
Published in IET Communications
Received on 9th September 2013
Revised on 4th December 2013
Accepted on 19th December 2013
doi: 10.1049/iet-com.2013.0805

ISSN 1751-8628

Performance assessment of a wideband code-division
multiple access-based radio-over-fibre system with
near–far effect: downlink scenario
Gholamreza Baghersalimi

Department of Electrical Engineering, University of Guilan, P.O. Box 3756, Rasht, Iran

E-mail: bsalimi@guilan.ac.ir

Abstract: The impact of a radio-over-fibre subsystem on the total degradation (TD) performance of downlink wideband code-
division multiple access with near–far effect is evaluated. The study investigates the use of pilot-aided channel estimation to
compensate for the optical subsystem non-linearities for different channel conditions, estimation intervals, load factors (LFs)
and near–far factors (NFFs). The results show that pilot-aided channel estimation is an effective method for compensating the
composite impairments of the optical subsystem and the radio frequency channel. It is found that there is always a suitable
quiescent point that optimises the system performance regardless of aforementioned conditions, however, the optimum
achievable performance depends on the LF, spreading factor (SF) and NFF. Also, LF has more impact on the system
performance in comparison to SF. Further, the optimum TD performance is only slightly affected by a decrease in the
estimation interval over the optimum output backoff range.

1 Introduction

Radio-over-fibre (RoF) is a technology by which information-
bearing signals using radio frequency (RF) carriers are
distributed by means of optical components and techniques.
Better coverage and increased capacity, centralised
upgrading and adaptation, higher reliability and lower
maintenance costs, support for future broadband
applications and economic access to mobile broadband are
among the most important advantages of RoF [1]. However,
RoF systems are vulnerable to non-linearities in the optical
subsystem that cause degradation of the system
performance. The main areas of research in RoF include
microwave and millimetre-wave RoF [2–4], RoF-based
wireless local area networks (WLANs) [5, 6], RoF-based
cellular systems [7], subcarrier multiplexed RoF systems
[6], RoF-based wavelength division multiplexing [7] and
RoF-based photonic code-division multiple access (CDMA)
[8]. In particular, the estimation methods, modelling the
radio subsystem, modelling the optical subsystem and
multiple access techniques are regarded as the most
important investigation topics in this context.
Channel estimation is a subject which has received a great

deal of attention by researchers in recent years. In wireless
systems, channel estimation techniques are used for the
estimation of RF channel impulse response (CIR) in order
to compensate for the amplitude distortion and phase
rotation introduced by the RF channel variations. In cellular
communication, estimation is achieved by time-multiplexed
pilot signals, code-multiplexed pilot signals or a
combination of these signals. In the wireless local area

network (LAN) systems, on the other hand, estimation is
carried out by frequency (subcarrier) multiplexed pilot
signals, time (symbol) multiplexed pilot signals or a
combination of these signals [9]. All such equalisation
techniques require extra hardware at either the transmit and/
or the receive side of the communication link.
In wideband code-division multiple access (WCDMA)

systems, perfect power control that assumes all users have
equal power is a very optimistic situation. An important
issue in such systems is the near–far effect that arises when
the channel gain between a user’s transmitter and the
receiver is different for different users [10]. In other words,
the impact of an unequal transmit/receive power is relevant
to a case where imperfect power control would give rise to
the near–far problem. Typically, this configuration
corresponds to the worst-case propagation scenario of all
users being deployed in the cell. In a practical WCDMA
cellular system, both the transmit power and spreading
factor (SF) for each user would be selected to meet a target
signal-to-interference plus noise ratio (SINR) and quality of
service (QoS) subject to a maximum total transmit power
constraint at the base station which leads to a range of
transmit powers between users. This problem is particularly
important in RoF systems (as a consequence of the
non-linear behaviour) where any misalignment in transmit/
receive power results in more distortion and hence different
qualities for different users.
For RoF-based wireless communications, there is a dearth

of publications in the context of channel estimation and
compensation [1–6, 11–13]. In particular, for more realistic
conditions, the collective effects of modulation, multiuser
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interference (MUI), large signal distortion, data rate, near–far
effect, load condition and estimation level have not been
substantially investigated before.
It should be emphasised that both the amplitude and phase

distortions of an optical channel affect the system
performance. Also, due to the hysteresis-type memory of
the optical subsystem, the entire RoF link suffers more from
the phase impairments and frequency-dependent
non-linearities when compared to a non-linear element such
as RF high-power amplifier (HPA) as used in cellular
mobile or satellite communications.
In this paper, the impact of the optical subsystem

