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Engineering,
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ABSTRACT

The proposed scheme proves to be a viable solution for long-reach
60-GHz RoF system. In “the “scheme, we .demonstrate a 60-GHz band
radio-over-fiber (RoF) system using a modified tandem single sideband (TSSB)
modulation scheme with frequency doubling. Single sideband from Hilbert
transform and traditional double sideband single carrier QPSK signal with
2-GBaud symbol rate have been demonstrated to be downlink signal. Because
of the modified TSSB modulation scheme, no dispersion induced fading is
observed; high spectral efficiency vector signal can be utilized. Because of the
single sideband signal we have a better spectrum efficiency.

. After 50km standard single mode fiber (SSMF) transmission, there are
no significant receiver power penalty of the demonstrated signals. Besides,
there is a significant performance improvement after utilizing an equalizer to

compensate un-even system frequency response.
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Chapter 1

Introduction

1.1 Review of Radio-over-fiber system

To achieve the more and more higher data-rate for different kinds of
communication application. People develop many applications in the
microwave band, such as 3G, WiFi, and WiMAX. These are very important for
wireless network.

When the growth of customers or increase data rate led to insufficient
bandwidth in microwave band for the users. Hence, to develop higher
frequency microwave, even millimeter-wave is-an important issue in the future.
Due to the higher frequency millimeter-wave signal has smaller coverage area.
Hence, we need a lot of base stations to deliver millimeter-wave signal as
shown in Fig. 1-1. In order to saving the system cost and less equipped base
stations (BSs) along with a highly centralized central station (CS) equipped
with optical and mm-wave components are very importance. Using fiber
transmission medium is one of the best solutions because there are wider
bandwidth and much less power loss in fiber. Therefore, Radio-over-fiber
(ROF) systems are attracted and more interesting for potential use in the future.
Broadband wireless communications are shown in Fig. 1-2. ROF technology is
a promising solution to provide multi-gigabits/sec service because of using

millimeter wave band, and it has wide converge and mobility.
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Figure 1-2 the Radio-over fiber system



1.2 Basic modulation schemes

The optical radio frequency (RF) signal generation using an external
Mach-Zehnder modulator (MZM) based on double-sideband (DSB),
single-sideband (SSB), and double-sideband with optical carrier suppression
(DSBCS) modulation schemes have been demonstrated [1,2,4-8]. Since the
optical RF signals are weakly modulated because of the narrow linear region of
MZM, those that have undergone DSB and SSB modulation suffer from
inferior sensitivities due to limited optical modulation index (OMI) [4-6,8].
Hence, an optical filter is needed to improve the performance [8]. Furthermore,
the DSB signal experiences the problem of performance fading because of fiber
dispersion [6]. Among these modulation schemes, DSBCS modulation has been
demonstrated to be effective in—the millimeter-wave range with excellent
spectral efficiency, a low bandwidth requirement forelectrical components, and
superior receiver sensitivity following transmission over a long distance [6].
However, all of the proposed DSBCS schemes can only support on-off keying
(OOK) format, and none can transmit vector modulation formats, such as phase
shift keying (PSK), quadrature amplitude modulation (QAM), or OFDM
signals, which are of utmost importance for wireless applications.

On the other hand, optical RF signal generations using remote heterodyne
detection (RHD) have been also demonstrated [9-10]. The advantage of RHD
systems 1is that the vector signal can be modulated at baseband. Therefore, the
bandwidth requirement of the transmitter is low. However, the drawback is that
phase noise and wavelength stability of the lasers at both transmitter and

receiver should be carefully controlled.



1.3 Motivation

As wireless communications continues to enjoy phenomenal growth, the
ever rising demand for higher data-speeds coupled with the advent of popular
bandwidth-hungry applications such as High-Definition (HD) video are putting
pressure on wireless communication systems to offer higher data rates.
However, data rates of current wireless systems are still limited to several tens
of Mbps-hampered by congestion and limited frequency spectrum in their
current frequency bands of operation. Since the key to higher data rates is
bandwidth, the most promising path to multi-Gbps wireless communication is
the use of mm-wave frequencies where very large bands of frequency spectrum
are available [11]. For instance, the FCC’s:60-GHz band offers 7 GHz of
unlicensed spectrum (57-64. GHz).-However, mm-wave wireless networking
presents many technical challenges owing to the high carrier frequencies and
the wide channel bandwidths wsed [12]-[16]. The challenges include the
significantly higher air-link loss (about 30 _dB higher at 60 GHz than at 2.4
GHz), and reduced device performance and lower power efficiency. In addition,
the wide channel bandwidth means higher noise power and reduced
signal-to-noise ratio (SNR). All these factors make wireless networking at
60-GHz “pico-cellular” in nature with the radio cells typically smaller than 10
m. Consequently, multi-gigabit-per-second wireless networking at 60 GHz
requires an extensive high-capacity feeder network to interconnect the large

number of radio access points.



Figure 1-3 Concept of future wireless home network system based on RoF

techniques.

Radio-over-Fiber (RoF) technology can provide the required feeder
network as it is best suited to deal with the demands of small-cell networks
[17]-[19]. A fiber-based Distributed Antenna System (DAS) has the special
advantage that it can support the transparent distribution of multiple wireless
standards or applications. Figure 1-3 illustrates a cartoon for future 60-GHz
wireless home network based on RoF technology. Because of the high path loss
and high attenuation through building walls, in-building radio cells at 60 GHz
are confined to a single room. This reduces user interference resulting in very

high wireless data capacity per user [20].



In order to achieve multi-standard operation, 60-GHz RoF systems must
be able to handle wireless signals with different requirements. For instance, for
60-GHz systems, both single-carrier (quadrature amplitude modulation
(xQAM)) and multi-carrier (orthogonal frequency-division multiplexing
(OFDM)) modulation formats are important. The two formats may impose
different system performance requirements on the 60-GHz RoF systems. For
instance channel uniformity is very critical for single-carrier systems [21]-[22].
Here we try to use Digital Signal Processing (DSP) to compensate the un-even

frequency response and therefore increase signal performance.
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Figure 1-4 Opportunity of 60-GHz RoF system



Chapter 2

Single Sideband Signal by Hilbert Transform

2.1 Introduce of Hilbert Transform
The Hilbert transform H[g(t)] ofa signal g(t) is defined as
8(7) 8(t-7)

‘”t—Z’t

The Hilbert transform of g(t) is the convolution of g(t) with the signal 1/xt. It is
the response to g(t) of a linear time-invariant filter (called a Hilbert transformer)

having impulse response 1/nt. The Hilbert transform H[g(t)] is often denoted as

g"(t) or as [g()]"

A technicality arises immediately.-The alert reader will already be concerned
with the definition (1) as the integral is improper: the integrand has a
singularity and the limits-of integrationare infinite. In fact, the Hilbert
transform is properly defined as'the Cauchy principal value of the integral in
(1), whenever this value exists. The Cauchy principal value is defined—for the

first integral in (1)—as

Hlg(t)]=— lthI g(T)d t+ t+l/‘g@dtj

S0\ Pt t—rt te t—rt

We see that the Cauchy principal value is obtained by considering a finite range
of integration that is symmetric about the point of singularity, but which
excludes a symmetric subinterval, taking the limit of the integral as the length
of the interval approaches o while, simultaneously, the length of the excluded
interval approaches zero. Henceforth, whenever we write an integral as in (1),

we will mean the Cauchy principal value of that integral (when it exists).

