op
(Z2) =0 (4.48)
o943 2 N2
<Z5) = g L Mycdma,r Mwlan Z Mycdma,k (449)
op o
k;éi
(Z2) =0 (4.50)
(Z’?> = w]an Z Z mwcdma,] wcdmak (451)
j=1 k=1
_1751' k#ﬁ]
And, for the WLAN system, the power expressions are given as follows:
3 z ’
mw n ’
(szvlan> = 2 Lla [1 + - 4 a3( 3vlan + 2 Z m\?vcdma,i):l (452)
°op i=1
2 9 af , - 4
(M1> = 55 Z_ Mylan Z Mycdma,i (453)
P i=1
2 9 af 4 - 2 :
(M2 = §§ L_' Mylan Z Mywedma,i (454)
op i=1
9 a§ m2 ~ 2 2
<M3) 32 L Mylan Z Z mwcdma,j mwcdma,k (455)
j=1 k=1
k#j

In the above expressions, some terms that have low correlation with the desired
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signal are removed. In the WCDMA system, the terms with low correlation
have the same frequency, data waveform and coded waveform as cos(wat —
#) di(t — 7) ¢;i(t — 7) in expression (A.61). For the fact that those terms are
synchronized with the desired signal, when correlation detection is used those
terms will become very small thus can be neglected. Using this rational,
expressions (4.45), (4.48), (4.50) and (4.55) have been modified.

The SDNR of a WCDMA signal is given as:

2
SDNRdown,wcdma = (‘chdma) 7 (456)
(ngp,wcdma>F + (ngl,wcdma} + Z(Zzz )
i=1
Similarly, the SDNR of a WLAN signal is given as:
2
SDNR gown wian = (Divtan) (4.57)

3
(ngp,wlan)F + (ntzzl,wlan> + Z(Mzz)

i=1
where clipping distortion power (nd ,cama) and (n2 1) are defined in (4.19)
and (4.20) respectively, (n2, ,cama) is the optical noise power for the WCDMA
system when B = Bycdma in (4.18), (n2, ,1.) is the optical noise power for
the WLAN system when B = By in (4.18), and F is the noise figure of the
amplifier.

Accbrding to the downlink, the signal that reaches the RAP is then trans-
mitted through air and received by users within the cell. The signal that
propagates through air experiences path loss, fading and additive noise. The
impairments are similar to that discussed in the uplink.

The path loss in air that described in section 3.1.1 is modeled as a large-
scale propagation model. The model provides the average signal attenuation

with a given distance away from the RAP. The distance is said to be 90%
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confidence coverage radius which means the attenuation at that distance does
not exceed the calculated value for 90% of the time. In addition, the multi-
path fading also causes loss in signal power, but over a small distance or short
time. However, the effect of fading is limited with the assumption of a slow
fading and frequency selective channel. A slow fading channel means that the
channel characteristic does not change over several data symbols. A frequency
selective channel refers to a transmitted bandwidth is much greater than the
coherent bandwidth. The effect can cause ISI due to different delay for in-
dividual propagation path. However, when a RAKE correlator that exploits
the correlation of signal in different paths to resolve multipath components is
employed, the effect of ISI can be reduced.

With the multipath component resolved using a RAKE correlator, the wire-
less channel is sufficiently described by the large-scale propagation model. The
expression for the path loss described by the large-scale propagation model is
given as in (3.2). All noise that induced in the air interface is assumed to be
additive white Gaussian noise with a PSD of ®4ouwnuwi(W) = Naownwi/2. The
cumulative SDNR that accounts for all the impairments in the downlink is
evaluated at the MS. Although it might be expected that there is interference
from multiple access in the WCDMA system, the access to the system is syn-
chronous in the downlink that WCDMA code words keep signal between users

orthogonal. This is the reason that SDNR is evaluated instead of SDINR. The

48



cumulative SDNR for a WCDMA signal is given as follows:

<D 3vcdma>
¢SDNRdown,wedma = L (R";’)
(ngp,wcdma)F + <n<2:l,wcdma) + Z(Zzz)
L l(R90) =1 =+ Ndown,wl chdma
B 1 N 1 -
B SDNRdown,wcdma SNRair,wcdma
(4.58)
Similarly, the cumulative SDNR of a WLAN signal is given as:
(‘D \%Il&ﬂ)
CSDNRdown,wlan = LW’(I?}QO)
(ngp,wlan) F + (n?:l,wlan) + Z(Mf )
L I(RQO) =1 + Ndown,wl Bwlan
3 1 L1 !
B SDNRdown,wlan SN Rair,wlan
(4.59)

where Ly (Rgo) is the path loss in the air interface, SNR gir,wedma is the SNR for
the WCDMA signal that only accounts for noise induced in the air interface,
and SNR gir wian is the SNR for the WLAN signal that only accounts for noise

induced in the air interface. The two SNR ratios are given as follow:

(D \2vcdma)
4.60
Lwl(RQO) N, down,wl chdma ( )
(D 3vlan>
4.61
Lwl (RQO) N, down,wl Bwlan ( )

SNRair,wcdma =

SNRair,wlan =
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4.3 Throughput And Packet Delay For IEEE
802.11b

In the SCM architecture, the physical layer has an additional ROF link. This
additional ROF link distance increases the propagation time of the signals,
so the timing expression for a slot time should be modified to adjust for the
change. To modify the expression, a propagation time through the ROF link is
introduced. The propagation time in terms of the fiber core index of refraction

ny and the distance of the ROF link d is as follows:

aRofPropagationTime = -:—d ' (4.62)
f

where c is the speed of light. The new expression for a slot time is given as

follows:

aSlotTime = aCCATime + aRxTxTurnaroundTime + § + aMACProcessingDelay

(4.63)

and

0 = aAirPropagationTime + aRofPropagationTime (4.64)

where, ¢ is the total propagation time including the air and ROF link prop-
- agation times. Expression (2.2) for the DIFS time depends on the duration
of a slot time. For the SCM architecture, the DIFS time increases with the
slot time. Since the slot time and the DIFS time are dependent on the fiber
length, different fiber length would result in different values for the DIFS time

and the slot time. Therefore, it is possible to assign a set of DIFS time and
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slot time values for a range of ROF link distances.

The WLAN signal in the SCM architecture travels the additional distance
through the ROF link. This leads to 25 us and 50 us increase in the prop-
agation delay for a 5 km and a 10 km ROF links respectively. This increase
does not affect the accuracy of the saturated throughput (2.3) and the average
packet delay (2.7) expressions. However, the duration for a DIFS and slot
time should be determined from the modified slot time expression (4.63) for
the SCM architecture. With the increase in the DIFS time and the slot time,
we can expect a roll back in the saturated throughput and an increase in the
average packet delay. AFigure 4.2 illustrates the saturated throughput for a
normal WLAN system and a WLAN system in the SCM architecture with ex-
tra 10 km of fiber that signals propagates. It is generated using the saturated
throughput model developed by Chatzimisios et al. [12]. It can be observed
that even with 10 km ROF link, the throughput only slightly reduces.

O Normal WLAN architecture
0 SCM architecture (10 km ROF link)
07._ .......... ..........
- : : : :
[&]
g : : : :
:§ 0.65 ..... .......... .......... ......... 4
:: . . . .
b : : : :
3
_g.’ 0.6. O
3
(o]
= : ; :
= : > : :
0.55 ..... . .. ......... B
05t - .......... LR, i

10 20 30 40 50
Number of contending station

Figure 4.2: This figure illustrates the saturated throughput of the WLAN
system in the normal environment and in the SCM architecture environment.
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Chapter 5

Numerical Results and Discussions

5.1 Uplink Simulation Parameters

For the uplink, the numerical results generated are the cumulative SDINR
and cumulative SDNR ratios versus various system parameters. Figures 5.1-
5.6 are the results generated for the uplink. In the uplink, the signal first goes
through the air interface then through the ROF link. The cumulative SDINR
and SDNR are evaluated at the end of the ROF link where the central base
station is located. The ratios include cumulative impairments from the air
interface and the ROF link including the additive noise in both interfaces and
the nonlinear distortion from the ROF link.