non-linearities on the performance of a downlink WCDMA
cellular mobile system is studied with respect to the channel
estimation and equalisation functions. The results for the
WCDMA system total degradation (TD) performance are
presented for different load factors (LFs), SFs, user
numbers and estimation intervals when a code-multiplexed
common pilot channel (CPICH) is used to compensate for
the distortion introduced by both the optical channel and
the RF channel. Strictly speaking, the overall subsystem
that is, the optical (non-linear) subsystem and the RF
channel (represented by AWGN – additive white Gaussian
noise – and the near–far effect) is linearly estimated and
equalised using CPICH under different conditions. Also, as
this research focuses only on the optical subsystem, other
sources of non-linearity, such as the RF HPA, are not
considered. Further, for the sake of simplicity and focusing
on the equalisation of the non-linear subsystem, operations
such as coding and interleaving along with fading channel
are not considered.

The paper is organised as follows: Section 2 introduces the
theoretical background for estimating and equalising the
optical subsystem. Section 3 presents the computer
simulation model, while Section 4 presents the significant
results and discussion of results. Finally, Section 5
concludes the paper.

2 System model and analysis

In this section, the mathematical background of the baseband
downlink RoF-WCDMA model, which is shown in Fig. 1, is
described. In general, this model comprises a transmitter, an
optical link, an RF channel and a receiver. These
subsystems are described in the following subsections.

2.1 Transmitter

Each user in the RoF-WCDMA system independently sends
its data bit stream to the modulator where they are
converted to a symbol train using the quadrature phase shift
keying mapping rule. Let the kth user signal over the frame
period Tfr be denoted by

xk (t) =
∑Ns

n=1

Xk,nd(t − (n− 1)Ts); 0 ≤ t ≤ Tfr (1)

where Xk, n = bk,n + jdk,n is the nth symbol of the kth user, bk,n
is the nth symbol’s in-phase component of the kth user, dk,n is
the nth symbol’s quadrature component of the kth user, Ts is
the symbol period for all users, Ns is the number of data

Fig. 1 Downlink RoF-WCDMA system model
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symbols being transmitted for each user in the frame period
Tfr =NsTs, and δ(t) is the Dirac delta function. In the above
relationship, it is assumed that all users transmit at the same
data rate, or equivalently, have the same spreading factor.
Without loss of generality, in order to simplify the notation
it is assumed that the first user is the intended user, so that
the intended user’s signal over the frame period (0≤ t≤
Tfr), with unit power, can be written without the index k = 1
as shown in (2).

x1(t) =
∑Ns

n=1

Xnd(t − (n− 1)Ts) =
∑Ns

n=1

(bn + jdn)d(t − (n− 1)Ts)

(2)

Each information-bearing signal is then multiplied by the
corresponding spreading sequence, as described by (3)

gk(t) =
∑SF
m=1

ck,md(t − (m− 1)Tch); 0 ≤ t ≤ Ts (3)

where SF is the data spreading factor which is assumed to be
the same for all users, Tch is the chip duration and ck,m: m = 1,
2, …, SF is the mth element (chip) of the kth user’s binary
spreading sequence. The spreading sequences are chosen
from the Walsh-Hadamard (WH) sequences which are
mutually orthogonal [14]. In addition, if the spreading
signal of the kth user over a whole frame interval is denoted
by (4)

zk (t) =
∑Ns

n=1

∑SF
m=1

ck,md(t − (n− 1)Ts − (m− 1)Tch)

=
∑Ns

n=1

gk (t − (n− 1)Ts); 0 ≤ t ≤ Tfr

(4)

then the kth user spread signal of average power Pk and the
total multiuser spread signal over the same frame interval
can be represented, respectively, by (5) and (6)

Sk (t) =
∑Ns

n=1

Xk,ngk(t − (n− 1)Ts) (5)

S(t) =
∑K
k=1

∑Ns

n=1

�����
2Pk

√
[Xk,ngk(t − (n− 1)Ts)] (6)

where K is the total number of users. Then, the CPICH is
added to the transmitted signal in order to provide a
channel estimation mechanism. The spreading sequence of
this signal is defined by (7)

gp(t) =
∑SFp
i=1

qid(t − (i− 1)Tch); 0 ≤ t ≤ Tp (7)

where SFp is the spreading factor of the pilot signal, qi: i = 1,
2, …, SFp is the ith element of the spreading sequence of the
pilot signal and Tp is the duration of a pilot symbol. Also, the
transmit pilot symbol sequence (i.e. the non-spread pilot

signal) can be represented by (8)

xp(t) =
∑Np

j=1

ajd(t − (j − 1)T p); 0 ≤ t ≤ Tfr (8)

where aj is the jth transmit pilot symbol and Np is the number
of pilot symbols per frame, hence Tfr =NpTp. Therefore, the
spread pilot signal over a frame time, which is known to
the receiver, can be described by (9).