-7-



Fourier
The signal 1/(xnt) has Fourier transform
j—3,iff >0
-1 sgn(f)s 0,iff=0
J,1if£<0
If g(t) has Fourier transform G(f'), then, from the convolution property of the
Fourier transform, it follows that g (t) has Fourier transform
G(H= sgn(HG(H
Thus, the Hilbert transform is easier to understand in the frequency domain
than in the time domain: the Hilbert transform does not change the magnitude
of G(f ), it changes only the phase: Fourier transform values at positive
frequencies are multiplied by = j (corresponding to a phase change of —m/2)
while Fourier transform wvalues at negative frequencies are multiplied by j
(corresponding to a phase change of m/2). Stated yet another way, suppose that
G(f)=a+bjforsomef. ThenG(f)=b—ajiff>0and G(f)=-b+ajiff<
0. Thus the Hilbert transform ‘essentially acts to exchange the real and

imaginary parts of G(f') (while changing the sign of one of them).

Single-sideband Modulation

For any signal g(t), let
g, (1) = %[g(t)ﬂ'é(t)]
g ()= %[g(t)—jga)]

be two complex-valued signals associated with g(t). The significance of these

two signals can be seen from their Fourier transforms. We have



G. (0 =1G(D + j G(O) = [GD-senG(O] = GO 1 + sen(d= G u ()
where u(f) is the unit step function, and, similarly,

G_(H =G u(-H
Thus g.(t) has spectral components (equal to those of g(t)) at positive
frequencies only, i.e., g.(t) has a right-sided spectrum. Similarly, g (t) has
spectral components (equal to those of g(t)) at negative frequencies only and

hence has a left-sided spectrum. These spectra are illustrated in Fig. 2-1.

G(f) G.(f) G_(f)

YN N s

\
!

W W W W
(a) (b) (c)

Figure. 2-1 Signal spectra: (a) G(f) (b) the right-sided spectrum G.(f) (c) the

left-sided spectrum G_(f).

It is now straightforward to express upper- and lower-sideband signals in terms
of g.(t) and g (t). Let g(t) be the modulating signal, assumed bandlimited to W
Hz, and let £, > W be the carrier frequency. In the frequency domain, the upper

sideband signal is given by
SUSB(f) =G, (f- fc) +G_(f+ fc)a
and the lower sideband signal is given by

S =G (f-f )+ G . (E+ 1),

as sketched in Fig. 2-2 below.
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Figure. 2-2 Single-sideband spectra: (a) upper-sideband, (b) lower-sideband

It follows from the frequency-shifting property of the Fourier transform that
Suse(f) = £.(t) exp(j 2£,t) + g (1) exp(+j 2f.1)

%(g(t) +§ 8(0) exp(j 2£.0) +%<g(t> [j 8(1) exp(-j 2£.0)

g(t)%[exp(j 2£.0) + exp(§ 26)] + gm%u exp(j 2£.0) - j exp(4 2£.)]
= g(t) cos(2f,t) - g(t)sin(2ft)

A similar derivation shows that

S, s ()= g(t) cos(2f,t) + g(t) sin(2f,t)
Thus we see that single-sideband .modulation can be regarded and implemented
as a form of quadrature amplitude modulation (QAM), with the modulating
signal g(t) placed in the in-phase channel and the Hilbert transform of g(t) (or

its negative) placed in the quadrature channel. A block diagram illustrating this

approach is given in Fig. 2-3.

-10 -
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Figure. 2-3 Generation of an SSB-modulated signal

Reference :
F. R. Kschischang, The Hilbert Transform,
Department of Electrical and Computer Engineering, University of Toronto,

http://’www.comm.toronto.edu/frank/papers/hilbert.pdf
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2.2 The Structure of Single Sideband Signal
Figure 2-4 shows the concept of spectra processing of the proposed
SSB-QPSK. This modulator consists of two SSB modulators. The
configuration of the SSB modulator is shown in Fig. 2-5. Figure 2-4(a) shows
the spectra of the I-axis and the Q-axis in conventional QPSK modulation. To
realize two times higher throughput, QPSK needs a two times wider bandwidth.
(Fig. 2-4(b))
A single side band of the two times wider QPSK is same as the full
bandwidth of QPSK. (Fig. 2-4(c)) One of the two SSB signals is turned over on
the frequency axis and shifted by a half bandwidth for superimposition. (Fig.

2-4(d))

(a) Basic QPSK (b) Double BW QPSK | (¢) Double BW QPSK (d) Double rate Frequency

multiplexed SSB

SSB

T O =

BW 2BW

Figure. 2-4 Multiplication of LSB and USB

-12-
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Figure. 2-5 A block diagram of the proposed orthogonal SSB-QPSK

The operation principle-of the proposed orthogonal SSB-QPSK method is
described using Fig. 2-5. The transmitting signal v(t) passes through a serial to
parallel converter and produces two. output signals. The upper branch is a
multiplier of the input signal and the carrier coswlt. The lower branch is a
multiplier of Hilbert transformed input signal and the n/2 shifted carrier sinw1t.
The throughput can be twice the conventional QPSK, and the paralleled two
signal sequences will be referred to as I and Qy, respectively. These two
signals pass through Nyquist filters and produce Nyquist wave formed signals.
The signal I is modulated as the LSB output and is multiplied with ®; — ®¢/2,
which is a subtraction of the radio carrier frequency ol and a half of the
baseband symbol frequency ®,. At the same time, the signal Qk is modulated
as the USB output and is multiplied with w1 + ®¢/2, which is an addition of w1

and a half of the baseband symbol frequency ®y, where @y =nT 1is the angular

-13-



frequency, and T is the symbol period.

