BAE R T F 2. R AR F O HF
Jis % v A ke VAT Bk
High Spectral Efficiency.OFDM Generation
for Radio-over-fiber System with Frequency
Multiplication

- S S

hoROROE RO AR

PR X R4 - E



BAE R T F 2. R AR F O HF
Jis % v A e UL Bk
High Spectral Efficiency OFDM Generation
for Radio-over-fiber System with Frequency

Multiplication

LR N R Student : Wen-Jr Jiang

i RE mAy E L Advisor : Dr. Jyehong Chen
P el &

AL o~

A Thesis
Submitted in Partial Fulfillment of the Requirements
For the Degree of Master in
Department of Photonics and Display Institute
College of Electrical Engineering and Computer Science
National Chiao-Tung University
HsinChu, Taiwan 300, R.O.C.



Acknowledgements

BRLITEA £ F AR SN i BB RUD Y S R
Vi HRBRBENE B iR R RN AL 2 REY S RF S -

Foe™ o FLEHRRETEREAFIFHR 2 U2 EFLHIT 8

ey R e B U= 2E R R#EOzEL > FmEs LR

BAF ISR R AP FE S AR HRET AT L

ST OREURHF R DN YR M A g R D B
e B ENL D ] FEKRELP BN - 2 FEARE S YL
AR PE R SR A - A FLITd By BT
ARSI ETCFRCAFAAFREBE Bl JE RILH
F oo By HEHE Y LT B AP R e b 2 R -

Bofs &R RA BB FRA A S § 0§ §

&

o R e 2 RAE 0 F1 A IR G § AR SUPRFIEE ) AR L
Fixo

+ :gg;*f,m\g,?m *r R e T BRTH GRS L €0

LA T R uk AR L E



o ST

oy o4 =gy

mé‘i’l‘;‘u

&

S S 5 g v fé R
& 4

BAE TS o flr HaEpdiak i ¥ F

AT S 1B
fo 3% i 4T K AP bt

Ry e B4

o @ﬁ;f]ré«

SR EE X

F%Ps 5 5 5 10-GHz ent 52 5 5L & A 5-GHz =7 1.25-Gb/s 5 i 42

ZARM AREEL R v AR S AR dEdy

15-GHz =i #g jeik =5 5 o 'Qﬁﬁl o2 enH - R

iz BE R AT R T [ 3t 0.2dB 0w AR A% ARAEES I B APt

SHf o E @ TR A 2dB ehE AT
IPRAT BRRL R I
5-Gb/s e 16QAM I+ % A 4

#3% 1.25-Gb/s e OOK T & 1 L o

il

. kR FBRLS A2

Boo 3P AR

F_&

L= fE

13\4)

Tt g & ent @55

FINRGRLEES S G L



High Spectrum Efficiency OFDM Generation for

Radio-over-fiber System with Frequency Multiplication

Student: Wen-Jr Jiang Advisor: Dr. Jyehong Chen

Department of Photonics and Display Institute,
National Chiao Tung University

ABSTRACT

This investigation presents;ia novel modulation approach for generating
optical vector signals using frequency multiplication based on double sideband
with carrier suppression. A single-electrode Mach-Zehnder modulator (MZM)
is biased at null point with a driving signal consists of a 10-GHz sinusoidal
signal and a 5-GHz sinusoidal signal modulated with 1.25-Gb/s on-off keying
(OOK), 1.25-Gb/s binary phase shift keying (BPSK) data or 625-MSym/s
quadruple phase shift keying (QPSK) data. After square-law photo detection,
1.25-Gb/s RF signal at a sum frequency of 15 GHz is generated. After
transmission over 50-km single mode fiber (SMF), the power penalty of all
three modulation formats is under 0.2 dB. QPSK format has twice the spectral
efficiency and approximately 2 dB better receiving sensitivity than OOK
format. And we also demonstrate OFDM signal with wavelength reuse for
uplink signal. The 5-Gb/s 16QAM OFDM signal for ROF downstream link and

1.25-Gb/s OOK signal via RSOA for upstream link are demonstrated.
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Chapter 1

Introduction

1.1 Review of Radio-over-fiber system

There are many applications in the microwave band, such as 3G, WiFi
(IEEE 80211 b/g/a), and WiMAX 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 a 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. The combination
of orthogonal frequency-division multiplexing (OFDM) and radio-over-fiber
(ROF) systems (OFDM-ROF) is considerable attention for future gigabit
broadband wireless communication [1-5]. The high peak to average power ratio
(PAPR) and nonlinear distortion of optical transmitter are the main issues

raised by OFDM and ROF systems, respectively.
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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
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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 for electrical 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 demeonstrated [9-10]. The advantage of RHD
systems is 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.

This study proposes a novel method for generating optical direct-detection
OFDM-RoF signals using a new DSBCS modulation scheme that can carry
vector signals. A frequency multiplication scheme is employed to reduce the
requirement of bandwidth of electronic components, which is an important
issue at millimeter-wave RoF systems. Benchmarked against the OOK format,
the 4-Gb/s 16-QAM OFDM format has the higher spectral efficiency with a

sensitivity penalty of under 0.2-dB.



1.3 Motivation

Recently, the wireless communication is focused on millimeter-wave band
around 60GHz. The millimeter-wave in this band has some properties for
communication such as the short transmission length in the air and broadband
bandwidth. It can provide safe communication and transmit high data rate
information such as high definition television (HDTV) video signal. However,
the electrical components are much more expensive when transmission RF
signal is in higher frequency. Hence, the ROF system including frequency

multiplication technique and supporting vector signals are required.



Chapter 2

The Concept of New Optical Modulation System

2.1 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.

2.2 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 1s 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)

and single-drive Mach-Zehnder modulator (SD-MZM) [6].
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2.3 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.

2.4 The architecture of ROF system
2.4.1 Optical transmitter

Optical transmitter concludes optical source, optical modulator, RF signal,
electrical mixer, electrical amplifier, etc.. Presently, most RoF systems are
using laser as light source. Theyadvantages. 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. 2-1 (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
shown in Fig. 2-1 (b). Fig. 2-1 (c¢) shows the duty cycle of subcarrier biased at

different points in the transfer function.
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Figure 2-1 (a) and (b) are two schemes of transmitter and (c) is duty cycle of

subcarrier biased at differént points in the transfer function. (LO: local

oscillator)

2.4.2 Optical signal generations based on LINbO3 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. 2-2. 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
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RF signal, fiber chromatic dispersion causes the detected RF signal power to
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 m/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 ransmitter components is less than DSB and
SSB modulation. However, the.drawback-of the:DSBCS modulation is that it
can’t support vector signals; suchas phase shift keying (PSK), quadrature
amplitude modulation (QAM),  or. OEDM" signals, which are of utmost

importance in wireless applications.
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Figure 2-2 Optical microwave/mm-wave modulation scheme by using MZM.

2.4.3 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
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 [14]. 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. 2-3.

Modulated <§§ EE)
’ : X
— L

optical signal s fi
EDFA OBPF iber

Figure 2-3 The model of communication channel in a RoF system.

2.4.4 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 (TTA). 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
Fig. 2-4.

Combining the transmitter with communication channel and receiver,
that is the model of ROF system, as shown in Fig. 2-5. We select the scheme of

Fig. 2-3 (b) to become the transmitter in the model of ROF system.
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Figure 2-4 The model of receiver in a ROF system.
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Figure 2-5 The model of ROF system.
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2.5 The new proposed model of optical modulation system

In section 2.3.2, there is an introduction of three traditional modulation
schemes to generate optical RF signal. In this work, we propose a new
modulation approach to generate optical vector signals by frequency
multiplication based on a DSBCS scheme and only using a single-electrode
MZM. Fig. 2-6 schematically depicts the optical vector signal generation
system. The single-electrode MZM driving signals consist of a sinusoidal
signal of frequency f1 modulated with a RF signal and a sinusoidal signal of
frequency f2, as indicated in insets (a) and (b) of Fig. 2-6, respectively. To
realize the DSBCS modulation scheme, the MZM is biased at the null point.
Inset (d) in Fig. 2-6 presents the generated optical spectrum that has two
upper-wavelength sidebands (USBL1, USB2) and two lower-wavelength
sidebands (LSB1, LSB2) with carrier suppression.

At the base station, the TLSB2 subcarrier s filtered out for the upstream
data link (inset (f)), and the rest of the signal is sent to local users. After
square-law photo detection, the cross term of USB2 and USB1 generates the
RF signal at the difference frequency (f2-fl). Concurrently, the cross term of
LSB1 and USB?2 yields the RF signal at the sum frequency (f2+f1). Here we
only consider the RF signal at the sum frequency and a frequency
multiplication of optical RF signal can be achieved by proper choosing the
frequencies of vector signal and sinusoidal signal. The filtering out of LSB2
subcarrier not only provides an upstream light source but also eliminates
performance fading. As presented in Fig. 2-7, a two-tone RF single at
frequencies of 5 GHz and 10 GHz is used to simulate the performance fading.