The following assumptions are considered for generating the results: i) all
WCDMA signals at the RAP have equal power assuming perfect power control;
ii) all signals are assumed to experience the same noise spectrum in the air
interface, however the noise powers are different as discussed earlier; and iii)
an optical modulation index ratio T is introduced to indicate the relative
power distribution among signals. The layout of the plots is to put the result
of a WCDMA signal right after the result of a WLAN signal. This is easy
for immediate comparison between the quality of the WCDMA and WLAN
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systems.

The cumulative SDINR, of a WCDMA signal is referred to expression (4.36).
The cumulative SDNR of a WLAN signal is referred to expression (4.37).
The major system parameters used in the plots are: the cumulative RMS
optical modulation index p (4.13), the optical modulation index ratio T' =
Mulan/ Mwedma,i, the length of the ROF link, and the SNR of the WLAN signal
at the RAP (SNRyp wian)- The rest of the parameters and constants are listed
in the table 5.1. Notice that the cumulative RMS optical modulation index
p has the same expression for both uplink and downlink, but it is a random
variable in the uplink while it is deterministic in the downlink and thus should

not treat them as they are equal. In the uplink, signal strength received from

the air interface has random power.

n Number of active MSs in WCDMA system 64
Gup,wedma | RF power gain for WCDMA signal 20 dB
Gup,wian | RF power gain for WLAN signal 20 dB
F RAP /Receiver amplifier noise factor 1dB
Bycdma | Bandwidth of WCDMA 5 MHz
Buian Bandwidth of WLAN 22 MHz
P, Laser mean optical power 1 mW
Gm Laser modulation gain 0.12 A/W
R Photo diode responsivity 0.75 W/A
Ne Number of optical connectors 2
l Optical connector loss 1dB
o Fiber attenuation 0.5 dB/km
RIN Relative intensity noise parameter —155 dB/Hz
K Optical receiver temperature 275 K
Ry, Receiver load resistance 50 Q
asz Third-order nonlinearity parameter 1/3

Table 5.1: Parameters for numerical results
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5.2 Downlink Simulation Parameters

For the downlink, the numerical results generated are the cumulative SDNR
for a WCDMA and a WLAN signal versus various system parameters. Fig-
ures 5.7-5.15 are the results generated for the downlink. In the downlink, the
signal first goes through the ROF link thén through the air interface. The
cumulative SDNR is evaluated at the MS. The ratio includes the cumulative
impairments from the air interface and the ROF link including the additive
noise in both interfaces and the nonlinear distortion from the ROF link.

The results are generated assuming the most demanding scenario. The
scenario is when all WCDMA MSs are located at the edge of the cell and
are demanding for a certain guaranteed SNR. The SNR, however, depends on
the distance between the MS to the base station for a fixed noise spectrum.
Moreover, the RF' power transmitted througﬁ the ROF link is limited because
when RF power is too high the nonlinear distortion would be excessive.

The following assumptions are taken for generating the results: i) all WCDMA
signals have equal power; ii) all signals are assumed to experience the same
noise spectrum in the air interface; and iii) an optical modulation index ratio
T is introduced to indicate the relative power distribution among WCDMA
and WLAN signals. |

The cumulative SDNR of a WCDMA signal is referred to expression (4.58).
The cumulative SDNR of a WLAN signal is referred to expression (4.59).
The major system parameters used in the plots are: i) the cumulative RMS
optical fnodulation index p (4.40), ii) the optical modulation index ratio T =
Mylan/Mwedma,i, 11i) the length of the ROF link, iv) the distance between a
WCDMA MS and the RAP, and v) the distance between a WLAN MS and
the RAP. The rest of the parameters and constants are listed in the table 5.1.
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5.3 Discussions

In Figure 5.1(a), the cumulative SDINR. of a WCDMA signal versus the cu-
mulative RMS optical modulation index p is plotted. The value of the ratio
is negative because multiple access interference accounts for a large amount
of interfering power. When p is larger than 0.3, the effect of the nonlinear
distortion becomes significant, therefore t.he SDINR ratio is dropping. On the
other end for small g, less than 107, only the optical noise comes into effect.
Generally, the optical noise relatively increases with the length of the ROF
link because actually the signal gets attenuated in the fiber. However, for the
useful range of the index p (0.01—0.2) the SDINR does not change with fiber
length. This is because the optical noise is relatively too small in this scenario.

Similar characteristics can be observed from Figure 5.1(b) which illustrated
the cumulative SDNR of a WLAN signal versus the index u. The nonlinear
distortion comes into effect for large p, and the optical noise comes into effect
for very small p. For small pu, longer ROF has lower SDNR ratio because of
the effect of optical noise. However, Figure 5.1(b) is the same as the WCDMA
case in Figure 5.1(a) that the optical noise has no effect in the useful range
of p. Therefore, there is no difference in the SDNR for different fiber lengths.
A conclusion can be drawn that in the useful range of p the quality of the
signal is not affected by the length of the ROF link and this applies to both
WCDMA and WLAN signals. In addition, the cumulative SDINR and SDNR
ratios remain very much constant for the useful range. That means p can
appropriately selected within this useful range without sacrificing the SDNR
performance while other conditions hold. Recall that the square of the cumu-
lative RMS optical modulation index is equivalent to the total RF power that

modulates the laser.

Figures 5.2(a) and 5.2(b) illustrate the effect of optical modulation index
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(a) The cumulative SDINR of a WCDMA signal versus the cumula-
tive RMS optical modulation index p is plotted.
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(b) The cumulative SDNR of a WLAN signal versus the cumulative
RMS optical modulation index p is plotted.

Figure 5.1: The two figures are the uplink results. The figures have five curves
corresponding to various lengths of a ROF link. The other parameters are: the
optical modulation index ratio 7" is 1 which means the WCDMA and WLAN

systems have equal RF power, and the SNRyp wian is 40dB.
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ratio T' by generating five curves corresponding to various values of 7. T is
the ratio between the optical modulation index of the WLAN signal to the
WCDMA signal, T' = myjan/Mycdma,i- The power distribution among signals
of the two systems is indicated by the optical modulation index ratio 7. T > 1
means WLAN has more power and vice versa. With the assumption of per-
fect power control, the optical modulation index of all WCDMA sighals would
have the same value. In this way, the ratio can be seen as an indication for the
relative power distribution between the two systems. Figure 5.2(a) that illus-
trates the cumulative SDINR of a WCDMA signal is similar to Figure 5.1(a).
In both graphs the SDINR ratio rolls off for p larger than 0.2.

The interesting difference between the two graphs in the useful range of u
is that the quality of a WCDMA signal does not dependent on the ratio T,
whereas the quality of a WLAN signal changes according to the ratio 7. The
WCDMA signal does note dependent on T is because the effect of T' is small
on a single WCDMA signal. When T is large meaning more power distributed
to the WLAN system a better cumulative SDNR is resulted and for T is small
the cumulative SDNR ratio becomes smaller. The results from the two figures
imply that more power should be allocated to the WLAN system. In other
words, there is an increase in the quality for the WLAN system when more
power is allocated to WLAN, while the quality for the WCDMA system stays
very much the same irrespective of the power ratio.