2.3 Matlab Simulation of Single Sideband Signal

50

Signal 1 (b)

Signal Q

N
(=1
T

Data Format QPSK

= 30F
Clock 2.5G g
§ 20t
Symbol Rate 2G :
10f
Data Rate 4G
% i 2 3 4 5
Frequency (GHz)
50
40
= o 30t
/Mm
2 20 <
8 8 5l
K E
10}
0 2 r 6 ) % i 2 3 s 5
Frequency (GHz) Frequency (GHz)

Figure 2-6 Electrical spectrum of (a) Traditional double sideband signal (b)
Single sideband signal of I and Q (¢) combination of I and Q single sideband

signals

According to the block diagrams in Fig. 2-5 a simulation was done. The
conditions of simulation are as follows. Figures 2-6 (a), (b) and (¢) show the
simulation results of the spectrum characteristics orthogonal SSB-QPSK. This

simulation results approve that the modulation is an SSB type and has

-14 -



orthogonal spectrum allocation.

Fig. 2-6 (a) shows the traditional Double Sideband QPSK signal spectrum.
After Hilbert transform process, we can produce a single sideband signal for I
and Q signals (Fig. 2-6 (b)). Fig. 2-6 (¢) is the combination of single sideband I,

Q signals.

-15-



Chapter 3

Introduction of Equalizer

3.1 What Is Inter-symbol Interference

One of the practical problems in digital communications is inter-symbol
interference (ISI), which causes a given transmitted symbol to be distorted by
other transmitted symbols. ISI occurs because of the channel which has an
amplitude and phase dispersion. This dispersion causes the signal to interfere
with another parts of the signal. This effect causes to ISI. The ISI is imposed on
the transmitted signal due to the band limiting effect of the practical channel,
un-even channel frequency response and also due to the multi-path effects of

the channel.
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Figure 3-1 Concept of ISI
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3.2 Introduction of Equalizer

One of the most commonly used techniques to counter the channel
distortion (ISI) is channel equalization. The equalizer is a filter that provides an
approximate inverse of the channel response. Since it is common for the
channel characteristics to be unknown or to change over time, the preferred
embodiment of the equalizer is a structure that is adaptive in nature.
Conventional equalization techniques employ a pre-assigned time slot (periodic
for the time-varying situation) during which a training signal, known in
advance by the receiver, is transmitted. In the receiver the equalizer
coefficients are then changed or adapted by using some adaptive algorithm (e.g.
LMS, RLS, etc.) so that the output of the equalizer closely matches the training
sequence. However, inclusion of this training sequence with the transmitted
information adds an overhead and thus reduces the throughput of the system.
Therefore, to reduce the system overhead, adaptation schemes are preferred
that do not require training, i.e., blind adaptation schemes. In blind equalization,
instead of using the training sequence, one or more properties of the
transmitted signal are used to estimate the inverse of the channel. Figure 3-2

depicts the response to a single transmit pulse at various points in the system.
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Figure 3-2 Transmission process with example pulse responses
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3.3 Concept of Feed-forward Equalizer and Decision Feedback Equalizer

Symbol-Spaced Equalizers (Feed-forward Equalizer)

A symbol-spaced linear equalizer consists of a tapped delay line that stores
samples from the input signal. Once per symbol period, the equalizer outputs a
weighted sum of the values in the delay line and updates the weights to prepare
for the next symbol period. This class of equalizer is called symbol-spaced
because the sample rates of the input and output are equal. Below is a

schematic of a symbol-spaced linear equalizer

uy U g
Input = T T | T p-- T
Weight [, ' Vol W ;
Settfng '-:.‘ ;
' B Y I
| + r'\. = utput
Y
Decision
Device
_——
¥d
d g
e I Error o=Training

lC alculation |-

Figure 3-3 Schematic of a symbol-spaced linear equalizer

Decision-Feedback Equalizers

A decision-feedback equalizer is a nonlinear equalizer that contains a
forward filter and a feedback filter. The forward filter is similar to the linear
equalizer described in Symbol-Spaced Equalizers, while the feedback filter
contains a tapped delay line whose inputs are the decisions made on the
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equalized signal. The purpose of a DFE is to cancel inter-symbol interference
while minimizing noise enhancement. By contrast, noise enhancement is a
typical problem with the linear equalizers described earlier.

Below is a schematic of a fractionally spaced DFE with L forward weights
and N-L feedback weights. The forward filter is at the top and the feedback
filter is at the bottom. If K is 1, the result is a symbol-spaced DFE instead of a

fractionally spaced DFE.
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Figure 3-4 Schematic of a decision feedback equalizer

In each symbol period, the equalizer receives K input samples at the
forward filter, as well as one decision or training sample at the feedback filter.
The equalizer then outputs a weighted sum of the values in the forward and
feedback delay lines, and updates the weights to prepare for the next symbol

period.
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3.4 Algorithm

Equalizer
|
] Y
linear Type nonlinear
/ / /
DFE ML MLSE
Symbol
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Channel Est.

In the design of equalizers there exist different types of design criteria [25].
The most frequently encountered two criteria with their efficiency are told in
the sequel. Some equalizers are designed to minimize mean square error (MSE)
at the slicer input with the constraint of zero ISI. These are called Zero-Forcing
(ZF) equalizers. Some equalizers are designed to minimize the MSE at the
input of the slicer by reducing the signal slightly at the slicer input. This
reduction of signal results in reduction in MSE, so overall MSE is smaller than
that of the ZF equalizer. These equalizers are called MSE equalizers. The MSE

equalizer is generally preferred against ZF equalizer because of less noise
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Figure 3-5 Sorts of equalizers
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enhancement.

The linear equalizer is cheap in implementation but its noise performance is
not very good. So, in the literatures, some equalizer types which introduce
nonlinearity are searched. The most popular of these nonlinear equalizers is the
decision feedback equalizer (DFE). The DFE is first proposed by Austin in [27].
This equalizer results in less MSE against linear equalizer, but it has the
disadvantage of error propagation in its feedback loop.

As it is told before, most of the time, the channel’s and, consequently, the
transmission system’s transfer functions are not known. Also, the channel’s
impulse response may vary with time and fade. The result of this is that the
equalizer can't be designed a priori; frequently. So, mostly preferred scheme is
to exploit adaptive equalizers. Adaptive equalizers use adaptive algorithms to
converge to the true coefficients and have the benefit of tracking the changes in
the channel impulse response: But, to achieve this, it adds additional
complexity to the receiver structure.

Also, the adaptation algorithm plays a significant role for the performance of
the equalizer. The most popular algorithm from the aspect of performance and
complexity is the Least Mean Squares (LMS) algorithm. It has a good
performance and low complexity. It is globally convergent if the desired values
are given correctly. The handicap of LMS algorithm for equalizer if the desired
symbols are not correct, it does not converge. So, the equalizer using LMS
algorithm requires a priori known symbols in case the decisions of the
equalizer are wrong.