After square-law photo detection, the generated RF signals at difference and
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sum frequencies of 5 GHz and 15 GHz suffer performance fading before
filtering. If an optical filter is utilized to remove anyone of the four optical
subcarriers, the fading of both 5-GHz and 15-GHz RF signals can be readily
eliminated. Notably, a frequency multiplication (1.5 times after square-law
photo detection) scheme is adopted to reduce the cost of the electronic

components, especially for RF signals in the millimeter-wave range.

I Central office £ \ /Base station g: ;\I
| 2( o) N I | (@ ,f+f1<f2f£ b
f i t NAT b o]
I \S]:)gc;g: -1""7‘2"@ u/ I I LSBITUSBIUSBZ E : I
I S : I I \ ) :
@ ' A — : o
: ,':‘". é - ¥ N 4 I I ((d)‘<2fl’ ....... ~ D ::".Amphﬁ&
DC_fi E |_._|_~' L~ | I /\ 2> 1 '
g C f1 12 :
I : | .lv L s
I ' :
| .
I
I

LD i MZM ||

LSB2

* 4@ Downlink @SMF 1 f) I!LIL_'@ §

I
I
I
I
I
I
I
I
I
I
)

Figure 2-6 Concept of the proposed system. (LD: laser diode, MZM:
Mach-Zehnder modulator, SMF: single mode fiber, C: circulator, FBG: fiber

bragg grating, RSOA: reflective semiconductor optical amplifier)
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Figure 2-7 Simulation of RF performance fading versus SMF transmission

length.
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Chapter 3

The theoretical calculations of proposed system

3.1 Introduce MZM

For MZM with configuration as Fig. 3-1, 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 that is.induced by v,
Ao, £ Z—Z T 4)

The output E-filed for MZM is

Er =Ey-{a-b-e1 +V1—a2-y1—b2. 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 £, 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 + Vim€os(ot)
Vz

T
Eour = Eg - cos [ E] - cos(m,t)

= E, - cos [b + m - cos(wgpt)]+ecos(®,t)
= 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

( [e 0]
cos(xsin0) = J,(x) + 2 Z Jon (%) cos(2n0)
n=1

in(xsin®) =2 > J5,-1(x) sin[(2n — 1)6]
ksm x sin nzzl x) sin[(2n
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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)+ Jyn4 (m) - cos[(2n = Degrt]]}

(14)

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

field of the mm-wave signal can‘be.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 3-1 The principle diagram of the optical mm-wave generation using

balanced MZM.

3.2 Theoretical calculation of single drive MZM
3.2.1 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 cosb = 1andsinb = 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

18



maximum m is % As 0<m<§, the Bessel function J, for n>1

decreases and increases with the order of Bessel function and m, respectively,

as shown in Figure 3-2. J; (g), I, (g), B (g), and J, (g) are 0.5668, 0.2497,

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(wt)

+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 [(w, + 4wgrr)t] (17)

Figure 3-2 The different order of Bessel functions vs. m.

3.2.2 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

Eour = ﬁ

+

+ o+ o+ 4+

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

- Eq - Jo(m) - cos(wot)

o+ J1(m) - cos [(0, — ope)t]

o J1(m) - cos [(0, + ope)t]

Eq - J,(m) - cos [, — 20ge)t + 7
“Eq - J,(m) - cos [(o, + 20pp)t + 7]
Eq - J3(m) - cos [, — 30ge)t + 7

* Eq + J3(m) - cos [(0, +Bogp)t + 7]

(18)

3.2.3 Bias at null point

When the MZM is biased at the hull 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 = Eg - J1(m) - cos [(w, — ogp)t]

+E,
+E,
+E,
+E,

+E,

+J1(m) -
+J3(m) -
+J3(m) -
+Js(m) -
+J5(m) -

cos [(@, + ore)t]

cos [(®, — 3ogp)t + 1]
cos [(®, + 3ogp)t + 7]
cos [(®, — 5orp)t]

cos [(®, + Swgp)t] (19)

3.3 Theoretical calculations and simulation results

3.3.1 The generated optical signal

20



The theoretical calculations of proposed system, the driving RF signal V(t)
consisting of an electrical sinusoidal signal and a dc biased voltage can be
written as

V(t) = Vpigs + Vicosw t + Vi cosw,t (20)

where V);,s is the dc biased voltage, V;,V, and w,;, w, are the amplitude
and the angular frequency of the electrical driving signals, respectively. The

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

Eoyr = E, - cos [i (Vyias + Vicosw;t + Vicosw,t)]

Eour = Ey - cos [b + mycosw,t + m,cosw,t] (21)

biasT

where b £ V? is a constant phase shift that is induced by the dc biased

i Vot . .
voltage, and m, = #,mz = # is the phase:modulation index.
T T

Eoyr = Ey - cosb - cos(m,cosw;t + m,cosw,t)
—E, - sinb - sin(m, cosw;t + m;cosw,t)
Eour = E, - cosb{cos(m;cosw,t)cos(m;cosw,t)
—sin(m; cosw; t)sin(m,cosw,t)}
—E, - sinb{sin(in, cosw, t)cos(m,cosw,t)

+cos(m, cosw,t)sin(m,cosw,t)} (22)

When the MZM is biased at the null point, the bias voltage is set at V45 = Vg,
and cosb = 0andsinb = 1. Consequently, the electrical field of the
mm-wave signal using DSBCS modulation can be written as
Eoyr = —Ey{sin(im, cosw, t)cos(m,cosw,t)

+cos(m, cosw,t)sin(m,cosw,t)} (23)

First, to expand equation sin(m;cosw;t)cos(m,cosw,t)
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sin(m, cosw;t)cos(m,cosw,t)

- [z > (= 1)an_a (my)cos[(2n 1)w1t]]

n=1

: {]o(mz) +2 Z(—l)HIZH(mZ)COS(anZt)}

= {—2];(my)cos(wt) + 2]J3(m;)cos(Bw;t) — -}

*{Jo(my) — 2],(my)cos(2w,t) +2],(my)cos(4w,t) — ++- } (24)
The optical sidebands with the Bessel function higher than J;(m) can be
ignored. Consequently, the electrical field can be written as
sin(m, cosw,t)cos(m,cosw,t)
~ —2]o(my)]; (my)cosw t

+2](my)]3(m;)cos(3w,t)

1
+4],(m,)],(m,) '3 [cos(w;+ 2w, ) t+ cos(w, — 2w,) t]

—4J,(my)]3(my) -%[cos(Sa)1 +2w,) t+cos(3w; — 2w,) t]
(25)
Add time component cosw,t
sin(m, cosw;t)cos(m,cosw,t)cosw,t
= —2]Jo(m;)];(my)cosw;t cosw, .t

+2]o(m,)]3(m;)cos(3w;t)cosw, t
+4],(m,)],(m,) -%[cos(w1 + 2w,) t + cos(w; — 2w,) t]cosw,t

1
—4],(m,)]3(m,) 'S [cos(Bw; + 2w,) t + cos(Bw,; — 2w,) t]cosw,t

(26)
Jomy)]1(my), 2]o(my)Js(my), 4]J1(my)],(m;), and 4],(my)]3(m,) are

shown in Figure 3-3. Therefore, the optical sidebands with the Bessel function
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4],(m,)]J5(m,) can be ignored, and Eq. (14) can be further simplified to

sin(m; cosw;t)cos(m,cosw,t)cosw,t

= —Jo(mz)]1(my)[cos(w, + w,)t + cos(w, — w,)t]
+Jo(m;)]3(my)[cos(w, + 3wy )t + cos(w, — 3wq)t]
+J1(my)]2(mz)[cos(w, + w; + 2w,) t+ cos(w, — w; — 2w,) ]
+]1(my)]2 (M) [cos(w, + w; — 2w,) t+ cos(w, — w; + 2w,) ]

27)
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Figure 3-3 The different order of Bessel functions vs. m.