Sp(t) =
∑Np

j=1

ajgp(t − (j − 1)T p); 0 ≤ t ≤ Tfr (9)

Hence, the total transmit signal over a frame is given by

x(t) =
∑K
k=1

∑Ns

n=1

�����
2Pk

√
[Xk,ngk (t − (n− 1)Ts)]+

������
2Pest

√
Sp(t)

(10)

where Pest is the average power of the pilot signal.
To consider the near–far effect, it is assumed that the

amplitude of the received/transmitted signal varies over the
interval [1 − η, 1 + η], where

�����
2P1

√ = (1− h) corresponds

to the furthest user (mobile unit) and
�����
2PK

√ = (1+ h)
corresponds to the nearest user [15]. Clearly, η = 0
corresponds to a case where there is no near–far problem.
In this paper, it is assumed that the amplitude variation (at
either the transmitter or the receiver) is linearly changed
over the aforementioned interval, hence the near–far effect
is considered by taking the amplitude of the kth user as (the
average power of each user’s symbols is assumed to be unity)

�����
2Pk

√ = (1− h)+ 2h

(K − 1)
(k − 1); k

= 1, 2, . . . , K

(11)

Also, the near–far factor (NFF) is defined by

NFF = 10 log
min pi
max pi

= 20 log
(1− h)

(1+ h)
(12)

where min pi and max pi are the minimum and maximum
transmit/receive power of users [15]. The smaller the NFF,
the more destructive the near–far effect. Also, the furthest
user (with the minimum power) and the nearest user (with
the maximum power) are denoted by k = 1 and k =K
(number of users), respectively. By defining parameter R as
the ratio of the pilot power Pest to the total transmit power
Pt as shown in (13)

R = Pest

Pt
(13)

then the total transmit power is given by

Pt = KPu + Pest (14)

where Pu is the average power of users
(
Pu =

(∑K
k=1 Pk

)
/K

)
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and the number of users K is given by (15).

K = SF× LF× (1− R)
⌊ ⌋

(15)

The term in ⌊x⌋ denotes the largest integer not greater than x
and LF denotes the cell load factor. The parameter LF
determines the number of users in the system whereby
increasing this factor, more users can use the same
communication channel. However, the total transmit power
is fixed thereby the power of each user increases as a result
of decreasing LF or alternatively the number of users. The
parameter R must be chosen in order to achieve reliable
detection at the receiver without consuming excess
resources within the cellular system. Subsequently, the
resultant signal is up-sampled and filtered by the transmit
root raised cosine (RRC) filter as shown in (16)

xtx(t) = hrrc(t) ∗ x(t) (16)

where * denotes convolution and hrrc(t) denotes the impulse
response of the RRC filter, with roll-off factor equal to 0.22
and oversampling factor equal to 4.

2.2 Optical subsystem

In the analysis of communication systems, analytic models of
subsystems are preferred because they normally lead to
closed-form analytic solutions for the system. However,
these models are only valid under certain conditions and
assumptions. In addition, some analytic techniques such as
the Volterra series approach (for non-linear systems with
memory such as the laser diode which is described by the
rate equations) are very difficult to treat. Further, in some
cases the physical problems cannot be represented by
mathematical models. One alternative for describing such
complex systems is behavioural modelling. In behavioural

modelling, the system is treated as a black box with transfer
characteristics described by a set of equations. For an
optical system, the transfer characteristics are expressed as
AM–AM (amplitude-to-amplitude) and AM–PM
(amplitude-to-phase) characteristics (also known as the
large-signal response). The black box model accounts for
the composite effects of all impairments in the system such
as static and dynamic non-linearities and optical noise. The
main advantage of behavioural modelling is that it can
describe a complex system without needing to have a
detailed knowledge of its constituent subsystems or
components.
The use of AM–AM/PMmodels is based on the underlying