The LMS algorithm is a linear adaptive filtering algorithm that belongs to

the family of the stochastic gradient algorithms [26]. The stochastic gradient
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algorithms differ from the steepest descent algorithms in that the gradient is not
calculated deterministically. The LMS algorithm has two parts. In the first part,
the output of a transversal filter is computed according to the tap inputs and the
error term is generated according to the difference between the filter output and
the desired response. In the second part, the adjustment of the tap weights is
done according to the error term.

The algorithm forms a feedback loop by the error term fed back. The filter
produces an output and the difference between the output and the desired term
is obtained. This difference is the estimation error term. The estimation error is
given to the Adaptation Control Block. Adaptation Control Block multiplies
the estimation error with the input ‘taps’ complex conjugate and a step size a.
The results of the corresponding taps are added to the corresponding filter taps.

So, the new filter is obtained [24]:

e(k)=I(k)-Q(k)=I(k)-F"(k):¢(k) 2.1)
f(k+1)=f (k)+a-i"(k)-e(k) (2.2)
f, (k+1)=f, (k)+o-i"(k-n)-e(k) 0<n<M-1 (2.3)

where f(k) is the filter vector at time k, and r"* (k) is the complex conjugate of
the input vector at time k, a is the step size parameter, e(k) is the estimation
error, I(k) is the desired response at time k. In equation (2.3), fn(k) is the nth
tap of the filter at time k, and r*(k-n) is the complex conjugate of the input at
time k-n, and other parameters are the same as first equation. Equations (2.2)
and (2.3) are equivalent. The small step size will result in less excess error but
in slow convergence rate. The large step size will result in high excess error but

high convergence rate.
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Chapter 4

The Concept of New Optical Modulation System

4.1 Preface

There are three parts in optical communication systems : optical
transmitter, communication channel and optical receiver. Optical transmitter
converts an electrical input signal into the corresponding optical signal and
then launches it into the optical fiber serving as a communication channel. The
role of an optical receiver is to convert the optical signal back into electrical
form and recover the data transmitted through the lightwave system. In this
chapter, we will do an introduction-about the external Mach-Zehnder

Modulator (MZM), constructing a model of new ROF system.

4.2 Mach-Zehnder Modulator (MZM)

Direct modulation and external ‘modulation are two modulations of
generated optical signal. When the bit rate of direct modulation signal is above
10 Gb/s, the frequency chirp imposed on signal becomes large enough. Hence,
it is difficult to apply direct modulation to generate microwave/mm-wave.
However, the bandwidth of signal generated by external modulator can exceed
10 Gb/s. Presently, most RoF systems are using external modulation with
Mach-Zehnder modulator (MZM) or Electro-Absorption Modulator (EAM).
The most commonly used MZM are based on LiNbO3 (lithium niobate)
technology. According to the applied electric field, there are two types of
LiNbO3 device : x-cut and z-cut. According to number of electrode, there are

two types of LiNbO3 device: dual-drive Mach-Zehnder modulator (DD-MZM)
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and single-drive Mach-Zehnder modulator (SD-MZM) [6].

4.3 Single-drive Mach-Zehnder modulator

The SD-MZM has two arms and an electrode. The optical phase in each
arm can be controlled by changing the voltage applied on the electrode. When
the lightwaves are in phase, the modulator is in “on” state. On the other hand,
when the lightwaves are in opposite phase, the modulator is in “off ™ state, and

the lightwave cannot propagate by waveguide for output.

4.4 The architecture of ROF system

4.4.1 Optical transmitter

Optical transmitter concludes-optical source, optical modulator, RF signal,
electrical mixer, electrical- amplifier, ¢€tc.. Presently, most RoF systems are
using laser as light source: The advantages of laser are compact size, high
efficiency, good reliability small emissive area compatible with fiber core
dimensions, and possibility of direct modulation at relatively high frequency.
The modulator is used for converting electrical signal into optical form.
Because the external integrated modulator was composed of MZMs, we select
MZM as modulator to build the architecture of optical transmitter.

There are two schemes of optical transmitter generated optical signal. One
scheme is used two MZM. First MZM generates optical carrier which carried
the data. The output optical signal is BB signal. The other MZM generates
optical subcarrier which carried the BB signal and then output the RF signal, as
shown in Fig. 4-1 (a). The other scheme is used a mixer to get up-converted

electrical signal and then send it into a MZM to generate the optical signal, as
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shown in Fig. 4-1 (b). Fig. 4-1 (c) shows the duty cycle of subcarrier biased at

different points in the transfer function.

data = LO
i :
[ Laser J—{nvznn 1 f—{nvzar2 }—
(a)
mixer
data — (3)+— =) LO

|
[ Laser }—{ nizm }—

(b)

50% RZ

Transfer function

b
Voltages

(¢} A Minimum transmission point
* Quadrature point
® Maximum transmission point

Figure 4-1 (a) and (b) are two schemes of transmitter and (c) is duty cycle of

subcarrier biased at different points in the transfer function. (LO: local oscillator)
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4.4.2 Optical signal generations based on LiNbO3 MZM

DSB Single-drive
RF Signal MZM

¥y <% ..
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+ RF Signa
[ D N MZM
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DSBCS :
Single-drive
RF Signal E MZM

SN I

Laser MZM  =======-.
DC Bias Vr

Figure 4-2 Optical microwave/mm-wave modulation scheme by using MZM.

The microwave and mm-wave generations are key techniques in RoF
systems. The optical mm-waves using external MZM based on
double-sideband (DSB), single-sideband (SSB), and double-sideband with
optical carrier suppression (DSBCS) modulation schemes have been
demonstrated, as shown in Fig. 4-2. Generated optical signal by setting the bias
voltage of MZM at quadrature point, the DSB modulation experiences
performance fading problems due to fiber dispersion, resulting in degradation
of the receiver sensitivity. When an optical signal is modulated by an electrical

RF signal, fiber chromatic dispersion causes the detected RF signal power to

-26-



have a periodic fading characteristic. The DSB signals can be transmitted over
several kilo-meters. Therefore, the SSB modulation scheme is proposed to
overcome fiber dispersion effect. The SSB signal is generated when a phase
difference of n/2 is applied between the two RF electrodes of the DD-MZM
biased at quadrature point. Although the SSB modulation can reduce the
impairment of fiber dispersion, it suffers worse receiver sensitivity due to
limited optical modulation index (OMI). The DSBCS modulation is
demonstrated optical mm-wave generation using DSBCS modulation. It has no
performance fading problem and it also provides the best receiver sensitivity
because the OMI is always equal to one. The other advantage is that the
bandwidth requirement of the transmitter ‘components is less than DSB and
SSB modulation. However,.the drawback of the DSBCS modulation is that it
can’t support vector signals, such as phase shift keying (PSK), quadrature
amplitude modulation (QAM), or OFDM signals, which are of utmost

importance in wireless applications.