The cumulative SDINR of a WCDMA signal versus the SN Ryp wian is plot-
ted in Figure 5.3(a). The SNRypwian is the SNR for a WLAN signal at the
RAP. It is used as a reference for the signal quality that enters the ROF link
from air. The signal quality is impaired by the noise in the air interface,
hence the SN Ryp wian is really reflected the amount of noise collected from the
air interface. Moreover, it has been assumed that both systems experience

the same noise spectrum, but different noise power due to different system
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(a) The cumulative SDINR of a WCDMA signal versus the cumula-
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(b) The cumulative SDNR of a WLAN signal versus the cumulative
RMS optical modulation index p is plotted.

Figure 5.2: The two figures are the uplink results. The figures have five curves
corresponding to various optical modulation index ratios T = Myjan/Mwcdma-
The other fixed parameters are: 5 km ROF link, and 40dB for the SNRp wian.
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bandwidths. The SNR is given in expression (4.5). In the figures, it can be
observed that the cumulative SDINR does not improve beyond 20 dB of SNR
at the RAP. This is a big contrast to the cumulative SDNR of a WLAN case
in Figure 5.3(b) where the cumulative SDNR improves up to about 40 dB of
SNR at the RAP. For the WCDMA system, it implies that the signal that
input to the ROF link should have an SNR of at least 20 dB to give good
cumulative SDINR. However, the WLAN system has a stronger dependency
on the SNR at the RAP. Figure 5.3(b) shows that when the SNR increases
up to 40 dB, the cumulative SDNR increases with the SNR. It seems that
the quality of the two systems is independent of the length of the ROF link.
However, this independency is because of the value of u (=0.5). This can be
crossed reference with figures 5.1(a) and 5.1(b) for u is 0.5.

Figures 5.4(a) and 5.4(b) show three curves generated for three different
values of u. In these two figures, the similar trend of dependency on the SNR
at the RAP is observed. The WLAN system has stronger dependency on the
SNR compared to the WCDMA system. Furthermore, the SNR reduces as the
cumulative optical modulation index p increases. Figure 5.4(a) shows that the
cumulative SDINR does not improve when SNR larger 20 dB for small p (0.01
and 0.1), and then for a larger p of 0.8 the SDINR saturates beyond 10 dB of
| SNR. Figure 5.4(b) also illustrates the same trend. This can be explained that
large p causes more nonlinear distortion in the ROF that limits the overall
performance of the systems.

In Figure 5.5, it illustrates two plots which are the cumulative SDINR and
the cumulative SDNR versus the optical modulation index ratio 7. Recall,
the ratio T is used to indicate the relative power distribution between the
WCDMA and WLAN systems. Large T means more power is allocated to the
WLAN system and vice versa. Figure 5.5(a) shows that the performance of the
WCDMA decreases as the ratio T increase beyond 10. The cumulative SDNR,
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Figure 5.3: The figures are the uplink results. The figures have two curves
corresponding to 2 and 20 km of ROF link. The SNRypwian is an indication to
the signal quality that input to the ROF link. The other parameters are: the
optical modulation index ratios 7" is 1 which means the WCDMA and WLAN
systems have equal RF power, and the cumulative RMS optical modulation

index p is 0.5.
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Figure 5.4: The figures are the uplink results. The figures have three curves
corresponding to various cumulative RMS optical modulation indices of 0.01,
0.1, and 0.8. The SNRpwian is an indication to the signal quality that input
to the ROF link. The other parameters are: the optical modulation index
ratios T is 1 which means equal power distribution between the WCDMA and
WLAN systems, and the length of the ROF link is 10 km.
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ratio is constant for most of the range of T plot in the figure which means T’
has little effect for WCDMA system. That is because there are many users
in the WCDMA system where combine distortion from users is proportional
to the increase in individual signal power of a user. Figure 5.5(b) shows that
the performance of the WLAN increases with the ratio T for the entire range
of T in the figure. It shows T has more effect in the WLAN system than the
WCDMA system. It has been mentioned that for pu of 0.5 there is no effect
from using a longer ROF link or a shorter ROF link.

Figure 5.6 shows three curves generated for three different values of u. The
similar characteristics from the previous figure can be observed in this figure
that T has more effect in the WLAN system than the WCDMA system. When
p is small (0.01 and 0.1), the SDINR of the WCDMA signal is independent
of the ratio T. This is illustrated in Figure 5.6(a). As expected that large u
results in lower performance, the cumulative SDNR curves for u of 0.8 is lower
than then the rest (See figures 5.6(a) and 5.6(b)).

From here onward, the discussion is on the results for the downlink. The
downlink performance of the SCM architecture in relation to the cumulative
RMS optical modulation index p is illustrated in Figure 5.7. Figure 5.7(a)
illustrates the cumulative SDNR of a WCDMA signal versus p and the Fig-
ure 5.7(b) illustrates the cumulative SDNR of a WLAN signal versus u. An
optimal g that gives the maximum cumulative SDNR can be observed from
the two figures for each fiber length. This contrasté to the uplink (refer to
figures 5.1 and 5.2): first, the maximum of the cumulative SDNR is observed
for a specific u; second, the cumulative SDNR is dependent on the fiber length
in the useful range of pu. The downward shift of the cumulative SDNR. curves
as fiber length getting longer is the effect of the optical noise. In the WCDMA
case, the peak cumulative SDNR for a 5 km ROF link can be achieved by
selecting i to be 0.1. Similar, u of 0.1 also results in peak cumulative SDNR
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(b) The cumulative SDNR of a WLAN signal versus the optical mod-
ulation index ratios T is plotted.

Figure 5.5: The figures are the uplink results. The figures have two curves
corresponding to 2 and 10 km of the ROF link. The optical modulation index
ratios T is used to indicate the power distribution between the WCDMA and
WLAN systems. The other parameters are: the SNRyp wian is 40dB, and the

cumulative RMS optical modulation index p is 0.5.
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(a) The cumulative SDINR of a WCDMA signal versus the optical
modulation index ratios T is plotted.
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(b) The cumulative SDNR of a WLAN signal versus the optical mod-
ulation index ratios T is plotted.

Figure 5.6: The figures are the uplink results. The figures have three curves
corresponding to cumulative RMS optical modulation indices of 0.01, 0.1
and 0.8. The optical modulation index ratios T is used to indicate the power
distribution between the WCDMA and WLAN systems. The other parameters
are: the SNRpwian is 40dB, and the length of the ROF link is 10 km.
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for the WLAN case. A useful range of x is from 0.01 to 0.2. The optical noise
is the dominant effect in this range.

The performance of the WCDMA and WLAN signals in terms of the cumu-
lative SDNR versus the index p is illustrated in Figures 5.8(a) and 5.8(b). The
results are generated with different optical modulation index ratios T. Recall
that the ratio T indicates the relative power distribution between the systems.
For the entire range of the index u, it can be observed that the performance
of the WLAN system improves with more power is being allocated(T is large);
see Figure 5.8(b). However, there is no improvement in performance for the
WCDMA system even if more power is allocated (7 is small). The same trend
is observed from the uplink that suggests more power can be allocated to the
WLAN system without sacrificing the performance of the WCDMA system.

Figures 5.9(a) and 5.9(b) illustrate the relationship between the system
performance in terms of the cumulative SDNR and the distance between a MS
and the RAP. The two figures which describe the WCDMA and the WLAN
systems presented very similar results. For small index p (= 0.01 and 0.1),
the cumulative SDNR improves inversely with the distance. While at large
index p, the performance is almost independent of the distance between a MS
and the RAP. The independence is due the nonlinear distortion is much larger
than the noise in the air interface. The optimal y for a 5 km ROF link is 0.1
as mentioned earlier. As expecfed both figures show that p of 0.1 gives the
best system performance compare to the rest of the u values. Furthermore,
figures 5.10 and 5.11 illustrate the performance trends when p is small and
large respectively. When p is small, the performance deteriorates with the
distance. When p is large, the performance is independent of the distance.