Second: To expand equation cos(m;cosw,t)sin(m,cosw,t)
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cos(m cosw, t)sin(m,cosw,t)

= []0("11) +2 Z(—l)n]Zn(Tnl)COS(anlt)]

: {2 z(_l)nbn—1(mz)cos[(2n - l)wzt]}

n=1

= {Jo(my) — 2J,(my)cosRw,t)+2],(m;)cos(4w;t) — -}
- {—2J1(my)cos(w,t) + 2/3(m,)cos(Bw,t) — -+ }
~ —2Jo(my)]1(my)cosw,t

+2Jo(m,)J3(m;y)cos(Bw,t)

1
+4],(m,)J,(m,) - 3 [cos(w, + 2w4) t + cos(w, — 2w,) t]

—4],(my)J3(m,) -l[cos(Swz +2w4) t+ cos(3w, — 2w, ) t]

2
(28)
Add time component cosw,t
cos(m cosw, t)sin(m,cosw,t)cosw t
= —2J,(m;)J;(m,)cosw,t cosw,t
+2J,(m;)J5(m;)cos(3w,t) cosw,t
1
+4J,(my)],(m,) - 2 [cos(w, + 2w4) t + cos(w, — 2w,) t]cosw,t
1
—4J,(m,)J5(m,) 'S [cos(Bw, + 2w4) t + cos(Bw, — 2w, ) t]cosw,t
= —Jo(m)J1(my)[cos(w, + w,)t + cos(w, — w,)t]
+/o(my)J3(my)[cos(we + 3w,)t + cos(w, — 3w,)t]
+J.(my) ], (my)[cos(w, + w, + 2w,) t + cos(w, — Wy, — 2w4) t]
+J,(my) ], (my)[cos(w, + w, — 2w;) t + cos(w, — w, + 2w,) t] (29)

The output electrical filed can be rewritten as

Eoyr(t) = Eqcosw,t {sin(m, cosw, t)cos(m,cosw,t)
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+cos(m,cosw, t)sin(m,cosw,t)}
Eour(© = Ey -

{Jo(mz)]1(my)[cos(we + wy)t + cos(w, — w;)t]
—Jo(m3)J5(my)[cos(we + 3w,)t + cos(we — 3w,)t]
—J1(my)]z(my)[cos(we + w1 + 2w,) t + cos(w, — w1 — 2w,) t]
—J1(my)J;(my)[cos(we + w1 — 2w,) t + cos(w, — wy + 2w,) t]
+Jo(my)J; (my)[cos(we + wy)t + cos(w, — w,)t]
—Jo(my)J3(mz)[cos(we + 3wzt + cos(w — 3w,)t]
—J1(m2)J2(my)[cos(we + w, + 2w;) t + cos(w, — w, — 2w,) t]
—J1(m3)],(my)[cos(w + w, = 2w4) t + cos(w, — w2 + 2w,) t]}

(30)

Jo(m)Ji(myp)
JoJi Jody Jo(my)J1(my)
J 7 3 A I X

-Ji(m)J5(my)
Ny I 5y B, =Ji(mp)la(my) | -Ji(mo)Ja(my) -Ji(my)Ja(my)

1 oy DI ()
{ i |
I
-3W, Wi-2W, -W, -3W, W 3W,; W, -Wi+H2W, 3W,
-W-2W, -2Wi-W, 2W-W, -W, W, 2Wi+W, 2W+W, W +2W,

Figure 3-4 Illustration of the optical spectrum at the output of the MZM.
(wy = 6w;)
The commercial software, VPI WDM-TransmissionMaker® 5.0, is used to
simulate numerically the power ratio. Fig. 3-5 shows the optical power ratio

(OPR, Py 4y ) as a function of MI. The P, is defined as
Pyo

P 10,xy =
Xy

1)

where P, and P, are the optical powers of the sideband frequency at

w,t (1 w;+0-w,) and the sideband frequency at w, + (x - w; +y - w,),
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respectively. As MI falls from one to zero, the optical power ratios are

improved.

Theoretical P P
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Figure 3-5 Illustration of the optical spectrum at the output of the MZM.

3.3.2 The generated electrical signal

After square-law detection using an ideal PD with responsivity R, the
photocurrent can be expressed as

i(t) =R-|EQ@)I? (32)

The RF signal is

i(t) = REZ - {DC
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+[J§(Mm2)JE (my) — 2J§(m;)]1 (my)]3(my) + 2J7 (my)]3 (my)
—4]o(my)]f (Mm2)]2 (m)]

- cos (2w, t)
+[2]o(m1)]o(m2)]1 (my)]1 (m3) — 2] (m3)]1 (1)1 (M2)]2 ()
—2Jo(my)]1(m1)]1(M2)]2(m2) + 2J1 (my)]1 (M3)] 2 (my)]2 ()]
+2Jo(my)]1 (M) (m2)]3(m2) + 2Jo(m3)]1 (M2)]2 (m1)]3(my)]
- {cos[(w; — wy)t] + cos[(w; + w,)t]}

+[J5(m)]Ji (my) — 2J§(my)]1(my)]3(my) + 2J§(my)]3 (my)
—4]o(m,)]1 (my)]2(my)]

- cos (2w,t)

+[=2Jo(m)]1 (my)]1 (m2)](my) — 2] (my)]o(m3)]1 (m3)]3(my)
+2J;(my)]1 (my)], (my))z (my)]

- {cos[(w, — 3w, )t cos [(@, + 3w,)t]]}
+[—2Jo (my)]F (M) o (M) = 2Jom)JF (1)) (my)
+2Jo(m2)]1 (m1)]2 (M2 )3Gma) 42]5 (m1)]1 (M2)]2 (my)]3(m2)]
- cos [(2w, — 2w4)t]

+[=2J§(mp)]1 (m)]3(my) + 2JF(m,)]5 (my)]

- cos (4w4t)

+[JE(mM2)]3 (my) + 2Jo(my)]1 (my)],(m;)]5(my)]

- cos [(2w; — 4wy)t]

+2Jo(m2)]1(Mm2)]2(my)]3(my)

- cos [(w, — 5wq)t] + RF}

(33)
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Wo-W, Wy+W,

2w, A A 2W,

Figure 3-6 Illustration of the electrical spectrum of generated BTB mm-wave

signals using MZM after square-law PD detection. (w, = 6w,)

Fig. 3-7 shows the RF signal power ratio (RFPR, P;;,,) as a function of MI.

The Pyq,, is defined as

p _ P11
10,xy — P
Xy

(34)
where P;; and P, are the RF signal powers of the frequency at 1 - w; +
1w, and the frequency at x - w; + y - w,,respectively. The RF signal power
at sum and subtract frequencies are the same, so do not consider the P;; _q4

term.
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Figure 3-7 The RF signal power ratio-(RFPR, P, ,, ) as a function of ML
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Table 3-1 Measure the RF power without optical filtering

Frequency

Amplitude

2w,

+J5(my)JF(my) — 2J§(my)]; (my)]3(my) + 2J7(m,)]5 (my)

—4J, (m1)]% (my)],(my)

Wy — W1, Wy + Wy

+2Jo(my)]o(Mm3)]; (my)]; (M) — 2]o(My)]; (my)]; (M3)],(my)
—2Jo(my)]1(my)]; (m3)]2(my) + 2J; (my)]1 (M2)]2(my)]2 (my)

+2]Jo(my)]1(my)]2(Mm)]3(my) + 2] (my)]; (my)],(my)]3(my)

2w,

+](2)(m1)]%(m2) - 2]§(m1)]1(m2)]3(m2) + 2]%(7”2)]%(7”1)

—4]o (mz)]% (my)],(my)

(1)2 - 30)1, (UZ + 3(,()1

—2]o(my)]; (m] (My)](my) — 2]o(Mmy)]o(M3)]; (M3)]3(m4)

+2J1(my)]; (my)]2(my)] (my)

2w, — 2w, —2Jo(m)IT ()], (my) = 2Jo (m2)]F ()], (my)
+2Jolmy)); (M) (13)]3(my). + 2] (n1)]1 (M) (M4)]3(m2)
4w —2J3(my) ]y s+ 2J§(m,))3 (my)
2w, — 4w, +Hi(m)IF )20 (m;)]; (n1)] (M) (my)

Wy — 5wy, W, + 5w,

+2Jo(m3)]1 (m3)],(my)]3(my)

3.3.3 Consider dispersion effect

When optical RF signals are transmitted over a single-mode fiber with
dispersion, a phase shift to each optical sideband relative to optical carrier is

induced. The propagation constant of the dispersion fiber f(w) can be

expressed as

w
plw) =n(w) -

= Bo + Bu(w — we) +35 By (w — )2 + -+
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am : — :
where £, = dw—fl ey S the derivative of the propagation constant
—%c

evaluated at w = w,. The effect of high order fiber dispersion at 1550-nm

band is neglected. For carrier tones with central frequency at w = w, + nwgp,

we have

Bwe + nwgp) = Bo £ 1Py (w)wge +51?By (W) whp (36)
and

Ba(we) = == D(w) (37)

27chz

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). The fibetr loss, isrignored. Therefore, after transmission

over a single-mode fiber of léngth z, the electrical field can be written as

1
Eoyr(t) = Eq + {Jo(my)]1(my)cos [(w, + w1)t — Boz — Prwz — Eﬁzwiz]
Ho(ma) (my)cos [(w; — ;) ~ foz + fraonz 5 B3]
+Jo(my)J1(my)cos [(w, + wy)t — Boz — frw,z — %ﬁzwgz]

1
+Jo(my)]1(m3)cos [(w, — wz)t — Boz + frwyz — Eﬁzwgz] + 3
(38)
After square-law photo detection, the RF signal can be expressed as

i(t) = REZ - {DC + RF

1
+2/o(my)]o(my)]1(my)]1(my) - cos [(we + wy)t — foz — frw 1z — Eﬁzw%Z]
- cos [(w, + wy)t — Boz — 1w,z — Eﬂzw§z]
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2o (my o)y (my)Js (ma) - cos [, — w,)t — foz + Braon — 3 fp2
- cos [( — W)t — oz + frooyz — 5 fre]
2o (my o)y (m)Js (ms) - cos [ + w,)t — foz — Braon — 3 fp?2
- cos [( — W)t — oz + frooyz — 5 fre]
2o (my o)y (my)Js (ma) - cos [, — w,)t — foz + Braon — 3 fr2