4.4.3 Communication channel

Communication channel concludes fiber, optical amplifier, etc.. Presently,
most RoF systems are using single-mode fiber (SMF) or dispersion
compensated fiber (DCF) as the transmission medium. When the optical signal
transmits in optical fiber, dispersion will be happened. DCF is use to
compensate dispersion. The transmission distance of any fiber-optic
communication system is eventually limited by fiber losses. For long-haul
systems, the loss limitation has traditionally been overcome using regenerator

witch the optical signal is first converted into an electric current and then
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regenerated using a transmitter. Such regenerators become quite complex and
expensive for WDM lightwave systems. An alternative approach to loss
management makes use of optical amplifiers, which amplify the optical signal
directly without requiring its conversion to the electric domain [28]. Presently,
most RoF systems are using erbium-doped fiber amplifier (EDFA). An optical
band-pass filter (OBPF) is necessary to filter out the ASE noise. The model of

communication channel is shown in Fig. 4-3.

Modulated __ @
"""’[:::;F-———*::2&:' »
optical signal T

fiber
EDFA OBPF

Figure 4-2 The model of communication channel in a RoF system.

4.4.4 Demodulation of optical millimeter-wave signal

Optical receiver concludes photo-detector (PD), demodulator, etc.. PD
usually consists of the photo diode and the trans-impedance amplifier (TIA). In
the microwave or the mm-wave system, the PIN diode is usually used because
it has lower transit time. The function of TIA is to convert photo-current to
output voltage.

The BB and RF signals are identical after square-law photo detection. We
can get RF signal by using a mixer to drop down RF signal to baseband then
filtered by low-pass filter (LPF).

After getting down-converted signal, it will be sent into a signal tester to

test the quality, just like bit-error-rate (BER) tester or oscilloscope, as shown in
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Fig. 4-4.
Combining the transmitter with communication channel and receiver,
that is the model of ROF system, as shown in Fig. 4-5. We select the scheme of

Fig. 4-3 (b) to become the transmitter in the model of ROF system.

Figure 4-3 The model of receiver in a ROF system.

Laser

Figure 4-4 The model of ROF system.
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4.5 The new proposed model of optical modulation system
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Figure 4-6 The proposed RoF system based on a single-electrode MZM.

Figure 4-6 schematically depicts the concept of the proposed RoF system.
The MZM driving signal at“a subcarrier frequency of f; and a sinusoidal LO
signal with a frequency of f5, as indicated in insets (a)-(c) of Fig. 4-6 The
frequency, f, of the LO signal is half the desired mm-wave frequency of
operation. To achieve the double sideband with carrier suppression (DSBCS)
modulation scheme, the MZM is biased at the null point to suppress the optical
carrier. Inset (d) of Fig. 4-6 shows the generated optical signal and LO
spectrum that has two upper-wavelength sidebands (USB1, USB2) and two
lower-wavelength sidebands (LSB1, LSB2) with carrier suppression at the
output of the MZM. After square-law photo detection, the generated
photocurrent can be written as

= (USB1+USB2+LSB1+LSB2)

photo

(M
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Expanding the above equation produces the following terms:

DC=USBI* + USB2? + LSB1? + LSB2?. )

Signal at the sum frequency=

USB1xLSB2+ USB2xLSBI. (3)
Signal at the frequency difference=

USB1xUSB2+LSB1xLSB2. (4)

The beating terms of USB1 x LSB2 and USB2 x LSB1 generate the desired
electrical signals at the sum frequency (f2+f1). The beating terms of USB1 x
USB?2 and LSB1 x LSB2 generate electrical signals at the frequency difference
(f2-f1), which are well below the desired mm-wave frequency band and are
filtered off by low-pass filter -at receiver. part. Notably, a frequency
multiplication factor of two (2) can be achieved by properly choosing
frequencies fl and f2. This reduces the bandwidth requirements of the RoF
transmitter allowing for the use" of low-frequency electrical and optical
components, including the MZM (<-40-GHz), which are readily available and
have very good performance (e.g. flat frequency response).

In this system, the target sum frequency is 60 GHz. Two main issues will be
crucial to the system performance and will be explained in details in following.
First, the RF fading issue, as shown in the equation (12), comes from the
interaction between the two copies of the desired signals, which are generated
at the photodiode, namely USB1 x LSB2 and USB2 x LSBI, respectively.
After fiber transmission, the relative phase between the two generated RF
signals will change with transmitted distance owing to the slight difference in
the propagation speeds of the two sideband pairs induced by fiber chromatic
dispersion. As the relative phase reaches 180°, the electrical RF signal will
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vanish. This is the RF fading problem. Here is also the reason why we use an
interleaver to filter out USB1 and LSB2. The second issue comes from beat
noise of two signals USB1 x LSBI. If the center frequency of single carrier
signals is not properly chosen, the beat noise will fall into the signal band and

severely degrade the system performance.
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Chapter 5

The Theoretical Calculations of Proposed System

5.1 Introduce MZM

For MZM with configuration as Fig. 5-1, the output E-filed for upper arm is

Ey = Ey-a- el (1)
Ap, & Z— ‘T )
Ag, is the optical carrier phase difference that is induced by v;, where a is the

power splitting ratio.

The output E-filed for upper arm is

E, = E;- V1 —a?- el 3)
Ag, is the optical carrier phase difference thatis induced by v,
Ao, £ Z—Z T 4)

The output E-filed for MZM-is

Er =Ey-{a-b-e +V1—a2-V1T=Db2. e} (5)
where a and b are the power splitting ratios of the first and second Y-splitters in

MZM, respectively. The power splitting ratio of two arms of a balanced MZM

is 0.5. The electrical field at the output of the MZM is given by

Er == Eo - {e/8% + eAv2} (6)
Ap, —Agp . Ag, +Ag
Er = Eq - cos (<572) - exp (j=2572) 7
For single electro x-cut MZM. The electrical field at the output is given by
_ Ap—(=49) - Ap+(—Ag)
Eoyr = Eo - cos (T) * €Xp (] T) )

Add time component, the electrical field is
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Eour = Eg - cos(Ae) - cos(wpt) )

where E, and o, denote the amplitude and angular frequency of the input optical
carrier, respectively; V(t) is the applied driving voltage, and Ao is the optical
carrier phase difference that is induced by V(t) between the two arms of the
MZM. The loss of MZM is neglected. V(t) consisting of an electrical
sinusoidal signal and a dc biased voltage can be written as,