Figures 5.12(a) and 5.12(b) illustrate the relationship between the system
performance and the distance between a MS and the RAP in a different way.
Each figure has five curves with various lengths of the ROF link with an op-
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(a) The cumulative SDNR of a WCDMA signal versus the cumulative
optical modulation index p is plotted.
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(b) The cumulative SDNR of a WLAN signal versus the cumulative
optical modulation index g is plotted.

Figure 5.7: The figures are the downlink results. The figures each has five
curves corresponding to various lengths of the ROF link. The other parameters
are: the optical modulation index ratio T is 1 which means the WCDMA and
WLAN signals have the same RF power, the distance from a WCDMA MS to
the RAP is 1500 m, and the distance from a WLAN MS to the RAP is 500 m.
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optical modulation index u is plotted.

Figure 5.8: The figures are the downlink results. The figures each has five
curves corresponding to various optical modulation index ratios. The other
parameters are: the length of the ROF link is 5 km, the distance from a
WCDMA MS to the RAP is 1500 m, the distance from a WLAN MS to the
RAP is 500 m, and the optical modulation index ratio T is 1 which means the
WCDMA and WLAN signals have the same RF power.
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Figure 5.9: The figures are the downlink results. The figures each has three
curves corresponding to cumulative optical modulation indices of 0.01, 0.1, and
0.8. The other parameters are: the length of the ROF link is 5 km, and the
optical modulation index ratio T is 1 which means the WCDMA and WLAN
signals have the same RF power.
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T ¥ T I I I T
SN ‘[ 0 n=0.010 (Optical Modulation Index) ||
: : | o p=0016
LN || V n=0025
O\ : | % p=0040

cSDNR (dB)

200 400 660 500 1000 12'00 1400
Distance between A WLAN MS and The RAP (m)

(b) The cumulative SDNR of a WLAN signal versus the distance
between a WLAN MS and the RAP is plotted.

Figure 5.10: These figures illustrate the effect when p is small. The four
curves correspond to cumulative optical modulation indices of 0.010, 0.016,
0.025, and 0.040. The other parameters are: the length of the ROF link is
5 km, and the optical modulation index ratio T is 1.
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Figure 5.11: These figures illustrate the effect when p is small. The four
curves correspond to cumulative optical modulation indices of 0.16, 0.25, 0.40,
and 0.63. The other parameters are: the length of the ROF link is § km, and
the optical modulation index ratio 7" is 1.

70



timal p of 0.1 used. The two figures show almost identical results. First, a
downward trend in the performance versus the distance is observed for small
p of 0.01 and 0.1. This means that the optical noise is dominant. Second, the
performance is remain the same for large 1 (=0.8). This is because the non-
linear distortion is larger than the optical noise from the ROF link. However,
when the ROF is operated at the optimal p (=0.1), the cumulative SDNR is
better than the rest even for a 20 km ROF link.

Figure 5.13 illustrates the system performance in terms of the cumulative
SDNR versus the length of the ROF link. The two plots give the same trends.
Using the previous results, it can be concluded that longer ROF link decreases
the system performance and larger distance between a MS and the RAP also
decreases the system performance. In the WCDMA system, when the distance
between a MS and the RAP is less than 1000 m, the performance decreases
by no more than 1.5 dB even if the fiber is 20 km long (see Figure 5.13(a)).
In the WLAN system, when the distance between a MS and the RAP is less
than 300 m, the performance also decreases by no more than 1.5 dB even if
the fiber is 20 km long (see Figure 5.13(b)).

Figure 5.14 illustrate the system performance in terms of the cumulative
SDNR versus the various values of u. Recall the ratio T is defined as myjan/Mwedma,i-
For the WCDMA system (see Figure 5.14(a)), a downward trend versus the
ratio T is observed and it is obvious because the less power is being allocated
to the WCDMA system for larger T'. Figure 5.14(b) illustrate the reverse trend
which is true when the ratio T gets larger meaning more power is being allo-
cated to the WLAN system. For large index p, the curve behaves differently
than with small p. The nonlinear effect is the cause of such a different pattern.
The two plots in Figure 5.15 also dem(;nstrate the same trends as the previous
results. For small T', the WCDMA system performance is constant (depending

on the fiber length), then it starts to deteriorate. However, in the WLAN case,
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(b) The cumulative SDNR. of a WLAN signal versus the distance
between a WLAN MS and the RAP is plotted.

Figure 5.12: The figures are the downlink results. The figures each has three
curves corresponding to cumulative optical modulation indices of 0.01, 0.1,
and 0.8. The other parameters are: the optical modulation index ratio 7" is 1
which means the WCDMA and WLAN signals have the same RF power, the
distance from a WCDMA MS to the RAP is 1500 m, and the dlstance from a

WLAN MS to the RAP is 500 m.
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Figure 5.13: The figures are the downlink results. The figures each has four
curves corresponding to various distance between the MS and the RAP. The -
other parameters are: the cumulative optical modulation index is 0.1, and the
optical modulation index ratio T' is 1 which means the WCDMA and WLAN

signals have the same RF power.
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the performance almost linearly increases with T. Therefore, selecting T' just

above one seems to give a good solution for both systems.

5.4 Conclusion and Future Work

In this thesis, the SCM architecture that jointly supports the WLAN system
and the WCDMA cellular mobile system are investigated. The IEEE 802.11
WLAN and the third generation WCDMA mobile communication systems are
first studied. Then, the fiber based radio access scheme for the air interface
and the ROF link characteristics are investigated. In the air interface, the
signals experience path loss and multipath fading. In the ROF link, the signals
experience optical noise, nonlinear impairments and power loss. The noise
are the RIN, shot noise, and thermal noise. The nonlinear impairments are
the intermodulation product distortion and clipping distortion. Finally, the
uplink and downlink analysis that accounts for the cumulative effects for all
the impairments are carried out.

In the numerical results, the performance of both systems in the SCM archi-
tecture is illustrated graphically. The results are generated assuming that the
WCDMA system has 64 active users and the WLAN system is operating with
one user active at a time according to collision detection protocol. The results
illustrates that this architecture can jointly support the two systems. The sys-
tem performance is limited by the nonlinear distortion of ROF link when the
cumulative RMS optical modulation index p is large. Large ¢ means large RF
power modulates the laser. When p is larger than the optimal range, excessive
nonlinear distortion deteriorates the system performance. In the uplink, the
system should operate p in the range of 0.01 to 0.1. In this range of u, the
system performance is not strongly dependent on the fiber length as shown by

up to 20 km of fiber length (which typically the highest length with practical
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(53 w 'S
o (=3 (=]
T

cSDNR (dB)
5

107 o ° 10' 10

1 10
Optical Modulation Index Ratio T=m_,_/m
wlan' " wcdma

(b) The cumulative SDNR of a WLAN signal versus the optical mod-
ulation index ratio T is plotted.

Figure 5.14: The figures are the downlink results. The figures each has three
curves corresponding to cumulative optical modulation indices of 0.01, 0.1,
and 0.8. The other parameters are: the length of the ROF link is 5 km, the
distance from a WCDMA MS to the RAP is 1500 m, and the distance from a

WLAN MS to the RAP is 500 m.

75



O o O
25 :{ H \d .........
200
15
—_ lo_ .......
m
2
z Ot
2 of-i
Q
-5t
—10}] O 2km (Fiber length)
O S5km
Vv 10km
=151 % 20km
X _30km SRR R
107 0" 10° 10' 10°
Optical Modulation Index RatioT=m_, /m
wlan ~ wcdma

(a) The cumulative SDNR of a WCDMA signal versus the optical
modulation index ratio T is plotted.