- cos [(w, + wy)t — Boz — 1w,z — Eﬂzw§z]}

(39)

The RF signal at the substrate frequency w, — wy:

loy—w, = Jo(my)]o(my)]; (my))i(m,) -

1 1
{cos[(w, — w1) t = Pilw,z — Eﬁzwgz + fiwiz + Eﬂzwfz]

1 1
+ cos[(w, — w) t+ frw,Z — Eﬁzwgz + frw,z + Eﬁzwgz]}
(40)
Define
¢ = (w; — W)t + frwiz — frwyz
1 2 2 1 2 2
d= Eﬁzwﬂ - Eﬁzwzz = Eﬁzz(ah — w3)
(41)
The RF signal at the substrate frequency can be written as

lo—w, = Jo(my)]o(my)]; (my)];(my) - [cos(c + d) + cos(c — d)]

loy—w, = 2]o(my)]o(my)]; (my)];1 (my) - cos(c) cos(d)

1
= 2]o(my)]o(my)]; (my)]1(my) - COS[EBZZ((U% — wi)]

s cos[(wy — wy)t+ Biw 1z — Brw, 7]

(42)
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The RF signal at the sum frequency w, + w;:

lotw, = Jo(my)]o(my)]; (my)]; (my) -
1 1
{cos[(w; + wx) t— w1z — Eﬁzw%Z — Prw,z + Eﬂzw§z]

1 1
+ cos[(w; + wy) t — Prw,z — E.Bzwgz — piwz + Eﬁzw%Z]}

(43)
Define
e = (w; + W)t = frw 1z — Prwyz
f==pB,wsz—=L,wiz = lﬁ z(wi — w?)
= 5 P20 o P2W1Z = 5 P22(W3 1
(44)
The RF signal at the sum frequency can be written as
loyra, = Jo(my)]o(my)]; (my)], (mz) « [cos(e + f) + cos(e — )]
loytra, = 2]o(my)]o(my)]; (my)]1 (my) < cos(e) cos(f)
1
= 2Jo(my)]o(m3)]1(my)]1(m5) - COS[E,BZZ((U% — w?)]
- cos[(wy + W)t — B1012 = frwi 7]
(45)

Fig. 3-8 and Fig. 3-9 show the numerical simulation and theoretical solutions,
the RF fading problem with the same results. Fig. 3-8 RF signal is driving 5
GHz and 30 GHz sinusoidal. Fig. 3-9 shows the results after 50km SMF

transmission.
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Figure 3-9 RF power vs. w;.
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3.4 The generated optical signal using optical filtering

3.4.1 Analysis of the generated signal

When we use fiber grating, the equation for the optical spectrum is
Eour = Eo -

{Jo(my)] (M) [k - cos(w, + w,)t + cos(w, — wq)t]
—Jo(my)]s(my)[cos(w, + 3w,)t + cos(w, — 3wq)t]
—J1(my)],(my)[cos(w, + w, + 2w,) t + cos(w, — w; — 2w,) t]
—J1(my)],(my)[cos(w, + w; — 2w,) t + cos(w, — w; + 2w,) t]
+]o(Mmy)]1 (my)[k, - cos(w, + wy)t + cos(w, — wy)t]
—Jo(my)]3(m,)[cos(w, + 3w,)t + cos(w, — 3w,)t]
—J1(my)],(my)[cos(w, + w, + 2w,) t + cos(w, — w, — 2w,) t]

—J1(my)],(my)[cos(wy+ w, =2w4q) t+ cos(w, — w, + 2w;) t]}  (46)

Jod1 Jod+ Jo(my)J1(m2)
7 3 y § A
Ylolmz)d¢m) =Ji(my)da(ms)
Jida iz Jidz Jid2 ~Ji(ma)do(my) |-di(ma)da(my)  -da(my)da(my2)
Jods -Jo(m2)Js(m) =Jo(rmy)Jds(/
{ t 1,
I
-3W, W4-2W, -W, -3W;4 We 3W,4 W, -W;+2W, 3W,
-W4-2W, -2W1-W, 2W4-W, -W, Wy -2W;+W, 2W4+W, W;+2W,

Figure 3-10 shows the optical spectrum when the LSBI is filter out.

Jod1 J JaJo(mz)J1(m7)
A f A
kado(m)ds(my) — -Ji(my)da(my)
Jido Jid2 Jida Jidz ~J1(m2)do(my) g-J1(m2)Ja(m) ~Ji(m)da(m2)
I 1 1 I Jods —Jo(m;;)Jg(Pﬂ I I 1 -Jo(my)Ja(s
] ! f
|
-3W, Wy-2W, -W, -3W; W, 3W;4 W, -Wi+2W, 3W,
-W;-2W, -2W4-W, 2W4-W, -W, Wy -2W4+W, 2W+W, W;+2W,

Figure 3-11 shows the optical spectrum when the LSB2 is filter out.
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After square-law detection, the photocurrent can be expressed as

i(t) = REZ - {DC
+lky - J§(M2)JE(my) — (1 + ky) - J§(m2)]1 (n))]3(my)
+2J{(myJ3(my) — 2k, + 2) - Jo(my)]{ (M), (my)]
- cos (2w t)
+[(1 + kik2) - Jo(my)]o(my)]; (my)]1 (M)
—(1 + k1) - Jo(m3)]1(my)]; (m3)](my)
—(1 + k3) - Jo(my)]1 (my)]; (my)],(m)
+2]1(my)]1(Mm3)], (my)]2(my)
+2Jo(my)]1 (my)]2(m)]3(ma) £ 2Jo(Mm2)]1(M2)]2(m1)]3(my)]
- cos[(w; — wyt]
+[(ky + k2) - Jo(my)]o(my)); (my)], (m,)
—(1+ ky) - Jo(m)Jx(mp)J; (m]z (my)
—(1 + k3) - Jo(my)]1 (M )1 (m3)], (m,)
+2]1(my)]1(Mm3)](my)]2 (M)
+2Jo(my)]1 (M) (my)]3(m2) + 2Jo(Mm2)]1(M2)]2(Mm1)]3(my)]
- cos[(w, + wq)t]
+k, - J5(M)IE(M;) — (1 + k) - 15 (M1)]1 (M5)]3(m,)
+2J§(my))3 (my) — (2ky + 2) - Jo(m2)]F (my)], ()]
- cos (2w,t)
+[=(1 + kq) - Jo(m3)]1(my)]1 (m3)],(my)
—(1 + k3) - Jo(my)]o(my)]; (my)]3(my)
+2]1(my)]1(m2)], (my)] 2 (m2)]

- {cos[(w, — 3w )t + cos [(w, + 3w,)t]]}
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+[=(1 + k) - Jo(myJF(my)], (my)

—(1 + ky) - Jo(mp)J5 (my)],(my)
+2]o(m3)]1(my)]2(Mm3)]s(my) + 2Jo(my)]1 (M3)]( 1)]3(my)]
- c0s [(2w, — 2w4)t]

+[=(1 + ky) - J§(m)]1 (M]3 (my) + 2J5 (my)]5 (my))]

. cos (4w, t)

+[J§(m)I3(my) + 2Jo(Mm2)]1 (my)]2(Mm2)]5(my)]

- c0s [(2w, — 4w,)t]

+2]o(m3)]1(m3)]2(my)]5(my)

. cos [(w; — Swy)t] + RF}

(47)
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Table 3-2 Measure the RF power with optical filtering

Frequency

Amplitude

2w,

+ky ']5 (mz)l% (my) — (1 +ky)- ](2) (my)]; (my)]3(my)
+2]f(m1)]% (my) — 2k, +2) - ]o(m1)l% (my)],(my)

Wy — Wq

+(1 + kiky) - Jo(my)]o(m3)]1 (my)]1 (my)
—(1 + kq) - Jo(m3)]1 (my)]1 (Mm3)], (my)
—(1 + k3) - Jo(mp)]1 (my)]1(m3)], (my)
+2]1(my)]1(my)], (my)], (M)
+2]o(my)]; (my)],(m3)]5 (M)
+2]o(m;)]1(my)],(my)]3(my)

wy + wq

+(ky + k2) - Jo(my]o(m3)]1 (my)]1 (M)
—(1 + kq) - Jo(m3)]1(my)]1 (Mm3)], (my)
—(1 + k3) - Jo(mp)]1(my)]1(m3)], (m;)
+2]1(my)];(m3)], (my)],(m,)
+2]o(my)]; (my)],(m3)]5 (M)

+2]o (m;)]o(@x)]5(m,)] 3 (my)

2w,

+k, '](2)(7711)]%("12) —(L+k3) ']g(m1)]1(m2)]3(m2)
+2]f(m2)]% (my) =2k, + 2) - lo(mz)]% (my)],(my)

(,UZ _30)1 ) (4)2 +3a)1

—(1 + k) “Jo(mz)]; (m)Js (m3)], (my)
—(1 +ky ) Jo(my))o(m2)]1 (my)]3(my)
+2]; (m)]ilmy)] . (11)], (my)