V(t) = Vyjgs + Vi cos(wt) (10)

where V,;,s 1s the dc biased voltage, 1}, and wgp are the amplitude and the
angular frequency of the electrical driving signal, respectively. The optical

carrier phase difference induced by V(t) is given by

_ @ __ Vpias+Vm cos(wt) .z
Ap = 2V, V, 2 (11)

Eq. (10) can be written as:
Vbias + Vi cos(ot)
Vz

T
Eour = Eg - cos [ E] - cos(mgt)

= E, - cos [b + m - cos(mgpt)] - cos(wgt)
= E, - cos(myt) - {cos(b) - cos[m - cos(wgpt)]
—sin(b) - sin[m - cos(wgpt)]} (12)

where b £ %1‘[ 1s a constant phase shift that is induced by the dc biased

s

voltage, and m £ ZVTmT[ 1s the phase modulation index.
T

r o0
cos(xsinB) =J,(x) + 2 Z Jon (%) cos(2n0)
n=1

in(xsin8) = 2 ) Jop1 () sin[(2n — 18]
kSll’l XSsin HZzl X) SIn n
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( [oe]
cos(xcosB) =J,(x) + 2 Z(—l)n]m(x)cos(Zne)

sin(x cos0) = 2 Z(—l)“]ZH_l(x)cos[(Zn —1)0]
k n=1
(13)

Expanding Eq. (12) using Bessel functions, as detailed in Eq. (13). The
electrical field at the output of the MZM can be written as:

Eour = Eg - cos(w,t) -

{c0s(B)  [fo(m) + 2 ) (=1)" - Jpu (m) - cOS(2nwgrt)]

—sin(b) - [2+ ) (1" - Jy ) £eos(2n — Darrt]]}

(14)

where J, is the Bessel“function of ‘the first kind of order n. the electrical

field of the mm-wave signal canbe written as

Eour = E¢ - cos(b) - Jo(m) - cos(myt)

+E, - cos(b) -Z]Zn(m) - cos[ (wy — 2nwgp)t + nmj
i=1

+E, - cos(b) -Z]Zn(m) - cos[(wq + 2nwgp)t + nr|
i=1

—E, - sin(b) -Z]Zn_l(m) - cos[ wy — (2n — D wgp)t + nm]

i=1

—E, - sin(b) -Z]Zn_l(m) - cos[ wy + (2n — D wgp)t + nm|
i=1

(15)
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Figure 5-1 The principle diagram of the optical mm-wave generation using

balanced MZM.

5.2 Theoretical calculation of single drive MZM

5.2.1 Bias at maximum transmission point

When the MZM is biased ‘at the maximum transmission point, the bias voltage
is set at Vy;,s = 0, and cosh = landsinb =.0. Consequently, the electrical
field of the mm-wave signal can be written as

Eoyr(t) = Eq - Jo(m) - cos(w,t)

+E, - Z]Zn(m) - cos[ (wg — 2nwgp)t + nrj

n=1

+E, - Z]Zn(m) - cos[(wq + 2nwgp)t + nr|

n=1
(16)

The amplitudes of the generated optical sidebands are proportional to those of

the corresponding Bessel functions associated with the phase modulation index

m. With the amplitude of the electrical driving signal V,, equal to V, the

maximum m is % As 0<m<§, the Bessel function [, for n>1
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decreases and increases with the order of Bessel function and m, respectively,
as shown in Figure 5-2. J; (3), J; (). Js (). and J, (%) are 05668, 02497,

0.069, and 0.014, respectively. Therefore, the optical sidebands with the Bessel
function higher than J;(m) can be ignored, and Eq. (14) can be further
simplified to
Eour = Eq - Jo(m) - cos(w,t)

+E, - J,(m) - cos [(wg — 2wgp)t + 7]

+E, - J,(m) - cos [(wg + 2wgp)t + 7]

+Eq - Ja(m) - cos [(wg — 4wgp)t]

+Ey - J4(m) - cos [(wy + 4wgp)t] (17)

Figure 5-2 The different order of Bessel functions vs. m.

5.2.2 Bias at quadrature point
When the MZM is biased at the quadrature point, the bias voltage is set at
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Vhias = %, and cosb = g andsinb = ‘/Z—E Consequently, the electrical field

of the mm-wave signal can be written as
E g Jo(m) - cos(w,t)
=—"E;Jo(m) - cos(®
ouT \/E 0 Jo 0

+—"+Eq - J1(m) - cos [(0, — orp)t]

+

*Eo - J1(m) - cos [(o, + orp)t]

+

- Eq + Jo(m) - cos [(w, — 20gp)t + 7]

+

- Eq + Jo(m) - cos [(w, + 20gp)t + 7]

+

- Eq + J3(m) - cos [(w, — 3ogp)t + 7]

+
N|HN|HN|HN|HN|HN|H

- Eq + J3(m) - cos [(w, + 3ogp)t + 7]

(18)

5.2.3 Bias at null point

When the MZM is biased at the null point, the bias voltage is set at Vy;, = Vg,
and cosb =0andsinb = 1. Consequently, the electrical field of the
mm-wave signal using DSBCS modulation can be written as
Eour = E¢ * J1(m) - cos [(0, — orp)t]

+Eq - J1(m) - cos [(w, + ogp)t]

+Eq - J3(m) - cos [(0, — 3wgp)t + 7]

+Eq - J3(m) - cos [(o, + 3ogp)t + 7]

+Eq - Js(m) - cos [(w, — Sogp)t]

+Eq - Js(m) - cos [(w, + Sogp)t] (19)
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5.3 Theoretical calculations and simulation results

5.3.1 mm-Wave Signal Generation Based on The Proposed System

Here, we present a theoretical basis of the proposed mm-wave generation and
transmission system. The concept behind the generation of the 60-GHz
wireless signal is shown in Fig. 4-6, where only one single-electrode MZM is
utilized. The optical field at the input of the single-electrode MZM is given by
E, (t)=E, cos(w,t), Where E, and @ are the amplitude and angular frequency of
the optical field, respectively. The driving RF signal V(#) consisting of two
sinusoidal signals at different frequencies MZM is V(r)=V, -cosayt +V, -coswyt ,
where V| and V; are the signal amplitudes at frequency o, and ®,, respectively.
To simplify the analysis, the power splitting ratio of the MZM is set as 0.5. In
order to suppress the undesired optical carrier, the single-electrode MZM is
biased at the null point. The optical field at the output of the MZM is then

given by
E, () =E,-cosm,t-Cos[(z/2V)=(¥; +V, -cos eyt +V, - cos ay1)]. (6)