40 ..... :
30k
20 ..... .

10

cSDNR (dB)

—lo S - H H cese
i i O 2km (Fiber length)
=20 A5k il O 5km !
{ | v 10km
] % 20km
-30 e R 1 x 30km
107° w0t 10° 10' 10’
Optical Modulation Index Ratio T=m_ /m
wlan ~ wcdma

(b) The cumulative SDNR of a WLAN signal versus the optical mod-
ulation index ratio T is plotted.

Figure 5.15: The figures are the downlink results. The figures each has five
curves corresponding to various length of the ROF link. The other parameters
are: the cumulative optical modulation index p is 0.1, the distance from a
WCDMA MS to the RAP is 1500 m, and the distance from a WLAN MS to
the RAP is 500 m.
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ROF links), no large drop in performance is observed. This is because, the
contribution of the SNR of the ROF link noise (which will relatively decrease
with the fiber length) is not significant in this scenario.

Howe{rer, for the downlink, the results have shown that the length of the
ROF link does matter. The optical noise is the dominant source of impairments
in this case. In the downlink, a 5 km ROF link should operate with 0.02 <
i < 0.2 for good performance.

The ratio T is used to indicate the relative power distribution between
the WCDMA and WLAN systems. The results for both the uplink and the
downlink have suggested that relatively more power should be allocated to
the WLAN to improve the performance of both systems. The performance of
the WCDMA system stays almost the same even if more power is allocated
to WLAN (T < 1). However, the performance of WLAN system almost in-
creases linearly with 7. There is an upper limit to the power that can be
allocated to the WLAN system. That is, the WLAN system must comply
with the maximum power specified for the ISM band. The results also show
that the WCDMA system can afford a larger cell size than the WLAN system.
Both these observations probably attribute to the inherent advantage of code
division multiple access that requires less power to maintain a certain system
performance.

For possible future work, alternative architectures that also simultaneously
support 3G WCDMA and WLAN IEEE 802.11 standards should be inves-
tigated. A possible architecture is to transmit baseband digital WLAN and
passband WCDMA signals. The architecture can use mostly off the shelf com-
ponents cost saving is possible. The WLAN signals are in the baseband digital
format from the core network, which will make it easy to transmit. The ef-
fectiveness of such architecture requires similar analysis that is done for the
SCM architecture in this thesis.
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Appendix A

Nonlinearity of Radio over Fiber

Link

The expansion of photocurrent expressions in the uplink and downlink is de-
rived in this section. The intermodulation distortion terms and desired signals
can be easily separated in the expanded expressions. Generally, the photocur-

rent is expressed in the following form:

Mo A2 M 13
Zs'] +Cs [ZS’] +n(t) fori=1,2,...,n,...,M
i=1

i=1

M
ip(t) =C1 Y _si+Co
i=1

(A1)

where C1, Cy, and Cj are constants, each s; represent the modulating signal,
the subscript 7 = r represents the desired signal, and n(t) is the aggregate
noise. Expanding the second order term with respect to the desired signal s,,

the following expression is derived:

M 12 M M M M
[Z S{l = Z S? + 2s, Z S; + Z Z Sj 84 (A2)
i=1 i=1 i=1

i=1 j=1
i#r I#T jtri
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Similarly, expanding the third order term with respect to the desired signal

sr, the following expression is derived:

[Ef;s] Zs +33223,+3sr23 +3ZZS o

i=1 j=1 k=1
1#" 1757' j#r k#rig
v oM M (A.3)
75 3D ILTES 3) 9 PPN
j=1 k=1 i=1 j=1 k=1
j;éT k#nj i‘—lér ].;éT‘,‘i k;é‘l‘,i,j

M
In the SCM architecture, the term Zsi contains both the WCDMA and
i=1
WLAN signals. Let o; represents the ith WCDMA signal where the WCDMA
system has n signals. Let @ represents the WLAN signal. Mapping s; to o;
M

fori=1,2,...,n and s,4; to B, then Z s; can be rewritten as follows:
i=1

M n
Zsi = Eai+'6 (A'4)
i=1 i=1

The expansion of the third order term has been illustrated in expression (A.3).
The expansion results in six expanded terms. When the desired signal is one
of the signals in the WCDMA system, then s, becomes «;,. Substituting
expression (A.4) in expression (A.3) and «, for the desired signal s, the six

expanded terms can further be expanded as follows:

M n
> s => o} +p° (A.5)
i=1 i=1
M n n
3szsi=3af(Zai+,B>:BafZai+3af,8 (A.6)
i=1 i= i=1

i;_ér i;ér iF#r

M n n
3sr23f=3ar<2a?+ﬁ2>=3ar2a?+3arﬁ2 (A.7)

i=1 =1 i=1

;;ér :;ér i#Er
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j#Er k#r,j k#r,M (A. 8)
o .
SO DIRETI PRYD
J=
J#T k#r.j ks#r
n n n n
R D) TRRTS RIS
j=1 k=1 j=1 k=1
j#r k#rj Jj#T k#r

M M
BSTZ Z 8j 8k =3 ar Z (Zaj—f-ﬂ)sk

j=1 k=1 k=1
j#r k#TJ k#rj  j#r
n M M
=3oeraj< Z sk> +3a,. 0 Z Sk
i=1 k=
e k#rg ktr,M
n n n
=3arZaj(Zak+ﬁ)+3arﬁZak (A.9)
j=1 k=1 k=1
j;ér k#r k#r
=3a,22ajak+3ar 20434‘3% Zak
J#r k#d J#r k#’"
.—3ar2 Z (o ak+6arﬁ2ak
ji=1 k=1
j#r k#Erg k#"
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_Z Z Z a,a]ak-l—BﬂZ Z aj o
i=1 j=1 k= i=1 k=1
AT j#ri k;ér, i,j j#r k#T,J
(A.10)

When the desired signal is the WLAN system, the six expanded terms for
the third order nonlinearity would be different. For the WLAN desired signal,

s, becomes 3. Substituting expression (A.4) in expression (A.3) and 3 for the
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desired signal s, the six expanded terms can be written as follows:

M n
dYost=p+) of (A.11)
i=1 i=1
M n
3s? Z s; =30 Z o; (A.12)
i=1 i=1
i#r
M n
3sr23?=3ﬁ2a,~2 (A.13)
i=1 i=1
i#r
M M n o n
322512'3’“:322%2'“’“ (A.14)
j=1 k=1 j=1 k=1
jsr k#r,j k#j
: M M n n
35> > sisk=38) > ajou (A.15)
j=1 k=1 j=1 k=1
j#r k#nj k#j
M M M n n n
ZZ Z sisjsk=ZZZaiajak (A16)
i=1 j=1 k=1 i=1 j=1 k=1
iEr jArd k#rij j#i k#ij

Up until here, the expansion of the third order terms has used symbolic
representation ¢; and 3 for the WCDMA and WLAN signals respectively. The
two sections to follow provide the complete derivation that uses the complete
form of signals. The uplink and downlink signals in the complete form are

different, so derivation is divided into two sections.