2w, — 2w, —(1 +ky) - Jo(mpJF (my)],(my)
—(1 +ky) - Jo(mp)JF (my)]2 (M)
+2]Jo(m3)]1(my)],(m3)]5(my)
+2]Jo(my)]1(m3)],(my)]5(m;)
4w, —(1 + ky) - J§(my)]; (my)]3(my) + 2JF(my)]5(my)
20; — 4w, +J§(my)]5(my) + 2]o(my)]1 (my)],(m,)]3(my)
wy — 5wy +2]J5(m3)]1 (M) (my)]5(my)
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W,-W, Wo+W,

A A 2W,

Figure 3-12 Illustration of the electrical spectrum of generated BTB mm-wave

signals when the LSBI1 is filter out. (w, = 6w;)

Wo-W4 Wo+W;,

2W, A A

Figure 3-13 Illustration of the electrical spectrum of generated BTB mm-wave

signals when the LSB2 is filter out. (w, = 6w,)
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3.4.2 The effects of fiber dispersion

Consider fiber dispersion effect, the electrical field can be written as

Eour = Eo - ks - Jo(ma))s (m;)cos [(we + )t = oz — froos2z — 7 fre?z]
Holma)ls (m,)cos [(w, — )t — oz + froogz — 5 fr3z]

1
+k; - Jo(my)]1(my)cos [(wc + w)t — Boz — Prw,z — Eﬁzwgz]

Ho(mo )l (mz)cos [(w, — 02)t — foz + Broogz — 5 fo3z] + )

Afier square-law photo detection, the RF signal can be expressed as +
i(t) = RE§ - {DC + RF
+2]om)lo(ma)l (mo D)y (m,)
Ky - cos [(wc + )t~ foz <Prond2raesfe)
Kz o8 (W + @)t~ foz 2 froye =g By
+2]om) o))y (m))s (my)
- cos [(c ~ w0t~ foz + froosz — 5 fr37]
< cos [( — W)t~ foz + fro0z7 — 5 fr037)
+2]om)lo(my)l (mo )}y (m,)
Ky - cos [( + @)t~ foz — froosz — 5 fretz)
< cos [( — )t~ foz + fr00z7 5 B3]
+2]o(m) o))y (m))s (my)
< cos [(c ~ W)t~ foz + froosz — 5 fr37]
Ky cos [(@0 + )t~ fo — Brwaz — 3 Brwd])
(49)
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The RF signal at the substrate frequency w, — wy:

loy—w, = Jo(my)]o(my)]; (my)]; (my) -

1 1
{kik; - COS[(CUZ —w)t— fiw,z — Eﬁzwgz + piwiz + Eﬂzwfz]

1 1
+ cos[(w, — w1) t+ Prw,z — Eﬁzwfz + fiw,z + Eﬁzwgz]}

(50)
Define
a=(wy —w)t+ fr1wiz — frw,z
b==B,w?z—=L,wiz = 1,8 z(w? — w3)
5 P2wiz =5 brwiz = 5 prz(wi 2
(51)

The RF signal at the substrate frequency can be written as
Loy—w; = Jo(mp]o(m3)]1 (my)], (in3)

[kyky - cos(a + b) £k, ky Lcos(a™ by+ (1 — kyks) - cos(a — b)]
Los—w, = Jo(mp]o(m3)]; (my)]; (my)

- [2kyk, cos(a) cos(bY 41 — ki k) cos(a — b)]

= Jo(my)Jo(mz)J1(my)]1(m3)

{2k k, COS[%:BZZ((U% — w})] - cos[(wy — w )t + B1w1z — Brw,Z]

+ (1~ keky) cosl(@; — 1)t Branz — aoyz — 5 fy2(@} ~ w)])

(52)
The RF signal power at the substrate frequency can be written as
Po,—w, = [Jo(m1)]o(m2)]; (my)]; (m)]? - {A* + B? + 2AB - cos(6,)}
= [Jo(my)]Jo(my)]; (my)]; (my)]?
1
’ {[ZklszOS[zﬁzZ(wﬁ — wD]]? + [(1 — kqk,)]?
1
+2 [2kikeocos] Bz ( 3 —wD)]] - (1 = kiky) - cos(8;)}
(53)
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The RF signal at the sum frequency w, + w;

loytra, = = Jo(my]o(m3)]1 (my)]1 (M) -
1 1
{kicos[(w; + w;) t — fiw,z — Eﬁzwfz — Prwyz + Eﬁzwgz]

1 2 1 2
s Prw3z — fyw,z + EIBZUHZ]}

+k, cos[(w; + w,) t — Brw,z — 5

(54)
Define
a=(w+w)t—prwiz — f1wyz
b==B,wsz—=L,wiz = 1,8 (w3 — w?)
= 5 P20z 5 P2W1Z =5 22 (W3 1
The RF signal at the sum frequency can be written as
lrw, = = Jo(my)]o(my)]1 (my)]; (M)
- [kicos(a + b) + k, cos(a’=b) + (k, — k,) cos(a —b)]
loytra, = = Jo(my)]o(my)]1 (m)]; (m3)
- [2k, cos(a) cos(b) 4+ (k, — k;) cos(a —b)]
= Jo(my)]o(m2)]1 (M)} (m,)

: {Zklcos[%ﬁzz(a)ﬁ — w?)] - cos[(w; + w)t = w1z — Brw, 7]

1
+(ky — ky) cos[(w, + wy) t — Prw1Z — Prw,z — Eﬁzz(wg — wi)]}
(55)
Or

logrw, = = Jo(my)]Jo(mz)]1 (my)]1 (M)
- [k,cos(a + b) + k, cos(a —b) + (k; — k;) cos(a — b)]

logrw, = = Jo(my)]o(mz)]1 (my)]1 (M)
: {Zkzcos[z Boz(w5 — wP)] - cos[(wy + W)t — B1w 1z — Brw,Z]

+(ky — k) cos[(wy + wy) t — Prw 1z — Prw,z — %ﬁzz(w% - w%)]}

= A cos[(w; + wy)t+ 0;] + B cos[(w; + w,)t+ 6, + 6,] (56)
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The RF signal power at the sum frequency can be written as
Postw, = [Jo(m1)]o(m2)]; (my)]; (m)]? - {A* + B? + 2AB - cos(6,)}

= [Jo(my]Jo(m3)]; (my)]; (my)1?
{[2kzcos[ 2w} — DI + [y — k)2

+2[2kycosl3 fo2(} — WD) - (ks — k2) - cos(8,))

657)
Or
Puran = Do(mla(ma)ls (mo)ls (my)]? - (A% + B2 + 248 - cos(6,))
= Domo)lo(my)ls (my)y (my)]?
{[2kscosf Baz(w] ~ WD + (ks — k)P
+2[2kcosly foz(w} S0D)]ly (ke <) - cos(0,))
58)

Because grating only filter out-LSB1 or ESB2 at-the same time, so the equation
of the RF signal power at the sum and'substrate frequency are the same. The

RF signal power can be written as

P

woyt+wq

=P

Wy2—wWq

= [Jo(my)]o(mz)]; (my)]4 (mz)]z

{[2kskacosly oz (@}~ 0D+ (1~ ki)

+2[2kskacos[y Boz(@} — wD)]] - (1~ kaky) - cos(0,))

(59)

If grating is filter out 28dB, 20Log(k, or k,) = —28, k, or k, = 0.04.
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Figure 3-14 shows the RF signal power vs. transmission length when the LSB1

is filter out:
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Figure 3-15 shows the RF signal power vs. transmission length when the LSB2

1s filter out.
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3.5 The optimal optical power ratio condition
3.5.1 Signal without optical filtering

We assume the output e-filed of LSB2, LSB1, RSB1 and RSB2 are
E,, E,, E; and E, respectively. When we use single drive MZM and set the bias
point of MZM at V and then the e-filed is

E, =E,LE, =E; (60)
For the PSK signal that the total power can be written as

Ef +E; +E3+E; =P

2E? + 2E2 =P (61)
The optical field is then detected using and ideal square-law photodetector, and
the RF signals generated are mathematically evaluated as follows:

2E? + 2E2+E, -E, + E3-E,+ E, - Eg+E, “E,

The f; + f, RF signal term is

E1°E3+E2°E4:2E1°E2 (62)

Where E, = E — EZ for PSK signal

The RF signal become

2E, - /5 — E2 (63)

The maximum of RF signal power originates from

(2131 : /5 - Ef) =0 (64)

To solve the differential equation we would get the e-filed

E, =VP/2,E, =VP/2

Ei:E;tEstE, = 1:1:1:1 (65)
The optical powers are

Il=12=13=l4=P/4, 11:12:13:I4=1:1:1:1 (66)
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For the OOK signal that the total power can be written as
2E? + E3+EZ+2E2 =P

4E? + 2E2 =P

The f; + f, RF signal term is

El'E3+E2'E4=2E1'E2

2
Where E; = E — % for OOK signal

The RF signal become

P EZ
2E2' - —2
4 2

The maximum of RF signal power is happened in

2
(2132. E—%) =0

To solve the differential equation we would get the e-filed

E, =VP/2,E, = /P/8
and

Ei:Ey:EsEy = 1:4/2:4/2: 1
The optical powers are

I, =1, =2E? =P/4
I,=1;=E2=P/4

and

[: L5, =1:1:1:1

(67)

(68)

(69)

(70)

(71)

(72)

(73)

When the optical signal without filtering, the optimal SOPR of both PSK and

OOK RF signals is 0-dB.
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LSB2 LSB1 RSB1 RSB2
E1 E E; E4

Figure 3-16 shows optical spectrum without fiber grating filter out.