Using Bessel function expansion, the output optical field at the output of the

MZM can be rewritten as

E, () =E, -{Jo(my)J,(m)-cos[(w, £ a))t]
—Jo(my)J5(my)-cos[(@w, £33, )t]
—Ji(m)J,(my)-cos[(@, + ey 2w, )]
—Jy(my)J,(my)-cos[(@, —y £2w, )]
+Jo(my)J, (my) - cos[(@, £ @, )t]
—Jo(m)J3(m,)-cos[(@, 3w, )]
—Jy(my)J, (my) - cos[(@, + @, +2a,)t]
—Jy(my)J, (my)-cos[(@, — @, 2 )]+ ...},

(7)
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where m, and m, are the modulation indices defined as v,z/2v, and v,z/2v, ,
respectively. J,() is the ny, order Bessel function of the first kind. For a small
modulation index the magnitude of Bessel function of the first kind is
proportional to the order of the function. As shown in the Fig. 5-3, when the

modulation index is small, the output optical field can be further simplified to
By (1) = By - (o () (my) - cos[(@, £ @)1+ Jo (my)Jy (my ) -cos[(e, £ ar)ely. (8)
After square-law photo detection the photocurrent of the mm-wave at

frequency of o +w®, can be expressed as
by sy = R E o (my)Jo (ma)Jy () (), €

where R is the respresivity of photodiode.

_0.1 [ 1 [ 1 [ 1 [ 1 o [ 1 [ 1 [ 1 [ 1
00 02 04 06 08 10 12 14 16 1.8
ml’mz

Figure 5-3 The magnitude of Bessel functions versus different RF

modulation index.
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5.3.2 Dispersion Induce RF Fading Analysis and Beat Noise

When optical RF signals are transmitted over a standard single-mode fiber
with dispersion, a phase shift to each optical sideband relative to optical carrier
is induced by fiber dispersion. The propagation constant of fiber can be

expressed as [29]
@) =n(@) 2=y + filo-0) 4~ fol0-0 + (10)

where g, =d"p/do™) is the derivative of the propagation constant

0=,

evaluated at w=w,. To simplify the analysis, the effect of high order fiber

dispersion (i.e. 3" order and higher) at_1550-nm band is neglected. For carrier

tones  with  central frequency at we=-w,+tnw,, , Wwe  have
B(@, £ nage) = fy £ (0,) o +%”2132(mc)wRF2 and, A (@,)=—(c/27f’)-D(w,) where
c is light speed in free space, D is the chromatic dispersion parameter, and f,
is the frequency of the optical carrier. For a.standard single-mode fiber, D is

17-ps/(nm.km). Therefore, after transmission over a standard single-mode fiber

of length z, the electrical field can be written as

Eour (1) = E, -{Jo(my)J, (my) - cos[(a@, ia’l)t—ﬁoziﬂla’lz_%ﬂza’lzz]

11
+Jo(my)J,(my) - cos[(@, iwz)f—ﬂoziﬂlwﬂ—%ﬁzwzzz]}- (b

After square-law photo detection, the photocurrent at the frequency of can be

expressed as
o (0= R B2 )y 0, 0y iy )-c0s[ foz(@? =), (12)
Due to fiber dispersion effect, the RF fading issue would be observed. The
RF signal power is related to cos[% Brz(w; —w?)]. Therefore, the RF fading issue

would become serious when the magnitude of sum frequency (f,+f) and
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frequency difference ( 1, - /,) become large.
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Figure 5-4 Simulated RF power of the generated mm-wave signal versus

standard single-mode fiber length for various input frequency differences (i.e.

fa-1)

For 60-GHz applications, the sum frequency ( 1, + £,) is fixed at 60.5 GHz,
and the frequency difference ( f, - 1, ) will dictate the performance of RF fading.
As shown in the Fig. 5-4, when the frequency difference increases, the RF
power will drop off rapidly. For frequency differences of 10 GHz and 40 GHz,
the first deep appears following 6 and 1.6-km fiber transmission, respectively.
Not only does the smaller frequency difference result in a longer fiber
transmission distance, but it also reduces the bandwidth requirements of the
transmitter. However, the drawback of a small frequency difference is the risk
of having beat noise interference. For example, if we choose 5.5 GHz as the

frequency difference, and set the input frequencies at w,=33 GHz and w;=27.5
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GHz, then with 7-GHz signal bandwidth, the generated signal will occupy
frequencies from 24 to 31 GHz. As a result the beat noise (i.e. USB1 x LSB1)
will fill the band from 48 to 62 GHz. Since the generated signal will fill the
band from 57 to 64 GHz, the beat noise will fall in-band as shown in Fig. 5-5
(a), resulting in the possibility for severe system performance degradation. It is
therefore necessary to choose proper frequencies of the input signals in the
design process in order to avoid beat-noise induced system performance
degradation. A good example is shown in Fig. 5-5 (b), where a frequency
difference of 15.5 GHz is chosen, resulting in the beat noise occupying the

band from 38 to 52 GHz and causing no interference.

5.5GHz
<“—>

Beat'noise

S R

N < o

Sttt eN TS
LN NG

L, 7, L PN PRy,

48GHz 55GHz 60.5GHz

(b) j 15.5GHz

<

»

Si'gnal

Beat noise

DC 7GHz® “45GHz 52GHz 60.5GHz

10.5GHz

<
<

Si'gnal

Beat noise

::oofz’o
Sttt
LRGN

e o5

50GHz

57GHz 60.5GHz

DC 7GHz

Figure 5-5 Beat noise interference in the proposed system and how to keep it

from degrading system performance: (a) beat signal falls inside the desired band,
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(b) beat signal is far away from desired band, and (c) beat noise is just outside the

desired frequency band.

Therefore, there are tradeoffs between RF fading and beat noise interference.
In the following analysis, we will choose the lowest possible frequency
difference without causing any beat noise interference. With a target signal

bandwidth of 7 GHz and center frequency of 60.5 GHz, we have

£+ f>, =60.5 GHz
2(f; +3.5)=60.5-3.5=57 GHz (13)