A.1 Third Order Nonlinearity for Uplink

In (4.21), the photocurrent of the uplink of SCM architecture is expressed as

follow:

iD (t) = Staser (1) % [Slaser(t) - nup,air(t)] + nop(t) + na(t) (A17)

+
VLZep v/ Lop
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where Spser(t) is defined in (4.14). In Sjaer(t), it consists of WCDMA and
WLAN signals as well as the noise induced from the air interface. Let o;

represents the ith WCDMA signal as the following:

0 = Muyedmayi di(t — 73) ¢i(t — 73) cos(wat — ¢:) for i=1,2,...,n (A.18)
Similarly, B represents the WLAN signal as the following:

B = Muyian dg(t — 78) ca(t — 75) cos(wpt — ¢p) (A.19)

Therefore, excluding the noise, there are M = n + 1 signals in Spser(t). Let

s; = oy and S,41 = B, then Spser(t) can be written as the following:

Slaser(t) = Z Q; + ,8 + nup,air(t)
=1 (A.20)

M
= Z 8; + nup,air(t)
=1

Using Siaser(t) above, the photocurrent (A.17) can be rewritten as the following:

Z s; + \/_ [Z 31] %\/a—'r_;—) + nop(t) + na(t) (A.21)

op i=1

According to the SCM architecture illustrated in Figure 4.1, the photocurrent
is passed through bandpass filters that separate the signals in the photocurrent
into corresponding systems. To do this mathematically, the cubic term of
the photocurrent is required to expand, and then groups the expanded terms
according to the WCDMA or WLAN bands that they fall into. Any term that
is out of the WCDMA and WLAN bands will be dropped.

The expansion of the third order term has been illustrated in expression (A.3).

Also, the expressions (A.5)—(A.10) are especially derived for the WCDMA sys-
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tem where the desired signal s, is .. The six expressions (A.5)-(A.10) can
be further expanded by substituting expressions (A.18) and (A.19). Moreover,

the following relations are used to simplify the expanded expressions:

Bt-1)(t—T)=d(t —T)c(t—T) (A.22)
Et—T1)(t—T)=1 (A.23)

and omits any term that does not fall in the WCDMA band except intermod-
ulation terms with frequencies of 2w, — wg and 2wg — we. The following are

the expressions with the substitution:

M n
Z s = % Z M cdmay di(E — 7i) ¢i(t — 73) cos(wat — ¢;) (A.24)

35, Zsl =~ Miyedmayr z;mwcdmat di(t — 1) ci(t — 1)
z;ér z?g,.

- [cos(wat + ¢; — 2¢r) + 2 cos(wat — ¢;)] (A.25)

3
+ Z m%vcdma,r Mwlan dﬂ(t - Tﬁ) cﬂ(t - Tﬁ)

- COS ((2wa — wg)t — 2¢, + d)ﬁ)
3 Sr Z S; mwcdmar d ( - 7"‘r‘) c‘r(t - TT) Z mgvcdma.,i
i=1

z;ér i#r

- [cos(wat + ¢r — 2¢4) + 2cos(wat — ¢r)] (A.26)
3
+ Z mgvlan Mwcdma,r d. (t - 7'1-) C,-(t - 7',.)

+ [ cos ((2wp — wa)t — 25 + ér) + 2 cos(wat — ¢r)]
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M M n n
3
3 Z Z 3.? Sk = Z Z § : mwz;vcdma.,j Mwcdma,k dk(t - Tk) Ck(t — Tk)

j=1 k=1 G=1 k=1
j;ér' k;ér,j j;ér k;é‘l',j

. [cos(wat + ¢ — 2¢;) + 2 cos(wat — d)k)]
3 n
+ Z Mwlan dﬁ(t - Tﬁ) Cﬁ(t - Tﬂ) Z mgvcdma,j
j=1
J#r
- COS ((2wa —wp)t — 2¢; + ¢ﬁ)

3 n
+ Z m\zavlan k; Mwcdma,k dk(t - Tk) Ck(t — Tk)
k#r
: [COS ((2wﬁ — W)t — 2¢5 + ¢k) + 2 cos(wat — ¢>k)]

(A.27)

M M n n
35, Z Z 8 Sk =% Muwedmar r(t — 77) & (t — 1) Z Z Mwcdma,j
r b S
 Myedmark d(t — 75) ¢ (t — 75) di(t — Te) it — 7)
. [cos(wat — ¢r — @j + Px) + cos(wat — ¢ + ¢ — Pr)
+ cos(wat + ¢r — @5 — </>k)]

+ g Mywcdma,r Mwlan dr(t - Tr) Cr(t - Tr) dﬁ(t - Tﬁ)

- cg(t — 71p) Z Mwedma,k Gk (t — Tk) Cr(t — k)
po
- 08 ((2wa — wp)t — ér — dr + Pp)

(A.28)
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n n n
1

M M M
Z Z Z Si 85 Sk = 4 Z Z E Mwcdma,i Mwedma,j Mwedma,k d (t - Tz)
=l

1:= J =1 J=1 k=1
AT jotri k#r, :J AT jbri k#ni,j

cci(t — 1) di(t — 15) ¢ (t — 75) die(t — Tx) cr(t — Tx)
- [ cos(wat — ¢i — ¢; + Px) + cos(wat — ¢i + d; — )

+ cos(wat + ¢ — ¢; — k)]

3 n n
+ 7 Mwian dp(t — 75) c(t — 75) > Mucdma

j=1 k=1
j;ér k#nj

3

- Mycdmak dj(t — 75) ¢j(t — 75) die(t — 7k) cx(t — Ti)

- cos ((2wa — wp)t — ¢j — ¢ + dp)
(A.29)

The cubic term is now expanded completely and out of band terms are
also dropped. Grouping the desired, distorted and interfering signals in the
WCDMA band is the last step. The signals are first grouped according to code

word and then frequency. They can be expressed as follows:

7
. Gup,wedma
zD,wcdma(t) = chdma(t) + Z Z; (t) + pL,—d_ nup,wcdma(t)
i=1 °p (A.30)

+ nop,wcdma (t) + ncl,wcdma(t)

where 7up wedma(t), Topwedma(t) and Neiwedma(t) are respectively the noise in
the air interface, the noise in ROF link and the clipping distortion after they
passed through a bandpass filter. The desired Dycdama(t), distorted and inter-

fering signals Z;(t) are expressed in terms of optical modulation indices. The
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expression after the grouping is given as follows:

_ Mycdma,r
chdma(t) - { \/_Tp 4 \/—(;[ wcdma,r

+6 Mycdma,r (Z m?vcdma,i + mfv,an)] } (A31)

i—1
z;ér
- d.(t — 77) ¢ (t — 77) cos(wWat — @r)
3 1 2 2
Z1 (t) = Z Mwcdma,i 1+ 5 as (5 mwcdma,i + mwcdma.,r

op i=1

i#r
n
+m2 .+ Z mfvcdma’j)] cos(wqt — @)

J=1
J#Ti
3 2
+ 7 98 Miycdma,r cos(wat + ¢ — 2 ;) (A.32)
3
+70s M2 1an €08 ((2wp — wa)t — 25 + ;)

3 n
+ Z as Z m%vcdma,j cos(wat + ¢i — 2¢J)}
j=1
J’J#r,i

. d,(t - Ti) Ci(t - Ti)
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3 a3 Mycdma,r
Z2 (t) = Z % Z mwcdma i cos(wat + ¢r - 2¢;)
op i=1

i#r (A33)

+ m‘ZNIan COs ((20.)3 - wa)t - 2¢ﬂ + ¢r) dr(t - Tr) cr(t - TT)

3 ‘wlan
Zs(t) = Z ai}n_la mecdma, cos ((2wa — wp)t + 2¢; — @)

(A.34)
- dg(t — Tﬁ) ca(t — 75)
3 'wcama,r
Z4 (t) = Z LT :p Z Z Myedma,j Mwedma,k [cos(wa ¢j + (bk)
Tar g
o cos(wiat = + b5 — ) + cos(wat + b — b5 — 1)
s de(t —7) e (t — ) dj(t — 75) i (t — 75) die(t — ) e (t — k)
(A.35)
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3a Mycdma,r Mwlan -
Zs(t) = 5 3 id/ITp la ;mwcdma,k cos ((2wa — wp)t — ¢r — di + ¢p)

k#r
cde(t — ) er(t — 77) dp(t — 78) cg(t — 78) di(t — i) cx(t — Tx)