assumption that the envelope of the signal is varying slowly
such that the model, rather than the instantaneous value of
signal, is used. The models are valid when the device
‘memory time’ (amplitude- and frequency-dependent time
delay between the transmitted and received RF signal) is
much smaller than the reciprocal of the input signal
bandwidth [16]. In other words, these characteristics can be
used only when the non-linear system is treated as a
quasi-memoryless system [17]. As a rule of thumb, the
AM–AM/PM models are used when the memory of the
non-linear system is at least twice less than the reciprocal of
the envelope frequency [16, 18]. This condition is met in
this study.
The optical subsystem used in this research comprises

a laser diode (LD), a 2.2 km long single-mode fibre and a
photodiode (PD) [11]. The optical transmitter used is a
directly modulated InGaAsP distributed feedback (DFB)
LD with an operating wavelength of 1310 nm. Also, the
optical receiver consists of an overall 32 dB gain which
completely compensates for the total loss of this optical
link. The radio frequency is 1.8 GHz, although the
frequency response of the link is flat over frequencies 1.7 <
f < 2.2 GHz. The AM–AM/PM transfer functions are shown
in Fig. 2. Further, a pictorial description of output back-off

Fig. 2 AM–AM/PM characteristics (IBO: input back-off) [13]
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(OBO) is shown in Fig. 3 and is defined (on a logarithmic
scale) as the difference between the maximum output power
and the output power at the quiescent point.
The RRC filtered signal passes through the non-linear

optical subsystem whose output is given by (17)

xnl(t) = Gout

�����������������������������������
2

Rout
fAM−AM(0.5Rin(Gin xtx(t)

∣∣ ∣∣)2)
√

× exp [jfAM−PM(0.5Rin(Gin xtx(t)
∣∣ ∣∣)2 + jcxtx

(t)]

(17)

where Gin =
���������������������������
( max (PRF,i)/IBO× Pm)

√
is the gain of the

pre-amplifier that matches the output power of the transmit
RRC filter to the input power of the optical subsystem [11];
IBO is the input back-off on a linear scale, Pm is the
maximum input RF power to the optical subsystem before
the pre-amplifier, max(PRF,i) is the (measured) maximum
input RF power before the pre-amplifier, cxtx

(t) is the phase
of the signal xtx(t), Rin = 50 Ω is the input impedance of the
optical subsystem, Rout = 50 Ω is the output impedance of
the optical subsystem, and Gout is a linear gain which sets
the overall gain of the optical subsystem to unity. Also,
fAM−AM(·) and fAM−PM(·) are the AM–AM and AM–PM
transfer function characteristics of the non-linear (optical)
subsystem, respectively.

2.3 RF channel

Following the optical subsystem, the signal is perturbed by a
zero-mean complex AWGN process n(t). So, the received
signal is represented by

y(t) = xnl(t)+ n(t) (18)

Also, (18) can be rewritten by using

xnl(t) = xs1(t)+ nd(t) (19)

where xs1(t) is the up-sampled (and possibly amplified/
attenuated) version of signal S1(t), and nd(t) is the total
distortion introduced by the near–far effect, optical
subsystem and other users. Further, Eb is defined as the
average bit energy of the intended user while the signals

from other users are treated as an MUI. So, the received
signal can be represented by (20).

y(t) = xs1(t)+ nd(t)+ n(t) (20)

Then, the SINR is given by (21).

SINR = E[x2s1(t)]

E[n2d(t)+ n2(t)]
(21)

2.4 Receiver

At the receiver, the noise perturbed signal is filtered by the
receive RRC filter followed by down-sampling, where the
output of this filter is given by (22).

yrx(t) = hrrc(t) ∗ y(t) (22)

In this paper, the joint optical and RF (including AWGN and
near–far effect) channels are estimated using a pilot symbol
channel estimation technique. That is, pilot symbols are
used to train sequences for estimating the combined optical
and RF CIR.
In general, by using post-correlation compensation, all

estimates are averaged over the estimation time Test (which
is shorter than Tfr) according to a strategy to give a
complex estimate for that particular interval. Then all
estimates are applied to the data signal in the corresponding
time intervals. This process is repeated for all time intervals
per frame. For example, in [14] a multi-slot (each slot
corresponds to 1/15th of a frame duration) moving window
averaging (MWA) filter was used to determine the final
channel estimate in a particular slot. Thereafter, each final
estimate per slot was used to compensate for the channel
impairment in the corresponding data slot. As another
example, a six-symbol MWA filter was used in [19] to
obtain the final channel estimate per symbol. Then, each
final estimate per symbol was applied to the corresponding
data symbol.
In this paper, a channel estimate is obtained during the