E;
D
£

Figure 3-17 the e-filed power for'BPSK signal between zero and one.

E1,E4 E1,E4
E, E; 0

Figure 3-18 the e-filed power for OOK signal between zero and one.
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3.5.2 When the LSB2 or LSB1 is filter out

Using fiber grating to remove LSB1 and getting maximum output RF signal
condition for PSK signal is

E,:E;:E, = 1:1:4/2 (74)

The optical power equal

L:I3:l, =1:1: 2 (75)
and for OOK signal
E,;EsE,=1:1:1 (76)

The optical power equal
L:l3:l, =1:1: 2 (77)
The optimal SOPR of both PSK and OOK RF signals is 3-dB when the LSB2

with filtering.

Using fiber grating to remove LSBT and getting maximum output RF signal
condition for PSK signal is
E;:Es:E, = 1:4/2:1 (78)

The optical power equal

[;: 151, =1:2:1 (79)
And for OOK signal
Ei:Es:tE, =1:2:1 (80)

The optical power equal
I:I5:1, =1:2:1 (81)
The optimal SOPR of both PSK and OOK RF signals is -3-dB when the LSB1

with filtering.
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Figure 3-19 shows optical spectrum when the LSB2 is filter out.

Figure 3-20 shows optical spectrum when the LSB1 is filter out.
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Chapter 4

Experimental demonstration of the proposed system

4.1 preface

In chapter 3, we provide the theoretical and numerical results for the
concept of proposed system. Therefore, the result can be tried to apply to the
radio-over-fiber system. In this chapter, we will build the experimental setup
for the propose system based on DSBCS modulation. Figure 4-1 shows the

optical spectrum for the fiber Bragg grating reflection and transmission.

0 T T T 0
Reflection
’ ‘ Transmission
_ 110z
m S
©
~ C
5 3
— '10 [ I 175}
8 =
— 7]
(0] [
oc ©
1-20
-20 : : : -30
1555.65 1555.7 1555.75 1555.8 1555.85

Wavelength (nm)

Figure 4-1 the optical spectrum for the fiber Bragg grating reflection and

transmission.
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4.2 Experimental results for optical signal without optical filtering
4.2.1 Experiment setup

Figure 4-2 displays the experimental setup for optical vector signal generation
and transmission using a single-electrode MZM. The continue wave laser
source about 1550nm is generation using tunable laser. The laser source is then
passed through a polarization controller to achieve output optical power is a
maximum when the MZM is biased at full point. The OOK/BPSK signal is a
1.25-Gb/s pseudo random binary sequence (PRBS) signal with a word length of
2°!-1 and is up-converted using a 5-GHz sinusoidal signal (fl). The
625-MSym/s QPSK signal at 5-GHz is generated using an arbitrary waveform
generator. Then the RF OOK/BPSK/QPSK signals are combined with a
10-GHz sinusoidal signal (f2). Thisweombined RF signal is fed into
single-electrode MZM and the. MZM is bias the null point. The generated
optical spectrum that has two-upper-wavelength sidebands (USB1, USB2) and
two lower- wavelength sidebands (LSB1, LSB2) with carrier suppression. The
generated optical signal is amplified by EDFA and then filtered by an optical
tunable filter with a bandwidth of 38GHz. The input EDFA optical power is
fixed -20dBm. The power of optical RF signal which entered fiber is set to less
than 0 dBm to reduce the effect of both fiber nonlinearity and dispersion
changing the duty cycle of optical microwaves. After transmitted over standard
single mode fiber (SSMF), the transmitted optical microwave signal is
converted into an electrical microwave signal by a PIN PD with a 3 dB
bandwidth of 38 GHz, and the converted electrical signal is amplified by an
electrical amplifier. If we would measure the RF signal at the subtract

frequency, the RF signal is then passed through the electrical bandpass filter at
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5GHz. The center frequency of bandpass filter is 15GHz when we would
measure the RF signal at the sum frequency. After the photo receiver, the
optical signal generates two RF signals with a subtract frequency of 5 GHz
(f>-f1) and a sum frequency of 15 GHz (f;+f,), respectively. Insets (1) and (ii) of
Figure 4-2 show the receiver architectures of RF OOK/BPSK and QPSK
signals, respectively. The RF OOK/BPSK signal is down-converted to
baseband signal and directly tested by a BER tester. The RF QPSK signal is
down-converted to 5 GHz by a 10 GHz oscillator and a mixer to realize
intermediate frequency (IF) demodulation. A digital real-time oscilloscope
(Tektronix DPO71254) stores the waveform and an off-line digital signal
processing (DSP) program using Matlab is employed to demodulate the QPSK
signal. For QPSK signal, the bit error rate (BER) performance is calculated

from the measured modulation. error ratio (MER). The MER is defined as

_ 17+Q?
(Ir—15)2+(Qr—Qo)?’

MER where [ and 1Q;irepresent the demodulated in-phase

and quadrature-phase symbols, and 1;'and ‘Q, are the ideal normalized in-phase
and quadrature-phase QPSK symbols. The optical intensity of the
data-modulated subcarriers (5 GHz) relative to that of the sinusoidal subcarrier
(10 GHz) can be easily tuned by adjusting the input electrical power to

optimize the performance of the optical RF signals.
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Figure 4-2 shows the experimental setup to'receive sum frequency.

4.3.2 Optimal condition for RF signal

Fig. 4-3 and Fig. 4-4 show the optical spectrums in different SOPR (SOPR=

Py/Pg4, Ps and P4 are the optical powers of the 10-GHz subcarrier and the 5-GHz

data-modulated subcarrier, respectively.) for BPSK and OOK signal. The BER

curves of BPSK and OOK signal at substrate frequency shown in Fig. 4-5 and

Fig. 4-6. When we consider the RF signal at sum frequency. The BER curves

and eye diagrams of BPSK are shown in Fig 4-7 and Fig. 4-8. For OOK signal

are shown in Fig. 4-9 and Fig. 4-10. Fig. 4-11 and Fig. 4-12 present the

measured receiver sensitivity at a bit error rate (BER) of 10 and simulated

Q-factor or MER of BPSK and OOK or QPSK RF signals as function of the

ratio of the sinusoidal subcarrier power to the data-modulated subcarriers

53



power The modulated index of the 10-GHz sinusoidal signal (MI=V.,/2Vy) is
set to 0.1 and adjusted SOPR to 0dB by changing the electrical power of the
5-GHz data. And then is adjusted the electrical power of 10-GHz sinusoidal
signal to changing SOPR. For RF signal generation without filtering, the

optimal SOPR of both BPSK and OOK REF signals is 0 dB.

SOPR=-9 SOPR=-6 SOPR=-3

-30F -30F =30}

= = =

N -40f N -40f N -40f

s} s} s}

3 o} 8 ot S ot

) ) )

1 1 1

o 60} o 60} o 60}

3 3 3

o o o

o gof o gof o gof
1554.7 155:4.8 155‘4 9 155‘5,0 155:5.1 1555.2 1554.7 155:4.8 155‘4 9 155‘5,0 155:5.1 1555.2 1554.7 155:4.8 155‘4 9 155‘5,0 155:5.1 1555.2

Wavelength (nm) Wavelength (nm) Wavelength (nm)
SOPR=0 SOPR=+3 SOPR=+6

-30F =30

3 =9 S

A -4} ) 0 ot

s} @ “r )

8 s0f 8 8 50f

) 45T )

1 1 15

@ 60} O 4o @ 60

3 B 3

o [} (]

o gof O a0f o gf
1554.7 155:4.8 155‘4 9 155‘5,0 155:5.1 1555.2 1554.7 1554.8 1554.9 155‘5.0 1555.1 1555.2 1554.7 155‘4 8 155:4.9 155‘5.0 155‘5,1 1555.2

Wavelength (nm) Wavelength (nm) Wavelength (nm)

SOPR=+9

’; -30F

z

@ of

=)

?', sof

]
o}

g

o -0

15547  1554.8 15549  1555.0 15551  1555.2

Wavelength (nm)

Figure 4-3 shows the optical spectrum for BPSK.

54



Power (10dB/Div.) Power (10dB/Div.)

Power (10dB/Div.)