(A.36)
Z t) = Z Z Z Mwedma,i Mwedma,j Mwedma,k
4 V op i=1 j=1 k=1
T jtri k#rig
: [COS(wat — ¢i — ¢; + Bx) + cos(wal — ¢ + ¢ — di) (A.37)

+mmw+¢—@—mﬂ

cdi(t — 1) et — 7)) di(t — 15) ¢i(t — 75) die(t — Tr) ek (t — Tx)

3 (13 Mylan
Z7 (t E § Mwcdma,j Mwedma,k

Op j=1 k=1
J#T k#r,j

- cos ((2wa — wp)t — ¢j — di + Pp)
- dg(t — 7p) ca(t — 75) dj(t — 75) c;(t — 75) di(t — Tk) cx(t — i)
(A.38)

The same approach is taken for the WLAN system with the desired sig-
nal s, = . The already expanded third order terms for the WLAN system
are found in (A.11)-(A.16). These six expressions can be further expanded
by substituting expressions (A.18) and (A.19). Also, the expression can be
simplified further using the relations (A.22) and (A.23). Any term that does
not fall in the WLAN band except intermodulation terms with frequencies of
2w, —wg and 2w — wy is dropped. From a quick inspection, (A.14) and (A.16)

will never produce any term that is in the WLAN band, so the expressions are
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automatically dropped. The following are the modified expressions:

M
3
dsi= 7 Mavian da(t = 75) c(t — 7p) cos(wgt — ¢p) (A.39)
i=1

M n
3
3 Sf Z Si = Z mgvlan § :mwcdma,i d; (t - Ti) Cj (t — Ti)
i=1 i=1

itr (A.40)
- c0s ((2wp — wa)t — 265 + ¢;)
M 3 n
3s; Z S? = Z Mwlan dﬂ (t - Tﬂ) Cp (t - Tﬂ) Z m\zvcdma.,i
iz =
- [cos ((2wa — wp)t — 2¢; + ¢p) + 2 cos(wst — ¢g)]
(A.41)
M M 3 n o n
3 Sr Z Z 8 S = Z Mwylan dﬁ(t - Tﬁ) cﬁ(t - Tﬁ) Z Z mwcdma,j Mwcdma,k
j=1 k=1 J=1 k=1
dr kn kit

- dj(t —75) cj(t — 75) die(t — 7x) ck(t — k)
- [ cos ((2wa — wp)t — @5 — i + ¢5)

+ cos(wg — dp + B — Bk) + cos(ws — b — b; + b))
(A.42)

The cubic term is now expanded completely and out of band terms are also
dropped. The last step is to group the desired, distorted and interfering signals
in the WLAN band. Again, the signals are first grouped according to code

word and then frequency. The expression after the grouping is given as follows:

3
Gu wla
iD,wlan(t) = lean (t) + Z Mi (t) + _E,—IP' Nup,wlan (t)
i=1 °p (A.43)
+ nop,wlan (t) + ncl,w]an (t)

where nyp wian (), Top,wian(t) and Telwian(t) are respectively the noise in the air
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interface, the noise in ROF link and the clipping distortion after they passed
through a bandpass filter. The desired Dyan(t), distorted and interfering
signals M;(t) are expressed in terms of optical modulation indices and they

are listed below:

Mwlan 3 as 3 . 2
Dw n = + - m + 27nw a E m .
la (t) \\ F—Lop 4 Lop ( wlan lan - wcdma,z)] ( 44)

- cos(wpt — ¢p) d(t — 75) cp(t — 75)

3 a3 Mylan -
Ma(t) = 3 BT S 02 05 (20 — wp)t — 261 + )

V2 ’ (A.45)

- dp(t — 75) cp(t — 7p)

3 99 it 311 s cos (205 — wat — 265 + )

4 Ve S (A.46)
cdi(t — 1)t —7)

_ 3 a3 Mwlan
(t) E , E :mwcdma,J Mwcdma,k

op j=1 k=1
k#j

. [cos ((2wa —wp)t — ¢j — Px + Pp)

Ma(t) =

(A.47)
+ cos(wg — ¢p + ¢ — dx) + cos(wg — g — P; + Pr)

- dg(t — 1) cp(t — 7p) dj(t — tau;) c;(t — 75)

. dk(t bl Tk) Ck(t - Tk)
A.2 Third Order Nonlinearity for Downlink

The photocurrent of the downlink is given in (4.41) as follows:

Slaser(t)

\/—' \/Cl;— S?aser(t) + nop(t) + ncl(t)

where Sjaser(t) is a different signal from the uplink and is defined in (4.38).

(A.48)

Using the representation from the previous section, «; and [ represent the
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WCDMA and WLAN signals respectively. Also, s; is mapped to o; for i =
1,2,...,n and sp= is mapped to 8. The signal Sjs:(t) can now be rewritten

as follows:
slaser(t) = Z o + 06
i=1
M
= Z si
=1

(A.49)

By substituting the above expression into the photocurrent expression, the

expression matches the general photocurrent expression that is given in (A.1).

M M 3
ip(t) = lLop ;3,- + \/‘% [2_1: 3,] + Nop(t) + nai(t) (A.50)

According to the downlink of the SCM architecture illustrated in Figure 4.1,
there are bandpass filters that separate the signals in the photocurrent into
corresponding systems. This is done mathematically by the expansion of the
photocurrent (A.1), and then groups the expanded terms according to the
WCDMA or WLAN bands. Any term that is out of the WCDMA and WLAN
bands will be dropped. The complete expansion of the photocurrent requires

the substitution of the downlink signals which are given as follows:

Qi = Mycdma,i di(t — 7) ci(t — T) cos(wat — @) for i=1,2,...,n (A.51)

B = Mylan dﬂ(t - Tﬁ) cﬁ(t - Tﬂ) COS(LUgt - ¢ﬂ) (A52)

Recall that the expansion for the third order term using o; and § has been
derived earlier. The expressions (A.5)—(A.10) are especially derived for the
WCDMA system where the desired signal s, is a.. Now, substitute the down-
link signals (A.51) and (A.52) in the six expressions, and use the relations
(A.22) and (A.23) to simplify the results. The following are the expressions
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with substitution:

Z Z M3 cdma,; di(t — 7) ci(t — 7) cos(wat — @) (A.53)
z-—l
32 Z Si == cdmar Z Myedma,i di(t — T) ¢i(t — T) cos(wat — @)
i=1
1;ér i
3, 7 (A.54)
+ Z Myedma,r Mwlan dﬁ(t - Tﬂ) cs (t - Tﬁ)
- cos ((2wa — wp)t — 2¢ + @)
M 9 n
35, ; s? = 7 Mwedma,r de(t—T7)e(t—17) ZI: M cdma i COS(Wat — @)
i i
1Fr 3 1Fr (A.55)
+ 1 mfvlan Mwcdma,r dr (t—=T)c(t—7)
- [cos ((2wp — wa)t — 2¢ + @) + 2cos(wat — B)]
M M 9 n
3 Z Z S? Sk = Z Z marcdma,j Mycdma,k dk(t - T) Ck(t - T)
j=1 k=1 Jj=1 k=1
j;ér k‘_lér’j ]7’-‘7‘ k7érv.7
- cos(wat — @)
3 n
+ 7 Mwtan dp(t — 75) c(t — 7p) Z Miycdma,j
=1 (A.56)

jr
- cos ((2wa — wp)t — 2¢ + dp)