interval Test, and then applied to the whole frame. In other
words, after deriving the channel estimate, it is immediately
applied to the entire data frame. This approach reduces the
processing time and complexity of the receiver. The
estimate extraction process comprises two vector
multiplications (i.e. the pilot spreading code and transmit
pilot) followed by an integration over Test. The shorter the
estimation time, the shorter the length of the two vectors,
hence a more time-efficient process can be achieved.
Nonetheless, averaging over longer periods gives better
estimates of the channel. This concept is investigated using
TD as the main metric for different estimation durations,
including frame, slot and symbol periods. The estimated
channel (optical subsystem + near–far effect) transfer
function can be represented by (23).

Ĥ =
∫Test
0

yrx(t)Sp(t)
∗dt (23)

Therefore, the nth received symbol for intended user-1 in the
time interval (n−1)Ts≤ t≤ nTs, as denoted by X̂n, may be

Fig. 3 BER against Eb/N0 for DL RoF-WCDMA with no near–far
effect
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represented by (24).

X̂n = Ĥ∗
∫nTs
(n−1)Ts

yrx(t)Z1(t) dt = b̂n + jd̂n (24)

The term Z1(t) denotes the spreading waveform of user-1
while the terms in b̂n and d̂n are the in-phase and
quadrature components, respectively, of user-1’s nth
estimated symbol, that is, X̂n. The data bits are then
collected at the data sink and compared to those transmitted.
It should be emphasised that the value of the proposed

estimation method compared with previous studies in the
literature is that by using the existing channel estimation
and correction techniques, the distortion due to the optical
subsystem can be accommodated without using extra
hardware at either the transmit and/or the receive side of
the communication link. Also, the comprehensive nature of
the study, which models the collective effects of the
modulation, MUI, large signal distortion, estimation
interval, SF, LF and near–far effect as well as channel
estimation and equalisation, contributes to the unique value
of the work undertaken.

3 Simulation setup

To evaluate the effects of the optical subsystem on WCDMA
in the presence of near–far effect, computer simulations were
carried out based on the system model presented in Fig. 1. A
key performance metric for non-linear systems is the TD,
which is defined as [20]

TD [dB] = (Eb/N0)nl − (Eb/N0)l + OBO (25)

where (Eb/N0)nl and (Eb/N0)l are the required (Eb/N0) for the
non-linear system and the linear system, respectively, at a
target bit error rate (BER). The small value of OBO means
that the quiescent point of the non-linear system (optical
subsystem) is near saturation, for which a high efficiency is
achieved; however, the output signal will be highly
distorted. Hence, a higher (Eb/N0) is needed to compensate
for this effect compared to the linear case. For large values
of OBO, the optical subsystem works in the linear region,
so there will be minimal distortion. The loss of subsystem
efficiency through the use of high OBO values is taken into
account in the TD expression. So, by increasing the OBO
value, it is reasonable to expect an optimum value for the
OBO that minimises the TD. In other words, one main goal

of this research is to determine the optimum OBO that
minimises (25).
To enable statistically valid simulation results in reasonable

simulation times, Monte-Carlo methods are used during the
simulation at target BER = 10−3. Also, the WCDMA system
parameters [21, 22] and optical subsystem parameters [11]
are summarised in Tables 1 and 2, respectively.

4 Results and discussion

The TD performance (25) is evaluated for different cases,
including the RoF system with/without near–far effect by
considering the impacts of SF, LF, estimation level and user
number. Before considering the near–far effect, the BER
performance of the RoF system is evaluated for different
OBO values. The results for LF = 100% and SF = 64 are
shown in Fig. 3, along with the BER curve (dashed line)
corresponding to a linear system, that is, the pure WCDMA
system with no optical link. As can be seen, the
equalisation technique is able to compensate for the
non-linearity except for the 0 dB case (which is never used
in practice). To quantify the TD, according to (25) and
Fig. 4, the difference in (Eb/N0) should be computed at a
target BER. For the case shown in the figure, the TD at 0
dB is calculated as TD = (3.2) + 0 = 3.2 dB.