SOPR=-9

SOPR=-6

SOPR=-3

Wavelength (nm)

Figure 4-4 shows the optical spectrum for OOK.
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Figure 4-5 the BER curves for BPSK at 5GHz.
2
= -9dB
& A n e -6dB
3 ;ggﬂz oo . A -3dB
> O # +0dB
= s . ey " % +3dB
m a0 . e +6dB
[ ]
o b O
< 6 8 o, "
ﬂz ®
& > LY u
E&A » oo H
%= p 00 m
OF &AJ}.‘. """"""""
10 1 1 1 1 1 1 M 1 1
-23 -22 -21 -20 -19 -18 -17 -16 15
Power(dBm)

Figure 4-6 the BER curves for OOK at SGHz.
56



= -9dB
3 > w A~ -3dB
w0 % +0dB
— o @ e +3dB
x 4 “ > =
L] o ® » +6dB
) ] . mk * +9dB
2 .
- 6 oW > =
7 we % o
% T o
8 e ® p m
G e RN AL T
10 o [] o [] [] o [] o [] o [] o []
24 23 22 21 20 -19 -18  -17

Power(dBm)

e 1'[\“‘5 = \
Figure 4-7 the BER curves-for BPSK at 15GHz.

SOPR=:9dB

g

T SOPR=-6dB

SOPR=-3dB

SOPR=+6dB

Figure 4-8 the eye diagrams for BPSK at 15GHz.

57



-Log(BER)

m -9dB
A 34 e -6dB
% ® * u % +0dB
R X e +3dB
4 BA . H v = x +6dB
& : % | = +9dB
“e
6 5% % =
%0, @ 2
§8§ ‘/ﬁ\ , ® X n
8 & PYAN * Y <o
R v i R
10 (] (] (] (] (] (1 (] (] 2
23 -22 21 -20 -19 -18 -17 -6 -15  -14
Power(dBm)
Figure 4-9 the BER curves for OOK at 15GHz
SOPR=9dB % -1 SOPR=-6dB

SOPR=-3dB SOPR=0dB

SOPR=+3dB

SOPR=+6dB

SOPR=+9dB

Figure 4-10 the eye diagrams for BPSK at
58

15GHz.




-12

—[ 1 BPSK,w/o filtering

—(O— OOK, w/o filtering
14k

16k []

Sensitivity (dBm)

18k \ O/
000

-20 [ P REPUR P TP |

9 -6 -3

0 3 6 12
SOPR(dB)

Figure 4-11 measured receiving sensitivity at BER=10" of OOK and BPSK

signals versus SOPR.
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4.3.3 Transmission results

Fig. 4-13 plots the BER curves of OOK, BPSK and QPSK signals without
optical filtering using optimal SOPRs following 50-km SMF transmission. The
receiver sensitivity penalty of RF signals increases with transmission length of
SMF due to fiber dispersion. Fig. 4-14 and Fig. 4-15 show the eye diagrams for
BPSK and OOK become smaller as transmission length increases. For QPSK
signal the constellation and IQ eye diagram becomes smaller as transmission

length increases is shown in Fig. 4-16.
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Figure 4-13 the BER curves of OOK, BPSK and QPSK signals.
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Figure 4-14 the eye diagrams for BPSK signal w/o filtering.
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Figure 4-15 the eye diagrams for OOK signal w/o filtering.
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4.4 Experimental setup for optical signal with optical filtering

The generated optical spectrum that has two upper-wavelength sidebands and
two lower-wavelength sidebands with carrier suppression. After square-law
photo detection, the optical RF signals have RF fading problem. The reason is
that there are two sources for the generated 5-GHz or 15-GHz RF signal. For
the 15-GHz RF signal, the cross terms of USB2*LSB1 and USB1*LSB2 will
contribute the power of that. After standard single mode fiber (SMF)
transmission, the relative phase of the two cross-term signal wills change with
transmitted length, resulting in performance fading. If an optical filter is
utilized to remove anyone of the four optical subcarriers, the fading of both
5-GHz and 15-GHz RF signals can be readily eliminated. Notably, a frequency
multiplication (1.5 times after,square-law pheto detection) scheme is adopted
to reduce the cost of the electronic components, €specially for RF signals in the
millimeter-wave range.

4.4.1 Experiment setup

Fig. 4-17 displays the experimental setup for optical vector signal generation
and transmission using a single-electrode MZM. At the remote node, a fiber
Bragg grating filter removes the LSB2 or LSB1. After the photo receiver, the
optical signal generates two RF signals with a difference frequency of 5 GHz
(f>-f;) and a sum frequency of 15 GHz (f;+f,), respectively. In this study, we
only consider the generated RF signal at 15 GHz. Insets (i) and (ii) of Fig. 4-17
show the receiver architectures of RF OOK/BPSK and QPSK signals,

respectively.
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4.4.2 RF signals at sum frequency

Fig. 4-18 plots the optical spectrums for BPSK signals with filter out

LSB2. Fig. 4-19 shows the simulation result of MER and Q factor for BPSK

OOK and QPSK signals with optical filter out LSB2. The optimal SOPR is 3

dB. Fig. 4-20 shows the experimental results of receiver sensitivity at BER of

10”°. Fig. 4-21 display the eye diagrams of BPSK signal with optical filter out

LSB2. Fig. 4-22 plots the optical spectrums for BPSK signals with filter out

LSB1. Fig. 4-23 shows the experimental results of receiver sensitivity at BER

of 10”. Fig. 4-24 display the eye diagrams of BPSK signal with optical filter

out LSB1. The experimental result is consistent with simulation.
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Fig. 4-25 shows BER curves for optical signal when LSB2 is filtering out.

The RF fading issue is overcome for all three signals. Fig. 4-26 shows the

LSB2 is filter out, for QPSK signal the constellation and I/Q eye diagram is

very clear after transmission. Fig. 4-27 shows the LSBI1 is filter out, after 50km

SMF transmission the constellation and I/Q eye diagram is still very clear.
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Figure 4-18 the optical spectrum w/ filter out LSB2.
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Figure 4-22 the optical spectrum w/ filter out LSB1.
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out LSB1.

4.4.4 RF signal at different modulation index

In chaper3, 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. 4-28 shows the optical
spectrum for BPSK and OOK RF signal when the LSB2 is filter out. Fig. 4-29
shows the optical spectrum for BPSK and OOK RF signal when the LSB2 is

filter out. Fig. 4-30 shows the MZM driving RF PSK signal at 0.1, 0.2 and
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0.3modulation index when the LSB2 is filtering. And we also measured the RF
OOK signal at different modulation index shown in Fig. 4-31. Fig. 4-32 shows
the MZM driving RF PSK signal at 0.1, 0.2 and 0.3modulation index when the
LSBI1 is filtering. And we also measured the RF OOK signal at different

modulation index shown in Fig. 4-33. The same result with theoretical

calculation 1s observed.
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Figure 4-28 shows the optical speetrum for BPSK and OOK RF signal when

the LSB2 is filter out.
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Figure 4-29 shows the optical spectrum for BPSK and OOK RF signal when

the LSBI1 is filter out.
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Figure 4-30 shows the BER curves for PSK signal in different MI when the

LSB2 is filter out:
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Figure 4-31 shows the BER curves for OOK signal in different MI when the

LSB2 is filter out.
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Figure 4-32 shows the BER curves for PSK signal in different MI when the

LSBI1 is filter out:
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Figure 4-33 shows the BER curves for OOK signal in different MI when the

LSB1 is filter out.
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Chapter 5

Experimental Demonstration of OFDM Signal Generation

5.1 Introduction OFDM generation system

The combination of orthogonal frequency-division multiplexing (OFDM) and
radio-over-fiber (RoF) systems (OFDM-RoF) has attracted considerable
attention for future gigabit broadband wireless communication. The high peak
to average power ratio (PAPR) and the nonlinear distortion of the optical
transmitter are the main issues raised by OFDM and RoF systems, respectively.
The optical radio frequency (RF) signal generation using an external
Mach-Zehnder modulator (MZM) _ based on double-sideband (DSB),
single-sideband (SSB), and deuble-sideband with optical carrier suppression
(DSBCS) modulation schemes ‘have been demonstrated. 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). Hence, an optical
filter is needed to improve the performance. Furthermore, the DSB signal
experiences the problem of performance fading because of fiber dispersion.
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 for electrical components, and superior receiver
sensitivity following transmission over a long distance. 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
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utmost importance for wireless applications.

On the other hand, optical RF signal generations using remote heterodyne
detection (RHD) have been also demonstrated. The advantage of RHD systems
is 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.

This work presents a novel method for optical RF signal generation using
the DSBCS modulation scheme that can carry vector signals. Both 5-Gb/s
16-QAM OFDM signal using proposed transmitter for ROF downstream link
and 1.25-Gb/s on-off-keying signal via reflective semiconductor optical
amplifier (RSOA) for upstreant link are demonstrated. Negligible penalty is

observed after 25-km single mode fiber (SMF) transmission.