3 n
+ 1 mvzv]an Z Muycdma,k Dk (t — 7) cx(t — 7)
k=1
k#r

. [cos ((2wp — wa)t — 2¢5 + qb) + 2 cos(wat — @)]
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M M 9 n n
35, ) Y sisn =7 Mwedmayr & (t —7) o (¢ — 7) DD Mucdmay

j=1 k=1‘ j=1 k=1
j#r k#nrg ) j#r k#ETg

* Mycdmak @(t — 7) ¢j(t — 7) dp(t — 7) cr(t — 7)

- cos(wqt — @)
; : (A.57)
+ 5 Mycdma,r Mwlan d, (t - T) Cr (t - T) dB (t - Tﬁ)
n
- ca(t —75) > Muwedma di(t — ) ci(t — 7)
k=1
k#r
- 08 ((2we — wp)t — 2¢ + @)
M M M 3 n n n
Z Z Z 8; 85 Sk = Z Z Z Mwcdma,i Mwedma,j Mwedma,k d; (t - T)
i=1 j=1 k=1 i=1 j=1 k=1
TET jkri k#rLj AT jstri k#nij

cci(t—=T)di(t —7)ci(t —T)dr(t — T) ekt — T)

- cos(wWat — @)
3 n n
+ 21‘ Mwlan dﬂ(t - Tﬁ) Cﬂ(t - Tﬂ) ]Zl ; Mwcdma,j
j#r k#rg

* Mycdmak &5(t — 7) ¢j(t — 7) di(t — 7) e (t — 7)

- c08 ((2wa — wp)t — 2 + ¢p)
(A.58)

The cubic term is now expanded completely and out of band terms are
also dropped. Grouping the desired, distorted and interfering signals in the
WCDMA band is the last step. The signals are first grouped according to code

word and then frequency. They can be expressed as follows:

7
":D,wcdma(t) = chdma(t) + Z Zi (t) + nop,wcdma(t) + ncl,wcdma(t) (A59)

i=1
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where 7Typ wedma(t), Mop,wedma(t) and Nciweama(t) are respectively the noise in
the air interfaée, the noise in ROF link and the clipping distortion after they
passed through a bandpass filter. The desired Dycama(t), distorted and inter-
fering signals Z;(t) are expressed in terms of optical modulation indices. The

expression after the grouping is given as follows:

Mwcdma,r 3 a3 Mwycdma,r 2
chdma(t) = [ + - mwcdma,r

\/Lop 4 /Ly

+3 Z mfvcdma,i + 2m3vlan):| (A.6O)

i=1

i#r
- cos(wat — §) d(t — ) co(t — 7)

1 3
Z (t) = \/L_ Z mwcdma,i{ [1 + Z as (maicdma it 3ancdma T

op =1
i#r
n
+ 2mfvlan +3 Z mfvcdma,j)] cos(wat — @)
j=1 (A.61)
J#T
3 2
+ Z a3 My)an COS ((2&)'3 - wa)t - 2¢ﬂ + ¢)

cdit—T)a(t—T1)

= Muwedma,r Majan COS ((Zwﬂ — W)t — 2¢ + ¢)
op (A62)

cd (t—T)er(t—17)

Zy(t) =

n
Mywlan Z m?avcdmai cos ((Zwa — wg)t + 2¢; — ¢ﬂ)

as
VI S ' (A.63)
- dg(t — 75) ca(t — 7)
Zy(t) = % % mWCd:a A Z Z Mycdma,j Mwedma,k COS(Wat — @)
" Tr b (A.64)

cdo(t = T) ep(t — T) dj(t — 7) ¢j(t — 7) di(t — T) cr(t — 7)

> w
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3 a
Z5 (t) =49 — ——F— Mwycdma,r Mwlan mwcdma,k Cos ((2wa - wﬂ)t - 2¢ + ¢ﬂ)
2 /Lo Z
k#r

- de(t —7) cr(t — 7) dg(t — 75) ca(t — 75) di(t — 7) cx(t — 7)

(A.65)

E E E mwcdma i mwcdma,g Mwedma,k cos(wat - ¢)

op i=1 j=1 k=1
1'#" ]#T,l k;é‘l', y] (A‘66)

cdit = T)ci(t = T)di(t — T) cj(t — ) d(t — T) cr(t — 7T)

3 as mwlan
Z7(t) == E : E Mwedma,j Mwedma,k

Jj=1 k=1
j#r k#rj

+cos (2wa — wp)t — 26 + )

- d(t — 75) cp(t — 75) dj(t — 7) ¢;(t — 7) di(t — T) et — )

3 as

Zs(t) =

(A.67)

The same approach is taken for the WLAN system with the desired sig-
nal s, = . The already expanded third order terms for the WLAN system
are found in (A.11)-(A.16). These six expressions can be further expanded
by substituting expressions (A.18) and (A.19). Also, the expression can be
simplified further using the relations (A.22) and (A.23). Any term that does
not fall in the WLAN band except intermodulation terms with frequencies of
2w —wp and 2wg —w, is dropped. From a quick inspection, (A.14) and (A.16)

will never produce any term that is in the WLAN band, so the expressions are
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automatically dropped. The following are the modified expressions:

M
3
Z S? = Z m:\}vlan dﬁ(t - Tﬁ) Cﬁ(t - Tﬁ) COS(CUﬁt o ¢ﬁ) (A'68)
i=1
M n
3
2 _ 2
3 Sy E 8 = Z Myan E Mycdma,i dz(t - T) C,(t - T)
‘:;i i=1 (A69)

- cos ((2wp — wa)t — 2¢ + ¢)

M n
3
3 sr E :312 = 1 Meylan dp(t — 7p) cﬁ(t - Tﬁ) E : m:vzvcdma,i

i=1 i=1

i#r
. [cos ((2wa — wp)t — 2¢ + ¢p) + 2 cos(wst — ¢,B)]
(A.70)
M M 3 n n
3 Sr Z Z Sj Sk = Z Mwlan dﬂ(t - Tﬁ) C,B(t - Tﬂ) Z Z mwcdma,j Mwedma,k
=1 k=1 J=1 k=1
j;ér k;ér,j k#]

s dit—T) it — T)di(t — T) c(t — T)

. [cos ((2wa —wg)t —2¢ + ¢ﬂ) + 2 cos(wpgt — ¢>ﬁ)]
(A.71)

The cubic term is now expanded completely and out of band terms are also
dropped. The last step is to group the desired, distorted and interfering signals
in the WLAN band. Again, the signals are first grouped according to code

word and then frequency. The expressidn after the grouping is given as follows:
3 :
iD,wlan(t) = lean(t) + Z Mi(t) + nop,wlan(t) + ncl,wlan(t) (A72)
=1

where Nopwian(t) and 7 wian(t) are respectively the noise in ROF link and
the clipping distortion after they passed through a bandpass filter. The de-

sired Dyan(t), distorted and interfering signals M;(¢) are expressed in terms
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of optical modulation indices and they are listed below:

m 3 ' .
Dyjan (t) = |: \/"VIa—n 4 \/— < ?vlan + 2 Myian Z m?vcdma,i):|
i=1

- cos(wpt — ¢p) dp(t — 75) ca(t — 7p)

3 wlan
Ml(t) -3 ai;nL—l Z mwcdmaz Cos ((2wot - wﬂ)t - 2¢ + ¢ﬂ)
op

i=1

- dp(t — 75) c(t — 75)

3 as mwlan Mycdma,i COS ((20)[3 - wa)t - 2¢g + ¢)

(t) =7 \/L_ :
cdi(t—T)e(t—7)

3 a3 mwlan
(t) = —2- E Mwedma,j Mwedma,k

j=1 k=1
k#j

. [cos ((2wa — wp)t — 2¢ + ¢p) + 2 cos(wp — ¢ﬂ)]

- dg(t — 7p) cp(t — 7) dj(t — T) ci(t — 7)

cdi(t—T)ce(t —7)
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(A.74)

(A.75)

(A.76)
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