4.1 Impact of near–far on TD

To assess the impact of near–far effect on the TD performance
of a RoF link, other simulations were carried out for different

Table 1 WCDMA system parameters

Quantity Value

frame length 10 ms
spreading factor (SF) data: 32, 64, 68; pilot: 256
data rate 120 kbps (SF = 64)
load factor (LF) 25%, 50%, 75%, 100%
near–far factor (NFF) 0, −1, −3 dB
amplitude variation η 0, 0.0575, 0.171
number of frames 800
chip rate 3.84 Mcps
estimation level, Test frame: 10 ms

slot: 0.667 ms
symbol: 0.0167 ms

ratio of pilot power to total power R 10%
target BER 10−3

confidence interval 95%

Table 2 Optical subsystem parameters

Quantity Value

output back-off 0–3 dB
max(PRF,i) [ref. value for OBO] 3.1623 mW (≡ 5 dBm)
wavelength 1310 + /− 10 nm
modulation gain 0.12 mW/mA
PD responsivity 0.75 mA/mW
fibre type single-mode (9/125)
fibre length 2.2 km
post-amplifier gain 32 dB
overall gain 0 dB
LD type DFB

Fig. 4 TD against Eb/N0 for DL RoF-WCDMAwith near–far effect
for user-1
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NFF values. The results for user-1 (the user that transmits/
receives the minimum amount of the power) are shown in
Fig. 4 for SF = 64 and LF = 100% at frame level estimation.
Also, shown in this figure is the TD curve (dashed line)
corresponding to a linear system. As can be seen, the
optimum TD performance is achieved for small OBO
values over the 0.3–0.6 range regardless of NFF values. By
referring to Fig. 4 and for such OBO values, it is observed
that in the absence of near–far problem, the equalisation
technique almost compensates for the non-linearity. In the
presence of near–far problem, however, the TD
performance is degraded by NFF. For small NFF values
(more destructive), say −3 dB, the impact of NFF is too
much to be fully compensated by the aforementioned
equalisation technique. Nevertheless, for moderate and large
NFF values, say −1 dB, the proposed technique can almost
accommodate the joint effects of the near–far problem and
the non-linearity.
It is worth mentioning that this situation corresponds to the

worst-case scenario where the intended user that is, user-1
receives the minimum amount of power. The effect of user
number (or alternatively the user location) is discussed in
the following subsection. In conclusion, the minimum TD
values for three descending values of NFF in dB are 0.6,
1.1 and 2.2, respectively.

4.2 Impact of user number

As discussed in Section 3, the minimum and maximum
powers are transmitted/received by user-1 and user-K,
respectively. For the NFF = 0 dB case (no near–far effect),
the QoS is not different as evidenced before (but not
shown). In the presence of near-far, however, the QoS is
totally different for different users. For comparison
purposes, three users with the maximum power (for k =K ),
minimum power (for k = 1) and medium power (for
k ≃ K/2) have been selected. The TD results for the
worst-case scenario, that is, for NFF =−3 dB are shown in

Fig. 5 (left pane) along with the aforementioned reference
line for LF = 100% and SF = 64. As the curves
demonstrate, the optimum performance is achieved for the
same OBO range (0.3–0.6). Also, a meaningful difference
among the TD performances of different users could be
observed. Further, the proposed method fully compensates
for the non-linearity except for user-1 as the worst case. In
summary, the minimum TD values for user-1, user-28 and
user-57 in dB are 2.2, 0.8 and 0.3, respectively. To show
the eligibility of the proposed method, the same experiment
was repeated for NFF =−1 dB. The TD results are shown
in Fig. 5 (right pane). As the plots demonstrate, our method
can almost compensate for the non-linearity in mild
conditions.

4.3 Effect of spreading factor

To assess the impact of the number of users on the system
performance (see (15)), two extra values for SF that is, 32
and 128 at a fixed LF value that is, 100% are considered
for NFF =−3 dB.
The TD performances for different values of SF are

depicted in Fig. 6 for different OBO levels. The TD results
show that the performance for SF = 128 is better than the
performance for SF = 64 which in turn is better than the
performance for SF = 32.
In the linear system, the performance of WCDMA is not

changed by SF variations because all the spreading codes,
including the pilot signal, are perfectly orthogonal to each
other. However, the orthogonality breaks down in the
non-linear system which produces MUI. By increasing the
number of users for a fixed R, the MUI increases as a result
of orthogonality loss between spreading codes. However,
the pilot signal of fixed power behaves like a higher power
interferer for the desired user as the number of users
increases. Hence, the smaller the number of users, the
worse the performance. As can be seen, for a fixed OBO
level the TD becomes smaller by increasing SF

Fig. 5 TD against Eb/N0 for DL RoF-WCDMA with near–far effect for NFF =−3 dB (left pane) and NFF =−1 dB (right pane): the effect of
user number
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(correspondingly by decreasing data rate) which confirms the
above analysis. To conclude, the minimum TD values for
three ascending values of SF in dB are 2.4, 2.2 and 2.1,
respectively.