5.2 Experimental Concept and Setup

Fig. 5-1 schematically depicts the concept of the proposed optical OFDM
signal generation using a single-electrode MZM. The MZM driving signal
consists of an OFMD signal at a frequency fl modulated and a sinusoidal
signal with a frequency of f2, as indicated in insets (i)-(iii) of Fig. 5-1,
respectively. To realize the DSBCS modulation scheme, the MZM is biased at
the null point. Inset (iv) in Fig. 5-1 presents the generated optical OFDM
spectrum that has two upper-wavelength sidebands (USB1, USB2) and two
lower-wavelength sidebands (LSB1, LSB2) with carrier suppression. At the
remote node, the LSB2 subcarrier is filtered out for the upstream data link, and
the rest of the signal is sent to local users. After square-law photo detection, the
optical signal generates two electrical RF signals at the difference frequency
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(f2-f1) and the sum frequency (f2+f1). Notably, a frequency multiplication (a
sum frequency) scheme is achieved to reduce the bandwidth requirement of the
OFDM transmitter, which is important for RF OFDM  signals at
millimeter-wave range. Therefore, we only consider the generated RF OFDM
signal at the sum frequency (f2+f1) in this paper. Furthermore, the OFDM can
be modulated at lower frequency to obtain higher signal-to-noise ratio due to
lower noise figure (NF) of electrical MZM amplifier.

Note that the filtering out of LSB2 subcarrier not only provides an
upstream light source but also eliminates performance fading due to fiber
dispersion. As presented in Fig. 5-2, f1 and f2 at frequencies of 3.7 GHz and
16.3 GHz are used to simulate the performance fading. The generated RF
signals at the sum frequencies:of 20 GHz suffer performance fading before
filtering. The reason is that there are two sources: for the generated 20-GHz RF
signal. The cross terms of USB2 ix“LSB1l.and USB1 x LSB2 will contribute
the power of the generated 20-GHz RE signal. After standard single mode fiber
(SMF) transmission, the relative phase of the two generated cross-term signal
will change with transmitted length, resulting in performance fading. If an
optical filter is utilized to remove anyone of the four optical subcarriers,
20-GHz RF signal fading can be eliminated.

Fig. 5-3 depicts the experimental setup of the proposed OFDM signal
generation. The block diagram of the typical OFDM transmitter is shown in Fig.
5-4(a). The OFDM signals are generated by a Tektronix AWG7102 arbitrary
waveform generator (AWG) using a Matlab program. The sample rate and
digital-to-analogue converter resolution of the AWG are 20 Gb/s and 8 bits,
respectively. The IFFT length is 512. A 39.0625-MSym/s 16-QAM symbol is

encoded at channel 80 to 111 (i.e. in the subcarrier center frequency range from
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3.125 to 4.3359375 GHz.) with the remaining 480 channels set to zero. A
sinusoidal subcarrier with a frequency of 16.3 GHz is utilized. Therefore, an
optical 5-Gb/s 16-QAM OFDM signal that has 32 subcarriers and occupies a
total bandwidth of 1.25 GHz can be generated at a center frequency of 20 GHz.

The cyclic prefix is set to 1/256 symbol time to combat fiber dispersion.

At base station, a fiber Bragg grating filter removes the LSB2 for the upstream
data link and LSB2 is modulated with a 1.25-Gb/s OOK signal via RSOA.
Note that LSB2 filtering can overcome the RF fading and the generated OFDM
spectrum and constellation are clearly observed as shown in insets (i) and (iii)
of Fig. 5-2. After square-law photo detection, a 5-Gb/s 16-QAM OFDM signal
at a sum frequency of 20 GHz is generated. In RoF applications, this signal can
be directly utilized for wireless transmission. For intermediate frequency (IF)
demodulation, the OFDM signal is down-converted to 3.7GHz by a 16.3GHz
oscillator and a mixer and the:waveform is captured by a Tektronix DPO 71254
with a 50-Gb/s sample rate and ‘a '3:dB bandwidth of 12.5 GHz. The block
diagram of the typical OFDM receiver is shown in Fig. 5-4(b). The oft-line
DSP program using matlab is employed to demodulate the OFDM signal. The
demodulation process includes synchronization, Fast Fourier Transform (FFT),
one-tap equalization, and QAM symbol decoding. The bit error rate (BER)

performance is calculated from the measured error vector magnitude (EVM)
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5.3 Experimental Results and Discussions

The optical power ratio (OPR) of the optical subcarrier to the optical
OFDM-modulated subcarrier strongly influences the performance of the optical
OFDM signals [4]. One of the advantages of the proposed OFDM transmitter is
that the relative intensity between optical subcarrier and OFDM-modulated
subcarrier can be easily tuned by adjusting the individual amplitude of the
sinusoidal signal and the OFDM signal to optimize the OFDM performance.
Fig. 5-5 illustrates the receiver sensitivity of the OFDM signals versus different
OPRs. For OFDM signals without filtering out LSB2, the optimal OPR is 1 dB.
As LSB2 is filtered out, the optimal OPRs. 4 dB. As LSBI is filtered out, the
optimal OPR is -3 dB. Fig. 5-6(a) shows the.optical spectrum without filtering.
Fig. 5-6(b) and Fig. 5-6(c) show the optical spectrum with filter out LSB2 and
LSBI1, respectively. At the Base station, the L.SB2 subcarrier is filtered out for
the upstream data link and the rest of the signal is sent to local users. After
fiber bragg grating, the optical spectrum is shown in Fig. 5-6(d). The optical
carrier to noise ratio for wavelength reuse is 20dB. And then the LSB2 provides
wavelength reuse for uplink via RSOA. After RSOA, the optical spectrum is
shown in Fig. 5-6(e). The optical reuse signal to noise ratio is 15dB. Fig. 5-7(a)
shows the electrical spectrum after AWG. This driving RF OFDM signal
includes vector signal combined with a sinusoidal signal shown in Fig. 5-7(b).
Fig. 5-7(c) shows the electrical spectrum after photo receiver. In order to
demodulator the RF OFDM signal, the signal is down-converted to 3.7GHz by
a mixer, as shown in Fig. 5-7(d). Fig. 5-8 shows OFDM constellation

diagrams before and after the one-tap equalizer in back-to-back (BTB)
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and following 25-km SMF transmission cases. After equalizer, a clear
constellation can be achieved. Fig. 5-8(a)(b)(c) shows the constellation
diagrams without optical filtering. Fig. 5-8(d)(e)(f) and Fig. 5-8(g)(h)(i)
show the constellation diagrams with filter out LSB2 and LSBI,
respectively. After filtering out LSB2 or LSBI1, the generated OFDM
signals do not suffer RF periodic fading issue due to fiber dispersion.
Only in-band distortion of the OFDM-encoded subcarrier caused by fiber
dispersion is considered. Since the symbol rate of each subcarrier is only
39.0625 MSym/s, the fiber chromatic penalty can be ignored. Fig. 5-9
shows the BER curves of the downstream 5-Gb/s 16-QAM OFDM signal
using optimal OPRs and the upstream 1.25-Gb/s OOK signal after
transmission over 25 km SME. For optical.downstream signal, when any
optical subcarrier is filter out the sensitivity penalties are negligible. If the
optical signal without filtering the sensitivity penalties is 0.5dB. We also
measure the BER curves of wplink 1.25-Gb/s OOK signal. After
transmission over 25 km SMF, the sensitivity penalty is 0.5 dB. And the
eye diagrame little change for BTB and after transmission over 25km

SMF is shown in inset (1)(i1).
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Chapter 6

Conclusion

This work presents a new modulation approach to generate optical vector
signals by frequency multiplication based on a DSBCS scheme. Compared
with conventional DSBCS modulation using MZM which can support vector
signals, the proposed modulation using single-electrode MZM needs lower
bandwidth requirement and also support vector signal.

First, we provide the theoretical calculations, including optical nonlinear
distortion, electrical nonlinear distortion and optical power ratio. When the
modulation index increased, optical and electrical nonlinear distortion of the
results is become worse. When the optical signal without filtering, the optimal
optical power ratio is 0dB. When the optical:signal filters out LSB1 and LSB2
the optimal power ratio 18 3dB.-and -3dB; respectively. Second, we
experimental demonstrate three different modulation formats of 1.25-Gb/s
OOK, 1.25-Gb/s BPSK and 625-MSym/s QPSK signals are adopted to
determine the system performance. For RF signal generation without filtering
out any subcarrier, the optimal SOPR of both BPSK and OOK RF signals is 0
dB. When LSB2 is filtered out, the optimal SOPR of both BPSK and OOK RF
signals is 3 dB. When LSBI1 is filtered out, the optimal SOPR is shifted to -3
dB. After transmission over 50 km SMF, the power penalty of all three
modulation formats is less than 0.2 dB. QPSK format has twice the spectral
efficiency and approximately 2-dB better receiving sensitivity than the OOK
format. Final, we apply this system to transmit OFDM signal. ROF systems
supporting OFDM signals that have been widely utilized in RF-wireless
communication are of utmost importance to extent transmission distance over
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fiber and air links. The data rate of 16-QAM OFDM signal is 5-Gb/s and the
center frequency is about 3.7Ghz and the sinusoidal signal frequency is
16.3GHz. For the downstream OFDM signal after transmission over 25km
SMF, the sensitivity penalty is less than 0.1 dB. We also demonstrate
wavelength reuse via reflective semiconductor optical amplifier for 1.25-Gb/s
OOK signal upstream data link. After transmission over 25 km SMF, the

sensitivity penalty is 0.5 dB.
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