This leads to a frequency difference equal to 10.5 GHz and input signal
frequencies f;=25 GHz and f>=35.5 GHz, respectively. In this case the beat
noise falls just outside the desired signal band, as shown in Fig. 5-5 (c). With
the chosen frequency parameters, we can calculate the RF fading performance.
Figure 5-6 (a) shows the RF power of the mm-wave signals generated between
57-64 GHz plotted against frequency. The line-and circle represent theoretical
results obtained using the model in equation (12) and VPI
WDM-TransmissionMaker simulation results, respectively. It can be seen that
RF fading is negligible over the whole 7-GHz spectrum for fiber spans up to 1
km. Beyond 1 km, frequencies in the lower part of the spectrum begin to
experience increasing attenuation because they are generated from larger
frequency differences. After 4 km of fiber transmission, the attenuation
increases to 14 dB at 57 GHz and only 3 dB at 64 GHz. Nonetheless, for
typical indoor applications, 2 to 3 km is more than enough [30]. On the other
hand, if longer fiber transmission distances are needed, then any one of the four

optical sidebands (see Fig. 4-6) may be filtered off to eliminate fading. To

-44 -



compare the fading length of the proposed system to that of a DSB
intensity-modulation direct detection (IMDD) transmission system, we plot the
calculated and the simulated (VPI WDM-TransmissionMaker) fading (signal
power) as a function of frequency. As Fig. 5-6 (b) shows, the first deep (total
fading) at 60.5 GHz occurs after just 1 km of standard single-mode fiber
transmission in the case of the DSB IMDD RoF system. Therefore, compared
with the DSB IMDD RoF system, the proposed system offers superior

transmission performance and more flexible system design.
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Chapter 6

Experimental Demonstration of Proposed System

6.1 Preface

In this paper we propose a simple RoF system architecture for transporting
and generating wideband single carrier signal at 60 GHz, and investigate its
performance theoretically and experimentally. The RoF system uses only one
single-electrode Mach-Zehnder modulator (MZM) having no more than
35.5-GHz bandwidth. We experimentally demonstrate the successful use of the
simple RoF system to deliver a 13.875-Gb/s wireless signal at 60 GHz. The
signal occupied the full 7-GHz spectrum ‘at the 60-GHz band and used
quadrature phase-shift keying (QPSK) modulation. Remote frequency
up-conversion from the intermediate frequency (IF) to 60 GHz was achieved
by employing a system configuration that used a 35.5-GHz local oscillator (LO)
signal, which was transported alongside the signal. This enabled high-quality
signal transmission over extended fiber lengths exceeding 3 km without any
fiber dispersion compensation. The RoF link included a wireless transmission

distance of 3 m.
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6.2 Experiment setup
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Figure 6-1 The proposed RoF system based on a single-electrode MZM.

Fig.6-1 displays the experimental setup for optical vector signal generation
and transmission using a single-drive modulator, The continuous wave (CW)
laser is generated using a tunable laser with a central wavelength of 1550 nm.
The RF signals are 2 GHz QPSK! single sideband (SSB) and double sideband
(DSB) signals. Besides, these two kinds of RF signals are up-converted using a
two-tone 20.5 GHz (f1) and 39.5 GHz (f2) sinusoidal signals. At the remote
node, a 33/66 interleaver removes the LSB2 and USBI. After the photo
receiver, the optical signal generates RF signals with a difference frequency of
60 GHz (f1+f2). Additionally, the optical intensity of the data-modulated
subcarriers (11.5 GHz) relative to that of the sinusoidal subcarrier (39.5 GHz)
can be easily tuned by adjusting the input electrical power to optimize the
performance of the optical RF signals. Furthermore, a frequency multiplication
scheme is adopted to reduce the cost of the electronic components, especially

for RF signals in the millimeter-wave range.
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6.3 Experimental results

6.3.1 RF signal at different Carrier to Signal Ratio (CSR)

Fig. 6-2 and Fig. 6-3 show the optical spectrums and the BER curve in different

SOPR (SOPR= Py/P,, Py and P, are the optical powers of the 35.5-GHz

subcarrier and the 25-GHz data-modulated subcarrier, respectively.) for DSB

and SSB signal.
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Figure 6-2 Optical spectrum for different CSR
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6.3.2 RF signal at different modulation index

In chaper5, the theoretical. calculations results 'showed that the modulation
index (MI=V,,,/2V,, V,.is the peak-to-peak voltage of the MZM driving
signal) for driving MZM increases, the optical power ratio and electrical power
ratio will be reduce. We also. demonstrated experimental results for the
different modulation index for driving MZM. Fig. 6-4 shows the optical
spectrum before and after interleaver. Fig. 6-5 shows the MZM driving RF

PSK signal at different modulation index when the LSB2 and USBI is filtering.
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6.3.3 Transmission results

SSB symbol:2G

2
3
~ 4
sa
@, 5F ——BTB
gﬂ —/—BTB DFE[12,6]
— OF —e—25km
7 b —O—25km DFE[12,6]
g —&— 50km
9 - —O— 50km DFE[12,6]
10 | " ] " [ 2 | " |
-16 -14 -12 -10 -8
_22 1 1] 1 2 22 1 0 1 2

Figure 6-6 Single sideband signal BER curve and constellation for different

optical received power
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optical received power

In digital communications, an equalizer is a device that attempts to recover a
signal transmitted through an ISI channel. It may be a simple linear filter or a
complex algorithm. Here, we use a decision feedback equalizer (DFE) with

Least Mean Square (LMS) algorithm to recover the signal which is effect by
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inter-symbol interference (IST) channel and frequency response. The advantage
of a DFE implementation is the feedback filter, which is additionally working
to remove ISI, operates on noiseless quantized levels, and thus its output is free
of channel noise.

Fig. 6-6 presents the measured receiver bit error rate (BER) curves of QPSK
RF signals in different distances and before/after decision feedback equalizer
(DFE) which has a ten taps feedforward taps and four feedback taps. After
25km and 50 km fiber transmission, there are only a few penalty (less than 1dB
in BER), even after equalizer. Besides, there is a big improvement after an
equalizer. The most improvement is about the power of four in BER. But there
is only a small improvement about equalizer. when input PD power is small.
The reason is that the most influence is from noise which is random, so we
can’t use an equalizer to improve our signals.

Between the two figures, we can found that DSB signal is better than SSB
signal about the power of two in BER. Because SSB signals interfere by ISI
more significantly compare to DSB signals. The SSB signal has an even much
smaller eye at the transmitter part, so an equalizer is necessary and helpful for

this kind of SSB signal generation.
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Chapter 7

Conclusion

We have theoretically and experimentally investigated the performance of a
simple RoF system for transporting and generating multi-Gbps
single-carrier-modulated wideband wireless signals at 60 GHz. The RoF
system employs a single-electrode MZM and uses no linearization techniques.
We also double the data throughput by employing Hilbert transform on the
signal. Theoretical analysis of the proposed system shows that by choosing
appropriate input signal frequencies, the system can achieve fiber transmission
distances exceeding 50-km without any chromatic dispersion compensation
after equalization. The theoretical analysis was.confirmed by experimental
results. The RoF system' was successfully used to transport a 4-Gb/s
single-carrier-modulated signal at 60 GHz over more than 50km of standard
single-mode fiber. Experimental results showed that after 50km of fiber
transmission equalizer can improve signal performance significantly and there

was only a small optical power penalty at both BERs of 1 x10~ and 1x107.
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