4.4 Effect of load factor

The effects of load factor (LF) [refer to (15)] on the TD
performance of the RoF-WCDMA system are shown in
Fig. 7 for the worst-case scenario; that is, user-1 at NFF =
−3 dB. Also shown in this figure is the TD curve (dashed
line) corresponding to a linear system. In general, by
increasing LF the achievable TD performance decreases.
As can be seen, for all values of LF, the curves are tightly

packed; that is, the TD is less sensitive to LF. Also, the results
indicate that TD plots for large OBO levels are not affected by
LF variations. For a fixed R, the number of users (15)
increases by increasing LF. Also, the total transmit power
Pt is not affected by LF variations. In the non-linear system,
the system performance is degraded as a result of loss of
orthogonality between the spreading code of the intended

user to those of other users as well as that of the pilot
signal. By decreasing LF, the number of users decreases,
however, the power of each user increases. This means,
each other user behaves like a higher power interferer for
the desired user. In other words, there is a balance between
the number of users and the (interfering) power of each
undesired user. In general, LF has a slight effect on the TD
performance for all OBO levels. As in the previous case,
the optimum performance is achieved for the same OBO
range (0.3–0.6).

4.5 Impact of estimation interval

An estimate of the WCDMA channel is obtained by
evaluating a portion of the frame over the interval Test≤ Tfr,
which is then applied to whole frame for data recovery.
This technique reduces the processing time but the system
performance is degraded compared to estimation over a full
frame period. In order to investigate the effect of the
estimation interval as a new idea on the system
performance, the previous experiments were repeated for
estimation intervals equal to a slot period (Test = 0.667 ms)
and a symbol period (Test = 0.0167 ms). The corresponding
TD curves are plotted in Fig. 8 for the worst-case scenario,
that is, user-1 and NFF =−3 dB. As can be seen, by
decreasing the estimation interval, the plots demonstrate
that the system performance is degraded by decreasing the
estimation interval. For the optimum OBO values (0.3–0.6),
the TD performances of frame and slot levels are the same,
however, that of symbol level is inferior to both of them. In
other words, for the same OBO range, the slot level
estimation is sufficient for equalisation purposes. Also, the
minimum TD values for three estimation intervals from
symbol to frame in dB are 3, 2.5 and 2.4, respectively.
The system performance cannot be further improved by the

proposed channel estimation technique. Therefore, other
techniques such as system equalisation should be used to
fully compensate for all impairments. Nonetheless, it should
be emphasised that a 0 dB OBO represents a strong
non-linearity which is not used in practice; instead the
optimum quiescent point is determined by the TD where in
this study it is over the 0.3–0.6 interval. The performance
of uplink wireless RoF systems is the topic of future
investigation by the author.

Fig. 6 TD against Eb/N0 for DL RoF-WCDMAwith near–far effect
for user-1: the effect of SF

Fig. 7 TD against Eb/N0 for DL RoF-WCDMAwith near–far effect
for user-1: the effect of LF

Fig. 8 TD against Eb/N0 for DL RoF-WCDMAwith near–far effect
for user-1: the effect of estimation level
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5 Conclusion

In this paper, the impact of the optical subsystem
non-linearities on the system TD performance of a RoF–
WCDMA system in the presence of near–far effect for
different LFs, SFs, user locations and estimation intervals
was investigated. The results demonstrated that pilot-aided
channel estimation is an effective technique to equalise a
signal degraded by the joint impairments of optical channel
and near–far effect. The achievable optimum performance
depends on the OBO and NFF values. However, there
always exists a value of OBO that minimises the TD
performance. In general, by increasing LF and SF, the TD
performance was improved. Also, there was a slight
decrease in the performance when the channel estimation
interval was decreased from a frame to a slot to a symbol
interval for the same OBO and NFF values. Further, the
QoS can be guaranteed for different users.
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